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FIG. 13, TLC analysis of methyl myristoleate before and 
af ter  silica gel treatment. 

for  methyl myristate and  component A broadened ap- 
preciably until  they finally merged into one shoulder 
on the f ront  of the myristoleate peak. 

I t  is not clear whether the relatively small samples 
are required because the stat ionary 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 fraetionation of complex 

lipid mixtures are presented. Their  use f o r  the 
s tudy of lipids of beef brain, beef liver, and the  
sea anemone are described. Apparatus  and tech- 
niques for working in an inert  atmosphere, evapo- 
rat ion 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 ( D E A E )  
cellulose and silicic acid-silicate columns, and 
general column combinations that  can be used to 
fraetionate complex lipid mixtures are considered 
in detail. The first scheme, employing D E A E  
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 D E A E  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 
quanti tat ive isolation, the inf rared  spectra, and 
the amounts of cholesterol, ceramide, cerebroside, 
galactosylglyceride, sulfatide, sphingomyelin, 
lecithin, phosphatidyl ethanolamine, phosphatidyl  
serine, phosphatidyl  inositol, triphosphoinositide, 
phosphatidic acid, eardiolipin, 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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Fro. 1. Rotary (flash) evaporator. See text for details. 
Fro. 2. Vacuum rack. See text for details. 

Introduction 

I NTEI~EST IN TIlE 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 repor t  presents methods useful for the 
quant i ta t ive fraet ionat ion of complex lipid mixtures  
and features  two general fract ionat ion schemes. Both 
schemes depend upon the high resolving power of 
D E A E  (diethylaminoethyl)  cellulose columns. The 
first scheme employs D E A E  cellulose columns fol- 
lowed by  examination of the fract ions by  paper  (5) 
and thin layer chromatography (TLC) .  The second 
scheme, an extension of the first, employs D E A E  for  
initial f ract ionat ion followed by complete separat ion 
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 f rom 
the D E A E  column, 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 fract ions for m o r e  extensive s tudy 
and the amount  of a par t icular  phospholipid in a 
f ract ion can be estimated by determinat ion of phos- 
phorus  in spots af ter  paper  or TLC. The second 
scheme is necessary for quant i ta t ive determinat ion 
and careful  characterization of alI components of 
a complex mix ture  and precise determinat ion of the 
f a t ty  acid and f a t t y  aldehyde composition of indi- 
vidual lipid classes. 

General Laboratory Techniques in Lipid Chemistry 
The necessity for  working in an inert  atmosphere 

(e.g. ni trogen) in quant i ta t ive lipid studies has been 
stressed and some simple ways of per forming  labora- 
tory  operations under  ni trogen have been described 
(6). A useful new addition to laboratory  supplies 
for  working in an inert  atmosphere is the glove bag 
(Model 3X, available f rom the I2R Company,  Chelten- 
ham, Pa. ) .  These plastic bags have plastic gloves 
sealed in and can be used as inexpensive, disposable 
d ry  boxes for  m a n y  laboratory  manipulations.  I f  
they become contaminated or damaged, they can be 
replaced at nominal  cost. 

Nitrogen lines can be installed with plastic tubing 
(Polyflow, Imper ia l  Brass 'NIfg. Co., Chicago, Ill .) 
to replace the usual copper lines. We use 1~ in. 
tubing. The tubing is very  flexible, withstands high 
pressures (up  to 180 lb/in2),  can be cut with scissors 

or knife, and does not leak. I t  is inexpensive and 
comes in several colors t h a t  facil i tate recognition of 
separate lines. A var ie ty  of fittings ( Imper ia l  and 
Swagelok) are available and can be placed readily 
by hand in a few seconds (and be leak proof) .  I t  
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. 

Eva, poration of solutions. Careful  work requires 
redistilled solvents. Distillation removes a small 
solid residue present  in reagent  grade solvents. Th i s  
residue can interfere with quant i ta t ive 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 evaporat ion devices for  concentrat- 
ing solutions. A conventional ro ta ry  type  evaporator  
is recommended for large volumes or when a relatively 
small nmnber  of fract ions are to evaporated quickly. 
F igure  1 illustrates our apparatus .  I t  consists of a 
Flash Evapora to r  (Buehler  Ins t ruments  Inc., New 
York, N. Y.) with the t rap  cooled in methyl  cello- 
solve-dry ice and a small auxi l iary t rap  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 tha t  is replaced 
af ter  about 8 hr of operation. The s tandard  taper  
joints of the evaporator  do not require lubrication, 
and grease should not be used in lipid work since 
fract ions can become contaminated. A small man- 
ometer is mounted in the line to faci l i tate  detection of 
leaks in the vacuum system and re tu rn  of the flask to 
atmospheric pressure with pure  nitrogen. 

The system is thoroughly flushed with nitrogen and 
evaporat ion is begun by allowing the solution to cool 
very rap id ly  to about 0C (or below). These low 
tempera tures  are mainta ined by allowing the evapo- 
ra tor  flask to rotate in air ra ther  than  in the water  
bath. I f  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 
t empera ture  of tile 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 careful ly adjust ing 
the water  level of the bath so that  a small port ion 
of the flask dips into the water. Evapora t ion  of 500 
ml or more of most solvents can be accomplished in 
30 rain or less at low tempera ture  and under nitro- 
gen. An efficient vacuum pump makes this possible. 
Vacuum pumps are fa r  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 tempera ture  when a vacuum pump  is used. 

Af te r  the bulk solutions have been evaporated to 
dryness in the ro ta ry  evaporator,  it is usually desir- 
able to t ransfer  the lipid to a suitable vessel for  
weighing. The lipid is t ransfer red  to a preweighed 
side-arm filtering flask of the appropr ia te  size (25-125 
ml capaci ty)  and placed on a vacuum rack (Fig. 2). 
The flasks arc connected to a vented vacuum pump 
(Model 1402B, W. M. Welch Scientific Co., Chicago, 
Ill.) and fitted with rubber  stoppers into which the 
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ends of small (0.1 ml) pipettes or capi l lary tubes 
are inserted for the introduction of pure  nitrogen. 
I t  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 dur ing  evaporation. 
Evapora t ion  takes place more rap id ly  with the inlet 
tube close to the liquid level. The flask contents are 
first exposed to par t ia l  pressure reduction of the 
vacuum pump (stopcock par t ia l ly  opened) with a 
fast  flow of ni trogen for  rapid  cooling to or below 
0C. The cold flasks are then exposed to the full  
capaci ty of the vacuum pump  (stopcocks to the vacu- 
um line wide open) and a small steady s t ream of 
ni t rogen 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 stopcocks (preferab ly  of the pressure type)  
and open ends fitted with rubber  stoppers to facil i tate 
cleaning. I f  small volumes are used for transfers,  
evaporat ion of the solvent may  be accomplished in 
5-10 rain. Even bulk fractions of several hundred 
milliliters can be concentrated with this appara tus  
in 1-3 hr. Acetic acid solutions can be evaporated 
af ter  addit ion of chloroform and /o r  methanol to 
prevent  freezing. Aqueous solutions or dispersions 
are usual ly  lyophilized by conventional techniques or 
with a ro ta ry  evaporator  with the simple flask ro- 
ta t ing in air. 

When a large amount  of lipid is to be recovered, 
and par t icu lar ly  when it must  be mixed owing to 
layer ing in an uneven manner  duing evaporation, a 
vacuum desiccator is subst i tuted for the side a rm 
flasks. The desiccator is fitted with a ni trogen inlet 
tube a n d  a glass tube for connection to the vacuum 
rack. A thick s lur ry  of the lipid is t ransfer red  to a 
large glass mor ta r  and covered with a luminum foil. 

T h e  nitrogen inlet tube is passed through a hole in 
the foil. The foil serves to prevent  loss f rom bumping,  
and, in the all glass system, the flow of ni trogen can 
be regulated with ease since the  surface of the liquid 
is clearly visible. In  some cases a bell j a r  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- 
puri t ies when some simple precautions are followed. 
Stoppers  should be perfect ly  smooth (to avoid con- 
taminat ion of the sample with small bits of rubber  
dislodged mechanically) and should not be placed 
in a flask containing solvent (par t icu lar ly  chloro- 
form)  for  more than  5-10 rain unless the sample is 
on the vacuum rack. When not under  vacuum, the 
solvent may  extract  colored material  f rom the stopper. 
The stoppers with the ni trogen inlet tubes inserted 
can be cleaned with a good detergent.  

Removal of salt from fractions. The use of solvents 
containing salt for  the elution of D E A E  cellulose 
columns is described below. Quanti ta t ive separat ion 
of lipid f rom salt requires considerable care. We 
recommend the use of ammonium acetate ( ra ther  than 
potassium acetate originally used) (6) since ammo- 
nium acetate can be removed dur ing evaporat ion 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 IV[ ammonium 
acetate is evaporated on the ro ta ry  evaporator,  the 
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salt is usual ly removed completely along with the 
solvent. Some salt usual ly 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 f rom the lipid can f requent ly  be  
accomplished quickly by t reat ing the solids with a 
small amount  of chloroform/methanol  2/1, adding 
enough water  to produce a slight turbidi ty,  and re- 
evaporat ing.  This may  be repeated several times 
unti l  salt  crystals  are no longer visible. 

At  very  high salt concentrations (0'.1-.0.4 IV[) it is 
usually desirable to extract  the lipid f rom 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 ro ta ry  evaporator  a f te r  
t rea tment  with ch loroform/methanol /water .  

A small amount  of residual ammonium acetate can 
be removed f rom lipid samples by  t rea t ing  with water,  
freezing, and dry ing  f rom the frozen state. Lyophil-  
ization can be carried out on a ro ta ry  evaporator  and 
is a convenient technique to use as a check for  salt 
in samples af ter  weighing. Samples in 50 ml side 
a rm flasks can be t reated with 1-5 ml of water  and 
frozen. The flask is fitted with a rubber  s topper  and 
at tached by  the side a rm to a lyophilization appa ra tus  
and dried. I f  the sample weight remains constant 
a f ter  lyophilization, the lipid is almost cer ta inly free 
of ammonium acetate. 

Extraction of Lipids 
Quanti ta t ive studies of lipid composition require 

quant i ta t ive  extraction procedures. Although m a n y  
different solvent mixtures  have been used, we prefer  
chloroform/methanol  2/1 as recommended by  Folch 
et al. (7).  Most lipids are relat ively soluble in the 
mixture  and it has been used extensively in m a n y  
laboratories. The prepara t ion  of a l ipid extract  can 
be divided into four  steps: 1) extract ion of fresh 
tissue, 2) solvent removM, 3) re-extraction of d ry  
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 m a y  be lost 
in such  procedures, this step is not used in this 
laboratory.  

Extraction of brain lip~ds. Fresh  wet b r a i n  or a 
frozen sample is first extracted three times a t  room 
tempera ture  with chloroform/methanol  2/1 as pre- 
viously described (6,8). The first  extraction is carr ied 
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  ni trogen and with redistilled solvents tha t  
have been deaerated. Solvent is removed by  evapora- 
tion in a ro ta ry  evaporator  under  ni trogen with the 
sample mainta ined near  or below 0C as described 
above. I t  is impor tan t  to have a two phase system 
dur ing evaporat ion of solvent to insure denatura t ion 
of protein present  in the extract.  The original crude 
lipid extract  tha t  contains denatured protein is then 
thoroughly  dried in a vacuum desiccator over K O H  
(all operations to this point are carried out in the 
same round bot tom ro t a ry  evaporator  flask, usual ly 
of 2-liter capaci ty) .  The crude lipid is then extracted 
with three portions of ch loroform/methanol  2/1. Fo r  
extraction of lipid f rom one beef brain  weighing 
approx imate ly  400 g, three one-liter portions of 
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TABLE I 

Paper C:hromatographic Methods 

Solvent~ .. Conditions * 

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

(19) Carbon tetrachloride ............... /1, 520 min 

(20) Chloroform/methanol 98/2.... / 5, 60 rain 

(21) Chloroform/methanol 95/5  ..... 

(22) Chloroform/methanol 2 /1  ...... 

(a) plus 10 ml HsO/l i ter  
(b) plus 20 ml HfO/l i ter  
(c) plus 40 ml t tsO/l i ter  

(23) Chloroform/nmthanol 3/1 ....... 

(a) plus 10 Inl l i fO/ l i ter  
(b) plus 20 ml H~O/liter 
(c) plus 40 ml H~O/liter 

(24) Chloroform/methanol 4 /1  ...... 

(a) plus 10 ml ttuO/liter 
(b) plus 20 ml H.~O/liter 
(c) plus 30 ml HfO/l i ter  

5, 60 min 

2,3,4, or 5, 60 rain 

2,3,4, or 5, 60 min 

2,3,4, or 5, 60 min 

I 

Substances 

Dinitrophenyl 
derivatives of 

sphingosine and 
allied compounds 

a,~,%A 
tocopherols 
Sphingosine, 

phytosphingosine 
and allied 

compounds 
Sphingosine, 

phytosphingosine 
and allied 

compounds 
Phospholipids, 

sulfatides, 
and cerebrosides 

Phospholipids, 
sulfatides, 

and cerebrosides 

Phospholipids, 
snlfatides, 

and cerebrosides 

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

2) 0.05 N alkaline silicie 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 / ]  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. I f  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 dur ing reextraetion are conducted 
under  nitrogen and evaporations are carried out as 
for  the original extract  in the ro tary  evaporator unti l  
the volume is reduced to 50-100 ml of thick suspen- 
sion. The flask contents are then t ransferred to a 
large glass mortar  and the renmining 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, t ransfer red  
to a glove bag (see above) and mixed thoroughly 
(under  nitrogen) by scraping 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 af ter  which 
the lipid is t ransferred 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 K O H  and 
weighed. This weight is then added to the total weight 
of sampled sealed in tubes to give the total quant i ty  
of lipid extracted with chloroform/methanol  2/1. 

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

The original tissue residue left  af ter  chloroform/  
methanol 2/1 extraction still contains a small amount  
of lipid. After  the residue has been thoroughly freed 

of solvent and water by careful drying over KOH, 
it is extracted at room temperature  with chloroform/ 
methanol 7/1 saturated wi th  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 fu r the r  material is obtained. F rom 
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 hear t  mitoehondria af ter  exhaustive extraction 
with chloroform/methanol  2/1. The extract in this 
case was ahnost 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 
HC1 (200/100/1) and chloroform/methanol/glacial  
acetic acid/water  (4 /2 /1 /0 .5) .  Chloroform/methanol 
acidified with ItC1 extracts a great deal of pigment 
and substances that  are relatively insoluble af ter  
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 ahnost 
colorless (entirely free of red pigment) and the 
solids dissolve readily and completely in chloroform/ 
methanol mixtures, par t icular ly  if 1-2% water is 
added. 

The water content of whole beef brain determined 
by drying to constant weight over KOt I  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. Extract ion of lipids 
f rom sources other than brain can be accomplished 
by modified techniques. I t  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 
quanti tat ive 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 chloroform/ 
methanol and paper chromatographic examination of 
the extract  that no significant amount of lipid re- 
mained af ter  chloroform reextraction. This test should 
be applied when chloroform or hydrocarbon solvents 
are used for reextraetion. 

Paper and Thin Layer Chromatographic Methods 
Silicic acid impregnated paper  can be divided into 

three general types: acidic, neutral,  and alkaline. 
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These p a p e r s  differ  in  s i l ica te  content .  The  ac id ic  
p a p e r s  have  a low s i l ica te  content ,  whi le  the  n e u t r a l  
p a p e r s  have  an  a p p r e c i a b l e  s i l ica te  content .  These 
two t y p e s  of p a p e r s  have  been  desc r ibed  p r e v i o u s l y  
(5) .  V a r i o u s  a lka l ine  si l icic ac id  p a p e r s  t h a t  con ta in  
p r o g r e s s i v e l y  i nc rea s ing  amoun t s  of s i l ica te  have  been 
added .  A d d i t i o n a l  s e p a r a t i o n s  can be ob t a ined  w i th  
these new a lka l ine  pape r s .  

The  c h r o m a t o g r a p h i c  sys tems l i s t ed  in  Table  I a re  
n u m b e r e d  in  sequence wi th  those p r e v i o u s l y  p re -  
sen ted  (5) .  S y s t e m  18 ut i l izes  ac id ic  p a p e r  w i th  
ch lo ro fo rm as  so lvent  and  is use fu l  fo r  the  s e p a r a t i o n  
of the  d i n i t r o p h e n y l  de r iva t ives  of sph ingos ine  a n d  
a l l i ed  subs tances  ( F i g .  3) .  W e  have used  th is  sys tem 
in s tud ies  of s p h i n g o l i p i d  h y d r o l y s i s  p roduc t s .  

