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:Fro. 10. Separation of lipid classes on a 12gin column of 

highly active Florisil. The column load consisted of 30mg each 
of cholesteryl palmitate, tripalmitin and cholesterol, and 15rag 
each of dipalmitin and monopalmitin (10). 

SO strongly that  it was incompletely separated f rom 
cholesterol. When this new mater ial  was deactivated 
with 7% water, good separat ions were again observed 
(Fig. 11). ?,fixtures of na tura l ly  occurring lipids of 
ra t  blood and l iver were well resolved and excellent 
recoveries were obtained. Studies indicate this method 
to be an adequate one for  separat ion of human serum 
and a r t e ry  lipids. 

Florisil  has some distinct advantages over silicic 
acid as an adsorbent for  lipids. The ra ther  large 
particle size (60-100 mesh) permits  rapid  flow rates 
without  apparen t  loss of adsorptive surface and the 
mater ial  requires a min imum of prepara t ion  for use. 
An interesting p roper ty  of this adsorbent  is its affinity 
for  free f a t ty  acids. Elut ion of these lipids is delayed 
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FIG. 11. Separation of lipid classes as in :Fig. 10 after de- 
activation of the Florisil with 7% water (10). 

unti l  a f te r  monoglyeeride, instead of emerging jus t  
before cholesterol as previously discussed with respect 
to silicic acid. This suggests the use of Florisil  as a 
possible selective filter for free acids but  presents a 
problem f rom the s tandpoint  of recovery, as the addi- 
tion of acetic acid to the solvent was required for  their  
elution. Although Florisil  may  have some advantages 
over silicie acid, the problem of controlling the state 
of hydrat ion is just  as acute. 

Whether  one chooses Florisil  or silicic acid it is 
obvious that  these techniques require rigid control 
measures. But  when the basic fundamenta ls  of good 
colunm chromatography are observed, their  use for  
separation of lipids can be a valuable addition to the 
technical knowledge of a laboratory.  
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T 
HE OBJECTIVE Of this presentat ion is to describe 
methods for  the quant i ta t ive fraet ionat ion of 
brain  lipids by  means of column chromatog- 

raphy.  I t  is not possible to give detailed directions 
for the chromatographic  separat ion of complex lipid 
mixtures  in general, as the types and quantit ies of 
lipids in mixtures  f rom different sources may  vary  
widely. Methods tha t  are suitable for  brain lipids 

1 With comments on the mechanisms of ch romatography  and  the use 
of in f ra red  spectroscopy, 

may require modification for other lipid mixtures.  
A discussion of this complex subject must  be ap- 
proached in a general way with emphasis upon the 
variables that  are invoh, ed in column chromatography,  
the means by  which these variables can be controlled, 
and the mechanislns involved in the chromatographic  
processes. When these factors are appreciated,  the 
extension of methods devised for brain  lipids should 
be possible. 

Emphasis  has been placed on the use of in f ra red  
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spectroscopy in column chromatographic  studies. In-  
f ra red  spectroscopy is an invaluable aid in charac- 
terization, and can be applied as a rapid  means for  
determining the na ture  of substances eluted f rom 
columns. The general use of paper  chromatography 
in the development of column chromatographic  pro- 
eedures, for  monitor ing of column fractions, and for 
the detection of impuri t ies  in lipid prepara t ions  will 
not be considered in detail  as it has been repor ted on 
elsewhere (1,2,3). I t  should be noted however that  
paper  chromatography  can be ins t rumenta l  in the 
development of eolmnn chromatographic  procedures, 
as variables that  are encountered in column chroma- 
tog raphy  may  be explored with the more rapid  pape r  
methods. 

General Techniques in Column Chromatography 
The objective was the development of simple, 

rapid,  and reproducible methods tha t  can be carried 
out with readily available equipment.  The glass chro- 
matographic  tubes are fitted with Teflon stopcocks. 
The stopcock should have a needle valve for adjust-  
ment  of flow rate ; i t  can then be used to s tar t  or stop 
the flow of solvent without  change in flow rate. The 
nar row port ion between the stopcock and the main 
body of the tube is general ly made as small as possi- 
ble in order to cut down the holdup volume in this 
dead space. The adsorbent  is retained within the 
column by a thin layer  of glass wool placed over a 
small glass cane fitted with an uneven bulb at the 
top (to avoid a t ight  fit with decrease of solvent flow) 
and inserted above the stopcock. The glass wool pad 
should be held in place f rom above with a glass rod 
unti l  a small layer  of adsorbent  has been packed over 
it to prevent  appearance  of " f i n e s "  in the column 
effluent. This a r rangement  is p re fe r red  to sintered 
glass discs as the discs may become clogged with fine 
part icles of adsorbent  and the flow rate  may  be re- 
duced to an impract ical  level. Flow rates are difficult 
to regulate  with stopcocks when sintered glass discs 
are used because solvent and air  back up behind the 
stopcock in an i r regular  manner.  

A suitable flow rate  may  be obtained with some 
adsorbents without  the use of pressure. When  pres- 
sure is required it can be supplied by insert ing a 
careful ly prewashed black rubber  stopper fitted with 
a glass tube into the top of the chromatography  
tube to t rans fe r  pressure f rom a prepurif ied nitro- 
gen cylinder. 

Automat ic  f ract ion collectors have not been used. 
I t  was p re fe r red  to collect individual  fract ions in 
glass stoppered, graduated  tubes by  hand. Each frac-  
tion is tested immediately  af ter  collection. Wi th  this 
method a solvent change can be made as soon as 
elution of one f ract ion is complete without  collection 
of unnecessary fractions. Once the elution scheme is 
worked out, fract ions may  be collected in bulk and  the 
amount  of mater ia l  can be determined by  weight. 

A solids test  is a simple, rapid,  general method for  
moni tor ing column fractions. A test  for  solids in the 
chromatographic  effluent can be carr ied out very  con- 
venient ly with i ml. of a column fraction. The ali- 
quot is evaporated to dryness  in a few seconds in a 
test tube inserted in a very  hot (200-300~ sand 
bath. The tube is cooled and held up to the l ight 
for  the examinat ion of residual solids. Wi th  prac-  
tice this simple technique can be used to detect any  
lipid or other substance emerging f rom the column 

in very  small amounts. We have found that  we can 
detect mater ia l  by eye in fract ions that  contain only 
an insignificant weight of total  solids. Inorganic  ma- 
terial  present  in the sample may  be eluted along with 
lipid, or p a r t  of the column mater ial  may appear  in 
fractions. Inorganic  substances can be differentiated 
f rom lipid by allowing the tube to remain in the hot 
sand bath for several minutes. Organic mater ia l  will 
char. Such a simple, rapid  test can be carried out 
on each fract ion f rom a colunm prior  to the complete 
emergence of the next  fraction. This makes a rapid  
change of solvent possible and facilitates the develop- 
ment of the most rapid  and efficient elution scheme. 
The solids may be used for in f ra red  examinat ion and 
a rapid  scan can give valuable informat ion about 
column per formance  dur ing a run. 

The solids test may readi ly  be made quanti ta t ive by 
weighing. A solids curve (plot of rag. of lipid v e r s u s  

volume of effluent) is an excellent, means of illus- 
t ra t ing  eolmnn performance.  The procedure is ear- 
t ied out by  weighing a small a luminum cup (about  
10 mg., preheated and dried in a desiccator) with a 
Cahn microbalanee, evaporat ion of 1 ml. of eolmnn 
effluent in the cup in a warm sand bath, cooling in a 
desiccator, and reweighing the pan. The entire pro- 
cedure requires about 5 lnin. per  sample, and reliable 
weights are obtained. Ind iv idua l  f ract ion weights de- 
termined in this manner,  and added to give a total  
amount  of lipid in a peak, agree within 1 to 2% of 
the weight determined by pooling all fractions, evap- 
oration of solvent, and weighing on an ord inary  ana- 
lytical balance. 

I t  may be necessary to conduct all of the operations 
under  pure  nitrogen. Solvents can be deoxygenated 
under  reduced pressure f rom a water  pump,  followed 
by re tu rn  to atmospheric pressure with pure  nitrogen. 
Solvents can be kept air-free by passing a slow s t ream 
of nitrogen bubbles through the solvent pr ior  to pour-  
ing into the chromatography  tube. Column packing 
such as silicic acid may  be deoxygenated by  placing 
the adsorbent  in a three-necked flask fitted with a 
thermometer ,  an inlet tube for  pure  nitrogen, and a 
tube for  a t tachment  to a water  pump.  The flask is 
heated with a heating mantle, and rapid  deoxygena- 
tion is insured by reduced pressure while a slow 
s t ream of ni trogen is passed over the surface of the 
adsorbent. Af te r  several hours the vessel is re turned 
to atmospheric pressure with pure  ni t rogen and al- 
lowed to cool before opening. When  cool, the adsorb- 
ent is t r ans fe r red  to a suitable storage flask as a 
s lur ry  in deoxygenated solvent. Such slurries can 
remain  essentially oxygen free in t ight ly  fitting glass 
s toppered bottles for  weeks. 

