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Paper Chromatography of Lipids: Methods,

Applications, and Interpretations

GEORGE ROUSER, A.J. BAUMAN, NICHOLAS NICOLAIDES,! and DOROTHY HELLER,
Department of Biochemistry, City of Hope Medical Center, Duarte, California

HIS REPORT describes methods for the paper chro-

matography of lipids and shows some of the

ways the methods can be applied. The proper
use of paper chromatography requires a clear under-
standing of the limitations of the method, and the
limitations and uses are best appreciated against a
background of interpretations concerning the mechan-
ism of the chromatographic process at the molecular
level. An effort is made to deseribe the probable basis
for paper chromatographic separations in this artiele,
and for column chromatographic methods in another
report.

Paper chromatography is useful for the compari-
sons of compounds as an aid in identification, for
the detection and tentative identification of impuri-
ities, reaction products and intermediates, and for
the exploration of variables before undertaking col-
umn chromatography. The apparatus is simple and
the process is not difficult. A complete and reliable
characterization of a lipid by paper chromatography
is not always possible. Even when compounds are
compared with different types of solvent systems, one
should consider the results tentative until confirmed
(spectral properties, hydrolysis products, formation
of derivatives). Paper chromatography has set new,
high standards for the purity of lipids and allied
substances, and has been used extensively in the de-
velopment of new column procedures and for moni-
toring of column fractions.

Paper chromatography is not generally as useful
as column chromatography for the isolation of pure
lipids. The ease with which pure substances can be

1 On leave of absence from the Department of Biochemistry and Divi-
sion of Dermatology, University of Oregon Medical School, Portland,
Oregon.

isolated in large amounts suitapie for complete char-
acterization makes column procedures more desirable.
Exposure to air and autoxidation are easily avoided
in column chromatography.

Attempts to use paper chromatography for quan-
titative determinations are generally not entirely
satisfactory. Fairly precise quantitative paper chro-
matographic methods can be developed for authentie
compounds. When the methods are applied to bio-
logical samples however a number of difficulties are
encountered. A single spot on a chromatogram may
represent more than one substance. Another diffi-
culty is the selection of a sensitive, specific assay
method for small amounts of material. Color reac-
tions are difficult to control and the sensitivity may
vary. When an elution method is used, impurities
eluted from the paper along with the sample may
influence the determinations. IPaper chromatography
is sometimes selected for gquantitative determinations
because of the mistaken impression that column chro-
matographic procedures can not be made to handle
extremely small samples. Although the ease with which
small samples may be examined by column chroma-
tography does vary, the extremely small amounts of
lipids that can be detected and determined by gas
chromatography make it quite clear that column chro-
matography can be even more sensitive than paper
chromatography, or modifications such as thin-layer
chromatography.

Types of Paper Chromatography

The chromatographic process is vecognized as being
one of adsorption or partition. Adsorption columns
have been used widely, but the process is seldom used
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for paper chromatography. Adsorption chromatog-
raphy may be distinguished readily from partition
chromatography at the molecular level. In adsorption
chromatography the substance being chromatographed
attaches directly to the solid adsorbent, that is, the
strictly immobile part of the stationary phase. In par-
tition chromatography the substance being chroma-
tographed does not attach directly to the completely
immobile part of the stationary phase, but rather
attaches through liquid (solvent) molecules to the
insoluble (immobile) part of the stationary phase.
This attachment in partition chromatography is gen-
erally through water molecules; thus hydrogen bond-
ing plays a major role in partition chromatography.

Ton exchange chromatography may meet the defini-
tion for adsorption chromatography, but ion exchange
is conveniently considered as a separate process be-
cause column performance is different and in many
cases is more like partition chromatography. This
may be related to the fact that ions may be hydrated,
ete., and not show simple behavior.

Adsorption can be distinguished from partition by
the results obtained by column or paper chromatog-
raphy. Adsorption chromatography is characterized
by long tails on peaks. Similarly elongated spots are
to be expected on paper chromatograms. This char-
acteristic limits the value of adsorption for chroma-
tography. The tailing is brought about by the fact
that relatively more substance is adsorbed per gram
of adsorbent from more dilute solutions, i.e., as the
concentration of a substance in the external solution
decreases, the ratio of amount of substance adsorbed
to the amount remaining in solution increases. As one
molecule of substance undergoing adsorption may in-
terfere with the adsorption of another molecule, the
greater efficiency of adsorption at low concentration
is readily appreciated. Tailing is not an invariable
feature of partion chromatography because in this
process attachment to the stationary phase is not as
firm and, as attachment is through solvent molecules
usually present in large excess, the process remains
constant despite changes in concentration of the sub-
stance(s) being chromatographed. The detachment
of the substance from the stationary phase in par-
tition chromatography is accomplished by breaking
hydrogen bonds and other noncovalent bonds between
the substance being chromatographed and fairly mo-
bile solvent molecules that make up a portion of the
stationary phase.

It is to be emphasized that adsorption and partition
chromatography can be distinguished readily by ex-
amination of the column or paper chromatographic
results. The fact that the process on paper chroma-
tograms and thin-layer chromatograms (stationary
phase spread on a glass plate) is one of partition for
the most part rather than adsorption can be seen
immediately from the fact that discrete spots are ob-
tained without trailing or streaking. This emphasizes
the partition chromatographic nature of these sys-
tems. Ion exchange is also involved in many systems.
The thin-layer technique is thought of by some as an
adsorption proeess, but the reasons for this are not
clear. The disereteness of the spots obtained, fhe
inevitable presence of water in the system (despite
activation by heat because of reabsorption of water
from the atmosphere during spotting to plates, ete.),
and the fact that water is required to obtain good
round spots, all indicate that the process is partition
rather than adsorption chromatography.

Vor. 38

Paper and column chromatographic procedures are
frequently designated as reverse phase chromato-
graphic systems. Paper chromatography was initially
applied to polar and water soluble substances where
the stationmary phase is composed primarily of cellu-
lose and bound water. Water molecules hydrogen
bond to the hydroxyl and other groups of the cellu-
lose to form the “‘stationary’’ phase. A less polar
mobile phase migrates down the paper. When this
system is reversed, that is, when a nonpolar substance
is present in the stationary or nonmobile phase and a
more polar solvent migrates down the paper, the pro-
cedure may be termed reversed phase chromatog-
raphy. Reversed phase systems are obtained by im-
pregnating paper with substances such as paraffin oil
or silicone oil. The polar functional groups of the
paper are no longer important components of the
stationary phase, but rather paper becomes simply a
support. Similar techniques can be used for eolumn
chromatographic work.

It is to be clearly understood that the impregna-
tion of paper with silicic acid, various silicates, and
other polar substances does not provide a reversed
phase system. These polar substances interact with
the polar groups of the lipid molecules in contrast
to the reverse phase systems (such as hydroecarbon
stationary phases) that interact with the hydroearbon
portion of the lipid molecule. While silicic acid and
other similar polar stationary phases fractionate lipids
on the basis of the polar groups, the reverse phase
systems fractionate lipids on the basis of length and
unsaturation of the hydroearbon chains. With polar
stationary phases, such as silicic acid, there is gen-
erally a relatively small amount of fraetionation of
lipids on the basis of fatty acid composition (chain
length and unsaturation) so that an entire lipid class
may be obtained as a single spot on a chromatogram
or as a relatively uniform peak on a column regard-
less of fatty acid composition differences. On the
other hand a reverse phase system is of limited use
for the fractionation of substances on the basis of
polar groups as relatively small changes in polarity
radically alter migration so that substances differing
by one polar group migrate so far apart that different
classes of lipids may not be seen in the body of the
chromatogram.

Tt should be appreciated however that polar sta-
tionary phases do not always show exact correspond-
ence of lipids of the same class but with different
fatty acid compositions. It is usually observed that a
peak from a column chromatogram is not uniform in
its fatty acid composition when small subfractions
are examined. There is some fractionation according
to fatty acid composition. The same situation holds
for paper chromatography (see Figs. 18 and 19).
Slight differences in migration are difficult to detect,
but when large differences in chain length are in-
volved, as for example with cholesterol palmitate
and cholesterol acetate, the two substances differing
in chain length can be separated completely. Other
more polar substances do not show this effect to the
same extent.

Reverse Phase Paper Chromatography

Nonpolar Stationary Phase. We do not intend to
consider reverse phase paper chromatography in de-
tail in the present diseussion because, despite the
value of some of the methods, gas chromatographic
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procedures can largely supplant them. Reverse phase
paper chromatography has been used for a number of
years for the higher fatty acids. Following the initial
observations of Kaufmann and Nitsech (1), who used
paraffin oil or undecane impregnated paper and de-
veloped chromatograms with a mixture of acetic acid
and water, a number of systems of a similar nature
have been reported. These include the use of silicone
oil as a reverse phase component (2) and modifica-
tions of the original Kaufmann and Nitseh procedure.

All of these systems have one major defect. So-
called critical pairs of fatty acids are not separable.
The ecritical pairs are oleic and palmitic acids, my-
ristic and linoleic acids, ete. A carbon chain length
decrease of two carbon atoms is generally equivalent
to the increase in polarity of the molecule brought
about by the presence of a cis double bond. It is of
some interest to inquire as to the reason for this
behavior.

The solubility of a fatty acid or other hydroecarbon
chain in a hydrocarbon or hydrocarbon-like station-
ary phase depends upon the interaction of hydrocar-
bon chains of the stationary phase and of the fatty
acids by van der Waals attractive forces. The ex-
tent of these interactions will increase with increasing
chain length and should decrease with the introduc-
tion of a double bond.

‘With the reverse phase paper chromatographic sys-
tem for fatty acids the presence of a cis or trans
double bond is of considerable importance, and cis

and trans isomers may be separated. The frans double .

bond produces a minimal shortening of the carbon
chain in the extended form, and thus deecreases the
interaction with the saturated hydrocarbon phase to
a minimum extent. It is therefore not surprising
that elaidic acid migrates only slightly ahead of
stearic acid in the reverse phase paper chromato-
graphic system of Kaufmann and Nitsch. A cis
double bond, on the other hand, reduces the effective
chain length more and the extent to which molecules
line up and attractive forces are established is de-
creased even more. Some differences should be ex-
pected between the cis and trans double bond, but it
might also be expected that some geparation could
be obtained between oleic and palmitic acids. Sinece
the polarity introduced into the oleic acid molecule
from the double bond is important in increasing the
solubility of the fatty acid in the polar mobile phase
(dipole-dipole interactions), the unsaturated fatty
acid migrates even further down the paper than one
might have expected from a simple decrease in the
retention of the molecule in the stationary phase.

