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Glucosylceramides of pig epidermis:

structure determination
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Abstract Six series of glucosylceramides from pig epidermis
have been identified, and their structures have been deter-
mined. The structural types identified are: 1, N-acylglucosyl-
sphingosines (33%); 2, N-acylglucosylphytosphingosines (13%);
3, N-(w-hydroxyacyl)-glucosylsphingosines (3%); 4, N-(a-hy-
droxyacyl)-glucosylphingosines (15%); 5, N-(a-hydroxyacyl)-
glucosylsphingosines (16%); 6, N-(a-hydroxyacyl)-glucosylphy-
tosphingosines (20%). The 4th and 5th classes of glucosylcer-
amides differ in that the former contains mostly 24- to
28-carbon a-hydroxyacids, while the latter contains mostly
a-hydroxypalmitic acid.—Wertz, P. W., and D. T. Downing.
Glucosylceramids of pig epidermis: structure determination.
J. Lipid Res. 1983. 24: 1135-1139.
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Glucosylceramides were first reported to occur in
mammalian epidermis by Gray and Yardley in 1975 (1,
2). These investigators resolved four glycosphingolipid
fractions from both pig and human epidermis by thin-
layer chromatography, and the long chain base and fatty
acid compositions were reported for each (3). The major
and least polar of the four fractions (PGLA) was shown
to be an acylglucosylceramide with a high proportion
of linoleic acid esterified to the 3-position of the glucose
and an unusual unidentified fatty acid in amide linkage
to sphingosine (4). The second fraction (PGLB) con-
tained principally long chain nonhydroxy fatty acids and
sphingosine bases, while the third and fourth fractions
(PGLC) and (PGLD) contained mixtures of nonhy-
droxy- and a-hydroxy acids, and sphingosine and phy-
tosphingosine bases (3). These analyses indicated struc-
tural heterogeneity among the more polar glucosylcer-
amides, but did not permit definition of the structural
types involved. Also, the presence of additional hydroxy
groups was suggested as the basis for the chromato-
graphic separation of the glucosylceramides, but even
the most polar fraction contained an average of less than
one extra hydroxyl group per molecule (3).

To clarify these points, we have undertaken a rein-
vestigation of the lipids of pig epidermis. Recently, we
have reported on the acylglucosylceramide fraction (5,

6). The abundance of esterified linoleic acid and the
nature of the sphingosine base reported by the earlier
investigators were confirmed. In addition, the amide-
linked fatty acids were found to consist of saturated,
monoenoic and dienoic w-hydroxyacids with the Csq.
and Csy.; species predominating. This structure imme-
diately suggested a role for the acylglucosylceramides
in the formation of the epidermal water barrier and
provided a possible explanation for some of the cuta-
neous effects of essential fatty acid deficiency (5).

In the present study, the structures of the remaining
glucosylceramides are defined. These three glucosyl-
ceramide fractions were prepared essentially as de-
scribed by Gray and White (3); however, removal of the
glucosyl moiety permitted further resolution of the re-
sulting ceramides. Consistent with the earlier work,
PGLB contains principally 24-, 26-, and 28-carbon
straight chained saturated fatty acids and 18- and 20-
carbon sphingosine bases. PGLC has been found to con-
tain three distinct structural types, each of which has
one more hydroxyl group than PGLB. The locations
of the extra hydroxyl group are the long chain base and
the a- and w-positions of the fatty acid. PGLD consists
of two structural types. One of these contains principally
a-hydroxypalmitic acid in amide linkage to sphingosine
bases. This differs from the analogous component of
PGLC in that the latter contains much longer, mostly
Cg4—Cas, a-hydroxyacids. The second component of
PGLD contains both a-hydroxyacids and phytosphin-
gosine bases.