Sys t ems  20-24 a re  those u t i l i z ing  a lka l i ne  pape r s .  
There  a re  th ree  gene ra l  va r i ab le s  in the  a lka l ine  
p a p e r  sys tems :  the  a m o u n t  of s i l icate ,  the  c h l o r o f o r m /  
me thano l  ra t io ,  and  the  a m o u n t  of water .  The a m o u n t  
of s i l ica te  in  the  sys tem is con t ro l l ed  b y  the  s t r e n g t h  
of the  a lka l i  used  in  p r e p a r i n g  the  p a p e r .  The  a lka-  
l ine p a p e r s  a re  p r e p a r e d  f rom ac id  p a p e r  by  d i p p i n g  
into  0.05, 0.1, 0.25, or  0 .5N N a O H  j u s t  long enough  
for  the  p a p e r  to be comple t e ly  weL r emoved  qu i ck ly  
a n d  a i r  d r ied .  This  gives p a p e r s  wi th  i nc rea s ing  
quan t i t i e s  of s i l ica te  a n d  m a r k e d l y  d i f fe ren t  sepa ra -  
t ion  charac te r i s t i c s .  V e r y  good re su l t s  can be ob t a ined  
wi th  a lka l ine  p a p e r s  w i t h o u t  the  a d d i t i o n  of w a t e r  
to the  so lvent  a n d  when  the  m e t h a n o l  con ten t  of  
such sys tems  is g r a d u a l l y  inc reased  the  m i g r a t i o n  of 
l i p ids  is l ikewise  increased .  W h e n  w a t e r  is a d d e d  
to the  sys tem,  some l i p id s  a re  r e t a i n e d  more  tena-  
c ious ly  b y  the  s t a t i o n a r y  phase  whi le  o the r s  a re  
bound  less f i rmly.  There  is thus  a change  in  the  o r d e r  
of m i g r a t i o n  of l i p i d s  w i th  c h l o r o f o r m / m e t h a n o l /  
w a t e r  m i x t u r e s  c o m p a r e d  to c h l o r o f o r m / m e t h a n o l  
mix tu re s .  

Sys t ems  20 and  21 a re  v e r y  use fu l  fo r  the  sepa ra -  
t ion of sphingos ine ,  d i h y d r o s p h i n g o s i n e ,  a n d  phy to -  
sphingos ine .  This  is i l l u s t r a t e d  in  F i g u r e s  41 a n d  42 
where  the  cont ro l  subs tances  were  used  a long  w i th  
an  h y d r o l y s a t e  of a l i p i d  i so la ted  f r o m  the  sea anem-  
one. S y s t e m s  20 a n d  21 have  d isc losed t h a t  t he re  
a re  a n u m b e r  of componen t s  in  ac id  h y d r o l y s a t e s  of 
sph ingo l ip ids .  These a p p e a r  to be r e l a t e d  to the  
p resence  of subs tances  s imi l a r  to sphingos inc ,  d i h y d r o -  
sphingos ine ,  a n d  phy tosph ingos ine ,  bu t  d i f fe r ing  in  
cha in  l e n g t h  a n d  u n s a t u r a t i o n .  The e r y t h r o  a n d  th reo  
fo rms  of these bases  a re  also s epa rab le  in  sys tems 20 
a n d  21, a n d  bo th  fo rms  can be v i sua l i zed  on p a p e r  
c h r o m a t o g r a m s  f r o m  ac id  hyd ro ly sa t e s .  The  r ema in -  
ing  so lven t  sys tems (22-24)  a re  p a r t i c u l a r l y  use fu l  
for  the  p a p e r  c h r o m a t o g r a p h i c  s e p a r a t i o n  of ce r t a in  
p h o s p h o l i p i d s  a n d  su l fa t ides .  

R h o d a m i n e  6G is an  excep t iona l l y  sens i t ive  s t a in  
for  l i p i d s  on a lka l ine  p a p e r  and  p h o t o g r a p h i c  r ep ro -  
duc t i on  is excel lent .  Less  t h a n  1 ~g of most  of the  
l i p ids  can  be de t ec t ed  as  a def ini te  spo t  a f t e r  p a p e r  
c h r o m a t o g r a p h y .  S ince  the  b a c k g r o u n d  a f t e r  s t a i n i n g  
is a deep  pu rp l e ,  these c h r o m a t o g r a m s  can  be r ep ro -  
duced  r e a d i l y  b y  p h o t o g r a p h y  u n d e r  u l t r a v i o l e t  l i gh t  
wi th  the  P o l a r o i d  c a m e r a  (5) .  

A T L C  techn ique  s imi l a r  to t h a t  desc r ibed  b y  
H a b e r m a n n  et  al. (9)  has  been used  in  th is  l a b o r a t o r y  
a n d  is s t i l l  u n d e r  s tudy .  P l a t e s  have been s p r e a d  w i th  
the  conven t iona l  s p r e a d e r  ob t a ined  f r o m  B r i n c k m a n n  
I n s t r u m e n t s  Inc. ,  G r e a t  Neck,  L. I. ,  N. Y., u s ing  
s i l ica  gel  G o b t a i n e d  f r o m  l~eseareh Spec ia l t i e s  Co., 
R ichmond ,  Ca l i fo rn ia .  The  p la tes  have  been hea t  
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a c t i v a t e d  a t  120C for  10-20  rain,  cooled in  a i r  fo r  
a p p r o x i m a t e l y  30 rain, spo t t ed  as a s ingle  spo t  or  as 
a row of v e r y  smal l  spots  ( to give b a r  s h a p e d  spots  
on the  f inal  c h r o m a t o g r a m ) ,  deve loped  in  c h a m b e r s  
wi th  or  w i t h o u t  a p a p e r  l i n e r  s a t u r a t e d  w i th  solvent ,  
a n d  s p r a y e d  w i th  va r ious  reagen ts .  

The  most  sens i t ive  r e a g e n t  t h a t  we have  used  is a 
modi f ica t ion  of the  R h o d a m i n e  6G s t a i n i n g  t echn ique  

FIG. 3. Paper chromatogram (system 18, Table 1) of dinitro- 
phenyl derivatives of sphingosine and allied substances. Spots 
1 and 2, prepared from 30 tog of crude preparations, contain O- 
methyl sphingosine, dihydrosphingosine, and sphingosine (both 
erythro and threo forms). Spots 3 a n d  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/methan01/ 
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 section on 
DEAE columns for details of elution). Acidic lipids are not 
retained completely and appear in more than one fraction. 
100 t~g 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. Acidic lipids that should have been retained 
are present. From above down the components are cholesterol, 
uncharaeterized acidic lipid, 3 spots of cerebroside, phosphatidyl 
ethanolamine, sulfatide, lecithin, sphingomyelin, and one gangli- 
oside component. Spot 3, prepared from the main fraction 
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 chloroform/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 chloroform/methanol 4/1 containing 20 ml of 
concentrated aqueous ammonia per liter) shows only traces 
of acidic lipids. Spot 9 is from the lipids eluted with the same 
solvent as in spot 8 with 0.1M ammonium acetate added to in- 
crease the eluting power. From above downward the lipids are 
cardiolipin, uncharacterized acidic 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 since acidic components are not retained 
properly and are eluted with solvents other than those indi- 
cated in the text. 
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descr ibed prev ious ly  for  pape r  ehromatograms (5) .  
A mix tu r e  of 0.0025% Rhodamine  6G in  2 N N a O H  
(mixed  a few seconds before use) is sp rayed  on the 
plate.  Best resul ts  are ob ta ined  when solvent  has 
been removed complete ly  f rom the pla te  before spray-  
ing. I f  the d r y i n g  t ime is too short, the p u r p l e  back- 
g r o u n d  is no t  as in tense  and  the yellow or orange  
spots are not  as read i ly  visualized.  W h e n  the pla te  
is allowed to s t and  for a shor t  t ime af ter  s p r a y i n g  
a n d  viewed u n d e r  u l t r av io le t  l ight ,  a po in t  of maxi-  
m u m  b r i g h t n e s s  is reached. The backg round  becomes 
a deep'~I~urple: or b lu i sh -purp le  and  the spots become 

Fro. 5. A thin layer plate to illustrate division of a lipid 
mixture into nonaeidic 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 Muted 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 dowmvard: 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, lecithin, and sphingomyelin. The latter 
separated almost completely into 2 separate spots presunmbly 
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 ]ipids are eluted less readily 
than others. Spot 2 shows front above down: uncharacterized 
,~cidic ]ipids with a small amount of sulfatide, phosphatidyl 
inositol, and ganglioside. Spot 3 shows similar general compo- 
sition to spot 2, while spot 4: shows front above down 2 spots of 
sulfatide (in this case sulfatide migrated well ahead of lecithin) 
and a mixture of components just off the origin includi~tg 
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 nmnber 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: 
eholesteroI, a trace spot front a mixture of eeramide and cardio- 
lipin (barely detectible), 3 spots of cerebroside" clearly seen, 
phosphatidyl ethanolamine, followed by 1 spot of sulfatide just 
touching the end of the phosphatidyl ethanolaraine spot and a 
second sulfatide spot (clearly separated from surrounding 
spots), lecithin, sphingomyelin, a completely separated phos- 
phatidyl inositol spot, with phosphatidyl serine and ganglioside 
admixed and just off the origin. 

Fro. 6. Thin layer chromatogram prepared as described 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 shffts in relative migration of acidic 
lipids (see text for further details). 

a ve ry  b r igh t  yello~v or orange. Other  ve ry  usefu l  
genera l  detect ion reagents  are su l fu r ic  acid-potassium 
d ichromate  (10,11), a m m o n i u m  molybdate-perchlor ic  
acid (12) ,  a nd  phosphomolybda te  (13).  These rea- 
gents  give spots visible u n d e r  o r d i n a r y  l ight  tha t  
are r ead i ly  reproduced  with the Polaro id  camera. 

We  have encoun te red  a wide degree of va r i ab i l i t y  
wi th  TLC and  conclude tha t  the technique  mus t  be 
used wi th  great  care. Aside f rom var ia t ions  iu the 
m i g r a t i o n  of l ip ids  on plates spread  with different  
a moun t s  of adsorbent ,  we have obta ined  different  re- 
sul ts  wi th  different  p repa ra t ions  of silica gel. Marked 
va r ia t ions  have been observed de pe nd i ng  u p o n  the 
method  of heat  ac t iva t ion  and  cooling of the plate,  
the method  of m a i n t a i n i n g  s a tu r a t i on  in  the chamber  
(whether  or not  a solvent  s a tu ra t ed  l iner  is used, 
exact ly  how the l ine r  is sa tura ted ,  a nd  whether  1 or 
2 plates  are placed in  the chamber ) ,  a nd  the tempera-  
t u r e  of the run .  One of the undes i rab le  fea tures  of 
the va r i a b i l i t y  of the TLC technique  with chloro- 
f o r m / m e t h a n o l / w a t e r  mix tures  is tha t  the re la t ive  
orders  of m i g r a t i on  of some l ipids  ma y  be changed.  
W i t h  the same solvent  system a nd  the same silica 
gel p repa ra t ion ,  acidic l ipids  have been observed to 
move to different  posi t ions re la t ive  to nonacidie  l ip ids  
d e p e n d i n g  upon  the equ i l ib ra t ion  condi t ions  and  the 
exact m a n n e r  of t r e a t i n g  the plate.  Specifically it 
has been observed tha t  the re la t ive  order  of migra t ion  
of phospha t idy l  ser ine and  phospha t idy l  inositol  with 
respect  to sph ingomye l in  can be changed and  tha t  
su l fa t ide  ma y  migra te  ei ther  well ahead of or overlap 
wi th  the lec i th in  spot (Fig .  4,5,6). A u t he n t i c  sub- 
stances should be used as s t anda rds  on each plate.  

Aside  f rom the v a r i a b i l i t y  noted  above, TLC may 
lead to deceptive resul ts  seldom observed wi th  paper  
chromatography .  Genera l ly  speaking,  paper  chro- 
m a t o g r a p h y  can be used to recognize i nd iv idua l  l ip id  
classes wi thout  separa t ion  in to  more t han  one spot 
of the var ious  n iembers  of the l ip id  class con ta in ing  
different  f a t t y  acids. We have f o u n d  that  most l ip id  
classes tend  to give more t han  one spot by  the t h in  
layer  technique.  This  is re la ted in  p a r t  to differences 
in  f a t t y  acid a n d / o r  f a t t y  a ldehyde composit ion of 
the l ip id  class. The phenomenon  is most a p p a r e n t  
when, in  order  to improve resolut ion,  the sample is 
spot ted as a small  bar  by a p p l y i n g  a series of very  
smal l  spots r a the r  t h a n  one large r ound  spot. U n d e r  
these c i rcumstances  the di f ferent  forms of lecithin,  
phospha t idy l  e thanolamine ,  cerebrosides, and  most of 
the other polar  a nd  ionic l ipids  are more readi ly  
separa ted  and  recognized as discrete spots. This  can 
be confusing'  when a complex l ip id  mix ture  is ex- 
amined  for the first t ime since it  is not  always pos- 
sible to assign each spot to a separa te  l ipid class wi th  
cer ta in ty .  

Preparation and Elution of DEAE Cellulose Columns 

Because of the i r  basic impor t ance  in  the two gen- 
eral  schemes for l ip id  f r ae t iona t ion  presented  here, 
the character is t ics  of the versat i le  D E A E  columns 
have been explored extensively.  

Nonionic  l ip ids  a n d  zwit ter ion l ipids are e luted 
f rom D E A E  with po la r  nonionic  solvents. We prefer  
mix tu res  of chloroform and  methanol ,  a l though other 
solvents  can be subst iu ted.  Acidic  l ip ids  are e luted 
f rom D E A E  columns  with acids or bases or chloro- 
f o r m / m e t h a n o l  mix tu res  c o n t a i n i n g  salts, acids, or 
bases. The most usefu l  salt in  our  experience is 
a m m o n i u m  acetate since i t  is qui te  soluble in  organic  
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solvents and can be removed completely in many  cases 
during evaporat ion of solvent (see above).  

Mixtures of chloroform/methanol /sa l t ,  ch loroform/  
acetic acid/sal t  and chloroform/methanol /aqueous  
ammonia / sa l t  elute all acidic lipids at sufficiently 
high salt concentrations (0.2 M or less). When the 
salt content of such mixtures  is gradual ly  increased, 
several useful  separat ions can be obtained. Separa-  
tion into the maximum number  of components is 
generally not as good as when appropr ia te  mixtures  
of chloroform/acet ic  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 apparen t  that  D E A E  offers m a n y  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 prepara t ions  of D E A E  tested have been found 
to have undesirable impurities.  The types and 
amounts of impuri t ies  in different prepara t ions  are 
variable and the procedures necessary to remove the 
impuri t ies  will vary.  The most general ly useful 
method we have found is to wash the adsorbent  with 
methanolic or aqueous 1 N HC1, 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 cycle. 
I t  is usual ly  advisable to prepare  a column f rom 
washed D E A E  and run  through the elution sequence 
for chromatography  (without application of a sample) 
in order to insure that  impuri t ies  will not be eluted 
when the sample is applied. 

D E A E  prepara t ions  differ in the number  of fine 
particles. The finest particle sizes pack readi ly  into 
columns, but  with some prepara t ions  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 D E A E  
and Seleetacel D E A E  type 20 (Brown Co., Berlin, 
N. H.) ra ted 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 • 20 cm column (using 15 g D E A E )  
with about 2.5 lb / in  e pressure f rom 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 co lumn larger  than 2.5 em i.d. is 
required. 

Preparation of D E A E  columns. D E A E  columns 
are p repared  for chromatography  as follows: One 
hundred g of Seleetacel D E A E  is placed in a large, 
medium-porosity,  sintered-glass filter over which has 
been placed several layers of filter paper  or surgical 
gauze. The D E A E  is then washed with 1 N aqueous 
HC1, water,  1 N aqueous KOt I ,  and water,  this se- 
quence of washes consti tuting a cycle. Af te r  thrae 
wash cycles, the bed is washed with methanol.  The 
bed is then air  dried on the filter under  mild suction 
f rom a water  pump,  t r ans f e r r ed  to a vacuum desic- 
cator and thoroughly dried over KOH.  A 15-g port ion 

of this d ry  mater ial  (to p repare  a 2.5 • 20 cm 
column) is placed in a beaker and allowed to stand 
overnight  in glacial acetic acid. To insure thorough 
wett ing of the ion exchange cellulose with acetic acid 
and a un i fo rmly  packed column, the ion exchange 
cellulose is pressed gently with a pestle in a mor ta r  
unti l  it takes on a un i form appearance.  The column 
can be packed with D E A E  as a s lur ry  in methanol, 
but it is more difficult to obtain a highly un i form bed 
with this solvent. 