It is instruetive to compare reverse phase chroma-
tography with the gas liguid chromatographic process
where an inert mobile phase is utilized. The gas chro-
matographic process is different from the paper
chromatographic process because the substance being
chromatographed is dissociated from the stationary
phase by heat rather than by solvent elution, and the
substance being chromatographed is moved through
the column with a flow of inert gas, i.e., the gas does
not interact to any appreciable extent with the mole-
cules being chromatographed. Because of the inert-
ness of the mobile carrier gas in gas chromatography,
the critical pairs that are encountered in reverse phase
paper chromatography can be separated. It is of some
interest to speculate upon the potential use of gas
chromatography with a carrier gas of sufficient polar-
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ity to influence the separation process itself. This
can be accomplished by using relatively low polarity
gases or & mixture of an inert gas and a small amount
of a more polar gas. Such systems should have dif-
ferent resolving powers.

Other valuable reverse phase systems for lipids
have been developed in particular Kaufmann’s labo-
ratory. The methods for the separation of triglye-
erides (3) and of the dinitrophenylhydrazones of
fatty aldehydes (4) are useful. It is to be noted that
fatty aldehydes may be separated conveniently and
quantitated by gas chromatography.

Polar Stationary Phase Chromatographic Methods

1. Reasons for the impregnation of filter paper, results with
different agents, and the basis for the chromatographic
separations.

Unimpregnated filter paper can be used for the
separation of lipid materials with appropriate sol-
vents (5). The major difficulties encountered with
unimpregnated filter paper are a lack of reproduei-
bility related to the difficulties encountered in con-
trolling the water content of the system, and to the
relatively low capacity of such systems. Virtually all
of the separations that are achieved on unimpreg-
nated filter paper are probably by means of hydrogen
bonding interactions between the polar funetional
eroups of the paper and the substance being chroma-
tographed, probably through the mediation of water
molecnles.

Paper may be impregnated with an insoluble polar
substance to obtain increased capacity. From the
historical standpoint silicic acid was the first truly
successful substance used to increase the capacity of
a polar stationary phase system for chromatography
of lipids. This account will not follow the historical
development ; instead results will be presented in a
way that demonstrates the basis of the chromato-
graphie process.

A variety of salts including sodium and potassium
phosphates, sodium sulfate and carbonate, and even
sodium chloride, may be used to impregnate filter
paper for the chromatography of lipids (6,7). By
varving the polarity of the solvent used as the mobile
phase, it is possible to obtain separations of nonionic
and relatively nonpolar lipids or ionic and highly
polar lipids. The molecular interactions appear to
be to a great extent those of hydrogen bonding and
dipole-dipole interactions of the lipids through water
to the polar groups of the stationary phase. That the
hydrogen bonding process for the more polar compo-
nents and dipole-dipole interactions for the less polar
substances are of primary importance is indicated by
the faet that similar separations can be obtained by
using substances such as dimethyiformamide. As an
example, the system that we have described using
dipotassium hydrogen phosphate for impregnation of
filter paper with the development of the chromato-
gram with chloroform/methanol, 4/1, (v/v) can be
reproduced eclosely with the same solvent mixture
when dimethylformamide is used for impregnation of
paper. Salts such as sodium chloride are less effective
than salts such as sodium acetate that contain an
oxygen functional group.

Water is an important part of the stationary phase
in these systems. This can be demonstrated readily
by carefully maintaining the system in an anhydrous
or nearly anhvdrous state. When the water content of
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TABLE I
N Paper Chromatographic Systems
Solvents Conditions * | Compounds Figures
| Saturated and unsaturated hydrocarbons, fatty
(1) DR-HEXATC.cieeeeiriiiriereerireiieriererersrarrrereeseesiiieteeeresesisnanenees [ 1, 60 min. ! acid esters, sterol esters 1,26
! i Fatty acids, sterols, sterol esters, mono-, di-, and
(2) BeNZEDe...civseririsrntitirnenrearite e caesteense e e vssssseeste s aen | 1, 90 min. | triglycerides 2,3
i
i Compounds i% )(2) and vitaéniﬁ K, tocophgrols
. . i (vitamins E), coenzyme Q, hydroxy acids,
(8) 5% diethyl ether in n-hexane 1, 60 min. | vitamins A and D2 4-6, 28, 25, 27
i ! Compounds in (3) and the methyl esters of the
. 3 | ! 2-to 16-hydroxypalmitates and other hydroxy
(4) 10% diethyl ether in n-hexane......ooccoeevveriinviniecoiivnnennn, {1, 60 min, ! fatty acids 7-10
. ; 1 . Sterols. hydroxy fatty acids and their methyl
(5) 259 diethyl ether in n-hexane.......ccccoecvveevverveiieeccreennes, 1, 60 min, . esters, mono- and diglycerides, a-glyceryl ethers 22
. ; . Substances with 2 hydroxyl groups or 1 hydroxyl 11, 12, 24, 28,
(6) 409 diethyl ether in n-hexane... 1, 60 min, and 1 carboxyl group 29
(7) 609% diethyl ether in n-hexane... 1, 60 min. Asfor (6 | e
Substances with 2 or 3 free hydroxyl groups or 2
. hydroxyl groups and 1 carboxyl group (cera-
(8) 1009 diethyl etheT .. i coeeieeercrerernecrereercearcnraereeniseene 1, 60 min. mides, cholic and deoxycholic acids, ete.) | .
N Ceramides (compounds with 2 to 4 free hydroxyl
(9) CHCls/acetone, 4/1 1, 60 min. groups) b e
(10) CHCls/CH3OH, 7/1... 2 and 3, 30 min. Phospholipids 20, 21

(11) CHCI/CH30H, 4/1.....ociiiiiiiirniiriinirensiessecinrreenranesneenns
(12) CHCls/CHz0H (4/1 -}- 8 ml./1. conc. aqueous

ADIMONIAY 1venvveinceririetrrareereaseesraereessssessesressasasessasasieeinnns 4, 120 min.
(18) CHCls/acetone(4/1), 85 vols. -- 909 formic acid, 4,120-180

T8 VOIS et b min.
(14) (a) CHOIs/acetone (4/1), 95 vols. + (b) glacial i

acetic acid/water (9/1), 5 VOlSuuuiiueeereeievrnrirreeressernenns 4, 180 min.
(15) As for (14) but (a) and (b) mixed 85/15... 4, 180 min.
(16) As for (14) but (a) and (b) mixed 75/25... 4, 180 min.
(17) n-Butanol/acetic acid/water (4/1/5)

{upper layer) 5, 8—18 hrs.

2 and 3, 30 min,

Phospholipids, sulfatides | e
Phospholipids, cerebrosides, sulfatides
Particularly useful for sulfatides | .

Ceramides, cerebrosides, some phospholipids | ...
Phospholipids, cerebrosides, sulfatides 13,14
Phospholipids, sulfatides 1 el

Gangliosides 1 ..

* The number of min. designates the time required for solvent to travel 8 to 10 in. at 25 = 1°C. (1) Acidic silicic acid paper, ascending technique,
chamber lined with paper saturated with solvent just prior to insertion of papers. (2) 3 MM paper impregnated with 0.5 M dipotassium hydrogen
phosphate, ascending technique, unlined chamber.” (3) 3 MM paper impregnated with 1 M sodium carbonate solution, ascending, unlined chamber.
(4) Neutral silicic acid paper, ascending chromatography, unlined chamber. (5) Whatman No. 4 paper, ascending chromatography, unlined chamber.
All papers 7 in. x 9 in. (except for system 17 where papers 12 in. to 18 in. long are used) and development in chambers 103% in. x 23 in. x 10%
in. (1xwxh, internal dimensions) except for system 17 where a chamber 18 in. high and 12 in. in diameter is used.

the system is reduced by heating (100-120°C.) and
the papers are kept in a dry atmosphere prior to chro-
matography, the capacity of the stationary phase to
bind lipid is greatly reduced. The importance of
water is further indicated by the faect that the order
of migration of the lipid classes is not always altered
by changing the nature of the salt or the organic
substance in the stationary phase. When ion exchange
is involved as well as hydrogen bonding, relative mi-
grations may change.

The relative migration of phosphatidyl ethanola-
mine and phosphatidyl serine can be used to illus-
trate the role of ion exchange in the paper chroma-
tographic process. Phosphatidyl] serine has a carboxyl
group in addition to the amino and phosphate groups
present in phosphatidyl ethanolamine. When these
two lipids are chromatographed in an acidic system,
that is, where the stationary phase is sufficiently acidic
(as with acid washed silicic acid) to depress the dis-
sociation of the carboxyl group of phosphatidyl serine,
the two lipids are not separated (7). When phospha-
tidyl serine in the salt form is chromatographed in a
neutral or basic system, phosphatidyl serine is readily
separated completely from phosphatidyl ethanolamine
(7). The acidic stationary phase converts the car-
boxylate ion to the undissociated carboxyl group and
this form of phosphatidyl serine is not separated com-
pletely from phosphatidyl ethanolamine. The demon-
stration of this difference by paper chromatography
facilitated the development of the first column chro-
matographic procedure for the separation of phos-
phatidyl ethanolamine and phosphatidyl serine (6).

A very important form of interaction in paper
chromatography of lipids was first appreciated in
work with aecidie lipids (6,7). Strong hydrogen bonds

appear to be formed between anionic groups of a lipid
(such as the carboxyl group of phosphatidyl serine)
and anionic groups of an adsorbent (such as silicate)
through water molecules. Awareness of the impor-
tance of this type of bonding occurred while study-
ing the column chromatography of ionic lipids on the
sodium and potassium forms of phosphocellulose. We
had thought that the negatively charged phosphatidyl
serine molecule might pass through the column ahead
of phosphatidyl ethanolamine. We found however that
phosphatidyl serine was more firmly retained by the
phosphocellulose. This apparently paradoxical situ-
ation whereby a negatively charged substance is
bound to a negatively charged stationary phase be-
came understandable when it was realized that the
sodium form of phosphocellulose failed to retain
lipids at all in the absence of water. This work has
been extended to other polar stationary phases which
showed that similar behavior is exhibited by silicates,
sulfates, and other anionic substances. This will be
considered further in an accompanying report on
column chromatography. The great strength of this
type of binding probably arises from the greater
negative eharge of the carboxyl group of the anion.

Tn summary, it appears that the polar stationary
phases used in the chromatography of lipids interact
in three major ways: the dipole-dipole type of inter-
action is encountered with relatively nonpolar lipids
(such as unsaturated hydrocarbons), while hydrogen
bonding and ion exchange are important for the polar
and ionie lipids.

Qilicic acid is one of the most useful substances for
impregnation of paper. Since Dieckert and Reiser
(8), and Tea, Rhodes, and Stoll (9) first reported the
successful use of silicic acid impregnated filter paper
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for separations in the lipid field, other useful meth-
ods have been introduced from several laboratories
(5,6,10,11). In the discussions below, the resnlts of
extensive investigations in this laboratory will be
presented for a variety of lipids.

2. The preparation of silicic acid impregnated paper.

Silicic acid impregnated paper is prepared by dip-
ping filter paper into a sodium silicate solution and
then into mineral acid. The paper is then washed
with water to remove excess acid and salt. Papers
of widely different character that give different sep-
arations may be prepared using the same general
technique.

The sodium silicate solution may be obtained com-
mercially (a frequently used product is that sup-
plied by Mallinckrodt) or may be prepared from
silicic acid).