MATERIALS AND METHODS

Preparation of glucosylceramides

Pig (Sus scrofa) epidermis was prepared, extracted
with chloroform-methanol, and fractionated into polar

Abbreviations: TLC, thin-layer chromatography; GLC, gas-liquid
chromatography; PGL, porcine glycolipid.
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and nonpolar materials as described previously (6). The
polar epidermal lipids were redissolved in chloroform-
methanol 1:1, and 50-100 mg of lipid were streaked
across a 20 X 20 cm plate of 0.5-mm thick silica gel 60
H. The plate was developed twice with chloroform-
methanol-water 40:10:1, and lipids were visualized un-
der ultraviolet light after spraying with 2',7-dichloro-
fluorescein. The bands corresponding to the glucosyl-
ceramides, which constitute 3% by weight of the total
epidermal lipids, were scraped from the plate and the
lipids were eluted from the silica gel with chloroform-
methanol 2:1.

Conversion of glucosylceramides to ceramides

The glucosyl moiety was cleaved from the individual
glucosylceramide fractions by the method of Carter,
Rothfus, and Gigg (7). Up to 1 mg of glucosylceramide
was treated for 4 hr at room temperature with 3 ml of
a periodate solution, which consisted of 95% ethanol-
0.2 M aqueous sodium metaperiodate—chloroform
5.6:3.0:1.4. At this point, 3 ml of chloroform and 1 ml
of water were added to the reaction mixture to produce
two phases. The resulting upper phase was discarded,
and the lower phase was washed twice more with water
before being dried under a stream of nitrogen. The
periodate-oxidized material was then treated with 3 ml
of a solution consisting of 1.3 ml of chloroform, 5.6 ml
of 95% ethanol, 2 ml of water, 20 ul of 20% NaOH,
and 10 mg of sodium borohydride in 0.1 N NaOH.
After 4 hr at room temperature, excess sodium boro-
hydride was decomposed by adjusting the pH of the
reaction mixture to 1. The products were then ex-
tracted into chloroform, washed three times with water,
and dried under a stream of nitrogen. The reduction
products were then hydrolyzed to produce ceramides
by treatment for 24 hr at room temperature with 0.1
N HCI in chloroform-methanol-water 6:13:1.

Fractionation of ceramides and fatty alcohols

Preliminary identification and quantitation of the cer-
amides produced from PGLB, -C, and -D were accom-
plished by analytical TLC using previously character-
ized epidermal ceramides (8) and stearyl alcohol as stan-
dards. Plates were developed twice with chloroform-
methanol 19:1, then sprayed with 50% sulfuric acid and
charred on a 220°C hot plate. The charred lipids were
quantified by a densitometric method (9, 10). PGLB
yielded a single ceramide (Ry 0.69). PGLC yielded fatty
alcohol (R; 0.91), two ceramides (R, 0.45 and 0.51) and
a more polar material (R; 0.31), presumably an amide
of 2-amino-1,3-dihydroxypropane produced by the per-
iodate cleavage of phytosphingosine-containing com-
ponent. A similar and slightly more polar material (Ry
0.14) was also produced from PGLD, which in addition
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yielded fatty alcohol and one ceramide (R; 0.38). These
tentative assignments were supported by subsequent
analysis of the hydrolysis products from each lipid. Two
developments with chloroform-methanol 19:1, were
used for the preparative TLC separation of the alcohols,
ceramides, and more polar amides produced from each
glucosylceramide. Again, fluorescence was used to vi-
sualize the lipids under ultraviolet light.

On three separate occasions, glucosylceramides were
isolated and subjected to the above degradation pro-
cedure, and the products were analyzed by quantitative
TLC. Fatty acids and long chain bases from each prep-
aration were analyzed by GL.C as described below. Rep-
licate determinations agreed well; however, all material
analyzed was derived from one extract of a single pig
epidermis. Since genetic and environmental factors may
considerably influence the details of lipid composition
among individuals, quantitative results of the fatty acid
and long chain base analyses are not reported here.
Rather, the predominant chain lengths are indicated,
and the types of structures found are emphasized.