A 20-cm column can be packed in a 2.5 ( i .d . ) •  40 
cm 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 
s lur ry  of D E A E  in glacial acetic acid is passed into 
the chromatography  tube. Af te r  the first addit ion 
of D E A E ,  the rod is wi thdrawn and packing is con- 
tinued. Approx ima te ly  five equal portions can be 
packed to give a sat isfactory column. Af t e r  each 
addit ion o f  D E A E ,  the excess acid is forced out 
under  approximate ly  2.5 psi ni t rogen pressure and 
the D E A E  bed is pressed l ightly with a large bore 
glass rod. At  this stage the bed height should be 
22-24 cm (with 1 5 g  of D E A E ) .  Two to three bed 
volumes of glacial acetic acid are passed through the 
column, and glacial acetic acid is washed out with 
methanol (approximate ly  6 bed volumes).  Removal  
of acetic acid is assured by testing with p H  paper.  
Methanol is washed out with chloroform, and chloro- 
form replaced by the chloroform/methanol  mixture  
to be used as the first eluting solvent. A t  this stage 
the bed height should be 20 _+ 2 cm. Columns of 
larger diameter  can be packed with more D E A E  
in propor t ion to the increase in volume (column 
diameter) .  

Eluting Solvents. Various elution schemes that  
can be recommended for  par t icu lar  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 complete elution scheme de- 
pending upon the composition of the sample and the 
informat ion 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 
nonionic lipids (sterols, sterol esters, glycerides, etc.), 
lecithin, sphingomyelin,  lysolecithin, phosphat idyl  
ethanolamine, and lysophosphat idyl  ethanolamine as 
well as any  new l ip id  classes tha t  have the same or 
similar ionic groups (see work on the sea anemone 
below). 
I. Elution of total nonacidic lipid and water soluble 
nonlipicl. The column in the acetate fo rm is p repa red  
in m ~ t h ~ m ,  ~-h,~. ~.~I,~ applied in methanol  or a 
suitable chloroform/methanol  mixture  in which the 
sample is soluble, and the co lumn eluted with metha- 
nol to remove all nonacidic lipids and water  soluble 
nonlipid components. The column is then cleared of 
acidic lipids (see below) before it is used for  another  
sample. 
I I .  Elution of total nonacidic lipid and water solu- 
ble nonlipid separately. The column is p repa red  in 
chloroform/methanol  9/1, 7/1, or 7/3 and the sample 
is applied in any  of these solvents. E lu t ing  solvents 
are.  
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1) Chloroform/methanol  7 / 3  ( t o t a l  n o n a c i d i c  
]ipids). 

2) Methanol (water soluble nonlipid, lysophospha- 
t idyl  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. 

I I I .  Separation of pure phosp,hatidyl ethanolamine, 
remaining nouacidic 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. E lu t ing  solvents are: 

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

2) Chloroform/methanol  7/3 (elutes pure  phos- 
phat idyl  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  etbanolamine, some oxidation products 
of phosphatidyl  ethanolamine, and uneharaeterized 
lipid present in beef liver).  

The column is then cleared of acidic lipids before 
reuse. 

Elution of Acidic Lipids. Columns are prepared 
and eluted as in I, II ,  or I I I  above before elution of 
acidic lipids. Acidic lipids are then eluted as de- 
scribed below. 

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

1) Chloroform/methanol /ammonia/ammonium ace- 
tate, 4 / 1 + 2 0  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 eolumn 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 f rom some D E A E  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 
nonaeidie substances with methanol, elution is carried 
out with: 

1) Chloroform/methanol/amlnonia (2/1 saturated 
with concentrated aqueous amnionia 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 D E A E  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. 

VI. Selective elution of triphosphoinositide, fatty 
acids, and bile acids. (Use of chloroform/glaciag acetic 
acid 3/1). These ]ipids can be eluted with chloroform/ 
glacial acetic acid 3/1 without eluting other acidic 
lipids (including sulfatide, phosphatidyl inositol, 
eardiolipin, phosphatidie acid, ganglioside, and phos- 
phat idyl  serine).  When chloroform/acetic acid 3/1 
is used with brain lipid as sample (and the column 
has been cleared previously with methanol),  only 
triphosphoinositide is eluted (free fa t ty  acids, etc. 
not present) .  With  this solvent and lipid from beef 
liver, beef hear t  mitoehondria, or sea anemone as 
sample, uncharaeterized lipids are eluted. Vitamin 
A acid and similar carboxylic 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 
D E A E  column prepared in chloroform/methanol 9/1. 
The first f ract ion eluted with chloroform/methanol 
9/1 contains the nonpolar, nonionic lipid components 
(up  to 50% of the total weight of the sample), the 
second fract ion 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 etuted with a mixture 
of chloroform/glacial  acetic acid 3/1. 

VII .  Selective elution of phosphatidic acid with 
chloroform~glacial acetic acid~ammonium acetate. 
After  elution with I, II,  or I i I  and VI above, phos- 
phatidic acid can be eluted with chloroform/glacial 
acetic acid 3/1 containing 0.001 M potassimn acetate 
or 0.00'5 M ammonium acetate. Other substances are 
also eluted with these solvent mixtures. With brain 
lipid as sample, uncharaeterized lipid is eluted; while 
with beef hear t  mitoehondrial lipid, products related 
to eardiolipin are obtained. I t  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. 

VIII .  Elution o~ phosphatidyl serine a~d ganglioside 
with glacial r acid. Both phosphatidyl serine and 
ganglioside are eluted from D E A E  with glacial acetic 
acid as well as solvents IV and V above, but  are not 
eluted as described in I , I [ , I I I ,VI ,  and VI I  above. 
When all nonacidie substances have been eluted first 
with methanol and any substances present which cart 
be eluted with VI  and VI I  are removed, only phos- 
phat idyl  serine and ganglioside are eluted with glacial 
acetic acid when eardiolipin is absent. I f  cardiolipin 
is present, it will be eluted almost quanti tat ively 
with glacial acetic acid when this solvent is preceded 
by solvent VII .  I f  solvent VII  is first washed out of 
the column with methanol (to remove salt), eardio- 
l ipin 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 D E A E  with glacial acetic acid while eardiolipin 
is eluted with acetic acid only if solvent VII  has 
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 
I ,II ,  or I I I  above is used and then the sequence VI, 
VI I I ,VI I ,  and V I I I  is employed. This sequence makes 
use of the fact  that  eardiolipin is eluted with acetic 
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acid only when preceded by solvent VI I  while phos- 
phatidyl  serine and ganglioside are eluted with acetic 
acid without solvent VII .  Glacial acetic acid plus 
0.1M salt can be substituted for solvents VI I  and 
V I I I  for  elution of eardiolipin, but  this solvent also 
elntes other lipids. 

X. Selective elution of sulfatidc 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 D E A E  colmnns. 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 m] of concentrated ammonia per l i ter 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 e h t i n g  solvent, the elution scheme must take 
this into consideration. This is i l lustrated 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 
f rom a magnesium silicate column (6). When the 
mixture of cerebroside plus sulfatide is applied to a 
D E A E  column, cerebroside is eluted with a chloro- 
form/methanol  mixture and sulfatide is retained. 
Sulfatide is eluted with chloroform/methanol  4/1 
containing 2:0 ml of concentrated aqueous ammonia. 
I f  eerebroside is eluted with chloroform/methanol  
2/1, sulfatide is eluted rapidly  with chloroform/ 
methanol/ammonia and is obtained as the magnesium 
salt af ter  solvent evaporation (ammonia and ammo- 
nium acetate are removed along with solvent). I f  
af ter  cerebroside elution, however, the magnesium 
acetate formed by ion exchange of magnesium sulfa- 
tide and D E A E  acetate is eluted with methanol, sulfa- 
tide is eluted less rapidly  with chloroform/methanol /  
ammonia and is obtained as the ammonium salt af ter  
removal of solvent. 

Phosphat idyl  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 , I I ,  or I I I  followed by VI ,VII ,  and 
V I I I ) .  Af ter  removing acetic acid with a methanol 
wash, chloroform/methanol  4/1 containing 20 ml of 
concentrated aqueous ammonia per l i ter elutes phos- 
phatidyl  inositol and sulfatide. These lipids are eluted 
even more rapidly  if the solvent contains ammonium 
acetate (0.05 lV[ is a useful concentrat ion).  

XI. Selective elutions with chloroform/acetic acid/ 
ammonium acetate. (Separation of p hosphatidyl 
.~erine fro~. ga~,g!ioside a~4 phosphatidy! inosito! 
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- 

ent upon solubility in the solvent, but  upon the fact 
that  solids derived from D E A E  arc eluted at high 
salt concentrations. 

The elution characteristics of the complex mixture  
of acidic lipids of brain have been studied careful ly 
with chloroform/acetic acid 3/1 containing from 
0.001-0.4 M ammonium acetate. Useful increments 
are 0.001,0.00'5,0.010,0.025,0.050,0.10,0.20, and 0.40 M. 
When all of the acidic lipids of brain are present, 
several incompletely separated peaks arc observed. 
Complete separations of several lipids can be obtained 
when less complex mixtures are applied to the column. 

Phosphat idyl  serine and ganglioside eluted to- 
gether f rom D E A E  with solvent V I I I  can be applied 
to another D E A E  column and e h t e d  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, par t ia l  sepa- 
ration of the different gangliosides can be obtained. 

A mixture of phosphatidyl  inositol and sulfatide 
eluted f rom D E A E  with solvent X above can be 
separated completely on D E A E  by elution of phos- 
phat idyl  inositol with chloroform/acetic acid 3/1 
being 0.0'25-0.05 IV[ in ammonium acetate and sulfa- 
tide with the same solvent mixture  containing 0.1- 
0.4 IV[ salt. Wi th  small stepwise increases in salt con- 
centration, part ial  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 VII I .  When the 
same general procedure is used as in VII I ,  but  the 
mixture acetic acid/chloroform 4/1 is used for  elu- 
tion of phosphatidyl  serine ra ther  than glacial acetic 
acid, ganglioside is not e]uted and pure  phosphatidyl  
serine is obtained. 

XI I I .  Separation of phosphatidyl ethanolamine and 
phosphatidyl serine. Phosphat idyi  ethanolamine and 
phosphatidyl  serine can be separated readily on 
D E A E  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 silieic acid chromatography (8) 
is applied to a D E A E  column, procedure I above 
can be used for preparat ion of the column and elu- 
tion of phosphatidyl  ethanolamine. Phosphat idyl  
serine can be eluted with solvents IV,V, or VII I .  I f  
whole brain lipid is applied to a D E A E  column, 
phosphatidyl  ethanolamine and phosphatidyl  serine 
can be eluted in pure form by using I I I  above for  
the preparat ion of the column and the elution of non- 
acidic ]ipids followed by VII ,  a methanol wash to 
remove salt, and then acetic acid/chloroform 4/1 for 
elution of phosphatidyl  serine. 

Loading of DEAE column~. The seT)arstion~ d~- 
scribed above are not 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 • 20 cm column containing 15 g of D E A E  (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 i l lustrated in 
Figure  4. The maximum load must be determined 
by trial  and error, although 200 mg of all l ipid mix- 
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FI~. 7. Elution of cholesterol (A), cerebroside (B), lecithin 
(C), and sphingomyelin (D) from a silicie acid-sillcate-water 
column (2.5x10 cm, i.d.). 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 
elutcd from DEAE with chloroform/methanol 9/1. See text 
for additional comments. 

tures examined in this labora tory  can be applied to 
a 2.5 • 20 cm 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 accept the larger  amount  of lipid. 

Silicic Acid-Sil icate-Water Columns 

Silicie acid-silicate-water columns are of p r i ma ry  
importance for  the separat ion of fract ions f rom 
D E A E  columns into individual  lipid classes. We 
have had extensive experience with three different 
types of columns prepared  by  t rea t ing  silicic acid 
with aqueous ammonia to introduce a known amount  
of ammonium silicate. Such c o h n m s  have the neces- 
sary  characterist ics for several impor tant  separations. 

Silicie acid-silicate-water colum~ls p repared  by  pas- 
sage of a chloroform/methanol /aqueous  ammonia  mix- 
ture through a bed of silicie acid in a chromatography  
tube have been used for the separat ion of a mixture  
of phosphat idy]  ethanolamine and phosphat idyl  ser- 
ine (8).  Silicic acid-silicate-water columns for  the 
separat ion of lecithin and sphingomyelin have been 
prepared  by mixing 10 ml of concentrated aqueous 
ammonia  with 5 0 g  of silicic acid in enough chloro- 
fo rm/methano l  1/1 to make a smooth flowing s lurry  
before t ransfer  to a chromatography  tube (6).  This 
method gives an adsorbent of very  high silicate con- 
tent. The silieic acid is washed with 6 or 10 N HC1 
and then with water  to neutral i ty.  I t  is then dried 
before t rea tment  with aqueous ammonia.  This pro- 
cedure has one disadvantage. Some silicic acid prepa-  
rations give columns front which very  fine particles 
are eluted along with lipids when the e]uting solvent 
contains 1% or more water. This does not prevent  
accurate quant i ta t ion since, a f te r  evaporation of the 
solvent, the l ipid can be extracted readily f rom the 
small amount  of column mater ia l  with chloroform 
containing 2-10% methanol. 

Even traces of silicic acid or silicate can distort  
a solids curve of the type shown in F igure  7. For  
such applications an al ternate  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 
s lur ry  is mixed with 7 ml of concentrated aqueous 

ammonia.  The mixture  is then passed into the chro- 
ma tography  tube to  give a column 10 cm in height, 
washed with chloroform to remove both methanol 
and water  (8),  and the sample applied in chloroform. 
Column height should be mainta ined carefully since 
performance varies a great  deal with height. 

The elution of silicic acid-silicate columns can be 
carried out in several ways. Nonionie lipids includ- 
ing cholesterol, glycerides, etc., that  are less polar  
than  ceramide and eerebrosides can be eluted with 
chloroform (stabilized with 0.25% methanol) .  When 
chloroform/methanol  mixtures without  water  are used 
for  e]ution of the more polar lipids, some of the 
desired separat ions (including that  of lecithin f rom 
sphingomyelin) are not obtained. When the correct 
amount  of water  is added to chloroform/methanol  
mixtures,  lipids are more t ight ly  bound to the column 
s ta t ionary  phase, and the separat ion of lecithin and 
sphingomyelin is obtained. Po la r i ty  can be increased 
by increasing either the percentage of methanol or 
water  (or both) in chloroform. We prefer  to increase 
polar i ty  by change in the percentage of water  only. 
Thus, with chloroform/methanol  4/1  the water  con- 
tent  can be var ied f rom 0.5-3.0% with any  desired 
series of increments for the elution of most lipids. 
Some samples m a y  contain oxidized or other extra- 
neous material  or very  polar lipids that  can be eluted 
f rom the column with 3% water  in methanol. 

We have most f requent ly  used increments of 0.5% 
water  content beginning with chloroform/methanol  
4/1 + 0.5% water  for  the separat ion of eerebrosides, 
lecithin, and sphingomyelin (obtained as a mixture  
along with cholesterol and eeramide f rom a D E A E  
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 t rea t ing  50 g of silicic acid with 7 ml 
of concentrated aqueous ammonia  as described above. 
The curve was prepared  by weighing lipid f rom 1 ml 
aliquots of fract ions on a micro-balance (8) and was 
not complicated by  appearance of silicie 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. I f  a 
port ion of the lecithin peak tails back into the 
sphingomyelin fraction, it can be removed by  r e -  
chromatography  of the sphingomyelin peak. 

The relative e]ution order for  any  series of lipids 
can be predicted f rom the relative migrat ion of the 
lipids with ch loroform/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 

D E A E  cellulose columns are prefer red  for initial 
separat ion of a complex lipid mixture  into fract ions 
that  can be separated conveniently into individual  
lipid classes by use of silicie acid, silicic acid-silicate- 
water,  or other D E A E  columns. The choice of a 
column for the separat ion of a mixture  obtained f rom 
D E A E  will depend upon the composition of the 
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sample and the information desired. The f ront  frac- 
tion from D E A E  (eluted with chloroform/methanol  
7/1 or 9/1) that  will contain neutral  (nonionie) 
lipids, eerebroside, lecithin, sphingomyelin, and lyso- 
leethin if these are present in the mixture can be 
handled in several ways. I f  only the separation of 
individual neutral  lipids is desired and the amount 
of eerebroside and individual phospholipids are not 
required, a silicic acid column can be used. The silicie 
acid is washed, heat activated, and deoxygenated 
as described by Rouser et al. (8), prepared in hexane, 
and eluted essentially according to Bar ton  and 
Hanahan  (14). Fract ions 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 
eerebrosides and phospholipids can then be eluted 
together with methanol. The elution of neutral  lipids 
is not complicated by the presence of f a t ty  acids or 
bile acids since these are removed on D E A E  prior 
to application to silicic acid. 