The Sodium Silicate Solution. (1) To 1 1. of distilled
water in a 4-1. beaker add 280 g. of sodium hydroxide
pellets. Stir until dissolved and cool in a basin of
water. Add 400 g. of silicic acid slowly with stirring
and cool to room temperature (the sp. gr. should be
about 40-42° Bé.). Dilute with 500 ml. of distilled
water and mix thoroughly. (2) Mallinckrodt sodium
silicate solution (40-42° B4.) is diluted with an equal
volume of distilled water. (3) Mallinckrodt sodium
silicate (40-42° Bé.) is diluted with an equal volume
of 6 ¥ KOH, shaken vigorously to mix and allowed
to stand overnight to settle. The upper layer is used
for impregnation of papers.

Impregnation and Drying of Paper. Whatman No.
1 or 3 MM paper for chromatography is cut into
7 x 11-in. pieces with the long dimension being in the
direction of the grain (the machine direction should
be indicated on the box eontaining the paper). Un-
washed paper may be used satisfactorily with silicate
solutions 1 and 3 above, but paper prewashed by cap-
illary descent with 2 N acetic acid is preferable with
silicate solution 2.

An amount of sodium silicate solution just adequate
to impregnate the number of papers to be prepared
is poured into a large glass or porcelain tray, and the
papers are immersed in the solution for at least 5 min.
The papers are removed and excess sodium silicate is
removed by passing the paper gently over a smooth
edge of the tray or by hanging on a glass rod and
pushing the excess off by passing two glass rods, one
on either side, down the paper. (The paper should
not be allowed to dry prior to inserting in the hydro-
chloric acid solution. It is not necessary to let the
paper stand in air prior to transfer to acid.)

The papers are next immersed in 6 N HCl acid in a
glass tray. For each ten papers (No. 3 MM), 11 of
6 N acid is used with silicate solutions 1 and 3 above,
or 250 ml. of 6 N acid saturated with NaCl for solu-
tion 2 above. The papers should be transferred to the
tray individually and not allowed to touch for a min-
ute or so (uneven coating results from papers sticking
together before the surface silicate is converted to
silicic acid). The papers are kept in the acid for 10
to 30 min.

Excess acid and salt are removed by transferring the
papers to a glass tray containing 2 1. of distilled water
(used for only 10 papers). Several types of paper
that give different separations are made by control-
ling the number of water washes. It was found that
two washes with 2 1. of distilled water gives an ‘‘acid’’
paper. The pH of the wash water at equilibrium is
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about 2. Four 2. washes give a ‘‘neutral’’ paper
and the pH of the final wash at equilibrium should
be about 5. Uniform washing is achieved by gently
rocking the trays for several minutes and preventing
papers from falling on top of each other and fail to
equilibrate with the wash water. Each paper can be
rinsed with a stream of distilled water between washes
to increase the efficiency of each wash. The procedure
must be standardized in each laboratory and the exact
number of washes required for a given type of paper
will depend upon the exact technique used (extent
of agitation, etc.).

The acidity of the paper may be related to the mi-
gration of a fatty acid (e.g. oleic acid) in system 12
of Table I. On very acid paper the fatty acid mi-
grates to or very near the solvent front. On very
neutral paper fatty acid migrates about with lecithin
(see Fig. 18).

The paper can be dried at room temperature or in
an oven. As the amount of water in the paper affects
chromatographic migration, the drying should be ear-
ried out in a uniform manner. Acid paper may be
dried in an oven at 60-100°C. but should not be
heated after it is just dry because it will become
brittle and then turn brown. XNeutral paper can be
activated (free water removed) by heating at 100
120°C. until dry and then for an additional 10 to 30
min. The papers are placed in a polyethylene bag
while hot when very dry paper is desired. Plastic
bags are ideal for maintaining papers at any water
content desired and best results are obtained if two
bags, one inside the other, are used. Moderately dry
paper is used for most purposes, but very dry or moist
papers are sometimes useful.

Uneven deposits of silicic acid on the paper can be
smoothed out by rubbing with a piece of soft paper or
cloth. This is usually desirable when chromatograms
are to be photographed.

Comments on Differences in Papers. The papers
described above (prepared with No. 3 MM) have a
high capacity and should have about 4 g. of silicic
acid per sheet (about 25% of the weight of each
paper). Papers with less silicic acid can be obtained
by dilution of the sodium silicate solution to the de-
sired level. Although papers impregnated with small
amounts of silicic acid allow solvent to travel very
fast (up to 4 times as fast as heavily impregnated
paper), such papers do not have the high capacity of
the heavily coated papers. We prefer thicker 3 MM
paper with a maximum of silicic acid as more lipid
(up to several hundred micrograms) can be applied
to a small spot. This greatly increases sensitivity for
purity checks and for the recognition of minor com-
ponents in mixtures. Relatively short chromatograms
are required for good separations. Once spots are just
separated, further solvent migration is of little signifi-
cance. When compounds migrate too close together,
it is usually best to change solvent systems rather than
extend running time for increased resolution.

3. Spotting of paper chromatograms.

Ideally, solutions of the lipids or other substances
to be chromatographed should be sufficiently concen-
trated so that a suitable amount of material is ob-
tained with a single application. Several applications
with complete drying in between each one can be used
to provide enough material without saerifice of spot
shape, provided each successive application is centered
exactly on the point of the previous application and
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the spot diameter does not change appreciably during
successive applications. A suitable concentration range
for a mixture may be found by preparing the lipid
in a concentration of 2-5 mg./ml. and spotting 10—40
pl. volumes of solution (to give amounts of lipid equiv-
alent to 20-200 pg. or more in some cases) followed by
development of a trial chromatogram. When most of
the lipid fails to migrate or migrates to the solvent
front, more of the mixture can be applied and com-
ponents that migrate within the body of the chro-
matogram may be detected at very low levels with
ease. The examination of a nearly pure substance for
trace impurities or chromatography of a standard can
be carried out with 10-100 pg. of lipid in a single
application of 10-20 ul. solution.

An appropriate solvent must be used for applica-
tion. Generally a solvent should be selected that will
readily elute all of the lipids to be examined from
silicic acid. A solvent that will push the lipids to or
near the solvent front is usually chosen. This insures
uniform spreading of the material throughout the
spot area. If a solvent that does not elute the lipids
readily from silicic acid is used for application, the
solvent may spread, but the lipid components may
remain in the center of the spot (the silicic acid will
retain the lipid and much of the lipid may remain at
the initial point of contact). Thus petroleum ether or
hexane should not be used for the application of neu-
tral lipids, while benzene is frequently useful and
chloroform is generally suitable. If the material
remains at the center of the spot and does not spread
properly, the chromatogram may be overloaded and
elongated spots or streaks may be obtained.

Chloroform/methanol, 2/1, (v/v) is an ideal spot-
ting solvent for mixtures of phospholipids. Mixtures
with less methanol can be used where most of the lipid
migrates relatively far down the paper. Pure cerebro-
sides can be prepared in concentrated solutions for
spotting to paper in chloroform/methanol, 4/1, eon-
taining 2.5% pyridine or 0.5% water. Water is usu-
ally best as a small amount of pyridine may remain
on the paper and give rise to a purple spot on the
final chromatogram (see Figures 13,14),

Under some conditions the sensitivity for the detec-
tion of impurities or minor components of a mixture
can be increased by choosing just the proper solvent
for application. If most of the material fails to mi-
grate from the origin or migrates to the solvent front,
the sensitivity for small amounts of impurities that
migrate in the body of the chromatogram ecan be
improved by choosing a solvent that will not spread
the lipid over the complete area covered by the sol-
vent (the smaller spot size of lipid inereases the ease
of detection). A small amount of a relatively slow
moving component in the presence of large amounts of
substances that migrate further down the paper can
sometimes be determined more readily with a solvent
that does not completely spread the slow moving com-
ponent over the area of the spot, while faster moving
components are spread out almost completely. Under
these conditions the smaller spot size for the minor
components gives increased sensitivity. In general,
a smaller amount of lipid may be detected if the spot
size is very small. Thus, less than 1 pg. of most of
the lipids can readily be localized on chromatograms
when applied in 2-4 pl. of solvent. Application of
extremely small spots has disadvantages. It is more
difficult to recognize minor components of mixtures
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and more difficult to demonstrate spots clearly in
photographs.

Proper spot shape can usually be obtained in ascend-
ing chromatography when the origin is 1 to 1.5 in.
above the solvent level. The placement of the origin
for descending chromatography depends upon the
exact equipment used.

The migration characteristics of substances on paper
chromatograms is influenced by the water content of
the silicic acid paper. Water is an essential component
of most of the chromatographic systems as discussed
above. The water content is controlled in part by a
uniform drying procedure and a uniform method of
storing the paper prior to chromatography, as de-
scribed above. In a very humid room, or when a very
dry paper is desired, application of the sample must
be carried out in a dry atmosphere. It is not possible
to prevent some rehydration of paper other than by
working in a dry box, but it is possible to greatly
reduce rehydration by placing the paper between glass
plates covered with clean dry paper. In this case only
the small area to be spotted is exposed. Of course,
this must be done immediately after the paper is re-
moved from the dry storage container (plastic bag).
After spotting, the papers are placed in a polyethyl-
ene bag, transported to the chromatography chamber,
and transferred to the chamber from the bag. In this
way it is possible to greatly reduce the water content
of the system for comparison with results obtained
with paper hydrated to any desired level.

4, Chamber equilibrium conditions and development of paper
chromatograms.

The results obtained with a given developing sol-
vent may vary quite widely depending upon the size
of the chamber, the type of solvent, the presence or
absence of a paper liner, and the number of papers
placed in the chamber. With the extremely volatile
solvents used for the nonionic lipids (hexane, ether,
ete.), it is always wise to use a paper liner in the
chamber. The paper liner is saturated with solvent
just before the chromatograms are inserted for devel-
opment. Saturation of the liner decreases evaporation
of solvent from the paper during development.

The amount of solvent that evaporates from the
paper during development is important for two rea-
sons. First, the development time is considerably re-
duced if the atmosphere inside the chamber is more
nearly saturated with solvent and evaporation from
the chromatogram is decreased. Second, the extent of
migration is altered as a result of the different solvent
proportions created by unequal evaporation of com-
ponents of a mixture.

Development time is usually reduced in a small
chamber. When the ratio of surface area of the paper
to total volume of chromatographic chamber is large,
evaporation from the paper and development time are
decreased. Because some solvent does leave the paper
and solvent may be transferred from the atmosphere
to the paper, it is evident that the composition of the
mobile and stationary phases may change during the
chromatographic process. Some change is inevitable
with a mixture of solvents when chromatography is
begun with solvent free paper in the usual manner.
The more polar component(s) of the solvent mixture
will drop out preferentially into the polar stationary
phase as the mixture passes down the paper. The
mobile phase is gradually depleted of the more polar
component(s). Furthermore, the most volatile com-
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ponents will tend to leave the paper to a greater ex-
tent and there will be a relative increase in the less
volatile eomponents. These factors must be kept in
mind if reproducible results are to be obtained.