Many  labora tory  operations should be carried out 
under  nitrogen. Since working in a ni t rogen filled 
box through gloves is awkward and time consuming, 
other simple, rapid  methods can be substituted. Fil-  
t ra t ion  can be accomplished without  exposure of the 
superna tan t  solution or residue to a i r  by inver t ing a 
funnel  equipped with a rubber  s topper  and a nitro- 
gen inlet tube over the filter. The funnel  is placed 
close to the filter and acts as a cover and nitrogen is 
supplied to keep air out. The investigator can easily 
add more solution, etc. Transfers  can be made under  
ni trogen by placing the equipment  beneath a mant le  
p repared  f rom a plastic bag open at  one end and  
fitted to a ni t rogen cylinder on the other end. A 
slight positive pressure may  be mainta ined and, for 
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the most careful work, manipulations can be carried 
out through the plastic bag. Fract ions may be col- 
lected from a column in a similar manner  by fitting 
the end of the column with a suitable mantle that  is 
filled with nitrogen. A slow flow of nitrogen through 
the system is usually maintained. Similarly, glass- 
stoppered test tubes placed in a test tube rack nlay be 
stored conveniently under  nitrogen by placing the 
rack in a plastic bag filled with nitrogen. Lipid prep- 
arations that  must be sampled f requent ly  should be 
stored in a carefully greased, smooth fitting vacuum 
desiccator. The desiccator should be pumped down 
with a vacuum pump, filled with nitrogen, evacuated 
again, and refilled with nitrogen. Lipid samples 
stored in glass ampoules sealed under  nitrogen can 
be kept indefinitely and require a minimum of space. 
Ampoule storage is too time consuming for prepara- 
tions to be used each day where desiccator storage is 
practical. 

Analytical  columns can be run conveniently in 
chromatography tubes of 2.5 cm. i.d. Two convenient 
lengths are 20 and 40 cm. Used here was a 40 cm. 
tube packed to a height of 20 era. ~4th diethyI- 
aminoethyl ( D E A E )  cellulose (15 g.) and silieie acid 
(55-60 g.) and 20-cm. tubes filled to a height of 10 
era. for  magnesium silicate and silicic acid-silicate- 
water  columns. No more than 350-400 rag. of crude 
brain lipid is applied to D E A E  columns of this size. 
The loading factor  for  the other columns varies and 
depends upon the par t icular  mixture to be fraction- 
ated. Flow rates of about 3 ml./min, are maintained. 
With  the 2.5-cm. columns, 10-ml. fractions are suit- 
able and bulk fractions can be collected after  column 
performance has been standardized. 

Preparation of Samples for Infrared Examination 
Spectra of lipids in various solutions or f rom Nujol 

mulls are useful, but  a complete spectral scan from 
2-15 ~ is best obtained f rom samples pressed into 
micropellets with K B r  or spread as thin films over 
silver chloride plates. Micropellets are prepared from 
10 rag. of K B r  and f rom 50-300 ~g. of lipid. The 
weighing is done with a Cahn (or similar) mierobal- 
ance. The sample is ground into the K B r  in an agate 
mortar  and t ransferred to a Beckman micropellet die. 
After  the sample is pressed in the hydraul ic  press, 
the thickness of the pellet is measured with a microm- 
eter, and the spectrum is recorded on a Beckman 
IR-4 infrared spectrophotometer. 

Some lipids are difficult to prepare  in the pellet 
form. In  cases of this sort, as well as with extremely 
small samples and as a check on the K B r  technique, 
a silver chloride plate is used. The sample is spread 
as a film either by mechanical means or by t ransfer  
with a suitable solvent. 

:Extraction of Beef Brain Lipids 
Quantitative determinations must be based on 

quanti tat ive lipid extraction procedures that  are per- 
formed in such a way that  oxidation, hydrolysis, etc. 
are avoided. A satisfactory procedure follows. The 
fresh whole brain is homogenized with solvent imme- 
diately a f te r  removal f rom the animal or cut into small 
pieces, placed in a plastic bag, and frozen over solid 
CO,, for  t ranspor t  to the laboratory and then homog- 
enized. Homogenization is carried out in a War ing  
blendor using 20 ml. of deoxygenated chloroform/ 
methanol, 2/1, (v /v)  for  each gram wet weight of tis- 

sue. The space above the solvent is filled with nitrogen 
and the top of the homogenizer, if not made of glass, 
is protected by covering with aluminum foil and 
clamped down tightly. The mixture is homogenized 
for  3-5 rain. at room temperature  and then t ransferred 
to a sintered glass filter. Fi l t ra t ion is accomplished 
under  nitrogen as described above. The residue is 
re-extracted twice with half  the original volume of 
solvent. Evaporat ion of the extracts under  nitrogen 
at 0-15~ is then accomplished in a ro ta ry  evaporator 
flushed periodically with nitrogen. The time required 
is reduced if the final extract  is evaporated first, then 
the second, and finally the original extract. The sol- 
ids are dried by placing the flask and contents in a 
vacuum desiccator over KOH. The pressure is re- 
duced with a vacuum pump and the desiccator is left  
at room temperature  for  10-18 hrs. The d ry  lipid is 
then re-extracted 3 times with one-liter portions of 
chloroform/methanol,  2/1, with filtration as above at 
each step. This step removes an insoluble residue of 
protein. The lipid is recovered by evaporation of sol- 
vent under  nitrogen as described above except that  
the mixture is not taken to dryness. When the mix- 
ture has reached a small volume with a good deal of 
suspended lipid, it is t ransfer red  (under  nitrogen) 
to a large mortar.  The mortar  is then placed in a 
vacuum desiccator equipped with a nitrogen inlet 
capillary and attached to a water pump. Evapora-  
tion and drying  are carried out under  a slow stream 
of nitrogen and reduced pressure. The thoroughly 
d ry  lipid is then mixed in the mortar  with a pestle, 
scraped with a spatula, reground with the pestle, etc. 
unti l  the sample is homogeneous. The latter opera- 
tions can be performed under  nitrogen by working 
under  a plastic bag mantle filled with nitrogen as 
described above. The lipid is then divided into the 
desired portions and sealed in pyrex  glass ampoules 
under  nitrogen for  storage. 

This method of extraction appears to be quantita- 
tive as far  as the lipids listed in Table I arc concerned. 
The extract  does not appear  to contain the complex 
di- or triphosphoinositides. 

General Approach to Quantitative Fractionation 
The approach to the development of procedures for  

the fractionation of complex lipid mixtures involves 
a prel iminary subfraetionation of the complex mix- 
ture into smaller groups of lipids by stepwise elution, 
followed by separation of each of the subfractions into 
individual lipid classes on other column materials 
most suitable for  the part icular  mixture. Most in- 
vestigators have used another approach. One column 
material  only is used and elution is begun with non- 
polar solvents such as hexane and then with solvents 
and solvent mixtures of increasing polar i ty  ending 
with an alcohol to strip the column. No single column 
substance is known f rom which all of the lipid classes 
can be eluted in pure form. For  this reason pre~dous 
attempts to separate complex mixtures have not been 
completely successful and many times investigators 
have not been aware of the fact  that  mixtures were 
obtained due to inadequate means for evaluating pur- 
ity. Gradient  elution has been used a great  deal. This 
means of elution is useful for rapid prel iminary deter- 
minations of the properties of a par t icular  column 
packing and for  rapid elution of substances of widely 
different properties, but it is less useful than stepwise 
elution in most instances when complete separation 
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with quanti tat ive recovery is desired, as peaks are 
pushed into each other by gradient elution. 

When the Inulticolunm procedure is used, it is pos- 
sible to establish optimum conditions for the elution 
of each lipid class. The lipid classes that  are not sep- 
arable on one column are separated on another type 
of column. I t  is sometimes possible to obtain complete 
separation of two substances by using a relatively 
poor eluting solvent that  will bring both substances 
off separately as long, low peaks. This is a ra ther  
unprofitable approach as it  is time consuming, and 
column material  and solid residue from solvents may 
seriously contmninate the fractions. We prefer  to 
elute such substances together for fraetionation on 
another type of column where the difference in elu- 
tion propert ies  is greater. 