When eerebrosides and phospholipids of the chloro- 
form/methanol  9/1 (or 7/1) fract ion from D E A E  
are to be separated and the less polar neutral  lipids 
determined as a group, a silicie 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 silieie acid col- 
umns. I f  all neutral  lipids, eerebroside, and phospho- 
lipids are to be separated into individual classes, the 
mixture  from D E A E  can be applied to a silicic 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 silieie acid 
column. 

Other fractions from D E A E  can be separated by 
silicie acid, silieic acid-silicate, or D E A E  columns. 
Phosphat idyl  ethanolamine and ceramide amino- 
ethylphosphonate can be separated completely on 
silieic acid columns as described below. A mixture  
of phosphatidyl  serine and ganglioside can be sepa- 
rated on silieic 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 D E A E  as described above. Silieic 
acid-silicate columns are suitable for  the separation 
of some acidic lipids eluted from D E A E  columns 
with chloroform/acetic acid/ammonium acetate. The 
separation of a mixture of phosphatidyl  inositol and 
sulfatide can be accomplished best on D E A E  by 
elution with chloroform/acetic acid 3/1 with increas- 
ing amounts of ammonium acetate (se~ above) 

Column combinations including :magnesium siTi- 
e a t e -DEAE and cel lulose-DEAE a r e  of more limited 
use. The elution of magnesium si l icate  eolmnns 
to give cholesterol, ceramide, and b~rebroside plus 
sulfatide has been described (6). The mixture of 
eerebrosides and sulfatides can be separated on 
D E A E  (6). The separation is Obtained readily since 
eerebroside 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 f rom D E A E  columns either as the magnesium 
or ammonium salt depending upon the elution scheme 
employed as discussed above. 

I f  sms/ll amounts of other lipids a r e  eluted along 
with eerebroside and sulfatide from magnesium si!i- 

eate columns through improper performance of the 
column, pure sulfatide can still be obtained from 
D E A E  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 fract ion 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. In f ra red  spectra of liplds 
in the 2-15~ 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 spectra of lipids and their  
sinfilarities in many respects limits the usefulness of 
the spectra for  conclusive, inclependent evidence 
pertaining to the s tructure 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 o f  any part icular  band to a 
par t icular  functional  group difficult. This is par- 
t icularly true when a limited amount of information 
on lipids is available and interpretat ions 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 closely related compounds is required for more 
complete interpretations.  The value of infrared is 
well i l lustrated 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 speetrophotom- 
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 iipids, par t icular ly  the phosphatidyl  etha- 
nolamines, prepared from saturated f a t t y  acids are 
not generally suitable for  comparison by the film 
or potassium bromide pellet techniques with the 
same lipids isolated f rom tissues. The lipids syn- 
thesized with saturated f a t t y  acids give distinctly 
different spectra (Fig. 11). The saturated compounds 
are solids that  have absorption characteristics that 
may be related to different crystalline formS not 
obtained with the unsaturated,  natural  forms. When 
the na tura l  phosphatidyl  ethanolamines are hydro- 
genated, the spectra resemble the saturated synthetic 
products, and when part ia l ly  hydrogenated an inter- 
mediate spectrum is obtained (Fig. 12). The spectra 
obtained in this laboratory for the saturated phos- 
phat idyl  ethanolamines are different in several re- 
spects f rom spectra presented by others (15,16) with 
the pellet technique. The spectra obtained from 
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Fro. 8. In f rared spectrum of beef brain lecithin isolated 

from a silieic acid-silicate-water column and prepared as a 0.19 
mm thick K B r  pellet containing 1.22% lipid. See text for 
comments. 

F ~ .  9. In f ra red  spectrum of beef bra in  phosphatidyl etha- 
nolamine isolated from a DEAE cellulose column (see text 
for details).  Sample prepared as a K Br  pellet 0.16 mm thick 
containing 2.34'% lipid. See text for comments. 

Fro. 10. In f ra red  spectrum of bra in  sphingomyelin isolated 
from a silicic acid-silicate-water column and prepared as a 
K B r  pellet 0.310 mm thick containing 1.36% lipid. See text for 
comments. 

FI~. 11. In f ra red  spectrum of synthetic dimyristoylphospha- 
tidyl ethanolamine (g i f t  from Erich Baer)  prepared as a 
0.158 mm thick KBr  pellet containing 1.71'% lipid. See text for 
comments. 

Fro. 12. In f ra red  spectrum of part ial ly hydrogenated phos- 
phatidyl  ethanolamine. Phosphat idyl  ethanolamine of soybean 
was isolated from a DEAE column, hydrogenated over a pal- 
ladium catalyst, and examined as a K B r  pellet. See text  for  
comments. 

p h o s p h a t i d y l  e t h a n o l a m i n e  of  b e e f  b r a i n ,  s o y b e a n ,  
b e e f  h e a r t  m i t o c h o n d r i a ,  a n d  t h e  sea  a n e m o n e  a r e  
v e r y  s i m i l a r  to  e a c h  o t h e r  a n d  to  t h e  s p e c t r u m  re-  
p o r t e d  b y  B a e r  a n d  B u c h n e a  ( 1 7 )  f o r  d i o l e y l p h o s -  
p h a t i d y l  e t h a n o l a m i n e  i n  K B r .  T h e  n a t u r a l  p h o s -  
p h a t i d y l  e t h a n o l a m i n e s  i s o l a t e d  f r o m  d i f f e r e n t  s o u r c e s  
g i v e  s p e c t r a  t h a t  a r e  v e r y  s i m i l a r  d e s p i t e  t h e  f a c t  
t h a t  t h e y  d i f f e r  i n  f a t t y  a c i d  c o m p o s i t i o n  a n d  t h a t  
s o m e  c o n t a i n  a l m o s t  n o  p l a s m a l o g e n  f o r m  ( s o y b e a n )  
w h i l e  o t h e r s  o c c u r  p r e d o m i n a n t l y  as  t h e  p l a s m a l o g e n  
f o r m  ( b r a i n ) .  
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FIG. 13. In f ra red  spectrum of ceramide prepared by enzy- 
matic degradation of sphingomyelin (g i f t  from Michael Srib- 
hey) prepared as a 0.316 mm thick KBr  pellet containing 1.47% 
lipid. See text for comments. 

FIG. 14. In f ra red  spectrum of yeast cerebrin. The sample 
was eluted from a Florisil  column with chloroform/methanol 
4 /1  and examined as a K B r  pellet. See text for  comments. 

FIG. 15. In f ra red  spectrum of cerebroside isolated from the 
spleen lipids of a pat ient  with Gaucher's disease. The sample 
was eluted from a Florisil column and examined as a KBr  
pellet. See text for comments. 

Fm. 16. In f ra red  spectrum of beef bra in  cerebroside isolated 
by column chromatography on magnesium silicate and DEAE 
cellulose. The sample was prepared as a 0.170 mm thick KI~r 
pellet containing 3.47'% lipid. See text for comments. 

FIG. 17. In f ra red  spectrum of ceramide af ter  heat ing 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 # brought  about  by acid (compare with Figure 13 be- 
fore acid t rea tment) .  See text  for comments. 

T h e  f a c t  t h a t  d i f f e r e n c e s  i n  c h a i n  l e n g t h ,  u n s a t u r a -  
t i o n ,  a n d  t h e  p r e s e n c e  of  t h e  a , f l - u n s a t u r a t e d  e t h e r  
l i n k  of  t h e  p l a s m a l o g e n  f o r m  d o  n o t  c h a n g e  t h e  
s p e c t r a  of  n a t u r a l l y  o c c u r r i n g  p h o s p h a t i d y l  e t h a n o l a -  
m i n e s  a p p r e c i a b l y  f a c i l i t a t e s  i n f r a r e d  c o m p a r i s o n s  
of  t h i s  l i p i d  c lass  f r o m  d i f f e r e n t  sou rces .  T h e  d i f -  
e r e n c e s  i n  s p e c t r a l  c h a r a c t e r i s t i c s  a f t e r  h y d r o g e n a -  
t i o n  a r e  u s e f u l  i n  c o m p a r i s o n s .  N a t u r a l  p r o d u c t s  c a n  
b e  h y d r o g e n a t e d  a n d  c o m p a r e d  t o  o t h e r  f u l l y  s a t u -  
r a t e d  l i p i d s  as  a n  a i d  i n  c h a r a c t e r i z a t i o n .  
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Fro. 18. Infrared spectrum of beef brain sulfar 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 ~ and the shouder at 3.15 /~ characteristic 
of the ammonium salts of acidic lipids not seen in a similar 
preparation isolated from a silicic acid column (compare with 
Fig. 19). Note also the small absorption at 5.72 t~ indicating 
a trace of glycerol lipid. See text for comments. 

Fm. 19. Infrared spectrum of beef brain sulfatide isolated 
as described for the preparation in Figure 18 and then passed 
through a silicie acid column. Note the absence of the peaks 
at 7.10 and 3.15 # characteristic of the ammonium salt (seen 
in Fig. 18) and the absence of the ester absorption at 5.72 tr 
after removal of a trace of glycerol phosphatide present in 
the sample in Figure 18. See text for further comments. 

Fro. 20. Infrared spectrum of the sodium salt of phosphatidyl 
inosit01 isolated from wheat germ (gift from Dr. M. J. 
Morele~). 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. 

I n f r a r e d  examina t ion  is usefu l  in  d i s t i ngu i sh ing  
the glycerol  l ip ids  f rom sphingol ip ids .  A compar ison  
of leci thin,  phospha t idy l  e thanolamine ,  phospha t idy l  
inositol, and  phospha t idy l  ser ine (Figs .  8,9,20,25) 
with sph ingomyel in ,  ceramide,  yeast  ce rebr in  (also 
a ceramide) ,  ccrebroside, a n d  ceramide aminoe thy l -  
phosphonate  (Figs .  10,13,14,15,39) c lear ly  shows the 
presence of a s t rong  b a n d  at  5.70-5.75 t~ ( re la ted  to 
the absorp t ion  of the ester  ca rbonyl  group  of the 
g lycerolphosphat ides)  tha t  is absent  f rom the sphingo- 
lipids. Abso rp t i on  at  ca. 6.1 t~ (amide  I b a n d ) i s  
character is t ic  of sphingol ip ids ,  a l though all  glycero- 
phosphat ides  examined  have some absorp t ion  in  this  
region, and  phospha t idy l  ser ine (F ig .  25) shows a 
re la t ive ly  s t rong  b a n d  at 6.1 ~. The amide  I I  b a n d  
nea r  6.4 t~ is f a i r l y  s t rong  in  the sphingol ip ids ,  Ab-  
sorpt ion is no t  seen a r o u n d  6.4 t~ wi th  pu re  lec i th in  
or phospha t idy l  inositol, b u t  some absorp t ion  is seen 
in  this region  in  the s p e c t r u m  of phospha t idy l  e than-  
olamine a n d  phospha t idy l  serine. Since this b a n d  
is re la ted  to -NI-I absorpt ion,  its presence in  the 
s p e c t r u m  of l ip ids  wi th  amino  groups  as  well  as 
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FIG. 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 distinct band at 7.1 t~ 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. 

Fire 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. I t  was prepared as a 0.159 
mm thick KBr pellet containing 1189% lipid. Note the strong 
bands at 7.10 and 3.15 /z that are characteristic of the am- 
monium salts of acidic lipids. See text for further comments. 

amides a nd  its absence f rom the spec t rum of lec i th in  
a nd  phospha t idy l  inosi tol  is r ead i ly  unders tood.  

The  5.70-5.75 ~ absorption of beef brain cerebroside. 
Since sph ingol ip ids  do not  have absorp t ion  in  the 
ester  ca rbony l  region  (5.70 5.75 t~), we were su rp r i sed  
to find tha t  co lumn ch romatography  f r e q u e n t l y  gave 
p repa ra t ions  wi th  some ester absorpt ion.  I n  the case 
of sph ingomye l in  this was re la ted  to a small  con- 
t a m i n a t i o n  wi th  leci thin.  To remove the last  traces 
of this  c o n t a m i n a n t  i t  is sometimes necessary to re- 
ch romatograph  the sph ingomye l in  f r ac t ion  f rom a 
silicic acid-si l icate-water  co lumn to free sph ingomye l in  
of the l a s t  t races  of leci thin.  The smal l  con tamina-  
t ion  m a y  be missed by  paper  ch roma tog raphy  when 
i t  is easily detected by  i n f r a r e d  examina t ion .  Beef 
b r a i n  cerebrosi4e isolated by co lumn ch roma tog raphy  
has i n v a r i a b l y  s h o w n  the presence of a small  ester 
band .  This  is also seen occasionally in  spectra  of 
su l fa t ide  (F ig .  18). The smal l  5.75 ~ absorp t ion  of 
some su l fa t ide  p repa ra t ions  was read i ly  removed by  
rechromatography .  I t  is ev iden t ly  re la ted  to an  oc- 
casional  s l ight  c on t a mi na t i on  (ca. 1% )  of su l fa t ide  
wi th  an  uncha rac te r i zed  acidic phosphol ip id  tha t  
gives a posi t ive ester test (hydroxamic  acid) .  I n  the 
cerebroside f rac t ions  the absence of glycerol  conta in-  
ing  l ip ids  k n o w n  to occur i n  a n i m a l  t issues was 
demons t r a t ed  by  column, paper ,  and  t h i n  layer  chro- 
ma tography .  These p r epa ra t i ons  did  no t  con ta in  
phosphorus  a n d  a clear demons t r a t i on  of glycerol  
was no t  possible. The ester hydroxamic  acid test, 
however, was positive. 

The poss ib i l i ty  tha t  the ester absorp t ion  of cerebro- 
side p r e p a r a t i o n s  f rom beef b r a i n  migh t  be re la ted  
to changes p roduced  by  au tox ida t ion  or to an  N to 
O acyl  m i g r a t i on  d u r i n g  co lumn ch roma tog raphy  
was considered.  The b a n d  at  about  5.75 t~ was s t i l l  
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observed even when all steps were careful ly conducted 
under  ni t rogen indicating that  the absorption was 
not an ar t i fac t  of oxidative change related to column 
ehromatography.  The possibility of a significant N 
to 0 aeyl migrat ion to produce an ester group dur ing 
column chromatography  was then excluded by  passing 
sphingolipids without ester absorption through the 
same column chromatographic  procedures used for  
the isolation of eerebrosides. No significant ester 
absorption was introdueed and cerebroside was ninhy- 
drin negative. A fu r the r  indication tha t  the N to 0 
migrat ion was unlikely was obtained by t rea tment  of 
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~ m .  2 &  I n f r a r e d  s p e c t r u m  o f  c a r d i o l i p i n  i s o l a t e d  f r o m  b e e f  

hear t  mitochondria  by D E A E  cellulose column chromatography 
as described in the text. The sample was evaporated directly 
f rom a mixture  of chloroform/acet ic  acid containing am- 
monium acetate and examined as a 0.310 mm thick K B r  pellet 
containing 1.22'% lipid. The prepara t ion  was par t ia l ly  in the 
free acid f rom and a f te r  evaporat ion with concentrated aqueous 
ammonia stone of the absorpt ion  characterist ics were changed 
(see Fig.  24). See text for  f u r t he r  comments. 

Fro. 24. I n f r a r e d  spectrum of the same prepara t ion  of 
cardiolipin shown in t ' igure  23 a f te r  addition of excess con- 
centrated aqueous ammonia  to convert  to the ammonium form. 
The increased s t rength  of the absorpt ion at  7.12 and 3.15 /t 
characterist ic of the ammonium salt is evident (compare with 
Fig.  23). See text for  fu r the r  comments. 

F~c.. 25. The in f r s r ed  spectrum of beef b ra in  phosphat idyl  
serine isolated f rom a D E A E  cellulose column (eluted with 
chIoroform/aeet ic  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 t~ are strong. I t  was  prepared  as a 
0.15 mm thick K B r  pellet containing 1.84% lipid. See text for  
addit ional comments. 

Fro. 26. I n f r a r e d  spectrum of beef bra in  phosphatidic  acid 
isolated first f rom D E A E  cellulose and then f rom a silicie acid- 
silicate-water column (see text for  details) .  Sample prepared 
as a 0.162 mm thick K B r  pellet containing 1.29% lipid. The 
prepara t ion  was predominant ly  in the ammonium form and the 
7.10 and 3.15 /~ absorpt ions  charaeterlst ie of the ammonium 
salts of the acidic Iipids are relatively strong. See text fo r  
fu r the r  comments. 

sphingolipid prepara t ions  with aqueous acid. When  
eeramide, cerebroside, and sphingomyelin were heated 
individually in sealed tubes with 0.05 N HC1 for 2-20 
hr, only eeramide showed a large increase in ester 
absorption af ter  6 hr  (Fig.  17). The other lipids 
suffered extensive hydrolysis without  appreciable in- 
crease in ester absorption. I t  thus appears  that  more 
vigorous conditions than those encountered in chro- 
ma tography  are required to produce an N to 0 aeyl 
migration.  