It is wise to keep in mind that when a small chamber
with a saturated paper liner is used, the development
time may be very short and the ratio of solvent com-
ponents for optimum resolution may be different from
the ratio that is required to give similar migration
characteristics over a longer period of time in a larger
chamber (with or without a liner). If one desires
therefore to speed up a system that was originally
developed for an unlined, relatively large chamber, a
smaller chamber with a saturated liner can be used,
but it may be necessary to change the solvent propor-
tions in order to obtain the proper migration of com-
ponents down the paper.

A satisfactory chamber size for ascending chroma-
tography is 1034 in. x 234 in. x 10% in. (1 x w x b,
internal dimensions). The chambers may be obtained
from Brinkman Instruments Ine., 115 Cutter Mill
Road, Great Neck, L.I., N'Y. Two chromatograms are
developed at a time. When a larger number of chro-
matograms are to be developed, a wider chamber can
be used, although several small ones may be better.
The small chambers are lined with paper held in place
by glass rods cut to fit tightly and placed across each
end of the chamber. The chromatogram is attached
with a clip to another glass rod running the full
length of the chamber and eemented into place with
epoxy resin or calcium silicate. The clip prevents the
papers from moving during development. The chro-
matographic solvent is poured into the chamber to a
level of about 1 in. (about 400 ml.) and the chamber
liner is saturated just before the papers ave inserted
by tilting the chamber first to one side and then the
other. The top is sealed with silicone stop cock grease
after the papers are inserted, the chamber is leveled
to insure a straight solvent front (the edge of the
paper should be straight and the paper inserted
straight up and down). The composition of a sol-
vent mixture inside the chamber will change due to
evaporation and solvent must be replaced regularly.

There is little reason for development time to be
appreciably decreased when the stationary phase is
spread over & glass plate (thin-layer chromatography).
‘When similar solvents and the same type of chamber
are used for both paper and thin-layer chromatogra-
phy, the cross-fibers of the cellulose constitute only a
small, variable additional resistance to solvent migra-
tion ; differences in development time are small.

5. Staining and Photography.

There are several useful and moderately specific
eolor reactions that can be used for the location of
some lipids. The ninhydrin reaction as described from
this laboratory (6) is very useful for phospholipids
with free amino groups (phosphatidyl ethanolamine,
phosphatidyl serine, the corresponding lpsophospha-
tides, and some unknown and uncharacterized lipids
encountered in tissues). The ammonium molybdate
reagent as described by Levene and Chargaff (12 and
originally believed to be rather specific for choline
containing lipids, is of some value in confirming the
presence of lecithin, sphingomyelin, or lysolecithin on
chromatograms, but it is not entirely specific as com-
pounds containing free amino groups give a light test.
The Schiff’s reagent {p-rosanilin decolorized with sul-
furous acid has frequently been recommended for the
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detection of aldehyde-containing lipids (the plasma-
logen forms of phospholipids). As has been pointed
out (6), snch reagents may be rather unpredictable
and nonspecific staining may take place so that it is
necessary to include standards of known plasmalogen
forms and substances that do not contain aldehydes
so that the degree of nonspecificity of the test can
be determined.

The most useful general reagent for location of
lipids on paper chromatograms is a 0.001% solution
of Rhodamine 6 G in 0.25 M dipotassium hydrogen
phosphate (6). This is a sensitive general stain for
all classes of lipids. It can be used successfully with
hydrocarbons, polar unonionic lipids, phospholipids,
sulfatides, and the water soluble gangliosides. There
is no known lipid class that does not stain with this
dye solution under appropriate conditions.

Staining with Rhodamine 6 G is accomplished as
follows: a small amount of dye solution is placed in
a glass or porcelain tray and the paper chromato-
grams are immersed in the dye solution (usually
face down) for at least 20 sec. Some substances stain
better if left in the dye solution for several minutes
while a few stain better if papers are removed after
1-2 seec. The papers are then removed, rinsed in dis-
tilled water, and viewed wet under ultraviolet light.
Both long and short wave ultraviolet sources are sat-
isfactory. Some lipids give bright yellow spots when
the papers are viewed wet. Other lipids may give
purple, orange-purple, yellowish-purple, or yellowish-
orange spots. This color differential may be of value
in distinguishing compounds, but the sensitivity of
various colors is different and bright yellow spots
against a purple backeground are best for photog-
raphy. Silicic acid impregnated paper prepared as
described above generally produces a paper giving
a purple background when stained. Generally the
spots are brighter if the chromatograms are stained
just after they are removed from the chamber. With
some systems a little residual organic solvent in the
paper may increase the brightness of the spots after
staining. Papers developed with solvents containing
acids or pyridine should be heated for a few minutes
as acid may prevent staining and pyridine may give
a very dark purple background.

Purple and orange spots seen on wet chromato-
grams may become yellow and yellow spots may in-
crease in intensity when the papers are partially
dried. Drying may be accomplished rapidly in an
oven, but more uniform results may be obtained at
room temperature. In either case the chromatograms
are examined at intervals until the maximum color
develops. Some compounds give exceptionally bright
spots when the papers are completely dry. Occasion-
ally the background may be somewhat yellow. This
can be decreased or converted entirely to a purple
background by immersing papers that have been
stained and dried in 0.02% pyridine or 1 N potas-
sium hydroxide solution. The latter solution greatly
increases the color intensity with fatty acids and some
other lipids. These procedures require practice, but
are simple and reproducible after a few trials. All of
these aids for producing intense spots should be tried
and standardized in each particular laboratory with
each technique for preparing paper. Variations may
be encountered with different batches of unwashed
filter paper. The lower limit of identification is or-
dinarily somewhat less than 1 pg.
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Photographice reproduction of paper chromatograms
may be accomplished using an ordinary camera, but
this form of photography is inconvenient for routine
work. We have adopted a simple, rapid procedure
using the Polaroid Land camera (Model 110B), as
suggested to us by Dr. Michael Schotz. The camera
is equipped with a photocopy lens and an orange
filter and loaded with Type 42 or 44 (200 or 400
speed) film. The camera is mounted on a standard
Polaroid Land camera copy maker and focused by
viewing a chromatogram or other suitable object
through a plate provided for this purpose. Once the
adjustment on the photocopier is made, the camera
may be removed and replaced without refocusing.
‘We have replaced the lamps supplied with the photo-
copier with two short-wave ultraviolet lamps (Min-
eralite Model SL 2537 obtainable from Ultra Violet
Produects, Inc., South Pasadena, Calif.) that are held
in place by laboratory clamps mounted on a ring
stand. Two lamps are required for uniform illumi-
nation. The camera is set at £ 8 and exposure times
of 2-50 sec. are required depending upon the color
and intensity of the background and the spots. When
the background is very light, short exposure times are
required. When the background is a deep purple, ex-
posure times up to 50 sec. may be necessary (with
type 42 film). The usual 10-sec. development time for
the print is satisfactory, although good results may
be obtained if the print is allowed to develop for
several minutes. The print is then removed from the
camera and the picture examined. If the exposure
has not been satisfactory another photograph may be
taken immediately. Ordinary visible light illumination
may be used with the same equipment to photograph
chromatograms after reaction with ninhydrin, ete.

6. Solvent Systems.

Substances varying in polarity from saturated hy-
drocarbons to the water soluble lipids (gangliosides)
may be examined using the chromatographic systems
described in Table I. The photographs illustrate the
paper chromatographic migration of a variety of sub-
stances in the various solvent systems and serve to
define these systems. As the table and figures are
more or less self explanatory, emphasis will be placed
on general relationships and the limitations of the
various chromatographic systems.

(a) Spot Size and Shape. The size and shape of a
spot on the finished chromatogram may not corre-
spond to the size and shape applied to the paper.
‘When too much material is applied as a round spot,
the material may streak or spread back due to over-
loading. Streak-back may be caused by hydrolysis,
oxidation, ete., and these causes must be distinguished
from overloading by varying the load.

A smaller spot than the one applied can be observed
on the finished chromatogram if lipid does not spread
as far as the solvent during application as discussed
above. A round spot, a bar-shaped spot, or a line
all of greater diameter than the initial diameter of
the round spot at the origin may be obtained. This
is due to the lateral spread of the substance during
the first rush of solvent over the origin. The mobile
phase at this time contains the maximum amount of
the more polar component(s) of the system and the
lipid is pushed against the solvent front and may
spread out as a line or bar. During development the
more polar component(s) are lost to the stationary
phase and the bar or line may reform into a round
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spot of larger diameter than the spot applied, or it
may remain as a bar or line when the amount of
lipid is small. This behavior can be observed directly
with colored substances. The same phenomenon can
give rise in two dimensional chromatography to a
round spot smaller than the area over which the sub-
stance was applied at the origin. In this case, a line
or bar-shaped area produced in the first dimension
is pushed into a small round spot in the second
dimension.

(b)Y Nonionic Lipids. Systems 1-9 of Table I are
used for paper chromatography of substances varying
in polarity from hydrocarbons to monoglycerides and
ceramides. Generally speaking these systems frac-
tionate lipids into classes on the basis of the type,
number, and position of polar functional groups with-
out appreciable effects due to differences in unsatura-
tion or length of the hydrocarbon chains. Maximum
effects from differences in chain length and unsatura-
tion are observed for system 1 (hexane as solvent).
Saturated hydrocarbons are readily separated from
the unsaturated hydrocarbon squalene (see Fig. 1),
fatty aldehydes fractionate (Fig. 26), and both sterol
esters and waxes (esters of fatty acids and fatty
alcohols, Fig. 1) separate to a certain extent due to
differences in chain length. Cholesterol palmitate and
cholesterol acetate are completely separated as are
methyl palmitate and myristyl palmitate.

Migration is affected to a great extent by water in
the paper with system 1. With very dry papers squa-
lene has an R; value of about 0.5 and waxes and
sterol esters migrate just off the origin. Paper con-
taining more water is usually more useful as all the
classes migrate well off the origin (Fig. 1).

Systems 2 and 3 give complete separations of sterol
esters and waxes differing greatly in chain length,
but with more polar substances and with all other
systems even these differences are not observed.

Substitution of halogen for hydrogen does not alter
migration. This was established with e-brompalmitic
acid and B-cholesteryl chloride.

Ring eompounds and aliphatic compounds with the
same polar functional group(s) such as cholesterol
and long chain aliphatic aleohols are completely sep-
erated with several solvents. Closely related ring com-
pounds differing in side chain length or unsaturation
are not separated in the same systems (cholesterol,
ergosterol, and B-sitosterol). The difference between
some ring and aliphatic compounds is illustrated by
separation of fatty acid esters of long chain aliphatie
alcohols from the corresponding sterol esters (cho-
lesterol palmitate and myristyl palmitate) (Fig. 1).