The steps in the determination of the simplest pos- 
sible means by which a complex mixture  can be frae- 
t ionated are as follows. First ,  a variety of column 
packings are studied. Studies were begun with silieie 
acid, the most commonly used substance. After  an 
analysis of the factors involved in silieic acid column 
chromatography was conlpleted, a new type of column 
was devised. I t  was called a silicie acid-silicate-water 
column from the fact that  a silicic acid column was 
prepared containing some silicate and water, both 
added in carefully controlled amounts. This new type 
of column made possible several separations that  were 
not obtainable on silieic acid. Also, various ion ex- 
change celluloses were explored and useful methods 
for lipids in nonaqueous media were successfully de- 
veloped. These studies included work with carboxy- 
methyl cellulose, diethylaminoethyl ( D E A E )  cellulose, 
t r iethylaminoethyl  cellulose, phosphoeellulose, and sul- 
foethyl cellulose. F rom these studies we determined 
that D E A E  cellulose was one of the most useful ma- 
terials. F u r the r  investigation was made of the use of 
magnesium silicate, a very  strong adsorbent, to deter- 
mine the manner  in which all of the brain lipids 
could be eluted from wet and d ry  columns. 

F rom these studies it was possible to put  together 
an elntion scheme for the essentially complete frae- 
tionation of brain lipids start ing with D E A E  cellu- 
lose for prel iminary subfraetionation of the mixture.  
Pure  phosphatidyl  ethanolamine is eluted from D E A E  
and the water-soluble, nonlipid contaminants (free 
of lipid) are obtained in a single fraction. The other 
fractions from the D E A E  column are then separated 
into individual lipid classes using either silieie acid- 
silicate-water columns or silieie acid columns. These 
procedures are described in more detail below. Other 
column packings including magnesium silicate and 
various ion exchange celluloses are of value as inde- 
pendent  check methods. The values for  cholesterol, 
eeramide, eerebroside, and cerebroside sulfate can be 
checked with magnesium silicate columns; values for 
phosphatidyl  ethanolamine and phosphatidyl  serine 
by a combination of silicic acid and silicie acid-silicate- 
water column chromatography as previously described 
(2 ) ;  and gangliosides can be isolated from cellulose 
columns. 

Results with Beef Brain 

The average values obtained for beef brain lipids 
f rom many column runs  are shown in Table I. I t  was 
not known at the beginning of the work how many 
unknown substances might be encountered as previ- 
ous studies were of a nonquanti tat ive nature.  Despite 
the fact  tha t  brain has been a very  common source 

for the isolation of lipids by solvent precipitation 
procedures, column chromatography has not been ap- 
plied to any great extent. No reports have been 
found in the l i terature from other laboratories that  
describe any serious at tempt  to separate the brain 
lipid mixture into individual lipid classes with quan- 
titative recovery. 

T A B L E  I 

Composit ion of Whole  Beef B r a i n  L i p i d  

Substance  % Term l ip id  

(1)  Cholesterol ................................................................. 
(2)  Ceramide ................................................................ 
(3)  Cerebroside ................................................................ 
(4) Cerebroside sulfate  .................................................... 
( 5 ) Lec i th in  .................................................................... 
(6)  Lysoieci thin ............................................................... 
( 7 ) Sphingomyel in  ........................................................... 
(8)  Phospha t idy l  e thanolamine  ........................................ 
(9)  Phespha t idyI  ser ine ................................................... 

( 10 ) Inos i to l  phospha t ide  .................................................... 
(11 ) Uncharac te r ized  (3 components)  .............................. 
(12)  Gangl ios ide  ................................................................ 
(13)  Wate r  soluble nonIipid  ............................................... 

Sphingol ip id  (2,3,4,7,12)  .......................................... 
Glycerophospholipid (5,8,9) ...................................... 
Incomplete ly  character ized (10,11)  .......................... 
W a t e r  soluble (13)  .................................................... 
Sterol (1)  ................................................................... 

20.3 
0.3 

16.8 
3.5 

11.0 
Trace 

7.9 
17.0 

7.2 
3.1 
2.8 
2.8 
7.0 

99.7% 

31.3% 
35.2 

5.9 
7.0 

20.3 

99 .7% 

Table I does not show substances that  probably 
occur in extremely small amounts (0.1% or less) in 
brain lipid. Small amounts of saturated and unsatu- 
rated hydrocarbons have been reported to be present 
in beef brain (4) and a small amount of coenzyme Q 
has been determined by a very  delicate procedure 
(5).  I t  is possible that  other substances may be pres- 
ent in some of the column chromatographic fractions 
in very small amounts. Hydrocarbons and coenzyme 
Q should appear in the cholesterol fract ion in our 
present elution scheme. I t  is estimated that  the cho- 
lesterol vahte is not off by more than 0.2 (in terms of 
total amount of brain lipid) as a result  of such 
contamination. Careful paper  chromatographic and 
infrared examinations indicate that  the cholesterol 
fract ion probably does not contain more than 2% 
of its weight of impurities. 

There is a significant percentage of par t ly  or com- 
pletely uncharaeterized nlateriM. The inositol phos- 
phatide recovered from brain lipid mixtures prepared 
by exhaustive extraction with chloroform/methanol,  
2/1, is not the complex inositol phosphatide described 
by Foleh (6) or the triphosphoinositide described by 
more recent investigators (7).  The inositol phospha- 
tide isolated f rom D E A E  (fract ion 6, Table I I )  has 
the chromatographic characteristics of phosphatidyl  
inositol (isolated from soybean) and is tentat ively 
identified as phosphatidyl  inositol. 

A fract ion eluted f rom D E A E  with chloroform/ 
acetic acid is incompletely characterized, but  contains 
at least three separate substances. This fract ion is 
quite labile. One of the constituents has chromato- 
graphic propert ies of an oxidation product  of phos- 
phatidyl  ethanolamine and is n inhydr in  positive. A 
small amount  of free f a t ty  acid is probably present 
in this fraction, but  the major  component is com- 
pletely uncharaeterized. 

The values shown in Table I for  cholesterol, eera- 
mide, cerebroside, cerebroside sulfate, phosphatidyl  
ethanolamine, phosphatidyl  serine, ganglioside, and 
water soluble nonlipid contaminants are believed to 
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be quite accurate. The values for lecithin and sphin- 
gomyelin may be in somewhat greater error (due to 
the small number of determinations) and the value 
for the inositol phosphatide has not been established 
as entirely accurate. The individual percentages of 
the uncharacterized substances have not been deter- 
mined with accuracy due to their considerable lability. 

Si l ic ic  A c i d  C o l u m n  C h r o m a t o g r a p h y  
These studies were begun with silicic acid column 

chromatography. The objectives were control of the 
variables and evaluation of the usefulness of this 
substance for the separation of lipids from complex 
mixtures. A number of valuable observations had 
been recorded in the literature. BorgstrSm (8) re- 
ported that neutral lipids could be separated from 
phospholipids on silicic acid by elution of neutral 
lipids with chloroform, followed by elution of phos- 
pholipids with methanol. When this procedure is 
applied to brain lipids, several nonphospholipids are 
eluted along with the phospholipids. These include 
cerebrosides, sulfatides, and gangliosides. Other in- 
vestigations extended the knowledge of the manner 
in which lipids may be eluted from silicic acid. One 
successful elution scheme for the neutral lipids (non- 
phospholipids) was that of Barron and Hanahan (9). 
As with previous methods, the procedure was useful 
for the elution of hydrocarbons, sterol esters, tri- 
glycerides, fat ty acids, sterols, and mono- and diglye- 
erides by elution successively with hexane, benzene/ 
hexane mixtures, benzene, diethyl ether/hexane mix- 
tures, and diethyl ether. 

The more difficult problem has been the separation 
of individual phospholipids on silieie acid columns. 
Lea et al. (10) were the first to report a useful pro- 
cedure for the separation of individual phospholipid 
classes on silicie acid eolumns. These investigators 
were able to isolate pure phosphatidyl ethanolamine 
from egg yolk lipid. The method of Lea (11) was an 
improvement over the original procedure in that au- 
toxidation of phosphatidyl ethanolamine was avoided 
by exclusion of oxygen during the chromatographic 
separation. When these methods are applied to brain 
lipids, pure phosphatidyl ethanolamine is not obtained, 
as phosphatidyl serine (not present in egg yolk lipid) 
is eluted in the same fraction. Hanahan et al. (12) 
extended the elution scheme for silieie acid columns 
and were able to elute a pure phosphatidyl inositol 
from liver lipid. Other investigators have reported 
the use of silicie acid columns for the fraetionation of 
lipid mixtures from various sources, but surprisingly, 
as noted above, no serious attempts to fractionate brain 
lipids by column chromatography have been reported 
other than those from this laboratory (2,3,13). 