The data clearly indicated tha t  the ester absorp- 
tion was a eharaeteristie of the preparat ions  and not 
an art ifaet .  Since keto acids have been shown to 
have absorption in this region, it was thought  that  
the absorption might  arise f rom a keto aeid in the 
sphingolipid molecule. This possibility was checked 
by  passage of brain cerebroside treated with 2,4- 
dini t rophenylhydrazine hydroehloride through a silic- 
ie acid column. Af te r  elation of excess reagent with 
ehloroform, cerebroside was elated with chloroform/  
methanol 9/1. No indication of the formation of a 
derivative of eerebroside was obtained but a eolored 
product,  possibly a hydrazide, was formed. 

Repeated a t tempts  to separate  another  component 
f rom cerebroside were unsuccessful and the ful ly  
aeetylated cerebroside (pyridine-aeetie anhydride)  
showed only one spot a f ter  paper  chromatography.  
Since only galaetose was detected by  paper  ehro- 
ma tography  a f te r  acid hydrolysis  (3 N HC1, 1.5 hr, 
100C, sealed tube) ,  it was concluded that  the brain  
eerebroside was contaminated with a glycerol lipid 
containing galaetose. Both mono and digalaetosyl- 
glyeerides have been isolated f rom plants  and the 
products  of mild alkaline hydrolysis  have been placed 
on chromatograms.  Af te r  deacylation of our cerebro- 
side prepara t ion  with alkali we obtained a spot having 
the correct pape r  chromatographic  migrat ion for  
galaetosylglyeerol.  In  keeping with the findings of 
Steim and Benson (18) this suggests the presence 
of monogalaetosyldiglyeeride. 

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

The spect rum of the sodium salt of phosphat idyl  
inositol f rom wheat germ is shown in Figure  20. The 
spectrum f rom brain phosphatidyl  inositol applied 
to a silieie acid eolmnn as the ammonium salt and 
eluted with chloroform/methanol  3/2 is shown in 
F igure  21 while F igure  22 shows the same prepara-  
tion af ter  evaporation with excess ammonia to con- 
ver t  back emnpletely to the ammonium form. I t  is 
evident that  absorption in the 3.15 and 7.1~ 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 f rom a 
silieie acid eolmnn (Fig.  19). This is i l lustrated 
fu r the r  by  the spectra of the ammonium salts of 
eardiolipin (Figs. 23,24), phosphat idyl  serine (Fig.  
25), and phosphatidie acid (Fig.  26). Although 
there arc differences in other regions of the spectra, 
these arc general ly less pronounced than those as- 
sociated with absorption of the ammonium ion. 

The spectra of acidic lipids p repared  in this labora- 
tory  have been obtained largely f rom ammonium and 
magnesium salts since these are the forms usually 
ehlted f rom D E A E  and magnesium or ammonium sili- 
cate columns. I f  eluted in the less stable acid form, 
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acidic lipids can 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 sodimn or potas- 
sium forms of moisture free phosphocellulose. 

General interpretat ions of spectral characteristics 
are ra ther  uncertain. An illustration of a typical 
difficulty is afforded by absorption in the trans double 
bond region (10.3t~). 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 10.3~ and some cere- 
broside preparations absorb at 10.2 and 10.4~ rather  
than 10.3~ (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. In f ra red  spectroscopy is a valuable supple- 
ment to chromatographic techniques for characteriza- 
tion of hydrolysis products of lipids. In f ra red  ex- 
aminations can be carried out in several ways. Dif- 
ferent  hydrolyt ic  conditions can be employed ranging 
from mild acid or alkali to strong acid or alkali for 
varying times at different temperatures. Under any 
given set of hydrolyt ic  conditions it is possible to 
examine all the hydrolysis products together (i.e. 
the f a t ty  acids, etc. 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 
part i t ion prior to inf rared 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 i 1) hydrolysis 
of the sample and, if available, an authentic lipid 
for  comparison; 2) separation of the hydrolysis prod- 
ucts 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 fu r ther  purif icat ion);  
4) preparat ion of appropriate  solutions of the two 
fractions for chromatography and infrared examina- 
t ion; and 5) preparat ion of a K B r  pellet f rom 
weighed amounts of sample and K B r  and preparat ion 
of the spectrum. 

Control samples for  the water soluble and organic 
solvent soluble portions of hydrolysates can be pre- 
pared f rom known amounts of authentic substances 
(glycerophosphate, choline, fa t ty  acids, etc.) ra ther  
than f rom samples of authentic lipids obtained by 
synthesis or isolation. When carefully weighed 
amounts of samples and K B r  are mixed and pressed 
into pellets of the same size, any deviations from the 
control sample have both qualitative and quanti tat ive 
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 f a t ty  acids 
and f a t ty  aldehydes. Under the hydrolyt ic  condi- 
tions described by Rouser et al. (8) both plasmalogen 
and diaeyl forms give only glycerophosphate and 
ethanolamine as the water soluble products. Since 

no trace of ethanolamiue-O-phosphate is formed, the 
infrared spectrum o f  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 K B r  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 inf rared examination. The sodium or 
potassium salt of glycerophosphate and ethanolamine 
rather  than ethauolamine hydrochloride can be used 
to prepare the authentic sample used for comparison 
with a lipid hydrolysate provided the authentic mix- 
ture is t reated with HC1 prior  to infrared examina- 
tion. I f  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, at tr ibutable to variations in 
- N H  absorption, are very  marked in the 3.15 and 
7.1 ~ regions of the spectrum. 

Af ter  mild alkaline hydrolysis, glycerylphosphoryl  
ethanolamine is formed from the diacyl form of 
phosphatidyl  ethanolamine, but  only one f a t ty  acid 
is released from the plasmalogen form to give a 
lyso compound. Acid and alkaline hydrolysis of 
lecithin and phosphatidyl  serine show an analogous 
behavior. Acid hydrolysis of phosphatidyl  inositol 
releases glycerol, inositol, inositol phosphates, and 
glycerophosphates, thus the most appropria te  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 fa t ty  acids 
as hydrolysis products while cerebroside will give 
galactose (and /o r  glucose depending upon the source), 
sphingosine, and fa t ty  acids. An equimolar mixture 
of sphingosine and fa t ty  acids gives a characteristic 
spectrum as do phosphorylcholine and the hexoses. 

Lipid Composition of Beef Liver 
The findings with beef liver lipids il lustrate the 

value of D E A E  column chromatography combined 
with paper and thin layer chromatography (scheme 
one) f o r  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  D E A E  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- 
t idyl  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 ro ta ry  evaporator, and the lipid dried over KOH. 

DEAE column chromatography. Columns 4.5 • 
20 cm were prepared as described above using 45 g 
of DEAE.  Samples (750-800 rag) of crude lipid 
were applied to the columns in chloroform/methanol  



440 T H E  J O U R N A L  OF THI~ A M E R I C A N  O I L  C H E M I S T S '  SOCIET~s Vob. 40 

TABLE I I  
Lipid Composition of Beef Liver 

Solvent Substances % Total Lipid 

(1) C/M 9/1 ............................ 

(2) C/3~ 7/3 and CEIaOtI ......... 

(3) C/HAc 3/1 ......................... 
(4) C/HAc 3/1 -~ 

0.05 3~ NtIdAe .................... 

(5) I~IAc .................................... 
(6) C / ~  4 /1  -~- 20 ml/ l i ter  

cone. aq. ammonia 
Jr 0.01 ~ NttdAc ................ 

Nonionic lipids. 
lecithin, sphingomyelin 

Phosphatidyl 
ethanolamine, 

uncharacterized 
lipid, and water 
soluble nonlipids 
Uncharacterized 

Cardiolipin, 
phosphatidyl serine, 

phosphatidyl inositol, 
and several minor 

uncharacterized lipids* 
Uncharacterized 

Uncharacterized 

Total acidic 
l ip id=19.1% 

Total nonacidic 
lipid=80.5 % 

45.7 

34.8 
8.7 

8.8 
1.0 

0.6 

99.6% 

* Approximate percentages of components obtained by silicie acid 
chromatography are:  cardiolipin (plus some related products),  1 .4%;  
phosphatidyl serine, 0 .6%;  "phosphatidyl iaositol" (2 closely related 
substances), 5 .2%. 

G ~ chloroform, 1~I ~ methanol, I~Ac ---- acetic acid, NH~Ac ~ 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 3 / 1  plus 0.05 or 0'.10 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 II. The chloroform/ 
methanol 7/3 and methanol eluates are shown as 
one fraction since phosphatidyl ethanotamine 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 
acidic since they are eluted with a nonionie solvent 
(methanol). The lipid is qnite 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). Fat ty  acids, bile acids, 
vitamin A acid, eta. arc eluted with this solvent. 
Some bile acid and free fat ty 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 

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 cardiolipin 
and related products and suggested that these sub- 
stances may have been the products isolated by 
Hiibseher and Clark (19). 

The phosphatidyl inositol fraction isolated from 
the silicic 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 
inosltol 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, 
g]ycerophosphate, 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 ]ipids on silicic acid columns and recognized 
the presence of phosphatidyl ethanolamine, phos- 
phatidyl serine, phosphoinositide, lecithin, 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 silicic 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 at 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 carbon tetraehloride solu- 
tions. Aside from neutral lipids, he noted the presence 
of phospbatidyl ethanolamine and serine, monophos- 
phoinositide, lecithin, lysolecithin and sphingomyelin. 

Skipski et al. (25) used one dimensional TLC 
wi th"  neutra l"  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 phosphatidic acid, phosphatidyl ethanolamine and 
serine, phosphatidyl inositol, lecithin, sphingomyelin 
and lysolecithin. 

I t  is clear that previous investigators did not 
encounter the very large number of lipid components 
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observed  in the  p r e sen t  s tudies .  P r e v i o u s  i nves t i ga to r s  
observed  5-7  componen t s  a n d  occas iona l ly  no ted  the 
poss ible  presence  of ea rd io l ip in .  O u r  s tud ies  dis-  
eiosed some 30 or  more  p o l a r  l i p id s  in  beef  l ive r  when  
a l l  de f in i te ly  d i f fe ren t  spots  on t h in  l a y e r  chromato-  
g r a m s  p r e p a r e d  f r o m  D E A E  co lumn f r a c t i o n s  are  
counted .  Some of the  l i p ids  a p p e a r  to be new classes 
s ince t h e y  a r e  e lu t ed  f r o m  D E A E  columns  wi th  
solvents  t ha t  d i f f e ren t i a t e  t h e m  f r o m  the  k n o w n  l ip ids .  

There  are  severa l  reasons  fo r  such m a r k e d  d i f -  
fe rences  in l i p i d  compos i t ion  d e p e n d i n g  u p o n  the 
me thods  used.  F i r s t ,  the  use of  u n t r e a t e d  c h l o r o f o r m /  
m e t h a n o l  2 /1  ex t r ac t s  to avo id  poss ib le  loss of l i p i d  
b y  w a t e r  wash ing  or  ace tone  p r e c i p i t a t i o n  is im- 
p o r t a n t .  Second,  the  ove r l ap  of  f r ac t i ons  on si l ieic 
ac id  columns  a n d  spots  on t h in  l a y e r  p la tes  ( coup led  
wi th  the  r e l a t i v e l y  smal l  a m o u n t  of some of the  com- 
ponen t s )  can  l ead  to a f a i l u r e  to recognize  a l l  of 
the  components .  W e  observed  on ly  a smal l  n u m b e r  
of spots  when  e i the r  one or  two d imens iona l  TLC 
was ca r r i ed  out  on l ive r  l i p i d  ex t r ac t s  in  keep ing  
wi th  th is  conclus ion (F igs .  27,28).  

The m a j o r  a d v a n t a g e  of the  p r e s e n t  p r o c e d u r e  over  
p rev ious  me thods  l ies in the  h igh  r e so lv ing  power  
of the  D E A E  columns.  A n o t h e r  d i s t i nc t  a d v a n t a g e  
of the  p r e s e n t  p r o c e d u r e  is  t he  use of bo th  p a p e r  
a n d  T L C  a f t e r  c o l u m n  c h r o m a t o g r a p h y .  This  ad-  
v a n t a g e  is wel l  i l l u s t r a t e d  b y  f ind ings  fo r  lyso lec i th in .  
W i t h  TLC we observed  a spo t  in  a p p r o x i m a t e l y  the  
cor rec t  pos i t ion  fo r  ly so lec i th in  in  keep ing  w i th  the  
r epo r t s  of S k i p s k i  et  al. (25) a n d  S k i d m o r e  a n d  
E n t e n m a n  (26) .  B y  p a p e r  c h r o m a t o g r a p h y  in sys- 
tems 11,12,15, and  16 (5) the  spot  was  c l ea r l y  not  
lyso lee i th in .  No t r ace  of lyso lec i th in  could  be found .  
W e  have  no t  been able  to ob t a in  a s a t i s f a c t o r y  spo t  
fo r  p h o s p h a t i d i c  ac id  b y  TLC,  b u t  p a p e r  ch romatog-  
r a p h y  gives a good, wel l -def ined  spot .  P a p e r  chro- 
m a t o g r a p h y  is also more  u se fu l  t h a n  TLC for  dis-  
t i n g u i s h i n g  p h o s p h a t i d y l  ser ine  f r o m  o the r  l i p ids  
whi le  TLC as desc r ibed  above is v e r y  u se fu l  for  
r ecogn i t i on  of c a r d i o l i p i n  in  a l i p i d  m i x t u r e .  

The  f ind ings  w i th  r e g a r d  to c a r d i o l i p i n  a n d  phos-"  
p h a t i d y l  inos i to l  deserve  f u r t h e r  comment .  F a u r c  
et al. (27) i so la ted  c a r d i o l i p i n  ( p o l y g l y c e r o p h o s p h a -  
t ide )  f rom ox l ive r  a n d  showed i t  to be s im i l a r  to 
the  c a r d i o l i p i n  i so la ted  f r o m  beef  hea r t .  M a c f a r l a n e  
(21) also d e m o n s t r a t e d  the  p resence  of c a r d i o l i p i n  
in  ox l iver  a n d  the  pe r cen t age  f o u n d  b y  he r  ( 1 - 2 %  of 
the  t o t a l  p h o s p h o l i p i d )  is in  a g r e e m e n t  wi th  the  va lue  
of 1.4% of the  t o t a l  l i p i d  f o u n d  in  the  p r e s e n t  s tudies .  

H a n a h a n  et  al ,  (22) a n d  F a u r e  et al. (27) re-  
p o r t e d  the  i so la t ion  of p h o s p h a t i d y l  inos i to l  f r om 
beef  l ive r  a n d  i ts  p resence  in  l i ve r  was conf i rmed 
in the  p r e s e n t  s tudies .  The c h r o m a t o g r a p h i c  a p p r o a c h  
i nvo lv ing  bo th  D E A E  cellulose a n d  si l icic ac id  co lumn 
c h r o m a t o g r a p h y  disclosed,  however ,  a c losely  r e l a t e d  
l i p i d  as a c o n t a m i n a n t  in  the  p h o s p h a t i d y l  inos i to l  
f r ac t ion .  

Lipid Composition of the Sea Anemone 
O u r  in t e r e s t  in  the  l i p i d  compos i t ion  of  t he  sea 

anemone  was f i rs t  a roused  b y  the  w o r k  of B e r g m a n n  
a n d  L a n d o w n e  (28) who r e p o r t e d  t h a t  Anthopleura 
elegantissima con ta ined  s p h i n g o m y e l i n  a n d  a smal l  
a m o u n t  of chol ine p lasmalogen ,  b u t  no lec i th in ,  phos-  
p h a t i d y l  e thano lamine ,  or  o the r  common p o l a r  l ip ids .  
W e  examined  a l i p i d  ex t r ac t  of th is  species b y  p a p e r  
c h r o m a t o g r a p h y :  no t r ace  of s p h i n g o m y e l i n  was de- 
t ec t ed  b u t  a n u m b e r  of n e u t r a l  l i p ids  ( i n c l u d i n g  
s terols  a n d  g l y c e r i d e s ) ,  a n d  lec i th in ,  p h o s p h a t i d y l  
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e thano lamine ,  a n d  p h o s p h a t i d y l  se r inc  a long  wi th  
o the r  p o l a r  l i p id s  were  de tec ted .  These r e su l t s  were  
t hus  exac t l y  the  oppos i te  of those r e p o r t e d  b y  Berg -  
m a n n  a n d  Landowne .  I n t e r e s t  in  th is  p r o b l e m  was 
a g a i n  a roused  when  K i t t r e d g e  et al. (29) i so la ted  
f ree  2 -amineo thy lophosphon ie  ac id  f r o m  Anthopleaura 
elegc~ntissima a n d  r e p o r t e d  t h a t  a l ka l i  r e l eased  2- 
a m i n o e t h y l p h o s p h o n i c  ac id  f r o m  l i p i d  ex t rac t s .  These  
f ind ings  sugges ted  t h a t  2 - a m i n o e t h y l p h o s p h o n i c  ac id  
wi th  a c a r b o n - p h o s p h o r u s  bond  was i n c o r p o r a t e d  in to  
a p h o s p h o l i p i d  a n d  the  p r o b l e m  of sea anemone  l i p id s  
was r e inves t iga t ed .  