Gas-liquid chromatography

All GLC analyses employed a 6 ft X 0.085 in (i.d.)
aluminum column packed with 3% OV-101 on 80,/100
mesh Supelcoport (Supelco, Inc., Bellefonte, PA) in a
Varian 3700 gas chromatograph (Varian Associates,
Sunnyvale, CA). Nitrogen at 25 ml per min served as
the carrier gas. Fatty acid methyl esters were chro-
matographed isothermally at 200°C and 290°C. Also,
a temperature program was used in which an initial tem-
perature of 205°C was maintained for 8 min, followed
by a 4°C per min increase until 290°C was reached.
a-Hydroxy and w-hydroxy methyl ester acetates were
chromatographed isothermally at 255°C and 290°C,
respectively. The methyl ester acetates were also ex-
amined with a temperature program having an initial
temperature of 250°C for 10 min and then increasing
4°C per min until a final temperature of 290°C was
attained. Fatty alcohol acetates were chromatographed
at 185°C, and trimethylsilylated sphingosines were
chromatographed at 220°. Chromatographic peaks,
detected by flame ionization, were identified by co-
chromatography with appropriate standards as indi-
cated below, and homologous series of compounds were
identified by the linearity of plots of carbon number vs.
log of the retention time measured from an isothermal
chromatogram. Peak areas were determined by manual
triangulation, and were converted directly to weight
percent.

Fatty acid analyses

Each ceramide or amide was treated for 18 hr at
65°C with 1 N HCI in methanol containing 20 M water
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(11). This procedure minimizes methylation of long
chain bases and releases the fatty acids as a mixture of
methyl ester and free acid. The reaction mixture was
evaporated under a stream of nitrogen and the residue
was redissolved in chloroform-methanol 1:1. The
methyl esters, free acids, and long chain bases were sep-
arated by preparative TLC as described above with a
solvent system of hexane-ethyl ether-acetic acid
30:70:1. The bases were saved for later analysis, and
the free acids and methyl esters from each fraction were
combined and treated with 10% boron trichloride in
methanol at 55°C for 1 hr to complete esterification.
The types of methyl esters present were identified by
comparison on TLC with standard methyl stearate, a-
hydroxyacid methyl esters from wool wax (12), and w-
hydroxyacid methyl esters from carnauba wax (13).
Hydroxyacid methyl esters were then converted to
methyl ester acetates by treatment for 1 hr at room
temperature with acetic anhydride-pyridine 1:1. Excess
reagent was removed under a stream of nitrogen.

The fatty acid methyl esters or methyl ester acetates
were analyzed by argentation TLC and by GLC as de-
scribed above. For argentation TLC, a mixture of C4,,
Cis.1, Cig:9, and C,5.3 was used as a standard. For GLC,
a standard fatty acid methyl ester mixture containing
Ci4.0, Ci6:0, Cis:0, and Cop.o was used.

Analysis of the long chain bases

The aliphatic chains of the phytobases were liberated
from the glycolipids as fatty aldehydes and reduced to
fatty alcohols as described above. The resulting fatty
alcohols, which are 3 carbons shorter than the original
base, were acetylated by treatment with acetic anhy-
dride—pyridine 1:1, and the resulting acetates were an-
alyzed by GLC. The acetates of myristyl and stearyl
alcohols served as standards, and the same column used
for the fatty acid analysis was employed.

The normal sphingosine bases obtained by the acid
hydrolysis of ceramide described above were converted
to trimethylsilyl derivatives by treatment with pryri-
dine-hexamethyldisylizane—chlorotrimethylsilane 7:2:1,
and analyzed by GLC (14). Freshly trimethylsilylated
C,s standards and solvent blanks were chromato-
graphed with each sample to rule out the possibility of
artefacts.