All the early studies were complicated by a lack 
of reproducibility and incomplete separation of the 
components of complex mixtures. Lack of reproduci- 
bility is produced by failure to appreciate and/or 
control the variables in a procedure. The variations 
in silicie acid column chromatography have been 
traced to: (1) water content of the system; (2) sili- 
cate content of the silicic acid; (3) particle size vari- 
ations of the adsorbent; (4) amount of free salt 
(largely NaC1) in silieie acid; (5) the loading factor 
(amount of lipid applied). It  is necessary to describe 
procedures in detail to control these variables. 

The adsorption properties of silicie acid appear to 
decrease as water content is increased. Most silieie 

acid however is not pure but contains a considerable 
quantity of silicate. Silicate binds water firmly, and 
we have discovered that lipids may be bound through 
water to the silicate (3,14). Retention of lipids by 
the stationary phase may thus be increased by water. 
It  is possible to flood a silicic acid-silicate system 
with so nmch water that the capacity is decreased. 

An appreciation of the role of particle size of the 
adsorbent, and of what is meant by overloading, call 
be obtained only when knowledge of the forces in- 
volved in silieic acid column chromatography is avail- 
able. Silicie acid columns appear to function largely 
by ion exchange and hydrogen bonding. The ion ex- 
change reactions of silicie acid can be illustrated by 
the behavior of phosphatidyl ethanolamine on silicic 
acid columns. Phosphatidyl ethanolamine in a chloro- 
form-methanol mixture can undergo ion exchange re- 
actions with silicic acid, and the proton from the 
silicic acid is transferred to the ionized phosphate 
group of phosphatidyl ethanolamine in the reaction. 
The anionic site thus created on the adsorbent is then 
balanced by the -NH3 I§ grouping of phosphatidyl 
ethanolamine. As the positively charged amino group 
may then donate a proton back to the silicate ion 
produced in the original ion exchange reaction, its 
binding tendency is decreased. These reactions are 
illustrated in (A) below. 

(A) 
O 

l ( ) ] (+) 
-S i -OH § O-P-O-CH~CH:~NH3 

] [ 
O 

Z R 

Silieie Acid PhosphatidF1 Ethanolami 

O 
I (-) (+) II 

-S i -O tI~N-CHr-CH,.~O-P-Otl 
I 1 

OH 
Silicate Phosphatidyl  Ethanolamine 

O 

-Si  OH + H ,X-CH:~CH~O-P  OR 

OH 
Silicie Acid Phosphatidyl  Ethanolamine 

- -A Similarion "exchange reaciion with lecithin results 
in a stronger bonding of this phospholipid to the 
negatively charged site on the adsorbent because the 
choline quaternary ammonium nitrogen cannot donate 
a proton. The lecithin molecule can become detached 
from the negative binding site if the proton of the 
phosphate group is returned to the silicate ion. This 
offers less possibility for escape than for phosphatidyl 
ethanolamine and lecithin is retained more firmly by 
the adsorbent. 

The role of hydrogen bonding is illustrated by the 
difference in the eht ion characteristics of a number 
of compounds. Lysoleeithin is eluted from silicic 
acid columns after lecithin. The ion exchange reac- 
tions are presmnably the same for both molecules, 
but the presence of an hydroxyl group in lysolecithin 
creates an additional possibility for hydrogen bond- 
ing to silicie acid. Cholesterol (one hydroxyl group) 
may be bound by hydrogen bonds to silicic acid and 
can be eluted readily with mixtures of ether and 
hexane. A substance such as lysolecithin that inter- 
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acts by ion exchange and hydrogen bonding requires 
a chloroform/methanol mixture with a large amount 
of methanol for elation. The total number of groups, 
and hence the total hydrogen bonding capacity, deter- 
mines the ease of elution from silieie acid. Cholesterol 
with one hydroxyl group is rapidly eluted with ether, 
while cerebrosides containing several hydroxyl groups 
are not. Cerebrosides are eluted with solvent mixtures 
containing alcohols. Phosphatidyl inositol and cere- 
broside have the same total nmnber of free hydroxyl 
groups but the phosphate group of the phospholipid 
may hydrogen bond, and this probably accounts, at 
least in part, for the elution of phosphatidyl inositol 
well behind cerebroside. Phosphatidyl inositol is eluted 
rapidly only with a much higher concentration of 
methanol in chloroform. 

The major defect of silieic acid columns for the 
separation of complex lipid mixtures is the overlap 
of acidic lipids with nonaeidic lipid fractions. One of 
the reasons for this is illustrated by the behavior of 
phosphatidyl serine. Phosphatidyl scrine is usually 
obtained by extraction with neutral solvents and is 
probably present largely as the potassium salt. The 
salt of phosphatidyl serine undergoes an ion exchange 
reaction with silieic acid in which there is a proton 
transfer from silieie acid to the carboxyl group of 
phosphatidyl serine. The potassium is then bound to 
silicate as illustrated in diagram (B). 

(B) 
I 

-S i  OH + 
I 

Silicic Acid 

(-) (+) 
-S i -O K 

I 

Potassium. Silicate 

+ 

0 0 

C-(2H=~CH~O-P-OI~ 

0 XH:~ 0 
(-) (+) (-) 
(+) 
K 

Phosphalidyl  Serine 
I potassium salt 

O O 
II II 

HO-C-CH-CH,_, O--P--OR 
I [ 

NH:~ O 
(+) (-) 

Phosphatidyl  Serine 
(one acid form) 

The undissociated earboxyl group does not influence 
the elation of phosphatidyl serine from silicie acid 
colmnns to any great extent and the substance is 
elated along with phosphatidyl ethanolamine. There 
may be either partial or complete overlap with phos- 
phatidyl ethanolamine depending upon the exact con- 
ditions. On a pure silieic acid column (free of silicate) 
that may be produced by acid washing of the silicic 
acid in a chromatography tube followed by careful 
washing with deionized water, phosphatidyl serine 
tends to precede phosphatidyl ethanolamine. This 
behavior can be explained by assuming that the ear- 
boxyl groups of two phosphatidyl serine molecules 
engage in hydrogen bonding that interferes with the 
interaction of the molecules with the silicie acid. 

Conditions influencing the load that can be applied 
to silicic acid columns can now be appreciated. A 
convenient amount of lipid can be applied to a silieie 
acid column when a moderately fine particle size is 
used. There must be enough surface for lipid binding. 
Silicic acid is relatively easy to fragment by mechani- 
cal means (as by forcing through a wire sieve or vigor- 

ous stirring) and very fine particles may be produced 
that will clog a column to produce slow flow rates (2). 
When the particle size is too large, fraction overlap 
results unless the amount of lipid applied is greatly 
reduced. 

Overloading of a eolunln may alter the chromato- 
graphic results to a marked extent. This is illustrated 
by the behavior of phosphatidyl serine when applied 
in large amounts to silieic acid columns. If a large 
anmunt of the potassimu salt of phosphatidyl serine 
is applied, the ion exchange capacity of the silieic acid 
may be exceeded and the salt fomn of phosphatidyl 
serine will not be eonverted completely to the free 
acid fornl. Thus, two different ionic states of the 
nmleeule arc produced and the silicate content of the 
column is increased by overloading. The two differ- 
ent forms of phosphatidyl serine can be separated on 
the columns. We have demonstrated that silicate in 
the presence of water may bind anionic groups of 
lipids very tightly. I t  is apparent therefore why early 
investigators such as Phillips (15) and Marinetti et al. 
(16) obtained more than one peak for phosphatidyl 
serine when the system was not anhydrous and the 
columns were overloaded. A portion of the phospha- 
tidyl serine under such conditions is elated in the 
usual position with chloroform/methanol along with 
phosphatidyl ethanolamine. A remaining strongly ad- 
sorbed portion of phosphatidyl serine is elated with 
methanol or methanol/chloroform mixture containing 
large amounts of methanol. This latter fraction con- 
tains the potassium salt of phosphatidyl serine that is 
probably bound, at least for the most part, as shown: 

(c) C-) (+) 
0 K 

/ 
0 . . . .  H - O - H  . . . .  0 C 

\ /  \ 
Si R 

\ 
O Water  
( )  