The  s tud ies  of the  l i p id s  of the  sea anemone  i l lus-  

FIG. 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 ttg 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 lyso]ecithin 
region~ but not lysolecithin 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 ethanolamino 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 ehted 
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 uneharacterized 
lipid migrating just ahead of lecithin, lecithin, 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. 

FIG. 28. A thin layer chromatogram (prepared as described 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 fractions. 100 ttg 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 IV[ ammonium acetate eluate; 
spot 5, the glacial acetic acid eluate; spot 6, the chloroform/ 
methanol 4 / 1 + 2 0  ml/liter concentrated 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 ehted with chloroform/ 
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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Fraction 
Nos. 

7 -  15 

16-  59 

20-  42 

43-  50 

51-  65 

66-- 81 
82-i01 

102-128 

129-131 

132--148 
149-183 
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TABLE "iII  
Elution of Anemone Lipid fronl DEAE 

Solvent 

C/31 9/1 

C/M 9/5  

C/M 7/3 

O/3/i 7/3 

C'/1v[7/3 

Ct t30t t  
C/~IAc 3/1 
C/ t IAc  3/1 
+ 0.01 M 
NH4Ac 
HAc 

KAc 
c/~ 4/1 
+ 10 ml cone. 
aqueous NIt3 
per liter 

Lipid Class (es) 

Lecithin and 
nonionic lipid 

5 nncharaeterized 
components 

Phosphatid:d etha- 
nolamine and 
ceramide amino- 
ethylphosphonate 

Primari ly  cer- 
amide aminoethyl- 
phosphate + some 
phosphatidyl 
ethanolamine 

Uncharacterized 
ninhydrin 
positive lipid 

Uncharacterized lipid 
Pigments 
Almost pure phos- 

phatidie acid 

"Phosphatidyl 
serine" and un- 
characterized lipid 

Pigments 
"Phosphatidyl 

inositol" and un- 
characterized lipids 

Weight 
(gin) 

0.17996 

0,01314 

0.06952 

0.07167 

0.00995 
0.02845 
0.00950 

0.01535 

0.04972 
0.00386 

0.01310 

o.4-;~ 
O ~ chloroform, IV[ ~ lnethanol, 

nium acetate. 

% Total 
Lipid 

38.3 

2.8 

14.8 

15.2 

2.1 
6.1 
2.0 

3.3 

10.6 
1.5 

2.8 

99.5% 

tIAe --~ acetic acid, NIt~Ac --~ amino- 

t ra te  several impor tan t  points. I t  is clear that  the 
newer methods of analysis give s t r ikingly different 
results f rom some of the older nonchromatographic  
methods, and tha t  the newer methods developed 
originally for  brain lipids can be modified for  use 
with other samples as previously postulated (6). The 
value of D E A E  cellulose colmnn chromatography  and 
paper  chromatography  as a means for examining a 
complex lipid mixture  pr ior  to under tak ing  other 
column separat ions is well i l lustrated 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 na tu ra l  occurrence 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 
LaJolla,  California by James  Kit t redge.  The anemo- 
lies were freed of as much loose extraneous ma- 
terial  as possible, frozen over d ry  ice as a cake 
approximate ly  1/2 in. thick, and stored in the frozen 
state (--20C) for approximate ly  2 months pr ior  to 
extraction. 

E~ctraction of lipid. The frozen cakes were pa r t ly  
thawed, some sea shells and sand removed, and 60 g 
(wet weight) was extracted with 1220 ml of chloro- 
fo rm/methano l  2/1 by grinding for  5 rain at medimn 

TABLE IV 

Recovery of Anemone Lecithin from Silicie Acid 

Fraction Wt % Lipid class (es) No. Solvent (rag) Sample 

C'/)/I 9/1 

(:l/IV[ 9 /1  

C/2~ 9/1 

(~/2r 9/1 

(?/IV[ 9 /1  

C'/3/I 9/1 

CHsOH 

Total 

32.3 

5.4 

7.5 

16.2 

50.0 

6.1 

52.4 

169.9 

18.9 

3.2 

4.4 

9.5 

29.3 

3.6 

30.7 

99.6 

Nonionie (neutral)  
lipids and pigments 
Nonionie (neutral)  
lipids and pigments 
Nonionic (neutral)  
lipids and pigments 
Nonionic (neutral)  
lipids and pigments 
Nonionic (neutral)  
lipids and pigments 
Nonionic (neutral)  
lipids and pigments 
Lecithin 

C z chloroform, M ~- methanol 

VoL40 

speed in a War ing  blender. The anemones were 
difficult to f r agmen t  by  this procedure and the float- 
ing mass in the solvent was removed, cut into small 
pieces with a pa i r  of scissors, and reground in the 
blender. The solid mater ial  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 ro ta ry  evaporator  as described 
above. All of the work was carried out as much 
as possible under  nitrogen. A highly precise quanti ta-  
tive determinat ion of the total  lipid content of the 
anemone was not feasible because of the impossibility 
of removing all sand and f ragments  of shells f rom 
the sample. The single chloroform/methanol  extract  
used should contain at least 95% of the total  lipid. 

The l ipid extracted with chloroform/methanol  was 
spread very  evenly over the entire surface of a 
2-liter round bottom flask a f te r  evaporation on the 
ro ta ry  evaporator .  This very  evenly spread mater ial  
was then thoroughly d r i e d  in a vacuum desiccator 
over K O H  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 par ts  of the flask and its contents. The 
progress of l ipid extraction was easily followed by  
the disappearance of color f rom 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 mat ter  
dislodged f rom the side of the flask dur ing extraction, 
and the extract  was evaporated to dryness under  
nitrogen on a vacuum rack as described above. The 
lipid was then thoroughly dried over K O H :  the 
final weight was 0.9399 g. 

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

�9 mater ial  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  v i r tual ly  the 
entire lipid extraetible f rom 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  s tudy  were to examine the 
n inhydr in  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 
D E A E  column chromatography  followed by  paper  
chromatographic  examination of the fractions was 
carried out first and then silicie acid column ehro- 
ma tography  was chosen for  the separation of the 
two fract ions 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 t rans fe r red  to the 
" j u s t  d r y "  top of a D E A E  cellulose column (2.5 • 
20 era) p repared  as described above in chloroform/  
methanol 9/1, and the sample was thoroughly washed 
into the bed with the same solvent. Ten ml fract ions 
were collected at a flow rate  of approximate ly  3 
ml /min  mainta ined by tu rn ing  the Teflon stopcock 
at the end of the  column to the correct position. The 
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first f ract ion 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 0.0'1 M ammonium acetate, methanol wash 
to remove excess salt ( approxamte ly  5 column vol- 
umes or 350 ml of solvent),  glacial acetic acid, another  
methanol wash (approximate ly  5 column volumes) 
to remove glacial acetic acid, and finally chloroform/  
methanol 4/1  containing 10 ml / l i t e r  of concentrated 
aqueous ammonia.  The progress of the elution in 
each case  was followed with the simple solids test 
using a 1 ml aliquot f rom each fract ion (6) and 
solvent changes were made when solids could no 
longer be detected. Ninhydr in  tests were carried 
out with 0.1 ml aliquots of the fractions (6). With  
each solvent change a new pigment  f ract ion was 
e h t e d  along with other lipid components. Most of 
the pigment  components were present  in minute  
amounts, but  their  intense color made t h e m  easy to 
detect dur ing  collection of the fractions. 

The two fract ions of major  interest f rom the 
D E A E  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 phosphat idyl  ethanolamine and any  analogue 
containing 2-aminoethylphosphonie acid. These two 
fractions were subjected to silicic acid column chro- 
ma tography  a f te r  paper  chromatographic  examina- 
tion disclosed the general na ture  of the components. 
Pape r  chromatography  clearly indicated that  lecithin 
was the only phospholipid present  in the chloroform/  
methanol 9/1 eluate and therefore a simple silicie 
acid column procedure was feasible. 

A 100-g port ion of Mall inckrodt silieic 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 f rom a water  pump,  and enough of the silicic 
acid s lur ry  in chloroform was passed into a 2.5 • 40 
cm chromatography  tube equipped with a Telflon 
stopcock to give a column height of 20 cm. A solu- 
tion of 0.17086 g of the chloroform/methanol  9/1 
eluate f rom the D E A E  column was applied to the 
silicic acid column in chloroform and the sample was 
washed in thoroughly  with chloroform. Approximate ly  
35 ml of chloroform (1 column volume about 70 ml) 
was passed through the column. I t  became apparen t  
that  some of the p igment  would be eluted very  slowly 
with chloroform and 10% methanol in chloroform 
was applied to the column. This solvent brought  the 
pigments off very  rap id ly  and a ra ther  crude frac-  
tionation on the basis of different colored pigments  
was made to give six p igment  fract ions (all eluted 
with chloroform/methanol  9/1). Lecithin plus a 
trace of other pigments  was then eluted f rom the 
column with methanol. The elutiou was carried out 
unti l  the solids test was negative with a 1-ml aliquot. 
Fract ions (10 ml) were collected at a flow rate  of 
approximate ly  3 ml /m i n  mainta ined by applicat ion 
of slight ni t rogen pressure. 

The n inhydr in  positive mater ial  eluted with chloro- 
fo rm/methano l  7/3 f rom D E A E  was applied to the 
same silicie acid column used for the fract ionat ion 
just  described. 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 approximate ly  10 ml /min.  The sample 

T A B L E  V 
Sea A n e m o n e  N i n h y d r i n  Pos i t ive  Components  Sepa ra t ed  on Silicic Acid 

Fraction Solvent (No.) 
1- 5 C/~I 9/1 
6-- 32 C / M  9 / 1  and 

8 5 / 1 5  
3 3 -  62 C / M  8 5 / 1 5  

6 3 -  72 C'/M: 8 5 / 1 5  

7 3 -  78 C / M  8 5 / 1 5  
7 9 - 1 0 0  C'/~I 8 5 / 1 5  

B u l k  C H a O H  
(200  ml)  

Total  

~m 

3 

3 

3 

% Sample  

0 
28.8 

32.1 

2.7 

O 
30.6 

5.2 

99.4 

L ip id  class (es )  

None  
U n c h a r a c t e r i z e d  

P h o s p h a t i d y l  
e thano lamino  

P h o s p h a t i d y l  
e thano lamine  

No l ipid 
C e r a m i d e  amino- 

ethylphosphonate 
Uncharacterized 

C ~ chloroform, M ~- me thano l  

weighing 0.1120 g dissolved in 10 ml of ch loroform/  
methanol 9/1 was applied to the top of the silicic 
acid column and the sample washed in with the same 
solvent. Fract ions (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 fract ions collected. F ina l ly  methanol  
was added and a 200 ml bulk fract ion was collected. 

Two  completely separated major  n inhydr in  positive 
fractions were eluted f rom the silicic acid column. 
There were six tubes between the two major  fract ions 
that  did not contain lipid so that  the separat ion was 
complete. Two other fractions, one eluted rap id ly  
ahead of the n inhydr in  positive mater ial  and one 
cleared f rom the column with methanol, were not ex- 
amined in detail. 

Table I I I  shows the amount  of mater ia l  eluted with 
each solvent f rom the D E A E  column run. Total  
recovery was satisfactory.  Table I V  shows the re- 
sults of the fract ionat ion on silicic acid of the chloro- 
fo rm/methano l  9/1 eluate f rom the D E A E  eolunln, 
again with sat isfactory recovery of the sample applied. 
Table V shows the results obtained by  silieic acid 
column fract ionat iou of the n inhydr in  positive frac- 
tion f rom the D E A E  column (recovery also quite 
sat isfactory) .  Table V I  summarizes the data  obtained 
f rom the three runs  giving the percentages of the 
various fract ions and the probable constituents. 

Three substances were isolated in pure  fo rm as 
shown by paper  chromatography  and inf ra red  spec- 

T A B L E  V I  

Composition of Sea A n e m o n e  L i p i d  

L i p i d s  P e r c e n t  

1)  Total nonionic l ipid ( i nc lud ing  p igmen t s ,  
sterols, and glycerides) ........................................ 24.2 

2 ) Lec i th in  ...................................................................... 14.4 
3)  5 uncharacterized components (eluted from 

D E A E  be tween  leci th in  and  phospha t idy l  
ethanolamine) ........................................................ 2.8 

4)  U n c h a r a c t e r i z e d  (e luted f r o m  D E A E  w i t h  
phosphatidyl ethanolamine, but eluted 
f r o m  silicic ac id  before  phospha t idy l  
ethanolamine) ........................................................ 8.8 

5)  Phospha t idy l  e thano lamine  ...................................... 19.6 
6) C e r a m i d e  aminoe thy lphosphona te  ............................ 9.3 
7) U n c h a r a c t e r i z e d  (e luted f r o m  D E A E  w i t h  

phospha t idy l  e t hano l amine  and  f r o m  
silicic acid with methano l )  .................................. 1.6 

8)  One uncharacterized ninhydrin positive 
component eluted a f t e r  (6)  f r o m  D E A E  
wi th  C/lYl 7 / 3  ........................................................ 2.1 

9)  U n c h a r a c t e r i z e d  (e luted f r o m  D E A E  w i t h  
methanol) ................................................................. 6.1 

10)  P i g m e n t  eluted from D E A E  w i t h  C / H A c  3 / 1  ........ 2.0 
11)  Eluted f r o m  D E A E  wi th  C/ l=tAc/sal t ,  

p r e s u m a b l y  phospha t id i c  acid  .............................. 3.3 
12)  Lipid eluted from D E A E  wi th  t t A c  

( " p h o s p h a t i d y l  serine" a n d  u n c h a r a c t e r i z e d  
lipids) .................................................................... 10.6 

13)  " P h o s p h a t i d y l  inos i to l"  and  u n c h a r a c t e r i z e d  
lipids (eluted f r o m  D E A E  w i t h  C / M / N H a )  . . . . . . . .  2.8 

9 8 . 6 %  

C ~- chloroform,  /~[ ~ methanol, t I A c  ---- acet ic  acid  
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FIG. 29. Paper chromatogram showing the composition of some fractions eluted from a DEAE cellulose column after appplicatlon 
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 t~g each fraction spotted).  Spot 1 is from a chloroform/methanol 9/1 eluate that  con- 
tained nonionic (neutral) lipids at the solvent front and lecithin as the only phospholipid component (sphingomyelin entirely ab- 
sent). Spot 2, a very mino~ fraction elutcd with additional chloroform/methanol 9/1, contained largely uneharacterized lipids. 
Spot 3, the first portion of the chloroform/methanol 7/3 eluate, contained from above downward: phosphatidyl ethanolamine, 
ceramide aminoethylphosphonate and uncharaeterized material at the origin. Spot 4, from the second portion of the chloroform/ 
methanol 7/3 eluate, shows enrichment with respect to ceramide aminoethylphosphonate and the presence of an additional compo- 
nent migrating just behind ceramide aminoethylphosphonate. Spot 5, from the final portion of the chloroform/methanol 7/3 
eluate, shows only very small amounts of phosphatidyl ethanolamine and ceramide aminoethylpbosphonate 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 (nonionic) lipid at the solvent front followed by phosphatldyl cthanolamine, phosphatidyl 
serine, ceramide aminethy]phosphonate, and lecithin. Many of the minor components are not seen in the crude lipid mixture. Some 
migrate with the major components while others are below the limit of detectibility. 

FIG. 30. The same fractions from the DEAE column described 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. 

Fro. 31. Paper ehromatogram developed with 5% ether in hexane on acidic silicic 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 sili~ie 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/zg of each of six consecutive neutral lipid fractions was applied. Spot 
] shows components in the correct position for stero] 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 ttg each of (from above downward) cholesterol palmitate, beef spleen triglyceride, oleic acid, and cholesterol. See text for 
additional comments. 

FIG. 32. Paper ehromatogram developed with 60% ether in hexane from the same fractions described 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 t~g each) are di and monoglycerides. The pigments of the sea anemone can be separated into a number of spots 
with system 7 (5). 

Fro. 33. A glass fiber impregnated paper chromatogram developed with chloroform/acetone/acetic acld/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 ]ipids. Spot 1 was from 50 t~g of lecithin, spot 2 from 100 t~g phosphatidyl ethanolamine, and spot 3 from 50 
~g of ceramide aminoethylphosphonate. Spot 4, from 100 ~g of crude anemone lipid, clearly shows the three major components that  
were isolated in pure form. Spot 5 prepared from 100 tog of the chloroform/methanol 9/1 extract of a residue ]eft after  chloroform 
extraction of the crude anemone lipid (see text) to illustrate the absence of lipids in the residue. Spot 6, from 80 ~g of beef brain 
lipid, shows from above downward cholesterol, cerebroside plus phosphatidyl ethauo]amine, a very faint  spot of cerebroside contain- 
ing hydroxy fa t ty  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. 