RESULTS

TLC separation of the glucosylceramides and acyl-
glucosylceramides (PGLA) is shown in Fig. 1. Although
the separation achieved here by multiple development
is better than that reported by Gray and White (3), pre-
liminary examination of the methanolysis products from
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Fig. 1. TLC separation of acylglucosylceramides and glucosylcer-
amides. Samples of PGLA-D, which had been purified by preparative
TLC, were applied to a 0.5-mm thick silica gel H plate. The plate was
developed twice with chloroform-methanol-water 40:10:1, and spots
were made visible by charring.

both PGLC and PGLD indicated structural heteroge-
neity. Numerous attempts to find a TLC system capable
of further resolving these glucosylceramide fractions
failed; therefore, the glucosyl moieties were removed
to yield more readily separated ceramides. The proce-
dure used to remove the glucosyl groups—periodate
oxidation followed by NaBH, reduction and mild acid
hydrolysis—also cleaves phytosphingosine-containing
ceramides to yield a fatty alcohol and an amide of 1,3-
dihydroxy-2-aminopropane. Fortuitously, there proved
to be only one such component in each of PGLC and
PGLD, and the resulting fatty alcohol and hydroxy-
amide fragments are readily separated from the other
ceramide products by TLC.

As summarized in Table 1, PGLB, PGLC, and PGLD
contained 1, 3, and 2 components, respectively. Also
presented are the relative amounts, constituent fatty
acids and long chain bases, and the number of free hy-
droxyl groups per molecule for each category of glu-
cosylceramide. Representative structural entities from
each class are presented in Fig. 2.

PGLB is the major glucosylceramide. It contains prin-
cipally 24-, 26-, and 28-carbon straight-chain, saturated
nonhydroxy fatty acids in amide linkage with 18- and
20-carbon sphingosine and dihydrosphingosine bases.
These principal components are in accord with those
previously reported by Gray and White (3).

PGLC-1 also contains mainly 20-, 22-, 24-, and 26-
carbon saturated fatty acids but bears an extra hydroxyl

Wertz and Downing Glucosylceramides of pig epidermis 1137

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 1. Summary of compositional data for pig epidermal glucosylceramides

Glucosylceramide Weight % of Total® Fatty Acid Long-chain Base # of Free Hydroxyls
PGLB 329+ 0.4 nonhydroxy (Cg4—Cgs) sphingosine 5 (C18—Cg0)
PGLC-1 10.3 £ 3.0 nonhydroxy (C2o—Cge) phytosphingosine 6 (C18-Ca2)
PGLC-2 30+1.3 w-OH (C30-Csg2) sphingosine 6 (C18—Cg0)
PGLC-3 18.8 £ 3.3 a-OH (Cg4-Cgg) sphingosine 6 (C18-Cgo)
PGLD-1 144 £ 1.1 a-OH (Cy¢) sphingosine 6 (C16—C20)
PGLD-2 20.8 + 0.9 a-OH (C24-Cag) phytosphingosine 7 (C13-Ce2)

% Mean % standard deviation (N = 3) determined by quantitative TLC. Three separate preparations of glucosylceramides
were analyzed, but all three were derived from the same pig epidermal extract.

group on the long-chain base. These phytosphingosine
bases were found to be saturated 18- through 22-carbon
species. Gray and White (3) found only 10.3% of the
bases from PGLC to be phytosphingosine. This appar-
ent discrepancy could reflect regional variation in epi-
dermal lipid composition since the earlier workers used
only pig ears and tails while the present study involved
whole body epidermis. However, we have observed con-
siderable degradation (40-50%) of phytosphingosines
during both acid and alkaline methanolyses, so Gray
and White (3) probably underestimated the phytobase
content of PGLC.
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Fig. 2. Structures of the glucosylceramides from pig epidermis.
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PGLC-2, the least abundant of the glucosylceramides,
appears to be an O-deacylated analogue of the acylglu-
cosylceramides. This assignment is based on TLC and
GLC behavior of the fatty acid and long-chain base con-
stituents. Insufficient material was available for more
detailed analyses.