(~) 
K 

Potassium Phosphatidyl  Serine 
silicate potassium salt 

A method has been described for the preparation of 
silicic acid with which oxygen, water, and free salt 
are removed to give very reproducible column per- 
formance (2). Yr all of these precautions however 
silieic acid is still of limited use for the general frac- 
tionation of conlplex lipid mixtures. A major defect, 
as pointed out above, is that acidic and nonacidie lipid 
fractions overlap. Cardiolipin, phosphatidyl serine, 
inositol phosphatides, sulfatides, and gangliosides are 
found to overlap with other lipids on silieic acid col  
umns. The difference in the binding of sphingomyelin 
as compared to lecithin is not great enough for com- 
plete separation of these two substances. From these 
studies it became apparent that one of the major prob- 
lems in the fraetionation of complex mixtures is the 
complete separation of acidic lipids from nonacidie 
lipids. We studied several methods for this separa- 
tion and were most successful with diethylaminoethyl 
(DEAE) cellulose as described below. The overall 
fraetionation procedure for brain lipids does include 
several separations that are conveniently made on 
silieic acid. These separations are performed after a 
preliminary separation of lipids into suitable frac- 
tions with DEAE cellulose. 
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Diethylaminoethyl (DI~AE) Cellulose 
Column Chromatography 

An anion exchanger such as DEAE celIulose binds 
anionic substances tightly and this property has been 
used frequently with aqueous systems. I t  has been 
shown that anionic lipids may be bound to DEAE 
cellulose in nonaqueous systems. Ion exchange cellu- 
loses have been used with considerable success for the 
fraetionation of large molecules such as proteins and 
nucleic acids. The ion exchange celluloses appear to 
be more useful than ion exchange resins for high 
molecular weight substances. The open nature of the 
cellulose and the greater availability of the ion ex- 
change sites permits large molecules to come in con- 
tact with more of the available sites while elating 
solvents can penetrate and break the bonds between 
adsorbent and the substance being chromatographed. 

We have examined several ion exchange celluloses 
(3,14). Phospholipids are not retained appreciably 
by carboxymethyl cellulose or by dry sodium phospho- 
cellulose. On the other hand, the salt form of phos- 
phoeel]ulose does retain lipids in the presence of water 
(3). The anion exchange celluloses including DEAE, 
Ecteola, and triethylaminoethyl cellulose (TEAE)  can 
be used for the column chromatography of phospho- 
lipids. These exchangers do not require the presence 
of water for the retention of lipids and reproducible 
results may be obtained under carefully defined con- 
ditions. The DEAE cellulose has been selected as the 
most promising general anion exchanger. Ecteola ap- 
pears to behave essentially like DEAE, and TEAE is 
similar to DEAE in many respects. An interesting 
difference between DEAE and TEAE cellulose is the 
fact that lipid is not bound to the chloride or acetate 
forms of TEAE, while the hydroxyl form of this ion 
exchanger readily binds lipid. Another important dif- 
ference between the two ion exchange celluloses is 
that, while DEAE in the acetate form readily binds 
phosphatidyl ethanolamine in the absence of water, 
the hydroxyl form of TEAE binds phosphatidyl 
ethanolamine only in the presence of water. These 
differences offer additional possibilities for fractiona- 
tion in special cases. 

The acetate form of DEAE was chosen in order 
that no strong acid would be released during the ion 
exchange reactions. Strong acid can degrade labile 
forms of lipids (such as the plasmalogen forms of 
phosphatidyl ethanolamine). After a thorough pre- 
washing with 1 N HC1 followed by water and 1 N 
KOH, the DEAE cellulose is put in the acetate form 
by treatment with glacial acetic acid. The acetic acid 
is washed out with methanol and the column is pre- 
pared in a suitable chloroform-methanol mixture (usu- 
ally chloroform/methanol, 7/1, v/v)  before applica- 
tion of the sample. 

The broadest elation scheme developed so far is 
shown in Table II. Pure phosphatidyl etbanolamine 
is obtained from DEAE and the water soluble, non- 
lipid contaminants are eluuted in a single fraction 
free of lipid. The four other fractions obtained how- 
ever must be separated into the individual lipid 
classes by other means. 

The zwitterion lipids (lecithin and sphingomyelin) 
and the nonionie lipids appear at the solvent front 
when the brain lipid mixture ~s applied to DEAE 
cellulose in chloroform/methanol, 7/1. All of the acidic 
components are firmly retained by the anion exchanger 
as expected. Fractions 5 and 6 and presumably frac- 

TABLE I I  

Elution of Lipids from DEAE Cellulose (Acetate Form) 

Substance Solvent 

(1) Lecithin, sphi~gomyelin, ceramide, 
cerebroside, cholesterol, lysoleci- 
thin, (also sterol ester and glycer- 
ides when present) 

(2) Phosphatidyl et.hanolamine 
(3) Water soluble nonlipids (sugars, 

amino acids, purines, salt) 
(4) Uncharacterized (3 components) 

also free fatty acids when present 

(5) Phosphatidyl serine and ganglio- 
side 

(6) Cerebroside ~ulfafe. inositol phos- 
phatide (and cardiolipin) 

Cbloroform//metllanol, 7;/1 

(?hloroforn~/methanot, 7/3 
Methanol 

Chloroform/glacial acetic acid 
(3/1) containing 0.001 ~I 
potassium acetate 

Glacial acetic acid 

Chloroform/methanol, 4/1, 
containing 10 ml./liter cone. 
aqueous  a lunlot l ia  

tion 4 of Table II  are composed of acidic lipids. The 
fractions firmly bound to DEAE are ehtable with 
acidic or basic solvents. The weakly acidic chloro- 
form/acetic acid mixture elates three uncharaeterized 
components (free fat ty acids when present are elated 
with this solvent), and glacial acetic acid elates two 
substances that are acidic by virtue of the earboxyl 
groups, namely phosphatidy] serine and ganglioside. 
A chloroform/methanol mixture containing aqueous 
ammonia is required for the elation of the strongly 
acidic eerebroside sulfate and inositol phosphatide 
(cardiolipin is elated in this fraction when present). 

Simple ion exchange considerations would lead to 
the expectation that the zwitterion lipids, lecithin and 
sphingomyelin, that have both a positive and a nega- 
tive charge should be retained only slightly by DEAE 
and that these lipids should be elutable with nonionic 
solvents such as mixtures of chloroform and methanol. 
In the ion exchange process the acetate ion must bal- 
ance the quaternary ammonium grouping of choline 
and, as the process is readily reversible, the binding 
is weak. The nonionie lipids (cholesterol and cere- 
broside) pass through the ion exchange cellulose, as 
hydrogen bonding through hydroxyl groups is not 
strong enough in the presence of polar solvents (such 
as methanol) to cause any but the slightest retention. 
The possibility was explored of the differential ela- 
tion of these nonionic lipids on DEAE cellulose with 
less polar solvents, but it was found that the separa- 
tions could be obtained more conveniently by other 
means. 

PhosphatidyI ethanolamine undergoes reaction with 
DEAE that results in stronger binding. A phosphate 
group can become attached to the adsorbent with 
exchange of the acetate ion for the phosphate ion. 
Acetic acid can be produced in the reaction as a result 
of the proton donor ability of the -NH3 § group of 
phosphatidyl ethanolamine. That phosphatidyl ethan- 
olamine should be elutable with a nonionie solvent 
follows from the fact that DEAE is itself a proton 
donor. Escape from the positively charged site on 
the adsorbent is possible as the proton of the diethyl- 
aminoethyl group can be transferred to the phosphate 
group of phosphatidyl ethanolamine with the subse- 
quent release of the phosphatidyl ethanolamine mole- 
cule from the adsorbent. A proton transfer from 
phosphate to -NH2 to give -NHa + would then restore 
the phosphatidyl ethanolamine to i t s  original zwit- 
teflon form. These reactions are illustrated below 
(D). Evidence in favor of this simple interpretation 
has been obtained with TEAE cellulose. TEAE is 
not a proton donor and retains adsorbed phosphatidyl 
ethanolamine when treated with nonionie solvents. 
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T E A E  cannot donate a proton to the phosphate group 
and phosphat idyl  ethanolamine cannot escape unless 
an acidic or basic solvent is used for elution. 