Different polar functional groups increase polarity
to various extents. A carbonyl group increases polar-
ity and fatty aldehydes are readily separated from
hydrocarbons with system 1 (see Figs. 1 and 26).
Similar results are obtained when cholestane-3-one
(Fig. 2) and keto acids are compared to the parent
compounds without keto groups. An ester carbonyl
gives added polarity when compared to an ether link-
age as illustrated by the migration of 1-monopalmitin
and batyl alecohol (a 1-glyceryl ether, Figs. 11, 12).
An ester group confers almost the same polarity as
the carbonyl group of an aldehyde. This is well
illustrated by the migration of fatty aldehydes, sterol
esters, and waxes in system 1 (Figs. 1 and 26).

The most pronounced effects are produced by dif-
ferences in number and position of hydroxyl groups.
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Compounds with one hydroxyl group migrate in the
body of the chromatogram in systems 2 to 5. These
systems are useful for the separation of monohydroxy
sterols, monohydroxy aliphatic alcohols, and diglye-
erides (Figs. 2-10). Systems 4 to 7 are useful for
compounds with 2 hydroxyl groups (monoglycerides,
a-glyceryl ethers, dihydroxy aliphatic alcohols, dihy-
droxy sterols, ete., Figs. 7-12), and systems 8 and 9
are used for compounds with 2 to 4 hydroxyl groups.
Beef brain ceramide (fatty aeid amide of sphingo-
sine) has 2 hydroxyl groups when a nonhydroxyl
fatty acid is linked to sphingosine (2 free hydroxyl
groups) and 3 hydroxyl groups when an hydroxy
fatty acid is linked to sphingosine. Similarly yeast
cerebrin (also a ceramide) that differs from animal
ceramide in that the yeast phyto-type sphingosine
contains 3 hydroxyl groups may have 3 or 4 hydroxyl
groups depending upon whether a nonhydroxy or
hydroxy fatty acid is linked to sphingosine. Com-
pounds with 5 or more hydroxyl groups are run in
systems for phospholipids.

‘When determining the number of hydroxyl groups
in a molecule to prediet migration, an isolated car-
boxyl group can be counted as an hydroxyl group.
Fatty acids migrate with fatty aleohols when the
chromatogram is developed with ether-hexane mix-
tures (Figs. 5,6), while they are just separated with
benzene as solvent (Fig. 3). Deoxycholic and cholic
acids migrate in systems 8 and 9 as substances with
3 and 4 hydroxyl groups, respectively. Hydroxy acids
show a somewhat different behavior. The 2-hydroxy
acid is less polar than the 3-hydroxy, ete., so that posi-
tion effects are strong and it is not until the carboxyl
group is well separated from the hydroxyl group
(isolated) that the maximum polarity is reached (Figs.
7-9). The equivalence of the carboxyl group and the
hydroxyl group can be considered as a position effect.
Thus, while fatty acids, aliphatic aleobols, and the
methyl esters of 2-hydroxy fatty acids migrate to the
same position with ether-hexane mixtures as develop-
ing solvents, the methyl esters of 3-) 4- 5-; ete. hy-
droxy acids where the carbonyl and hydroxyl groups
are separated do not migrate as far and are separated
from monohydroxy aleohols, fatty acids, and 2-hy-
droxy fatty acid methyl esters.

The position of the polar groups in compounds with
two or more polar groups exerts a marked effect upon
migration. A complete series of synthetic hydroxy-
palmitic acids (2-16) was available for examination,
as well as the corresponding methyl esters and keto
palmitic acids. These three series of compounds show
clearly the effect of position. When the hydroxyl (or
carbonyl) group is moved away from the carboxyl or
ester group, the polarity of the molecule increases and
migration of the substance is decreased (see Fligs.
7-9). The change is not uniform as indicated in the
various photographs. Migration decreases steadily
from 2 to the 6 position for the methyl esters of the
hydroxypalmitic aeids and then increases and de-
creases again. The hydroxypalmitic acids migrate in
a somewhat different manner from the corresponding
methyl esters so that it is possible in most cases to
place the position of the hydroxyl group precisely on
the hydroearbon chain by examining both the fatty
acid and its methyl ester. Chain length and unsatu-
ration do not influence migration of the hydroxy fatty
acids or their methyl esters as shown by correspond-
ence in migration of the 2-hydroxypalmitie, stearie,
and hexacosanoic acids, and ricinoleic, 12-hydroxy-
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steariec, and 12-hydroxypalmitic acids, as well as for
10- and 12-hydroxystearic and palmitic acids. As
chain length and unsaturation do not influence migra-
tion of these lipid classes, the synthetic hydroxypal-
mitic acids can be used as standards on chromato-
grams in the study of hydroxy fatty acids from
natural sources as described below (see Figs. 22-24
in particular).

Other illustrations of position effects are the sep-
aration of 1- and 2-monoglycerides and the 1,2- and
1,3-diglycerides (Fig. 3). The effect of methyl groups
adjacent to hydroxyl groups is illustrated by the
relative migration of cholesterol and lanosterol (Fig.
2). Methyl groups on position 4 in lanosterol ap-
pear to decrease the effect of the hydroxyl group on
position 3 and lanosterol and cholesterol are com-
pletely separated.

Certain special features of some of the solvents
should be pointed out. System 3 (5% ether in hex-
ane) is very useful for the separation of several
important biological substances (Figs. 4 to 6, 23, 25,
27). The K vitamins, the tocopherols (vitamins E),
coenzyme Q, and vitamins A and D, are all separa-
ble. A positive identification of each eclass can be
made as both vitamin K; and Ko, -, 8-, and y-tocoph-
erols, and the coenzyme Q’s of different chain lengths
migrate together or so close to each other that there
is no reason for confusion.

Benzene is of considerable value as a solvent (sys-
tem 2) despite the fact that development time is
somewhat longer than with ether-hexane mixtures.
While fatty acids and long chain monohydroxy ali-
phatic alechols migrate to the same position in the
ether-hexane systems, they are separable using ben-
zene as solvent. Development time with system 2 can
be decreased by elevating temperature. This is pos-
sible as there is no selective evaporation with a single
solvent. Another feature of this single component
system is that the chamber may be deoxygenated by
passing pure nitrogen through the system prior to
chromatography withount altering solvent proportions.
This can be accomplished when the chromatographie
chamber is fitted with appropriate inlet and outlet
holes. The chromatogram is suspended by a small
magnet from the top of the chamber, the chamber
flushed with nitrogen, and the magnet outside the
chamber removed to allow the chromatogram to drop
into the developing solvent. Labile substances may be
examined by this method.

Whatman No. 3 MM paper impregnated by treat-
ing with a 2 M sodium carbonate solution can be
substituted for silicic acid paper and chromatograms
can be developed in about 20 min. with 5% ether in
hexane. Results are similar to those obtained with
silicic acid paper (system 3), but the sensitivity is
not as great with the carbonate paper.

(¢) Highly polar and iomic lipids (cerebrosides,
phospholipids, sulfatides, gangliosides). The highly
polar cerebrosides and the ionic lipids require more
polar solvents for chromatography. Figures 13 to
91 illustrate the general chromatographic behavior
of many of the compounds commonly encountered
and show how small amounts of impurities ean be
detected.

Cerebroside from beef brain gives two spots in some
systems. With systems 14 and 15, two widely sep-
arated spots are obtained (Figs. 13,14). This is clearly
the separation of two different groups of cerebrosides,
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the slower moving component containing hydroxy
fatty acids and the faster moving containing nonhy-
droxy fatty acids.

A more complex situation is encountered with sul-
fatides (the sulfate esters of cerebrosides). Sulfatides
tend to separate into four spots and spots tend to be
slightly diffuse. With systems 13 and 16 the spots
are well defined and separated when a very small
amount of material is applied. Part of the separation
is related to the presence of two groups of sulfatides,
those containing hydroxy fatty aeids and those con-
taining nonhydroxy fatty acids (as with cerebrosides).
This ean account for two spots. Further separation
can be accounted for by the presence of another group
of sulfatides with an additional free hydroxyl group
on sphingosine or by a difference in the position of the
free hydroxyl group of sphingosine. As beef brain
ceramide and yeast cerebrin (also a ceramide) show
multiple spotting not accountable for by ionic differ-
ences or total number of hydroxyl groups, position
effects are suggested. Position effects could be related
to the presence of erythro and threo forms and their
partial separation, or to the presence of the secondary
hydroxyl group of sphingosine on a carbon other than
carbon three. Position effects from the hydroxyl group
of fatty acids have been excluded as only 2-hydroxy
fatty acids are present (see deseription below and
Figs. 22,24,29). Position effects related to the hy-
droxyl groups of sphingosine are indicated by several
findings. First, the phenomenon 1s seen only with
sphingosine and sphingolipids. Second, it is seen with
both ionic and mnonionic sphingolipids. Third, the
effect with sulfatide is abolished with pyridine in the
developing solvent (diisobutylketone/pyridine/water,
55/45/5). Only one spot is obtained from sulfatide
in this case as there is no separation of sulfatides with
nonhydroxy and hydroxy fatty acids. Evidently the
weaker position effects related to hydroxyl group
placement should not influence migration in this case.
The separation into more than two spots is not seen
with cerebroside or sphingomyelin. The fact that yeast
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cerebrin, a ceramide with three free hydroxyl groups
on the phytosphingosine portion of the molecule,
gives more than four spots in system 8 suggests that
epimeric substances may be involved. Sphingosine
hydrochloride obtained by hydrolysis of beef brain
cerebroside and sulfatide with hydrochloric aecid sep-
arates into four spots with system 16. It is thus pos-
sible that different forms of the erythro and threo
modifications are involved.

System 15 gives the largest number of individual
spots with complex lipid mixtures of the various sys-
tems for polar lipids. Sterols, sterol esters, glycerides,
fatty acids, ceramides, and glyceroldiacylphosphatidie
acids migrate to the solvent front. These compounds
migrate as a thin line and do not stain brightly be-
cause the dye does not penetrate the compact area.
Varying the proportions of the mixture, as with sys-
tems 14 and 16, decreases or increases polarity and
migration. Some ceramides migrate back from the
solvent front with system 14 and sulfatides and sphin-
gosine migrate well away from the origin in system
16. System 9 is useful for ceramides (particularly
veast cerebrin). System 12 gives a different order of
migration from system 15 and is useful for confirma-
tion of the identifications made with other systems.
Systems 10 and 11 with either phosphate or carbonate
paper give different orders of migration from systems
12 to 16 and should be used for confirmation of identi-
fications. Orders of migration are different with phos-
phate and carbonate papers as well. When all of the
systems are used, a fairly reliable tentative identifi-
cation can be made or a compound can be shown to
be different from known standards.

System 13 is useful for sulfatides because the four
spots are separated in a strongly acidic system. Pa-
pers impregnated with dipotassium hydrogen phos-
phate or sodium carbonate (systems 10 and 11) are
of particular value when complex lipid mixtures are
to be examined for phosphatidyl ethanolamine, lyso-
phosphatidyl ethanolamine, and acidic lipids. Since
neutral lipids (sterols, sterol esters, and glycerides) as

Legend

F1a. 1. System 1, moderately dry paper, spots 1-4, 20 ug.
each of (1) n-dotriacontane, (2) squalene, (3) myristyl palmi-
tate, and (4) cholesterol palmitate.