Fro. 34. Paper chromatogram developed with the same solvent mixture described 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 fractions isolated by column chromatography (spots 1, 2, and 3) is again indicated by this ehromatogram. Note the very 
minor component migrating just behind ceramide aminoethylphosphonate (spot 3). See text for further comments. 
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troseopy. These three substances  represen ted  34.3% 
of the tota l  l ipid.  The other  f rac t ions  were mix tu res  
and  were no t  f u r t h e r  separa ted  in  the p resen t  s tudy,  
a l though paper  chromatograph ic  examina t ions  were 
carr ied  out  to ind ica te  t he  degree of complexi ty  of 
the f ract ions .  The on ly  other f rac t ion  tha t  appeared  
to be esse~ttially one substance  was the ch lo ro fo rm/  
acetic ac id / s a l t  eluate f rom the D E A E  co lumn (3.3% 
of the tota l  l ip id)  tha t  is a p p a r e n t l y  phosphat id ic  
acid. The fac t  tha t  the l ip id  was e luted with the 
proper  solvent  f rom D E A E  columns and  mig ra t ed  
as phosphat id ic  acid in  different  pape r  chromato- 
graphic  systems indicates  with a h igh degree of eer- 
t a i n t y  tha t  the substance  is in  fact  phosphat id ie  acid 
( t race amoun t s  of other  l ip id  mater ia l s  were detec- 
t ible on the paper  chromatograms) .  

Paper chromatography of anemone lipid. Some of 
the pape r  chromatograph ic  data  wi th  the co lumn frae- 
t ions are shown in  F i g u r e s  29-36 a n d  the legends 
for the figures expla in  the composit ion of the f rac t ions  
f rom the columns.  The p u r i t y  of the leci thin,  phos- 
pha t i dy l  e thanolamine ,  and  ceramide aminoethylphos-  
phonate  is shown in  F i g u r e s  33 and  34. F igu re s  35 
and  36 p r epa red  f rom chromatograms  sprayed  wi th  
n i n h y d r i n  reagen t  show clear ly  tha t  there are four  
n i n h y d r i n  posit ive components  in  the or ig ina l  anemo- 
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ne  l ip id  extract .  One of these was recovered in  pure  
fo rm a nd  shown to be phospha t idy l  e thanolamine .  
The second, also isolated in  pure  form, is the new 
n i n h y d r i n  posi t ive sph ingo l ip id ;  the t h i r d  substance  
is a m i no r  componen t  t ha t  is sti l l  uneharae te r ized ,  
a nd  the f o u r t h  appears  to be phospha t idy l  serine. 

Infrared spectra of anemone lipids. F i g u r e s  37,38, 
a nd  39 show the i n f r a r e d  spect ra  f rom the p u r e  leci- 
th in ,  phospha t idy l  e thanolamine ,  a nd  the new lipid.  
Lec i th in  isolated f rom the sea anemone  gives a spec- 
t r u m  almost  iden t ica l  to tha t  obta ined  f rom b ra in  
lec i th in  (compare  Figs.  8 and  37). S imi lar ly ,  phos- 
pha t i dy l  e thano lamine  f rom the anemone  gives a 
spec t rum s imi lar  to the phospha t idy l  e thano lamine  
isolated f rom beef b r a i n  (compare  Figs.  9 a nd  38), 
bu t  d i s t inc t ly  different  f rom the spec t rum of syn- 
thet ic  d i myr i s t oy l phospha t i dy l  e thano lamine  (F ig .  
11). Lec i th in  a nd  phospha t idy l  e thano lamine  f rom 
the anemone  were s t rong ly  F e u l g e n  posit ive ind ica t -  
ing  a ve ry  large a m o u n t  of the p lasmalogen  fo rm of 
each of these l ipids.  This ind ica t ion  was borne  out  
by  the demons t r a t i on  of f a t t y  a ldehydes  by  paper  
ch romatography  of the hexane  soluble por t ion  of acid 
hydro lysa tes  of both p repara t ions .  

The spec t rum p repa red  f rom the new n i n h y d r i n  
posit ive l ip id  is c lear ly  no t  tha t  of a glycerol  phos- 
pha t ide  since the character is t ic  ester b a n d  at 5.70- 
5.75 ~ is no t  present .  Ins tead ,  absorp t ion  character-  
istic of amide  l inked f a t t y  acid is present .  

The co lumn a n d  paper  chromatographic  behavior  
as well as the i n f r a r e d  spectra  ind ica ted  t ha t  lec i th in  
and  phospha t idy l  e thano lamine  isolated f rom the sea 

Fro. 35. Paper chromatogram Prepared as described in the 
legend for Figure 29 but sprayed with ninhydrin to show the 
number of ninhydrin positive eomponents in crude sea anemone 
lipid and in fractions from DEAE columns. Spots 1 and 2 
eluted with chloroform/methanol 9/1 did not contain ninhydrin 
positive substances, but spot 3 showed clearly phosphatidyl 
ethanolamine above and eeramide aminoethylphosphonate below. 
Spot 4 was enriehed with respect to eeramide aminoethylphos- 
phonate and showed the presence of a small amount of another 
ninhydrin positive component in this intermediate fraetion, 
spot 5 was greatly enriched with respect 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, eeramide 
aminoethylphosphonate, an almost undeteetible trace of a very 
minor component and phosphatidyl serine. 

Fro. 36. Paper ehromatogram 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 1/3 ehate 
from DEAE eontaoining phosphatidyl ethanolamine and eera- 
mide aminoethylphosphonate, and spot3 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 extract of anemone lipids, shows from above 
downward: phosphatidyl ethanolamine, phosphatidyl Serine, eer- 
amide aminoethylphosphonate, a small amount of uneharaeter- 
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 reextraetion. I t  is apparent 
that essentially no ninhydrin positive lipid is present in this 
extract (free amino acids present at the origin). COmpare the 
results with the ehromatograms stained with Rhodamine 6G 
shown in Figures 29 and 34. 
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FIG. 37. Infrared spectrum of pure lecithin isolated from 

sea anemone lipid by cohmn 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). 

FIG. 38. Infrared spectrum of phosphatidyl ethanolamine 
isolated from the sea anemone (see text). The spectrum was 
obtained from a IKBr pellet containing 1.49% lipid. Compare 
with the spectrum of brain phosphatidyl ethanolamine (Fig. 9). 

FIG. 39. Infrared speetrum of eeramide aminoethylphospho- 
nate isolated as described in the text and examined as a KBr 
pellet containing 1.50'% lipid. Note the absence of the typical 
ester band at 5.70-5.75 ~ and the presence of typical amide 
bands at 6.06 and 6.45 ~. Absorption at 10.37 t~ is related in 
part  to the trans double bond of sphingosine and allied sub- 
stances (Figs. 42 and 43). 
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FIG. 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 ninhydrim Spot 1 is from 60 t~g of 
phosphatidyl ethanolamine and spot 2 from 60 /~g of eera- 
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 t~g of water soluble 
hydrolysis products from phosphatidyl ethanolamine of the 
anemone. Spot 4, from 20 ~g of water soluble hydrolysis prod- 
ucts of ceramide aminoethylphosphonate, shows 2-aminoethyl- 
phosphonic acid as the major spot. I t  also shows minor com- 
ponents migrating with higher Rt values (see text for details) 
and a trace of ethanolamine. Spot 5 is from 20 t~g 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 fract ion from beef brain is vir tual ly  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 
uinhydr in  positive lipid. I t  was evident that  it had 
the same proport ion of ionic groups as phosphatidyl  
ethanolamine ( f rom D E A E  and silicic acid chro- 
matography) .  One of these groups was evidently the 
--NH3 group (ninhydr in  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 
prel iminary examinations. I t  was evident, however, 
that  the new lipid was not a glycerol containing 
compound, but  ra ther  that  f a t ty  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 f rom the anemone and a control sample 
of synthetic dipalmitoylphosphatidyl  ethanolamine 
were then hydroIyzed with acid. In  each case a 
known amount of lipid was t ransfer red  to a Pyrex  
glass tube in chloroform/methanol  2/1, the solvent 
evaporated under  a current  of pure nitrogen, 3 ml 
of 2 N HC1 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 unti l  no more lipid floating 
over the aqueous HC1 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- 

sine hydrochloride or phytosphingosine hydrochlo- 
ride are not very  soluble in hexane, but  the lipid por- 
tion f rom the aqueous acid hydrolysates of sphingo- 
lipids dissolves in this solvent. Apparen t ly  the pres- 
ence of f a t ty  ac id  along with the sphingosine and 
similar substances facilitates the extraction.) In  the 
case of the new n inhydr in  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, t reated with 3-5 ml 
of water, frozen, and lyophilized to remove the last 
traces of HC1. 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. Af te r  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 using 
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 start ing weight of the sample as water solu- 
ble material. (Total  recovery af ter  acid hydrolysis 
is invariably above 100%. I t  is higher t h a n  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 f rom synthetic phosphatidyl etha- 
nolamine and that  isolated f rom the anemone is 
strong indication of the presence of only phos- 
phat idyl  ethanolamine of the type  normally found 
in mammalian tissues. This was fur ther  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 n inhydr in  and as shown in Figure  40 the anemo- 
ne phosphatidyl  ethanolamine prior  to hydrolysis did 
not contain the substances released on hydrolysis. 
Af ter  hydrolysis, both the anemone and synthetic 
phosphatidyl  ethanolamines gave a typical spot for  
ethanolamine. I t  is thus apparent  that  no 2-amino- 
ethylphosphonic acid was obtained from the phos, 
phat idyl  ethanolamine fract ion of the anemone since 
this substance migrates well behind ethanolamine. 
Kit t redge et al. (29) established that  2-anfinoethyl- 
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 new sphingolipid 
aqueous hydrolysis products showed (Fig. 40) that, 
while the original substance before hydrolysis did 
not contain material  migrat ing on paper chromato- 
grams in the ethanolamine or 2-aminoethylphosphonic 
acid regions, af ter  hydrolysis the major  spot in the 
water  soluble port ion of the hydrolysate migrated 
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like 2-aminoethylphosphonie acid. 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. 41,42). 
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. I t  is to be noted that most of 
the preparations showed more than one spot. The 
major spots in each case are the compounds listed. 

I t  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 0-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. I t  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 case 
of hydrolysates from sphingolipids it is expected 
that the natural erythro forms would have been 
converted in part  to the corresponding threo fornls. 
Examination of erythro and theo sphingosines has 
shown these to be readily separable in both solvent 
systems (Figs. 41,42). The paper chromatographic 
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 praclucts 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 glyc- 
erol should be released from a phosphonic acid anal- 
ogue of phosphatidyl ethanolamine under the hydro- 
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Fro. 41. Paper  chromatogram developed with system 20 of 
Table I and stained with l~hodamine 6G reagent. Spot I was 
prepared from 25 /~g of phytosphingosine anhydro base (gif t  
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 ~g of phytosphingosine (gif t  
from Paul O'Connell), shows again minor components migrating 
ahead of the main component, phytosphingosine, which migrates 
just off t he  origin and appears as a very bright spot. Spot 3 
is from 100 /~g of the hexane soluble portion of an acid hydroly- 
sate of ceramide aminoethylphosphonate isolated from the sea 
anemone. A number of minor components are shown migrating 
throughout the body of the chromatogram; also shown are spots 
in the correct positions for sphingosine, dihydrosphingosine, 
and fa t ty  acids (the bright spot at the origin). Spot 4, from 
25 /~g of a sphingosine preparation, shows principally a single 
large spot due to sphingoslne. Spot 5 is from 25 /zg of a prepa- 
ration enriched with dihydrosphingosine but also contains 
sphingosine. Dihydrosphingosine migrates just behind sphingo- 
sine and overlaps slightly with it. Spot 6 is from 25 /zg 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. 

Fro. 42. Paper  ehromatogram 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 
Rf values. 

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-0-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 
fat ty acids treated in the same way. The infrared 
spectrum of the water soluble hydrolysis product 
was clearly that of 2-aminoethylphosphonic acid and 
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FIG. 43. Infrared spectrum obtained from an equimolar mix- 
ture of ethanolamine and sodium B-glycerophosphate dissolved 
in 2 N I-IC1 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. 

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

n o t  e t h a n o l a m i n e - O - p h o s p h a t e  ( c o m p a r e  F i g s .  44,45, 
a n d  47) .  

Structure and significance o~ the ne,w sphingolip@l 
of the anemone. F r o m  t h e  d a t a  p r e s e n t e d  above ,  t h e  
s t r u c t u r e  of  t he  n e w  l i p i d  c a n  be f o r m u l a t e d  as:  

H H H 0 H H 
I I I i i  I I ("J-) 

R F f - C -  C - 0 - P - C - C - N H  3 

OHNH H 0 H H  
l ( - I  

R-C=O 

C E R A M I D E  A M I N O  E T H Y L P H O S P H O  N A T E  

w h e r e  R1 r e p r e s e n t s  t h e  c a r b o n  c h a i n  of  s p h i n g o s i n e ,  
p h y t o s p h i n g o s i n e ,  etc.  a n d  Re r e p r e s e n t s  t h e  h y d r o -  
c a r b o n  cha ins  of  f a t t y  acids .  T h e  r a t h e r  d e s c r i p t i v e  
name ,  e e r a m i d e  a m i n o e t h y l p h o s p h o n a t e ,  seems a p p r o -  
p r i a t e .  T h e  p l a c e m e n t  of  t h e  2 - a m i n o e t h y l p h o s p h o -  
h a t e  g r o u p  on t h e  p r i m a r y  h y d r o x y l  g r o u p  is by  
a n a l o g y  to o t h e r  s p h i n g o l i p i d s ,  a l t h o u g h  no d i r e c t  
d a t a  h a v e  b e e n  o b t a i n e d  on th i s  po in t .  T h e  p r e s e n c e  
of  a f r e e  a m i n o  g r o u p  is c e r t a i n  a n d  2 - a m i n o e t h y l -  
p h o s p h o n a t e  has  b e e n  p o s i t i v e l y  i d e n t i f i e d  as an  hy -  
d r o l y s i s  p r o d u c t .  A m i x t u r e  of  f a t t y  a c i d  a n d  l o n g  
c h a i n  bases  has  also b e e n  d e m o n s t r a t e d .  

T h e  b io log i ca l  s i gn i f i cance  of  c e r a m i d e  a m i n o e t h y l -  
p h o s p h o n a t e  is n o t  k n o w n  b u t  i t  is e v i d e n t  t h a t  t h i s  
n i n h y d r i n  p o s i t i v e  s p h i n g o l i p i d  c o m p l e t e l y  r e p l a c e s  
s p h i n g o m y e l i n  w h i c h  is so w i d e l y  e n c o u n t e r e d  in  
a n i m a l  t i ssues .  T h i s  c o n c l u s i o n  is in  d i r e c t  c o n t r a s t  
to t he  f i n d i n g s  of  B e r g m a n n  a n d  L a n d o w n e  w h o  re-  
p o r t e d  s p h i n g o m y e l i n  as t h e  m a j o r  l i p i d  of  t h i s  
s a m e  species .  O u r  d a t a  are ,  h o w e v e r ,  c l ea r  a n d  u n -  
a m b i g u o u s :  no s p h i n g o m y e l i n  was  p r e s e n t  a n d  o t h e r  
l i p i d s  w e r e  f o u n d .  No  t r a c e  of  c e r a m i d e  o r  e e r e b r o -  
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Fro. 45. Infrared spectrum of ethanolamine-O-phosphate pre- 

pared as a 0.137 mm thick KBr pellet containing 1.44% sam- 
ple. This spectrum is clearly differentiated from that of 
2-aminoethylphosphonic acid (Fig. 44) and from the water 
soluble acid hydrolysis product of ceramide aminoethylphos- 
phonate (Fig. 47). See text for further comments. 

FIG. 46. Infrared spectrum obtained from the water soluble 
portion of a 3 N HCI hydrolysate of synthetic dipahnitoylphos- 
phatidyl ethanolamine as described in the text�9 The spectrum 
was prepared from a KBr pellet containing 1.55% sample. Note 
the similarity to an equimolar mixture of ethano]amine and 
glycerophosphate (Fig. 43). An almost identical spectrum 
was obtained from the water soluble hydrolysis products of sea 
anemone phosphatidyl ethanolmnine. 