Acidic l ipids in the salt form ion exchange with 
D E A E .  The phosphate or other acidic groups inter- 
act with the positively charged site of the adsorbent 
with the product ion of, for  example, potassimn ace- 
rate which is washed through the column. Acidic 
lipids are retained very  firmly and must  be eluted 
f rom D E A E  with acidic or basic solvents. When 
D E A E  eolunms are overloaded, acidic lipids are not 
bound completely and may  be eluted with nonionie 
solvents. 
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Silicic Acid-Sil icate-Water Column Chromatography 

A method has been described in detail for the com- 
plete separat ion and quant i ta t ive recovery of phos- 
phat idyl  ethanolamine and phosphat idyl  serine using 
silieie acid-silicate-water columns (2).  Wi th  this pro- 
eedure phosphat idyl  ethaamlamine and phosphatidyl  
serine are first isolated together (free of other lipids) 
by silieie acid column chromatography.  Phosphat idyl  
ethanolamine and phosphat idyl  serine are then sep- 
arated f rom each other with the new silieie acid-silL 
cute-water column. The silieie acid-silicate-water col- 
umns  for  this separat ion are conveniently p repared  
by passing a mixture  of chloroform/methanol /aqueous  
ammonia  through a bed of silieie acid in a chromatog- 
r aphy  tube. This procedure for introducing a known 

amount  of silicate and water  is advantageous in that  
it can be earried out readily under  oxygen-free con- 
ditions. The prepara t ion  of the column in this man- 
ner however produces a bed that  contains a great  deal 
more silieate and water  at the top, and the amount  
drops steadily f rom the top to the bottom. 

The silicie acid-silicate-water columns were devised 
af ter  the analysis of factors  involved in silieie acid 
column chromatography  had been completed. The re- 
stilts with silicic aeid eolunms were in keeping with 
other chromatographic  data obtained in this labora- 
tory with inorganic phosphates (sodium and potas- 
siren phosphates) and salts of phosphoeelhflose. With 
these chromatographic  systems it appeared that  ani- 
onic sites on the adsorbent, in the presence of water, 
bound polar and acidic lipids very  firmly. Phospha- 
t idyl ethanolamine is eluted with 20% methanol in 
chloroform in the same position from silicic acid- 
silicate-water and silicie acid columns. Phosphat idyl  
serine is more firmly bound to the silieate-water eol- 
unms and is eluted with methanol ra ther  than 20~ 
methanol in chloroform that  can be used to elute it 
f rom silicie acid. 

Phosphat idyl  ethanolamine and phosphat idyl  serine 
are relat ively labile Iipids and undergo relatively 
rapid autoxidation and the chromatographic  separa- 
tion must be carried out in a ni trogen atmosphere. 
The method of Lea (11) that  uses the absorption at 
235 and 275 m/, due to conjugated double bonds as a 
measure of autoxidation is of great  value in the s tudy 
of these two lipids. Low molecular extinction coeffi- 
cients may be obtained only when the silieic acid and 
silieic acid-silicate-water colmnns are free of oxygen 
and pure  ni trogen is used in all of the operations. 

A more recent development in this laboratory  has 
been the extension of the use of silicie acid-silicate- 
water  columns for the separation of the f ront  frac- 
tion f rom D E A E  into its individuM lipid components 
(cholesterol, eeramide, eerebroside, lecithin, and sphin- 
gomyelin) as shown in Table I l L  Although tholes- 

TABLE i I I  
Elution from Silieic Acid-Silicate-Water Columns 

__S~ Substance 

Chloroform . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ] CholesteroI 
Chloroform/methanol, 19/1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I Ceramide 
Chloroform/methanol, 4/1, @ 0,5% water ...................... Cerebrosides 
Chloroform/methanol, 4/1, -~ 1,5% water . . . . . . . . . . . . . . . . . . . . . .  Lecithin 
Chloroform/methanol, 4/1, -}- 2,0% water ...................... Sphingomyelin 
Methanol-+- 2% water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I Lysoleeithin 

terol, eeramide, and cerebroside can be separated with 
magnesimn silicate eolmnns, silieic acid-silicate-water 
columns are of par t icular  advantage as lecithin and 
sphingomyelin are completely separated on them in 
addition to cholesterol, eeramide, and eerebroside. 

The silieie acid-silicate-water columns in this ease 
are prepared  in a different way f rom those used for 
the separat ion of phosphat idyl  ethanolamine and 
phosphat idyl  serine. A eolmnn with greater  capacity 
is required. The increased capaci ty is conveniently 
produced by  t rea t ing  a s lur ry  of acid washed silieie 
acid in chloroform~methanol, 1/1, with concentrated 
aqueous ammonia  (for  each 50 g. of silieie acid 10 
nil. of concentrated aqueous ammonia was used).  
The mixtm'e  of silicie a d d  and ammonium silicate is 
then t ransfer red  to a ehrolnatography tube, and water  
and methanol are washed out by passing chloroform 
through the columns. The lipid sample is then ap- 
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plied in chloroform, and elution is carried out as 
indicated in Table I I I .  I t  is emphasiized that  suc- 
cessful elution requires the addition of water in care- 
fully controlled amounts to the chloroform/methanol  
mixture. 

The silicic acid-silicate-water columns appear  to 
function in par t  as part i t ion chromatography col- 
umns. This means that  there is a s tat ionary liquid 
phase and that  the substance being ehromatographed 
is bound to the adsorbent through solvent molecules 
(part i t ion chromatography)  ra ther  than directly to 
the adsorbent as in adsorption chromatography. In 
this case, lecithin and sphingomyelin are bound to 
silicate through water molecules. A pure silicate col- 
mnn with a monova]ent ion (such as the ammonimn 
ion) is of limited value for the separation of lecithin 
and sphingomyelin as such columns have a very lim- 
ited capacity. A mixture  of silicic acid and silicate 
is advantageous because the ion exchange properties 
of the silicic acid are retained and the system has a 
high capacity, while the hydrogen bonding properties 
of the hydroxyl  group of sphingomyelin are brought 
out by vir tue of silicate-water-hydroxyl group inter- 
action. Lipids are bound less firmly to the stat ionary 
part i t ion phase and the peaks do not have the long 
tail ing portions characteristic of pure adsorption col- 
umns. The tailing portion in adsorption chromatog- 
raphy  is related to the fact  that  at low concentration 
more adsorption sites are available and fewer mole- 
cules of the substance being ehromatographed remain 
in the mobile phase (the ratio of the amount of sub- 
stance adsorbed per gram of adsorbent to the con- 
centration in solution increases as the concentration 
in solution is decreased). 

Magnesium Silicate Column Chromatography 
Radin ct ah (17) and Kishimoto and Radin (18) 

have described procedures using Florisil (a commer- 
cial preparat ion of magnesium silicate) for the sep- 
aration of cerebrosides f rom brain lipid. In efforts 
here the Radin procedures did not yield pure sub- 
stances. A good deal of the column material was 
e h t e d  along with lipid and, as peaks had long bad-  
ing portions, fract ion overlap was obtained. I t  was 
possible to overcome these objections and determine 
the conditions necessary for  the elution of the various 
lipids of beef brMn as shown in Table IV. The ap- 
pearance of column material in the fractions was 
overcome by washing the magnesium silicate with 
water  to remove soluble salt ( largely sodimn sul- 
fate) .  The fract ion overlap that  resulted from long 
leading portions of peaks running into the long trail. 
ing portions of preceding peaks was traced to the 
presence of small amounts of water  in ordinary  re- 
agent grade solvents: I t  became evident that the pres- 
ence of small amounts of water introduced enough 
part i t ion properties to bring about undesirable fea- 
tures and that  magnesium silicate was most useful 
as a very  d ry  (activated) adsorption column. 

The trace of water in the system appears to be 
removed by 2,2-dimethoxypropane added to all of 
the solvents for  chromatography, and is removed by 
t reatment  of the solvents with molecular sieve 5A. 
2,2-Dimethoxypropane appears to react rapidly and 
vir tual ly  quanti tat ively with water under  suitable 
conditions to yield methanol and acetone as reaction 
products. Neither of these reaction products inter- 
feres with the chromatographic separations under  the 

TA]~LE I V  

Elution of Lipids  f r o m  Magnes ium Silicate 
(Florisi l)  Columns 

Solvent Subs tance  

(1)  Chloroform * 
(2)  Chloroform/methanol ,  ] 9 /1  * 
(3)  Chloroform/methanol ,  2 I * 
(4)  5Iethanol  * 

(5)  Chloroform/methanol, 2 /1  -1- 
7% water 

Cholesterol 
Ceramide  
Cerebroside -}- sulfatide 
Phospha t idy l  e thano lamine  J -  

gangl ioside 
Lec i th in  -}- sphingomyelin -}- lyso- 

lecithin -[- phosphat idy l  serine 
inositol phosphatlde 

* 5% 2 ,2-d imethoxypropane  added.  

conditions finally developed. 5folecular sieve 5A is 
less desirable as some silicate can appear  in column 
fractions (see below). Although dehydrat ion elimi- 
nates the long leading portion of peaks, the trail ing 
of peaks characteristic of adsorption chromatography 
is still present. 