F16. 2. System 2, spots 5-9, 20 ug. each of (5) beef spleen
triglyceride (isolated from a magnesium silicate column), (6)
cholestane-3-one, (7) lanosterol, (8) cholesterol, and (9) dihy-
drocholesterol.

F1a. 3. System 2, spots 10-14, 20 ug. each of (10) beef spleen
triglyceride, (11) palmityl aleohol, (12) cholesterol, (13) oleic
acid, and (14) a mixture of 1,2- and 1,3-diglycerides (separated
into 2 spots).

Fi¢. 4. System 3, spots 15-19, 10 ug. each of (15) vitamin
K., (16) a-tocopherol, and (17) coenzyme Quo (gift from Dr.
Karl Folkers), (18) 5 ug. oleic acid, and (19) 20 ug. cholesterol.
Photographed at a time when oleic acid gave a purple-orange
spot. (Compare with fatty aeid spots, Figures 6 to 10),.

Fia. 5. System 3, spots 20-24, 10 ug. each of (20) oleyl alco-
hol, (21) stearyl aleohol, (22) myristyl alcohol, (23) 1-hydroxy-
octatriacontane, and (24) cholesterol.

Fi1g¢. 6. System 3, spots 25-29, 20 ug. each of (25) cholesterol
palmitate and (26) beef spleen triglyceride, (27) 10 ug. coen-
zyme Q, (28) 5 ug. oleie acid, and (29) 10 ug. cholesterol. Pho-
tographed at a stage where the light purple spot of fatty acid
was bar;aly visible. (Compare with fatty acid spots, Figures 4,
7 to 10.

for Plate I

Fi1c. 7. System 4, spots 30-34, 20 ug. each of synthetic 2-,3-,
4-5-, and 6-hydroxymethylpalmitates, respectively. Note the
presence of a very small amount of the 3 isomer in the 4-hydroxy
preparation, and very small amounts of the free fatty acids in
the 3- and 5-hydroxy preparations. Note in particular the com-
plete separation of 2-hydroxymethylpalmitate (spot 30) from
the other isomers and compare the migrations of the 2 to 6
isomers with the 7 to 16 isomers in Figures 8 and 9.

Fre. 8. System 4, spots 35-39, 20 ug. each of synthetic 6-,7-,
8-,9-, and 10-hydroxymethylpalmitates, respeetively. (Compare
with other isomers, Figures 7 and 9.)

Fig. 9. System 4, spots 40-45, 20 ug. each of synthetic
11-,12-,13-,14-,15-, and 16-hydroxymethylpalmitates, respectively.
Compare with other isomers (Figures 7 and 8).

Fig. 10. System 4, spots 46-50. Same chromatogram shown
in Figure 7 photographed when completely dry to illustrate the
color change from yellow to purple when the wet chromatogram
is dried. (Compare with fatty aecid spots, Figures 4 and 6.)

Fie. 11. System 6, spots 51-55, (51) 20 ug. of 1,5-hexadecan-
diol, (52) 5 mg. batyl aleohol, (53) 20 mg. of 1-monopalmitin,
and 5 ug. each of (54) 2-hydroxypalmitic aeid, and (55) pal-
mitic aecid.

Fig. 12. System 6, spots 56-60, 20 ug. each of (56) beef
spleen triglyceride, (57) cholesterol, (58) diglyceride, (59) 1-
monopalmitin, and (60) batyl alcohol.
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PLATE II

(A1l chromatograms reduced to approximately %3 actual size)

well as two of the major phospholipids, lecithin and
sphingomyelin, migrate to the solvent front on phos-
phate paper, the examination of a complex mixture
for very small amounts of acidic lipids or phospha-
tidyl ethanolamine is accomplished with ease and high
sensitivity. These systems are useful also for the rec-
ognition of free fatty acids in complex lipid mixtures.
Nonhydroxy fatty acids migrate just behind phos-
phatidyl ethanolamine and hydroxy fatty acids mi-

grate just behind and overlap slightly on short runs
with the nonhydroxy fatty acids (Fig. 21).

The relative migrations for the commonly encoun-
tered highly polar lipids (cerebroside, sulfatide, gang-
lioside, lecithin, sphingomyelin, phosphatidyl ethan-
olamine, phosphatidyl serine, phosphatidyl inositol,
lysophosphatidyl ethanolamine, lysolecithin, glycerol-
diacylphosphatidic acid, and cardiolipin, Figs. 13 to
21) are different enough so that any one of them can
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be distinguished from the others when examined in
several systems. It may not always be possible, how-
ever, to distinguish each of these lipids in a complex
mixture. This limitation arises from the fact that
different lipids migrate to or near the same position
in different systems. Although one dimensional paper
chromatography alone is not always suitable for the
recognition of all of the constituents of a complex
mixture, it is a powerful tool when coupled with
column chromatography. Column chromatography on
silicic acid or any other single adsorbent is limited in
the same way.
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(d) Paper chromatography in the study of hydroly-
sis products of lipids: Products from whole beef brain
lipid, cerebrosides, sulfatides, phosphatidyl ethanola-
mine, and phosphatidyl serine. Paper chromatogra-
phy can be used as a simple and conclusive method
for the study of hydrolysis products of complex lipids.
The finding that 2-hydroxy fatty acids and their
methyl esters can be distinguished readily from the
isomeric compounds with hydroxyl groups on other
carbon atoms made possible the examination of ani-
mal brain cerebrosides and sulfatides for isomeric hy-
droxy fatty acids. These two lipids contain large

Legend for Plate II

Fi1g. 13. System 15, spots 1-5. Dry (heat aetivated) paper
was used and spotting was done with paper between glass plates
to prevent rehydration. (1) Mixture of 30 ug. of cholesterol,
ceramide, cerebroside, leeithin, and sphingomyelin isolated from
beef brain as the front fraction from a DEAE cellulose column
(eluted with chloroform/methanol, 7/1, v/v). Spots 2-5, frae-
tions obtained from the mixture shown in spot 1 after elution
from a silicic acid-silicate-water column. (2) 30 ug. of choles-
terol that stains lightly as it moves as a small line at the sol-
vent front. (3) 30 ug. of cerebroside fraction. Upper white
spot eerebroside with nonhydroxy fatty acids, and lower white
spot cerebroside with hydroxy fatty aecids. The dark spot just
off the origin was formed from pyridine. Chloroform/methanol,
4/1, containing 2.5% pyridine to solubilize cerebroside was used
for spotting in this case only. (4) 30 ug. lecithin fraction, and
(5) 30 wg. sphingomyelin fraction (both fractions pure, as
shown by this ehromatogram). Compare with Figure 16 show-
ing migration of the same fractions in system 12.

Fie. 14. System 15, spots 6-10. The paper was not heat aeti-
vated and spotting was not carried out with paper under glass
plates. On ‘‘moist’’ paper all compounds migrate farther down
the paper but relative migrations are unchanged. (Compare with
Figure 13 on dry paper.) (6) 20 ug. cerebroside (the two cere-
broside spots and the dark spot from pyridine as in Figure 13) ;
(7) 20 pg. beef brain phosphatidyl ethanolamine (isolated from
a DEAE cellulose column); (8) 20 ug. beef brain phosphatidyl
serine (isolated by solvent partition and chromatography on
magnesium silicate) ; (9) 20 ug. lecithin isolated from soybean
(the commercial soybean phospholipid mixture, Asolectin, in
chloroform/methanol, 5/1, was treated with Norit activated
charcoal until all other lipids were adsorbed); (10) 20 pug.
beef heart sphingomyelin prepared by the alkaline degradation
procedure of Rapport and Lerner (J. Biol. Chem., 232, 63,
1958). Note the presence of a small amount of residual leeithin
in the preparation.

Fia. 15. System 12, with moderately dry paper (heat acti-
vated but not spotted between plates). Spots 11-15, 20 ug.
each of (11) phosphatidyl ethanolamine, (12) lecithin, (13)
sphingomyelin containing a small amount of leeithin, (14) lyso-
lecithin, and (15) phosphatidyl serine. Lysolecithin was pro-
duced from soybean lecithin by snake venom degradation in
ether (7). The lower lysolecithin phase was washed with ether
to remove free fatty acids, dried, and passed through a DEAE
cellulose column to free it of traces of enzyme. The other
preparations were the same as for Fig. 14. The small spot ahead
of the major spot in the phosphatidyl serine preparation is the
plasmalogen form (strongly positive to the Sehiff’s reagent)
just separated from the large amount of diester form.

Fig. 16. System 12, spots 16-20 same as spots 1-5 of Figure
13. Dry paper (heat aetivated and spotted between glass
plates). Note that cholesterol migrates to the solvent front and
cerebroside gives one spot just behind the solvent front (both
compounds usually stain lightly after development in this
system).

Fic. 17. System 12, spots 21-25. Moderately dry paper (heat
activated but not spotted between plates) showing imereased
migration of all compounds, compared to Figure 16 with dry
paper. (21) 30 pg. egg yolk ‘‘lecithin’’ fraction prepared by
ethanol precipitation and alumina chromatography. From above
down, phosphatidyl ethanolamine, lecithin, lysophosphatidyl
ethanolamine, and lysolecithin followed by two slower moving
uncharacterized components, (22) 30 ug. sphingomyelin prep-
aration as in Figure 14. (Note the presence of residual lecithin.)

(23) 30 pg. of soybean lecithin preparation as in Figure 14.
(24) 30 ug. of lysolecithin as in Figure 15. (25) 30 ug. of a
glyceroldiacylphosphatidic acid preparation contaminated with
neutral lipid (migrating to the solvent front). Note that phos-
phatidic aeid migrates with phosphatidy]l ethanolamine.

Fic. 18. System 12. To illustrate the method of testing the
acidity of silicic acid impregnated paper (see text for discus-
sion) and results with complex lipid mixtures. The paper in
this ease was moist (not heat activated) and ‘‘neutral’’ as
judged by the relative migration of hydroxy fatty acids with
sphingomyelin and nonhydroxy fatty acids between phospha-
tidyl ethanolamine and leeithin. On more acidic paper fatty
acids migrate with or ahead of phosphatidyl ethanolamine de-
pending upon the degree of acidity. (26) 20 ug. of 2-hydroxy-
palmitie acid; (27) and (28) 40 and 20 wg., respectively, of
palmitic aeid; (29) 80 pg. of totul beef brain lipid. The indi-
vidual components are, from above down, cholesterol plus
cerebroside, phosphatidyl ethanolamine, lecithin (cerebroside
sulfate overlaps with leeithiu), sphingomyelin, phosphatidyl
serine, inositol phosphatide, and ganglioside at the origin. (30)
80 ug. of commercial soybean phospholipid mixture. The spots,
from above down, are phosphatidyl ethanolamine, lecithin, un-
known material migrating in the position of sphingomyelin,
phosphatidyl inositol, and uncharacterized material at the ori-
gin. Note that soybean lecithin migrates slightly ahead of beef
brain lecithin. Soybean lecithin also migrates slightly ahead of
egg volk leeithin (Figure 17). The soybean lecithin eontains
primarily unsaturated fatty acids in both the 1 and 2 positions,
while the brain and egg yolk lecithins contain unsaturated fatty
acids primarily in the 2 position.