Components PGLC-3 and PGLD-1 both contain a-
hydroxy acids in amide linkage to sphingosine bases
(Table 1). They differ principally in the chain-length
distributions of the a-hydroxyacid components; PGLC-
3 contains mainly 24- to 28-carbon acids while PGLD-
1 contains mainly a-hydroxypalmitic acid. This differ-
ence in chain length appears to be the basis for the TLC
separation of these two species since both contain six
free hydroxyl groups (Table 1, Fig. 2). Gray and White
(3) did not report a-hydroxyacids containing less than
20 carbons. This difference may reflect differences in
methodology, individual variation among animals, or
may be due to the fact that epidermis from different
body sites was used in the two studies. In both PGLC-
3 and PGLD-1, 18- and 20-carbon sphingosines are
major species, but appreciable amounts of 16- and 17-
carbon species were also found in PGLD-1. This was
also evident in the results of Gray and White (3).

PGLD-2 contains both a-hydroxyacids and phyto-
sphingosine bases. The former are mostly 20-, 24-, and
26-carbon species, while the phytobases, like those of
PGLC-1, mostly contain 18, 20, and 22 carbons.

DISCUSSION

The previous investigations of Gray et al. (2, 3) es-
tablished the presence of several series of glucosylcer-
amides in mammalian epidermis. They also demon-
strated that the mass of glucosylceramide per cell in-
creases as differentiation proceeds in the viable epidermis
but then drops precipitously in the stratum corneum
(1, 15). During the course of differentiation, phospho-
lipids are completely catabolized (1, 15), and it has been
suggested that the glucosylceramides may provide suit-
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able amphipathic structures for the maintenance of cell
membranes in the absence of phospholipid (3). Such
substitution could also be of significance in modulating
the activities of membrane-associated enzymatic activi-
ties, and increasing resistance to the external environ-
ment.

Although the earlier workers analyzed the fatty acid
and long chain base constituents of the glucosylcera-
mide fractions (PGLB, PGLC, and PGLD), the results
indicated structural heterogeneity and did not permit
the definition of individual structures (3). Also, the basis
of the chromatographic separation was uncertain. In the
present study, partial degradation by means of perio-
date oxidation followed by NaBH,-reduction and mild
acid hydrolysis converted the sphingosine-containing
glycolipids to ceramides and the phytosphingosine-con-
taining glucosylceramides to fatty alcohols and amides
of 1,3-dihydroxy-2-aminopropane. Conversion and re-
covery is essentially quantitative, and these products are
more readily separated by TLC. Their analysis has per-
mitted the structural definition of six series of gluco-
sylceramides.

The chromatographic separation of the glucosylce-
ramides reflects both the number of free hydroxyl
groups per molecule as well as the length of the hydro-
phobic chains. Thus, PGLB has five free hydroxyl
groups, the three components of PGLC each have six
free hydroxyl groups, and PGLD-2 has seven free hy-
droxyl groups. PGLD-1 has only six free hydroxyl
groups but contains principally short chain a-hydroxy-
acids. Similar observations have been made on the chro-
matographic behavior of the epidermal ceramides (8)
and synthetic ceramides (16); however, the location of
extra hydroxyl groups appears to be less consequential
in the case of the more polar glucosylceramides.

As noted above, the glucosylceramides are catabol-
ized upon completion of terminal differentiation (1, 15).
Presumably, this disappearance of the glucosylcera-
mides reflects their conversion to ceramides by removal
of the glucose. Consistent with this view is the finding
that all of the glucosylceramides defined in the present
report have structural analogues among the previously
defined epidermal ceramides (8). Also, the relative com-
position of the glucosylceramides parallels that reported
for the analogous ceramides. The removal of glucose
may be a significant factor in limiting microbial growth
on the skin surface, and appears to coincide with the
formation of the thickened, highly stable, horny cell
envelope (17). This structure consists of proteins cross-
linked by both disulfide and isopeptide linkages and may
obviate the need for a stable plasma membrane. i
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