Table IV shows how a magnesium silicate column 
may be used for the separation of pure cholesterol, 
ceramide, and a mixture  of cerebroside and eere- 
broside sulfate. Although phosphatidyl  ethanolamine 
and ganglioside can be eluted with absolute metha- 
nol, and then lecithin, sphingomyelin, and phospha- 
t idyl  serine can be eluted together with chloroform/ 
methanol containing water, these fractions are spread 
out over very  large solvent v o h m e s  and a good deal 
of magnesium silicate is eluted along with lipid. 
Fa i r ly  accurate estimates of these lat ter  two mixtures 
can be made if  a second column is used as a control 
to determine the amount  of adsorbent e h t e d  with 
each solvent mixture. I t  was prefer red  to use other 
techniques for the recovery of these lipids however, 
as indicated elsewhere in this report .  

The mixture of eerebroside and sulfatide eluted 
from magnesimn silicate is separated on D E A E  cellu- 
lose. Cerebroside is not adsorbed to D E A E  while 
sulfatide is firmly adsorbed and must be eluted with 
a basic solvent. I t  is to be noted that  a pure eeramide 
fract ion is obtained from the magnesium silicate col- 
umn and that  the amount, although quite small as 
indicated in Table I, agrees closely with the amount 
obtained from silicie acid-silicate-water columns used 
in conjunction with D E A E  column chromatography. 
Ceramide does not appear  to have been isolated by 
previous investigators. 

Cellulose Column Chromatography 
As indicated in a report  on paper  chromatography 

of lipids (1), ganglioside can be chromatographed 
on unimpregnated filter paper  with solvents contain- 
ing water. Lea and Rhodes (19) and Smith (20) 
have used cellulose colmnn chromatography for the 
removal of water  soluble substances from lipid mix- 
tures. Svennerhohn (21) has described a procedure 
for the elution of cellulose columns to give a fraction 
containing ganglioside contaminated with phospho- 
lipid. I t  was decided to explore the use of cellulose 
for column chromatography and, although the work 
has been much more limited than for the other col- 
umn materials described above, cellulose does appear  
to be useful for  the recovery of gangliosides and water 
soluble nonlipid contaminants from lipid mixtures. 

The cellulose must be washed with methanol and 
then with water to remove impurities. Washing is 
necessary with the best available grades of Whatman 
cellulose powder for chromatography. After  drying, 
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the cellulose is slurried in chloroform and t ransfer red  
to a chromatography tube to make a column 4.5 x 50 
era. packed under  2.5 psi nitrogen pressure. Approxi- 
mately one-third of a column volume of a mixture  
of ch lo ro fo rm/me thano l /wa te r  (16 / 4 / 1 )  is passed 
through the column, and the lipid sample (10 g.) is 
then applied in the same solvent mixture. Ela t ion of 
total lipid minus ganglioside and water soluble non- 
lipids is accomplished with a mixture of chloroform/ 
methanol/water ,  16/4/1 (a two-phase mixture) .  When 
the complete elation of lipid beginning at the solveut 
f ront  is assured by the absence of visible solid af ter  
evaporation of an aliquot of the chromatographic 
effluent, ganglioside is elated with chloroform/metha- 
nol /water  (4 /15/1) .  When the solids test becomes 
negative again, water soluble nonlipids are eluted 
quanti tat ively with 10% water in methanol. 

This procedure gives separations that  are different 
f rom the ones described by Svennerhohn (21). Gang- 
lioside is not obtained in the first peak as found by 
Svennerholm. Ganglioside appears to be eluted en- 
t irely in the second fraction. The second fract ion is 
not contaminated with phospholipid, and ganglioside 
is not obtained in the third peak in contrast to the 
findings of Svennerholm. The appearance of ganglio- 
side in the first and th i rd  fractions described by 
Svennerholm may be related to overloading of the 
column and to a solvent change pr ior  to complete 
elution of ganglioside. When columns were prepared 
in chloroform/ethanol /water ,  as described by Sven- 
nerholm, phosphatidyl  serine lagged back into the 
ganglioside fraction, and it  is probable that  this ac- 
counts for  the lipid contaminating his ganglioside 
fraction. The binding of phosphatidyl  serine through 
water to cellulose hydroxyl  groups is similar to the 
binding through water to silicate noted above. The 
cellulose column procedure can be used to check the 
values obtained for ganglioside and water soluble 
nonlipids by other methods. 

Infrared Spectroscopy in Column Chromatography 

In f ra red  is par t icular ly  useful as an aid in charac- 
terization. When a substance appears in the appro- 
priate column chromatographic f ract iou and migrates 
on paper  as a par t icular  lipid class, inf rared is the 
single most convenient means to confirm this tentative 
identification. In  experience here, inf rared examina- 
tion is usually less sensitive than paper  chromatog- 
raphy  for the detection of minor impurities. I t  is 
par t icular ly  useful however as a rapid means for 
demonstrating the presence of various adsorbents in 
column fractions. Small amounts of many adsorbents 
tha t  would not be expected to have any appreciable 
solubility in the organic solvents used for chromatog- 
raphy  can appear in column effluents. The effluents 
may be clear and solids may pass through a filter. 
This was observed for such varied substances as 
molecular sieve 5A, calcium sulfate, magnesium sili- 
cate, silieic acid, and diethylaminoethyl (DEAN)  
cellulose " f ines . "  When fractions containing these 
substances are evaporated to dryness, a solid is re- 
covered that  may be soluble in organic solvents. A 
par t icular ly  confusing type of behavior is that  en- 
countered with some preparat ions of D E A E  cellu- 
lose. DEAN " f i n e s "  may appear to dissolve in or 
may disperse in a solvent and give the impression of 
being a moderately insoluble l ipid material. The 
" f i n e s "  will give a strong n inhydr in  test and char 

when heated. In f ra red  examination rapidly discloses 
the nature of such materials. 

The use of inf rared in determining the nature  of 
extraneous materials in column fractions can be illus- 
t ra ted by two chromatographic runs carried out in 
this laboratory (colmnns 282 and 283). The columns 
were sealed up from the usual analytical runs. Col- 
mnn 282 was run with magnesium silicate as adsorb- 
ent. The column was 15.2 cm. i.d. by 10 era. high, 
and 10 g. of total beef brain lipid was applied to 
the column in chloroform, gedist i l led chloroform and 
methanol were used and both solvents were treated 
before mixing with molecular sieve 5A for dehydra- 
tion. To insure dehydrat ion a layer 2 in. high of 
anhydrous calcium sulfate (Drieri te)  was placed over 
the magnesium silicate bed after  the sample had been 
applied. 

The magnesium silicate column was eluted with 
chloroform (cholesterol f rac t ion) ;  chloroform/meth- 
anol, 19/1, (ceranfide f rac t ion) ;  and chloroform/ 
methanol, 2.1, (eerebroside + sulfatide fraction).  The 
cerebroside plus sulfatide fract ion from the magne- 
sium silicate column was then passed through a D E A E  
cellulose column 15.2 era. in diameter and 10 era. high 
(column 283). The D E A E  was found satisfactory for 
small scale analytical columns and was placed in the 
acetate form. Cerebroside was not adsorbed, while 
sulfatide was quanti tat ively adsorbed. Ordinari ly  
the sulfatide was elated with chloroform/methanol,  
4/1, containing 20 ml. / l i ter  concentrated aqueous 
ammonia immediately after  eerebroside was collected. 
In  this case, however, the bed was first washed with 
methanol, water, and 5% aqueous ammonia and then 
with chloroform/methanol,  4/1, containing 20 ml./1. 
concentrated aqueous ammonia. The prewashing was 
done to remove silicate prior  to elution of sulfatide. 
The chloroform/methanol /ammonia  fract ion did not 
have the solubility properties of the expected sulfa- 
tide and was found to be composed of D E A E  " f i n e s "  
by infrared examination (see Figs. 11,12). Evident ly  
the prewashing with water and aqueous ammonia had 
changed the column characteristics so that  sulfatide 
was not elated normally and " f i n e s "  appeared in 
large amounts in contrast to the usual results. Subse- 
quently the t rue sulfatide fract ion was elated with 
chloroform/methanol ,  2 /1 ,  saturated with concen- 
t ra ted aqueous ammonia. 

The spectrum of the small amount of solid remain- 
ing after  evaporation of a forecut  of chloroform col- 
lected pr ior  to the time cholesterol began to appear  
in the effluent f rom the magnesium silicate column 
is shown in Figure  1, and the spectra f rom molecular 
sieve 5A and magnesium silicate are shown in Fig- 
ures 2 and 3. Evident ly  the small amount  (4.9 mg. /  
500 ml.) of material  in this forecut  was silicate. This 
fract ion also shows spectral characteristics not attrib- 
utable to silicate. The absorption at 3.4 and 7.2 ~ is 
characteristic of a trace of residue formed when re- 
distilled chloroform or chloroform/methanol  mixtures 
are evaporated to dryness. This typical  trace material  
is shown in Figure  4. 