Fig. 19. System 12. The chromatogram was stained and
partially dried before it was photographed. Spots 31-33 from
60, 40, and 20 ug., respectively, of a commercial synthetic prep-
aration of dimyristyl lecithin, The major component is leci-
thin, but impurities are evident. Spots (34) and (35) from 100
and 50 ug., respectively, of total lipid from beef heart mito-
chondria (prepared by Dr. Sidney Fleischer, Enzyme Institute,
Madison, Wisconsin). Individual components, from above down,
are phosphatidyl ethanolamine, cardiolipin, lecithin, and barely
detectable spots in the sphingomyelin and inositol phosphatide
areas of the chromatogram. Spot 36 is from 80 ug. of total
beef brain lipid. Individual components as in Figure 18. Note
that mitochondrial and brain lecithins migrate to the same
position, but that the synthetic lecithin (only saturated fatty
acids) does not migrate quite as far as the unsaturated leci-
thins. See also Figure 18 where soybean lecithin is seen to
migrate ahead of beef hrain leeithin.

Fre. 20. System 10 with 3 MM paper impregnated with 1 M
sodium ecarbonate solution. Spots 3741 from 20 ug. each of
(37) lecithin, (38) sphingomyelin, (39) lysolecithin, (40) phos-
phatidyl ethanolamine, and (41) phosphatidyl serine, and (42)
total beef brain lipid. Samples prepared from sources and by
methods indicated for Figure 15. Compare with Figure 21 and
note the light streak back of phosphatidyl ethanolamine (spot
40) indicating autoxidation products.

Fic. 21. System 10 with 3 MM paper impregnated with 0.5
M dipotassium hydrogen phosphate. Chromatogram stained,
dried, dipped in 1 N potassium hydroxide and dried again to
show dark spots and color differences. Spots 43—48, 30 ug. each
of (43) lecithin, (44) lysolecithin, (45) phosphatidyl ethanola-
mine, (46) palmitic acid, (47) 2-hydroxypalmitie aeid, and
(48) phosphatidyl serine. (Compare with Pigure 20.)
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amounts of hydroxy fatty acids and only 2-hydroxy
fatty acids have been isolated, although other isomers
have not been excluded.

For the study of possible position isomers of hy-
droxy fatty acids, beef brain cerebroside was isolated
in quantitative yield by elution from magnesium
silicate and diethylaminoethyl cellulose (as described
in an accompanying report) and a mixture of cere-
broside and sulfatide was isolated from magnesium
silicate from both mouse and rabbit brains. The prep-
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arations were free of other lipids (demonstrated by
paper chromatography and confirmed by infrared
spectroscopy) and were representative of the lipids as
they occur in brain as quantitative recovery was ob-
tained. Twenty mg. of each of the preparations was
hydrolyzed in 3 ml. of 3 N hydrochloric acid in a
sealed tube at 100°C. for 1.5 hrs. These conditions
degrade cerebroside and sulfatide completely to re-
lease all fatty acid and sphingosine. The contents of
the tubes were extracted into n-hexane, the solutions

Legend for Plate III

Fia. 22. System 5, spots 1-6. Fatty acids (hexaue soluble
material) from acid hydrolysates of brain cerebroside and
cerebroside plus sulfatide (see text for details) to show pres-
ence of 2-hydroxy fatty acids only (no isomers). (1) 30 ug.
lipid from mouse brain cerebroside plus sulfatide. The fast
moving component in each case is fatty aeid, the middle spot
2-hydroxy fatty acids, and the material at the origin is sphingo-
sine hydrochloride. (4) 20 ug. palmitic acid, (4) 20 ug. 2-hy-
droxypalmitic aecid, and (6) 20 pg. 6-hydroxypalmitic acid.
(Compare with Figures 7, 8, and 9 where relative migrations
of methylhydroxypalmitate isomers are showwn.)

F1a. 23. System 3. Hexane soluble lipid from acid hydroly-
sate of total beef brain lipid (see text for details). Spots 7-10
correspond to 400, 200, 100, and 50 ug. respectively, of lipid
hiydrolysate. Individual components from above down, in each
case, are fatty aldehydes, fatty acids, cholesterol, 2-hydroxy
fatty aeids, and sphingosine hydrochloride, (11) a mixture of
20 ug. each of, from above down, cholesterol palmitate, beef
spleen triglyceride, oleic acid, and cholesterol.

F1a. 24. System 6. The chromatogram was stained, dried,
dipped in 1 N potassium hydroxide and photograpbed while
wet. Hexane soluble lipid from 48-hr. acid hydrolysate of
total beef brain lipid (see text for details) to show ahsence
of batyl alecohol or related a-glyceryl ethers in the hydrolysate.
Spots 12-14 from 400, 200, and 100 ug., respectively, of lipid.
From above down, in each case the components are fatty alde-
hydes plus fatty aeids, 2-hydroxy fatty acids, and sphingosine
hydrochloride at the origin. (15) 20 ug. palmitic acid and (16)
20 ug. batyl alecohol. Note the complete absenee of material in
the batyl aleohol region demonstrating the absence of ether
linkages in glycerophosphatides. of beef brain.

Fi1a. 24, Bystem 3. Chromatogram stained, dried, dipped in 1
N potassium hydroxide and photographed wet. Hexane soluble
lipid from 1 hr. acid hydrolysate of beef brain phosphatidyl
serine (see text for details). Spots 17-19 correspond to 120, 60,
and 30 ug., respectibely, of beef brain phosphatidyl serine. (20)
20 wpg. palmitic aeid, and (21) 20 ug. batyl alecohol. The
major spot in the hydrolysates is from fatty acids. The small
amount of material at the origin is from a partial hydrolysis
product (probably a lysophosphatidic acid) that disappears
when the hydrolysis time is inereased to 3 hrs. Note absence
of a fatty aldehyde spot (a trace could be seen at the solvent
front but faded before photography). Hydroxy fatty aecids
and a-glyceryl ethers are absent from the hydrolysate. Note the
high eapacity of system 3 for fatty acids. The spots enlarged
in the horizontal direction during development (see text for
full discussion of factors affecting spot size and shape).

F16. 26. System 1. Chromatogram-stained and partially dried
before photography. Hexane soluble lipid from 1-hr. aecid hy-
drolysate of total beef brain lipid (see text for details). Spots
2225 correspond to 400, 200, 100, and 50 ug., respeectively,
of lipid. The small light staining spots are fatty aldehydes
(Schift ’s positive). The other material at the origin and just
off the origin is mainly fatty aeid. (26) Control mixture of
20 ug. each of (from above down) cholesterol palmitate, beef
spleen triglyceride, and cholesterol (the latter two substances
did not migrate from the origin).

Fia. 27. System 3. Chromatogram stained and partially dried
before photography. Hexane soluble lipid from 1-hr. hydroly-
sate of beef brain phosphatidyl ethanolamine (see text for
details). Spots 27-30 correspond to 100, 200, 100, and 50 ug.,
respectively, of lipid. From above down, components are fatty
aldehydes, fatty acids, and a small amount of a partial hy-

drolysis produet (probably a lysophosphatidic acid) this dis-
appears after hydvolysis for 3 hrs. (31) A control mixture of
20 wpg. each of (from above down) cholesterol palmitate, beef
spleen triglyeceride, oleic acid, and cholesterol.

Fie. 28. System 6. Hexane soluble lipid from 3-hr. acid
hydrolysate of beef brain phosphatidyl ethanolamine (see text
for details). Spots 32-34 correspond to 200, 100, and 50 ug.,
respeetively, of lipid. The single spot in each case 1s from a
mixture of fatty aldebydes and fatty acids. (35) 20 pug.
palmitic aecid, and (36) 20 wg. batyl alcohol. Note absence
of material at the origin demonstrating the absence of partial
hydrolysis products, and the absence of material in the batyl
aleohol region that demonstrates the absence of glyceryl ethers
and hence of ether linkages in beef brain phosphatidyl ethan-
olamine.

Fig. 29. System 6. Hexane soluble lipid from 48-hr. acid
hydrolysates of total beef brain lipid and beef brain phospha-
tidyl ethanolamine to show the absence of partial hydrolysis
products and a-glyceryl ethers in the hydrelysates. Spots (37)
and (39) are from 400 and 200 ug., respectively, of total brain
lipid hydrolysates, and spots (38) and (40) from 400 and 200
ug., respectively, of phosphatidyl ethanolamine hydrolysate.
Spots from above down are fatty aecid plus fatty aldehydyes,
and hydroxy fatty acids. (41) 20 ug. batyl alcohol).

F16. 30. System 12. Chromatogram stained, dried, dipped in
1IN potassium hydroxide and photographed wet. Hexane sol-
uble lipid from 1-hr. acid hydrolysate of Dbeef hrain phospha-
tidyl ethanolamine to show the presence of small amounts of
highly polar partial hydrolysis products (contrast with Figure
31). Spots 42-44 correspond to 80, 40, and 20 ug., respectively,
of lipid from the phosphatidyl ethanolamine hydrolysate. From
above down, the components are fatty aldehydes, fatty acids,
and three different partial hydrolysis produets. The bright
spot just off the origin is thought to be a lysophosphatidic aecid.
(45) 80 ug. total beef brain lipid (sce Figure 18 for list of
individual components). Compare with Figure 31 where partial
hydrolysis products are shown to be ahsent after 3 hours.

F1a. 31. System 12, spots 46-49. The same as spots 42-45
of Figure 30 but from a 3-hr hydrolysate of phosphatidyl
ethanolamine. No partial hydrolysis products are visible. This,
plus the absence of a-glyeeryl ethers in such hydrolysates
(Figure 28), demonstrates the absence of ether linkages in
beef brain phosphatidyl ethanolamine.

Fig. 32. System 12. Dry (heat activated) paper and spotted
with paper between glass plates. Chromatogram stained and
partially dried before photography. Total lipids extraeted from
blood of normal adult and child with Niemann-Pick disease
(see text for diseussion). Spots 50 and 51, 100 ug. total lipid
from whole blood of patient and mormal control, respectively;
spots 52 and 53, 100 pg. of total lipid from blood plasma of
patient and normal; spots 54 and 55, 100 ug. total lipid from
erythroeytes of patient and normal. Individual components
are, from above down, a mixture of neutral lipids (at solvent
front and including sterols, sterol esters, free fatty acids,
glycerides), phosphatidyl ethanolamine (visible in erythrocyte
samples), lecithin, sphingomyelin, and lysolecithin (seen pri-
marily in whole blood and plasma). All samples from the
patient show a deerease in sphingomyelin compared to the con-
trol. This is illustrated clearly with plasma lipids where the
patient level (spot 52) is about 50% of the econtrol level (spot
53). Leecithin in all samples from the patient appears to be
elevated.
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evaporated to dryness, lipid dissolved in chloroform,
the solutions spotted on acid silicic acid paper, and
chromatograms developed with solvent 5 (with which
the various isomeric hydroxy fatty acids can be dis-
tinguished). As shown in Fig. 12, only 2-hydroxy
fatty acids were obtained from the three sphingolipid
preparations. The absence of other isomers is clear
and the sensitivity of the method is great. The pres-
ence of fatty aldehydes, fatty acids, and 2-hydroxy
fatty acids only in crude beef brain lipid hydrolyzed
in sealed tubes in 2 N hydrochloric aeid for 1 hr, and
for 48 hrs. was clearly demonstrated by chromatog-
raphy with systems 4 and 6, as shown in Figs. 23, 24,
and 29.