Fro. 47. Infrared spectrum obtained front water soluble tIC1 
hydrolysis products of ceramide aminoethylphosphonate as de- 
scribed 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 /~ in the hydrolysate of eeramide antino- 
ethylphosphonate related to --NH absorption from ItC1 treat- 
ment. This band is very minor in the 2-aminoethylphosphonlc 
spectrum shown in Figure 44 since the preparation was not 
treated with HC1 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 can 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 
c o i : l t u l e n t  s .  

s ide  was  seen in  t he  a n e m o n e  l i p i d  m i x t u r e .  
T h e  f i n d i n g  of  K i t t r e d g e  et  al. (29)  t h a t  2 -amino-  

e t h y l p h o s p h o n i e  a c i d  is p r e s e n t  in  h y d r o l y s a t e s  of  
a n e m o n e  l i p i d  is c o n f i r m e d  a n d  t h e  l i p i d  h a s  b e e n  
i s o l a t e d  a n d  c h a r a c t e r i z e d .  

T h e  s tud ie s  of  R a j o g o p a l  a n d  S o h o n i e  (30)  on the  
a n e m o n e  Gyrostoma sp. w e r e  c a r r i e d  ou t  w i t h  non-  
c h r o m a t o g r a p h i c  m e t h o d s .  I t  is n o t  s u r p r i s i n g  t h e n  
t h a t  t h e i r  r e su l t s  d i f f e r  f r o m  ours .  W e  d id  no t  d e t e c t  
e e r e b r o s i d e  o r  s p h i n g o m y e l i n  r e p o r t e d  by  these  in-  
v e s t i g a t o r s  as c o m p o n e n t s  of  t h e i r  a n e m o n e  l i p i d  
e x t r a c t s .  R a p p o r t  a n d  A l o n z o  (31)  r e p o r t e d  the  p res -  
ence  of  t he  t y p i c a l  a , f i - u n s a t u r a t e d  e the r  t y p e  of  
p l a s m a l o g e n  in  a sea a n e m o n e  a n d  n o t e d  t h a t  th i s  
o c c u r r e d  in  s e v e r a l  i n v e r t e b r a t e s  p r i m a r i l y  as e tha-  
n o l a m i n e  p l a s m a l o g e n .  I n  a s h o r t  n o t e  f r o m  the  same  
l a b o r a t o r y  (32)  a g r e a t  d e a l  of  e t h a n o l a m i n e  a n d  
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choline plasmalogen and a small amount  of sphingo- 
myel in was reported to be present  in Anthopleura 
elegantissima on the basis of TLC examinations. The 
observation tha t  Anthopleura elegantissima is rich 
in choline and ethauolamine 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. I t  is evident that  
TLC alone as used by Rappor t  and Alonzo did not 
distinguish sphingomyelin and ceramide aminoethyl- 
phosphonate f rom other lipids. 

The great  superior i ty  of column chromatographic  
methods over paper  chromatographic  methods alone 
for  the s tudy of new lipid mixtures  is well i l lustrated 
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 r e p o r t  new lipids and failed 
to gain any  information of the type  repor ted above. 

The role of the phosphonate grouping and its 
metabolic fate  is yet to be determined;  however, we 
will conform to well established custom on the occa- 
sion of the discovery of a new ionic l ipid and suggest 
without  direct data  that  it may  p lay  a role in 
permeabil i ty.  

Lipid Composition of Beef Brain 
Table V I I  is a compilation of the lipid classes thus 

f a r  isolated and characterized f rom 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 V I I  differ 
in some cases f rom those reported previously (6). 
The present  values were obtained with improved 
methods and are based on a larger  number  of 
determinations. 

General objectives and definitions. We have at- 
tempted  to isolate each lipid class quanti tat ively.  
A lipid class is defined here as a group of lipids having 
the same polar functional  groups regardless of dif- 
. . . .  n ~  . . . .  ~ : r  acid and /o r  f a t t y  aldehyde composi- 
tion. The cerebrosides containing normal  and hydroxy  
f a t t y  acids are grouped as one lipid class and the 
phosphat idyl  ethanolamines containing two f a t t y  acids 
or one f a t ty  acid and a f a t t y  aldehyde (cthanola- 
mine plasmalogen) are termed together phosphat idyl  
ethanolamine. Sulfatides and ganglioside are more 
heterogeneous groups with subclasses in which differ- 
ences are not confined to f a t t y  acids. Sulfat ides are 
considered as a single class tha t  contains sulfate, 
and gangliosides are grouped together because they 
contain neuraminie  acid. Gangliosides have been iso- 
lated that  differ in carbonhydrate  composition and 
different types of sulfatides have been repor ted (see 
below). Eventua l ly  the sulfatides and gangliosides 
must  be divided into the individual  subclasses, and 
ul t imately the individual  molecular species in each 
class must  be defined. The determinat ion of the com- 
plete f a t ty  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 quant i ta t ive isolation of 
the broadest l ipid classes and progress toward this 
goal is the subject  of this report .  

Cholesterol. Cholesterol has been determined by 
direct isolation as the first f ract ion eluted f rom a 
nlagnesiunl silicate column with total brain lipid as 
sample, and by  separation of the first f ract ion f rom 
a D E A E  column (eluted with chloroform/methanol  
9/1) on a silicie acid-silicate column. The elution 

T A B L E  V I I  

C o m p o s i t i o n  of  W h o l e  B e e f  B r a i n  L i p i d  

L i p i d  O l a s s  % T o t a l  L i p i d  

C h o l e s t e r o l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 0 . 2  
C e r a m i d e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 4  
C e r e b r o s i d e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 . 0  
G a l a c t o s y l g l y c e r i d e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 5  
S u l f a t i d c  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 . 5  
S p h i n g o m y e l i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 .8  
L e c i t h i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 0 . 8  
P h o s p h a t i d y l  E t h a n o l a m i n e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 . 1  
P h o p s h a t i d y l  S e r i n e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 .2  
P h o s p h a t i d y l  I n o s i t o l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 0  
T r i p h o s p h o i n o s i t i d e  * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 .3  
P h o s p h a t i d i c  A c i d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 4  
C a r d i o l i p i n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 3  
G a n g l i o s i d e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 6  
U n c h a r a c t e r i z e d  a c i d i c  l i p i d s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 0  
W a t e r  S o l u b l e  N o n l i p i d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 0 . 1  

1 0 0 . 2  

* I n c l u d e s  t r i p h o s p h o i n o s i t i d e  e x t r a c t e d  w i t h  c h l o r o f o r m / m e t h a n o l /  
a m m o n i a .  

schemes are given above or have been described 
previously (6).  Such simple methods are adequate 
for  the quant i ta t ive isolation of pure  cholesterol f rom 
beef brain because sterol esters and glycerides are 
not present.  

Ceramide. Ceramide has been isolated f rom mag- 
nesium silicate columns and by fract ionat ion of the 
nonionic f ract ion f rom D E A E  columns on silieic 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 f rom 
magnesium silicate columns and the mixture  separated 
into cerebroside and sulfatide fract ions on D E A E  
columns (6).  The value for cerebroside by this 
method compares favorably  with the value Obtained 
by  a combination of D E A E  and silieie acid-silicate- 
water  column chromatography  (6).  I t  is now clear 
that  cerebroside isolated by both methods contains 
a small amount  of galaetosylglyceride. This can be 
degraded by  mild alkaline hydrolysis without affect- 
ing the cerebroside. T h e  cerebroside can then be 
separated f rom the f a t t y  acids of the glyceride on a 
silicic acid column and the relative amounts of each 
lipid can thus be determined. F a t t y  acids are eluted 
with chloroform and cerebrosides with chloroform/  
methanol  4/1. The amount  of galactosylglyceride 
has been determined by quanti ta t ive in f ra red  speCtros- 
copy using pure  cerebroside to which was added 
phosphat idyl  inositol to give the amount  of ester 
absorption seen with brain cerebroside fractions. 
Values by both methods have been checked by the 
quant i ta t ive determinat ion of ester groups with the 
hydroxamic acid reaction. 

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

Total  sulfatide has been determined in this labora- 
tory  by two methods. Elut ion of Sulfatide along with 
eerebroside f rom magnesium silicate followed by sepa- 
rat ion of the two lipid classes on D E A E  was achieved 
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first (6). A second 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 ]ipids have 
been recovered together (along with cholesterol, cer- 
amide, and cerebroside) from DEAE and separated on 
silicic acid-silicate-water columns (6). The purity of 
sphiugomyelin 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 column for the recovery of a mixture of phos- 
phatidyl ethanolamine and phosphatidyl serine that 
is then separated into individual components on a 
silicic acic]-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 silicic acid columns. 
This conclusion is based on comparisons of brain 
lipid with phosphatidyl ethauolamine and its oxida- 
tion products. The value determined by the DEAE 
method is shown in Table VII. The puri ty 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 chromatographic isolation of a lipid believed to 
be phosphatidyl inositol. Conclusive 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 described 
above. The puri ty 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 acid. The presence of phosphatidic 
acid (diacylglycerophosphate) in brain has now been 
established by quantitative isolation. Phosphatidic 
acid elution from DEAE is described above and is 
accomplished with chloroform/acetic acid 3/1 con- 
taining ammonium acetate. Phosphatidic acid is first 

eluted along with uncharacterized acidic lipids from 
DEAE, then pure phosphatidic acid is recovered 
from a silicic acid-silicate-water column with chloro- 
form/methanol 4/1 containing 2% water used as the 
final eluting solvent. Phosphatidie 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 described above have been 
used to isolate a fraction from brain that appears to 
be identical to cardiolipiu 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 uneharaeterized 
lipid classes of beef brain are eluted from DEAE 
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 phosphatidic 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 closely 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 acidic 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 acidic lipids, phosphatidic acid, cardiolipin, phos- 
phatidyl inositol, and sulfatide. The acidic lipids 
with the largest number of acid groups are cluted 
first. This suggests that the new acidic ]ipids are 
glycerophosphate polymers with at ]east four glycerol 
and three phosphate groups (cardiolipin is composed 
of a chain of three glycerol and two phosphate 
groups). Paper and TLC indicate that fat ty acids 
would have to be present on all but one or two of 
the hydroxyl groups of the glycerol molecules. I t  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 columns (6). Al- 
though the cellulose column procedure is difficult 
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, etc.) 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 difficult 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 

�9 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 occur 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 
since it is not present in all beef brain lipid extracts. 

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 lysoleeithin, 
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 
structures. 

T h e  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 structures of complex biological 
systems and in vitro model systems. 

Silicic Acid. The interaction of lipids with silicic 
acid has been discussed previously (6). The two 
basic forms of interaction are hydrogen bonding and 
electrostatic (coulombic) bonding, the latter being 
frequently mediated by ion exchange (proton trans- 
fer).  Hydrogen bonding is through the Si --- 0, Si - 
O-Si ,  and S i - O H  groups of silicie acid while the 
ion exchange reactions occur by proton transfer of 
the S i - O H  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 interest ing bonding types occur 
with silicates that  are quite distinct f rom those with 
silieie acid. Silicates are different f rom silicic acid 
in tha t  they are proton acceptors ra ther  than  proton 
donors. Silicates of monovalent  and divalent ions 
can fo rm different types of bonds. We have previously 
presented a postulate to explain the extremely strong 
bonding of the acidic lipid phosphat idyl  serine (as 
welI as other acidic lipids) to silicate by  interact ion 
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 earboxylate ion and Si=O or S i - O -  groups or 
between the hydra ted  cations of both the acidic lipids 
and the cation (sodium, potassium, or ammonium) of 
the silicate. 

One of the most significant types of interact ion 
tha t  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. Phosphat idyi  
ethanolamine can interact  with magnesium silicate to 
give a chelate type s t ruc ture  tha t  is held together by  
ionic forces. 
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This is a surpr is ingly  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- 
hydra t ion  of solvents with molecular sieve 5A), 
chloroform/methanol  mixtures  are poor eluting sol- 
vents for  phosphat idyl  ethanolamine and methanol 
alone elutes this lipid ra ther  slowly (6).  By  the ion 
exchange mechanism for  the dissociation of phos- 
phat idyI  ethanolamine f rom magnesium silicate, the 

H + t ransfer  of a proton f rom the - N  3 group can be 
to the silicate ion or to the phosphate group. In  
either ease magnesium silicate is regenerated and 
phosphat idyl  ethanolamine may escape f rom 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 qua te rnary  ammonium group can not engage 
in proton t ransfer  reactions and the chelate type s t rut -  
ture held together by strong ionic bonds is not broken 
with absolute methanol in the absence of water. Chloro- 
fo rm/me thano l /wa te r  mixtures  elute these lipids 
slowly with format ion of a hydra ted  magnesimn sili- 
care (elution of lecithin and sphingomyelinwith chloro- 
fo rm/methano l  mixtures  containing even traces of 
water  is detectible).  This is in marked  contrast  to 
the behavior of phosphat idyl  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 (calcium and magnesium) present 
in tissues may help to bind lipids to nonlipid materials  
(proteins and nucleic acids) in a similar manner.  
Af te r  lecithin or sphingomyelin are bound to mag- 
nesium silicate, the column may  be t reated 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. Wate r  
alone does not appear  to penetrate  through the rela- 
t ively nonpolar  bar r ie r  of f a t ty  acid chains into the 
area of binding of l ipid to nonlipid. Evident ly  an 
appropr ia te  organic solvent (chloroform/methanol  or 
methanol)  must  be used with water.  The role of the 
organic solvent can be visualized as aiding the pene- 
t ra t ion of water  through the nonpolar  lipid layer  to 
reach the polar  ionic sites. I f  magnesium silicate is 
p repared  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  i t  is important  to note that  
water can prevent  the formation of certain types of (1) 
bonds that, once formed, will be stable in its presence. 

DEAE Cellulose. The previous description of the 
method of interaction of lipids with diethylamino- (2) 
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 D E A E  (3) 
cellulose and a freely reversible ion exchange reac- 
tion with the adsorbent can be visualized. Phospha- 
t idyl  ethanolamine is a proton donor in the zwitter- 
ion form and is retained more firmly by DEAE.  The (4) 
retention of phosphatidyl  ethanolamine is great enough 
to make D E A E  useful for  recovery of this lipid in 
pure form as described above. The validity of the 
ion exchange reactions formulated as responsible for  (5)  
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. Evident ly  
the ion exchange groups of the ion exchange celluloses 
do function to bind the lipid. Phosphatidyl  etha- 
nolamine is bound to t r iethylaminoethyl  cellulose 
( T E A E )  and is not eluted with neutral  solvents as 
it is f rom DEAE.  This interaction can be depicted as. 
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The bonding to t r iethylaminoethyl  cellulose is not 
reversible in a nonionie solvent since T E A E  is not 
a proton donor. The elution of phosphatidyl  etha- 
nolamine from T E A E  is accomplished with either 
acidic or basic solvents. 

Another  observation in agreement with the ion 
exchange concepts for  phosphatidyl  ethanolamine in- 
teraction with D E A E  is the behavior of ceramide 
aminoethylphosphonate. This new lipid with amino 
and phosphonate groups emerges from a D E A E  cellu- 

II---- 

nnnu,--<, (8) 

f 
t_  ,,o, 

| |  

- e - C a - |  

- - O |  % 

FIG. 48. Schematic representation of bonding types en- 
countered i n  column chromatography. �9 and O indicate posi- 
tive and negative charges while the squares represent polar 
nonionic (usually hydroxyl) groups. See text for comments. 

lose column along with phosphatidyl ethanolamine. 
Summary of Bond Types. Bonding types that have 

been encountered in column chromatographic work 
that may be important  i n  biological systems are shown 
in F igure  48. Bonding type I is a simple interaction 
of positively and negatively charged groups encoun- 
tered when the salt of a fa t ty  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 nonionie interaction (hydrogen bonding) as 
for cholesterol, cerebroside, and galaetosylglycerides. 
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 D E A E  cellulose. Bonding type 5 is 
an interaction typical  of lecithin and sphingomyelin 
and is labile. The adsorption site and the molecule 
being adsorbed are internal ly 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 triphosphoin0sitide interacting with 
ion exchange sites of D E A E  celluloses. This is a 
simplification Of the triphosphoinositide s tructure 
since two of the phosphate groups on the inositol have 
two negatively charged groups under  biological con- 
ditions. Bonding type 8 is an il lustration 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 calcium sili- 
cates and can be formed from the salt of a fa t ty  acid 
with a silicate of a divalent ion. Bonding type 10 
is the chelate type s tructure discussed above that  can 
be formed with lecithin or sphingomyelin and mag- 
nesium silicate. 

A bimolecular lipid s t ructure  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. 
I t  seems probable that  studies of model systems 

based upon the above observations will be profitable. 
I t  is apparent  that  various chromatographic adsorb- 
ents can 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 solubi]ized by the lipid. A detailed 
s tudy of such interactions will undoubtedly aid ap- 
preciably in formulat ing 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 functions 
of lipids can now be approached with confidence. The 
solutions to many important  problems now seem only 
a mat ter  of time. 

I t  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 fa t ty  acid composition must 
then be determined under  various physiological con- 
ditions and in various pathological states. Ult imately 
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 
at tention on important  differences within a lipid class. 

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