The major  cholesterol fract ion gave the spectrum 
shown in Figure  5. No evidence of silicate can be 
observed as the amount of silicate is too low (1% or 
less). A smali tail  fraction (2 1. of solvent contained 
only 4.2 rag. of solid) gave a mixed speetrmn (Figs. 
6 and 7). Both cholesterol and silicate appeared to 
be present in the tailing fraction, and this was con- 
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FIG. 1. I n f r a r e d  s p e c t r u m  of ch loroform fo recu t  p r io r  to emergence  

of sample  f r o m  a m a g n e s i u m  si l icate column 282 to show t race  of si l icate 
and  abso rb ing  solvent  r e s i due  t h a t  c o n t a m i n a t e d  the  f r ac t ions  slightly.  
2 . 1 %  sample  p r e s sed  into a 0.14 ram.  th ick  p o t a s s i u m  b romide  pellet. 
Compare  wi th  F i g u r e s  2 and  3. (See  text  for detai ls . )  

FIG. 2. I n f r a r e d  spec t rum of molecular  s ieve 5 ~  used  to dehydra t e  
solvents  for  elut ion of column 282. 2 . 4 %  sample  p re s sed  into a 0.14 ram. 
th ick  p o t a s s i u m  b r m n i d e  pellet. Compare  wi th  F i g u r e s  1 and  3. (See  
text for  detai ls . )  

Fie,. 3. I n f r a r e d  s p e c t r u m  of m a g n e s i u m  si l icate  (F lor i s i l )  used  as 
adso rben t  for co lumn 282.  2 . 6 %  sample  p ressed  into ~ 0.17 ram. thick 
po ta s s ium b romide  pellet. Compare  w i t h  F i g u r e s  1 and 2, (See text  for  
details .  ) 

~][G. 4. I n f r a r e d  spec t rum of a r e s idue  lef t  a f t e r  evapora t ion  of 500 
ml. of redis t i l led ch lo ro fo rm/me thano l ,  19 /1 ,  collected as  effluent f r o m  
a control  m a g n e s i u m  si l icate column eluted as  for  column 282 wi thou t  
appl ica t ion  of sample .  Sample  cas t  as a th in  film f rom chloroform on a 
s i lver  chlor ide  plate.  (See  text  for  d i scuss ion . )  

FIG. 5. I n f r a r e d  spee t run l  of cholesterol f r ac t ion  e la ted  f r o m  eolumll 
282.  4 . 1 %  sample  p ressed  into a 0.15 ram. th ick  p o t a s s i u m  b romide  
pellet. (See  text  for  d i scuss ion . )  

FIGS. 6 and  7. I n f r a r e d  spec t ra  of smal l  t a i l ing  por t ions  of the chlo- 
r o f o r m  f rac t ion  f r o m  column 282 to show presence  of si l icate in  th is  
por t ion  of the  f rac t ion .  Samples  (no t  we ighed )  p re s sed  into po t a s s ium 
b romide  pellets 0.15 ram. thick.  ( C o m p a r e  wi th  Figs .  3, 4, and  5.) 

FIG. 8. I n f r a r e d  spec t rum of the m a i n  por t ion  of the  ce r amide  f rac-  
t ion f r o m  cotumn 282.  2 . 0 %  sample  p re s sed  into 0.36 mm.  th ick  potas-  
s i u m  b romide  pellet. Compare  wi th  F i g u r e  9. (See text  fo r  detai ls . )  

FIG. 9. I n f r a r e d  spec t rum of v e r y  small  t a i l i ng  por t ion  of the  corm 
mide  f r ac t ion  f r o m  column 282. 1 .9% sample  p r e s sed  into 0.27 ram. 
th ick  p o t a s s i u m  b romide  pellet. Compare  w i t h  F i g u r e s  3, 4, a n d  8. 
(See  text, fo r  detai ls . )  

FIG. 10. I n f r a r e d  spec t rum of the ee rehros ide  f r ac t ion  f r o m  ~ D E A E  
cellulose column (283,  see  text  for  de ta i l s ) .  3 . 0 %  sample  p ressed  into 
0.25 ram. thick p o t a s s i u m  b romide  pellet. 

FIG. 11. I n f r a r e d  s p e c t r u m  of the  " s u l f a t i d e "  f r ac t ion  f r o m  column 
283 (see  t ex t ) .  The  f r ac t i on  w a s  ac tual ly  " f ines"  of D E A E  celhllose 
( c o m p a r e  w i t h  F ig .  1 2 ) .  2 . 6 %  sample  p r e s sed  into a 0.18 mm.  th ick  
p o t a s s i u m  b romide  pellet. 

FIG. 12. l n f r a r e d  s p e c t r u m  of D E A E  cellulose of type used  as ad- 
so rben t  for  co lunm 283 (see  text  for  de ta i l s ) .  4 . 3 %  sgmple  p ressed  
into p o t a s s i u m  bromide .  Compare  wi th  column 283 f r ac t ion  shown in 
F i g u r e  11. 
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firmed by paper chromatography. The solids test 
readily picked up the small amount (2 rag. or less/1.) 
of silicate in subsequent chloroform fractions. The 
cholesterol percentage was determined by weight and 
found to be 20.3%, a value in agreement with the 
value in Table I. Evidently the very small amount of 
inorganic material did not influence the determination. 

The eeramide peak (eluted with chloroform/meth- 
anol, 19/1) was collected as one main fraetiou and a 
small tailoff portion. The tailing portion was evi- 
dently mainly silicate (Fig. 9). The spectrum of the 
ceramide (Fig. 8) was altered slightly by silicate be- 
cause of the very small amount of lipid. A small 
absorption band at 5.72 ~ is apparent, This is not due 
to the solvent residue noted above. The weight of 
ceramide corresponded to 0.35% of the total material 
applied, a value slightly higher than usually obtained 
(0.30) due to the presence of silicate. 

The eerebroside spectrum shown in Figure 10 is 
typical. This lipid was recovered after passage through 
DEAE that removed silicate. The snmll absorption 
band in the ester earbonyl region is not from solvent 
residue. 

Figure 11 is the spectrmn prepared from the first 
" su l fa t ide"  fraction referred to above that was eluted 
from the DEAE eolunm with the first chloroform/ 
methanol/aqueous ammonia mixture. It  was essen- 
tially all DEAE "f ines"  as shown by comparison 
with the spectrum of DEAE (Fig. 12). 
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Column Chromatography of Fatty Acids' 
HERMANN SCHLENK and ]OANNE L. GELLERMAN, The Hormel Institute, 
University of Minnesota, Austin, Minnesota 

N PART I, eolunm chromatography of fat ty acids is 
discussed, with emphasis being placed on practical 
aspects. Examples from the literature are quoted. 

In Part  II, experimental details are given of a new 
liquid-liquid chromatographic system and its use in 
isolating minor component fat ty acids of menhaden oil. 

The value of eolunm chromatography of fat ty acids 
depends on its combination with other analytical 
procedures. 

Chromatography of fat ty acids in liquid phase over 
a solid or another liquid phase is now used nlainly for 
preparative purposes rather than for immediate quan- 
titative analyses. The ultimate goal, of course, may 
still be analytical. Some circumstances that may favor 

1 Work  presented in P a r t  I I  w a s  supPorted by g r a n t  RG-4226 from 
the Div i s ion  of Genera l  ~Iedical Sciences of the U,S. Public Heal th 
Service, and  by the Hormel  Foundat ion .  

~Abbreviat ions used in this article are :  L C - ~ l i q u i d  chromatography,  
i.e., LSC ----- liquid-solid (adsorpt ion)  chromatography,  and  LLC ---- liquid- 
l iquid (par t i t ion)  ch romatography ;  PC ~ l)aper ch romatography ;  GLC 
---- gas-liquid chromatography.  

the use of LC 2 rather than other methods of separa- 
tion are pointed out in the following: 

Amounts 
Several grams of material can be chromatographed, 

depending upon the complexity of the mixture, for 
isolation and enrichment of components. 

Examples. LSC and LLC are essential steps in a 
current preparation of methyl araehidonate (1). In- 
dividual fat ty acids of rat lipids have been isolated 
by means of LLC in amounts large enough for deter- 
mining their radioactivity in conjunction with chemi- 
cal degradation (2), Odd-numbered (3) and other 
minor fat ty acids of fish oils have been enriched by 
LLC so that other separation procedures could then 
be utilized for their isolation and ultimate identifi- 
cation (see Part  II) .  

Instability 
The temperature at which LC is carried out does 

not alter the structure of labile compounds. Although 