Paper chromatography is of great value in the
study of hydrolysis products of the glycerophospha-
tides. This is illustrated by the ease with which beef
brain phosphatidyl ethanolamine and phosphatidyl
serine hydrolysates can be examined for the presence
of fatty aldehydes, fatty acids, and a-glyceryl ethers.
The findings with phosphatidyl ethanolamine will be
described to illustrate the method of examination.
Pure phosphatidyl ethanolamine was isolated from
beef brain by elution from DEAE cellulose in the
acetate form with 30% methanol in chloroform as
described in an accompanying report. The lipid was
isolated in quantitative yield, and paper chromatog-
raphy and infrared spectroscopy were used to demon-
strate the absence of other lipids. The preparation
had very low molar extinction coefficients at 235 and
275 me (317 and 165, respectively), indicative of the
absence of autoxidation (6). Twenty mg. of lipid was
hydrolyzed in 3 ml. of 2 N HCIl in sealed tubes for
1, 3, and 6 hrs. at 100°C. and for 24 and 48 hrs. at
110°C., the lipid was washed from the tubes with
n-hexane, the hexane was removed by evaporation
under nitrogen, the lipid was dissolved in chloroform,
spotted on acid silicic acid paper, and examined in
systems 1, 3, 6, 12, and 15. The lipid was white after
1 hr., showed a trace of color at 3 and 6 hrs., and
finally became light yellow in color with a small
amount of black sediment at 24 and 48 hrs. System
1 demonstrated the presence of several fatty alde-
hydes in the hydrolysate. System J showed fatty
aldehydes at the solvent front, fatty acids in the
middle of the chromatogram, and material at the
origin that did not migrate (Fig. 27). System 6
showed the complete absence of any lipid in the batyl
aleohol region in all hydrolysates (Figs. 24,28,29).
The presence of a lysophosphatidic acid-like substance
in the 1 hr. hydrolysate was demonstrated with sys-
tems 12 (Fig. 30) and 15. This substance was not
found after 3 hrs. (Fig. 31).

‘When complete hydrolysis of phosphatidyl ethan-
olamine to fatty aeids and fatty aldehydes was dem-
onstrated at 3 hrs. (no partial hydrolysis products
were observed), there was mnot trace of a-glyceryl
ether in the hydrolysates (¥igs. 28,29). Control hy-
drolystates with batyl alcohol and methyl linolenate
under the various conditions used for the lipid sam-
ples demonstrated the stability of both batyl aleohol
and fatty acid to the hydrolysis conditions. The find-
ings may be taken as relatively clear demonstration
of the absence of ether linkages in beef brain phos-
phatidyl ethanolamine. Beef brain phosphatidyl ser-
ine and total beef brain lipid were hydrolyzed and
examined in the same way. No a-glyceryl ether was
found in either of the preparations (Figs. 24 and 29
illustrate the findings with total brain lipid). After
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only 1 hr. at 100°C. (2 N HCl), phosphatidyl serine
was almost completely degraded to free fatty acid
(Fig. 25) with only a trace of a partial hydrolysis
product, and a small amount of fatty aldehyde.
Complete hydrolysis of phosphatidyl serine is ob-
tained after 3 hrs. under the same conditions.

(e) Paper Chromatograph as a Survey Method.
Paper chromatography is widely used as a means for
determining the nature and number of constituents
in eolumn chromatographic fractions. This use has
been illustrated before (6,7). The method is valuable
also as a survey technique prior to more extensive
column chromatographic studies.

Fig. 32 illustrates the use of paper chromatog-
raphy in a preliminary survey of erythrocyte lipids
of patients with lipid storage diseases. Patients with
inherited metabolic diseases may be expected to show
within the erythrocytes, at least in some cases, the
accumulation of the lipid stored in other tissues. As
the erythrocyte can be sampled readily during life
at frequent intervals, it was of particular interest to
examine cells from various patients in order to deter-
mine whether or not column chromatographic frae-
tionations would be profitable.

It was readily determined that the erythrocytes
contained ganglioside by paper chromatography with
system 17 followed by staining with Rhodamine 6 G.
The ganglioside spot on paper chromatograms was
distinetly larger in erythrocyte samples from patients
with Tay-Sachs disease, but was of normal intensity in
patients with Niemann-Pick disease, Gaucher’s dis-
ease, and an uncharacterized type of demyelinating
disorder. These findings are in keeping with the gen-
eral conclusion that gangliosides accumulate (par-
ticularly in brain) in Tay-Sachs disease.

The phospholipid ecomposition of the plasma and
red cells in both Niemann-Pick and Tay-Sachs dis-
ease appeared to be different from the control sam-
ples. In both cases sphingomyelin was decreased (Fig.
32). It was surprising that sphingomyelin should be
decreased in the erythrocytes of patients with Nie-
mann-Pick disease as this substance has been described
as the major lipid aceumulated in other organs of the
body. It is thus a distinet possibility that erythrocytes
express the inherited metabolic disorder in a different
manner.

Such provoecative survey studies by paper chroma-
tography are of limited value until the tentative
identifications and semiquantitative estimations made

" by comparisons with graded amounts of authentic

compounds are confirmed by careful guantitative iso-
lations by column chromatography with proof of the
purity and structure of the lipids by other methods.
Such data are useful however as they indicate the
methods that should be employed for the column chro-
matographic fractionation of the particular lipid mix-
tures and the compounds of special interest. The lipid
distribution of erythrocytes from normal children and
children with Tay-Sachs, Niemann-Pick, and Gau-
cher’s disease at different ages can be studied rapidly
by paper chromatography. When the reproducibility
of lipid composition and major variables have been
explored by paper chromatography, quantitative iso-
lation of each of the lipid classes and analysis of the
fatty acid composition of each lipid eclass can be un-
dertaken by column chromatography with a great deal
more assurance that the results are representative.
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Pitfalls in Paper Chromatography

There are many ways in which erroneous conclu-
sions can be drawn from paper chromatograms. The
two spots from substances such as cerebrosides must
not be confused with other lipids. Conversely, it
must not be concluded that a single spot on a chro-
matogram is always produced from a single substance.
Examples of different classes of lipids that migrate
together are given above. One dimensional paper
chromatography with a single solvent system is of
very limited value and, even when several different
systems are used, completely reliable identifications
cannot be made. Paper chromatographic results must
be confirmed by isolation, infrared examination, hy-
drolysis, etc.

Improper use of color tests for location of lipid
spots can give rise to confusion. Even major lipid
components can be missed if staining is not carried
out under suitable conditions, particularly when a
complex lipid is examined for the first time.

A common source of difficulty is autoxidation. More
than one spot or streaking may be observed when
readily oxidizable substances, such as phosphatidyl
ethanolamine, are examined. Proper precautions must
be taken to prevent autoxidation. The results with au-
toxidized phosphatidyl ethanolamine and phosphatidyl
serine have been deseribed in some detail (6). Other
lipids including lecithin, if allowed to stand under
unfavorable conditions for a long time, may show
streaking and/or extra spots from autoxidation. The
oxidation artifacts usually take the form of streaks
backward from the major spot with a definite tend-
ency to form relatively discrete spots in some cases.
The more discrete spots indicate that some of the
oxidation products are moderately stable. Some oxi-
dation products fail to migrate from the origin.

Material remaining at the origin on silicic aeid im-
pregnated paper should not always be judged to be
the result of autoxidation. Column chromatographic
data indicates that small amounts of divalent ions
present in siliciec acid may cause retention of phos-
pholipids, particularly lecithin and sphingomyelin.
The influence of divalent ions in silieie acid impreg-
- nated paper is further indicated by the appearance
of light streaks back from the major spot (observed
particularly with lecithin and sphingomyelin).

Asxother important point to be appreciated when
judging purity, particularly of phospholipids, is the
fact that appreciable amounts of extraneous mate-
rials that do not stain at all or stain lightly may be
present. We have encountered several substances of
this type. Inorganie substances will not stain and
gangliosides (water soluble lipids) give a light purple
color with Rhodamine 6 G on phosphate paper and
can be missed in low concentrations. Gangliosides
can be detected however in small amounts after chro-
matography in system 17. In this case, ganglioside
stains readily with Rhodamine 6 G to give bright yel-
low spots against a purple background (water soluble
honlipids do not stain and do not interfere with the
detection of ganglioside). Inorganic substances can
be detected and identified by infrared spectroscopy.

Several other artifacts may be introduced by the
use of a sirongly acidic silicic acid paper or by the
use of strongly acidie solvents for paper chromatog-
raphy. The application of the labile plasmalogen
forms of the phospholipids (particularly of phospha-
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tidyl ethanolamine) to acidic silicic acid paper may
result in an appreciable hydrolysis of the ¢,8-unsatu-
rated ether bond in the plasmalogen to give a lyso-
phosphatide. This behavior is particularly pronounced
with pure phosphatidyl ethanolamine. When a lipid
mixture appears to contain lysophosphatides, hydroly-
sis during application to the paper must be excluded.
Some oxidation products of phosphatidyl ethanola-
mine migrate on paper chromatograms like lysophos-
phatidyl ethanolamine and this again can give rise to
the erroneous conclusion that lysophosphatide is pres-
ent in a mixture.

Acid hydrolysis and autoxidation can give rise to
erroneous interpretations when two-dimensional paper
chromatography is used. Labile lipids can be applied
fo neutral silicie acid paper without hydrolysis and
chromatograms can be developed with mixtures con-
taining acetic acid without hydrolysis of plasmalogens
during chromatography. The absence of streaking,
trailback, or decrease of spot size and intensity on
long runs proves that no appreciable hydrolysis has
taken place during chromatography. When the fin-
ished paper chromatogram is dried in air, the more
volatile components of solvent mixtures (as in systems
14 to 16) leave the paper. Acetic acid and water re-
main and some hydrolysis can take place in aqueous
acetic acid during drying. Furthermore, some oxida-
tion is inevitable during air drying, particularly with
phosphatidyl ethanolamine. Two-dimensional .(thrO}na-
tography with the same solvent in both directions
may diselose more than one spot from phosphatidyl
ethanolamine in the second dimension from hydroly-
sis and/or oxidation. The development of a paper
chromatogram in two directions with the same solvent
is a good test of the stability of compounds during
drying of the paper chromatogram. The addx‘gmnal
spots seen on such chromatograms must not be inter-
preted as new substances.
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