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Sphingomonas spp are phylogenetically placed in the a-4 subclass of Proteobacteria . They have glycosphingolipids
(GSL) in their membranes instead of lipopolysaccharide (LPS) as in other Gram-negative bacteria. S. paucimobilis ,
the type species of the genus, has GSL-1, which contains only glucuronic acid (GlcA) as a sugar moiety, and GSL-
4A, which contains a tetrasaccharide including GlcA. GSL-1 and GSL-4A form the outer membrane of S. paucimobilis
with outer membrane proteins and phospholipids. In the outer membrane, GSLs are assumed to locate and function
as does the LPS of other Gram-negative bacteria. Sphingomonas spp closely related to the type species contain
both GSL-1 and the oligosaccharide-type GSL such as GSL-4A, but other Sphingomonas spp and other genera in
the a-4 subclass of Proteobacteria contain only GSL-1. Structural variations of fatty acids and dihydrosphingosines
in the GSL-1 are presented.
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Introduction

It is generally believed that Gram-negative bacteria contain
lipopolysaccharide (LPS) in their outer membrane [17].
LPS confers a hydrophilic nature to the surface of the bac-
teria, and works as a barrier against bactericidal substances.
Sphingomonasspp belong to the ‘Gram-negative bacteria’,
but our studies on the cellular glycolipid revealed that these
bacteria have an unusual cell envelope and lack LPS.
Phylogenetically,Sphingomonasspp are positioned in the
a-4 subclass ofProteobacteria. An original member of this
group wasErythrobacter longus [18], but recently all of
the Sphingomonasspecies together with some photosyn-
thetic bacteria have been classified in this group [25].

About 20 years ago, we noticed that the type species of
the genusSphingomonas, S. paucimobilis, did not have a
typical LPS, but contained a certain glycolipid, whose
chemical composition was quite different from that of LPS
[10]. Some years earlier, the group of Yano and Yabuuchi
[36] reported thatFlavobacterium devorans, later trans-
ferred toS. paucimobilis [33,34], had a glycosphingolipid
(GSL) composed of dihydrosphingosine, a 2-hydroxy fatty
acid and glucuronic acid (GlcA). Because of this finding,
Yabuuchiet al [34] proposed a new genus name,Sphingo-
monas, for this group of bacteria. In 1991 we confirmed
the structure of the glycolipid that we had reported earlier
and showed that the glycolipid was a GSL with a longer
carbohydrate moiety than the GSL reported by Yamamoto
et al [36]. As a result of those studies, we came to the
conclusion that GSLs, usually present in the membrane of
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eukaryotic cells, are major components of the membrane
of sphingomonads.

Chemical structure of GSL of S. paucimobilis
As described in our first paper [10], the glycolipid ofS.
paucimobiliswas thought to be LPS or a lipid A-like mol-
ecule. The lipid containedd-mannose (Man),d-galactose
(Gal), d-glucosamine (GlcN),d-glucuronic acid (GlcA),
and 2-hydroxytetradecanoic acid (2-OH-C14:0). However,
no 3-hydroxy fatty acid was present, and the lipid gave a
single band in SDS-polyacrylamide gel electrophoresis
(SDS-PAGE). These characteristics were different from
those of LPS. Furthermore, dihydrosphingosine was
detected by1H- and 13C-NMR and chemical analysis, and
finally the glycolipid was proved to be a glycosphingoli-
pid [8].

Detection and determination of sphingosine is not easily
done because of the instability of the molecule during
hydrolysis or methanolysis. Recently we developed a
method of analysis as follows: the carbohydrate portion of
GSL is first oxidized by periodate, and sphingosines are
liberated from oxidized GSL by methanolysis with 1 M
HCl-methanol. Free sphingosines are peracetylated with
acetic anhydride/pyridine, and analyzed by gas-liquid chro-
matography (GLC), or combined gas-liquid chromato-
graphy-mass spectrometry (GLC-MS). By this method, and
also by analysis with NMR and laser-desorption mass spec-
trometry (LD-MS), the GSL ofS. paucimobiliswas shown
to contain erythro-1,3-dihydroxy-2-amino-octadecane
(DS18:0) and erythro-1,3-dihydroxy-2-amino-cis-13,14-
methylene-eicosane (DS21cycl) in comparable amounts,
and erythro-1,3-dihydroxy-2-amino-cis-13,14-eicosene
(DS20:1) as a minor component (Figure 1). All three sphin-
gosine molecules are dihydrosphingosines (sphinganines),
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Figure 1 Chemical structure of GSL-1 and GSL-4A isolated fromS. paucimobilis. Among dihydrosphingosines, DS20:1 was a minor component.

ie, no double bond is present between the C-4 and C-5
positions. Instead, there are other modifications at C-13 and
C-14. The position of the cyclopropyl ring or double bond
from the terminus of the hydrocarbon chain is identical to
that of cellular fatty acids such as palmitoleic acid (C16:1)
andcis-vaccenic acid (C18:1). Since dihydrosphingosine is
biosynthesized through the condensation of serine and a
fatty acid in eukaryotic cells [2], we speculated that in the
case of bacterial dihydrosphingosine biosynthesis the same
condensation reaction takes place.

The difference between the GSL that we purified and the
GSL reported by Yamamotoet al [36] is the length of the
carbohydrate chain. In the membrane ofS. paucimobilis,
GSL with a tetrasaccharide carbohydrate chain (GSL-4A,
Figure 1) and that with only GlcA (GSL-1, Figure 1) are
present, and the lipid we first purified was GSL-4A; that
reported by Yamamotoet al was GSL-1. As GSL-1 is more
abundant and present in allSphingomonasstrains, the base
structure of the membrane is assumed to contain GSL-1,
and GSL-4A may modify the antigenicity and surface
hydrophobicity.

The sequence and the linkage of sugars in the carbo-
hydrate chain of GSL-4A were analyzed by partial hydroly-
sis, methylation analysis, and1H- and 13C-NMR analysis.
The characteristic feature of the carbohydrate structure is
the presence of GlcN with a free amino group adjacent to
GlcA. The overall charge of GSL-1 is negative because of
the free carboxyl group in GlcA, but that of GSL-4A is
neutral because the amino group of GlcN neutralizes the
carboxyl group of GlcA. It would be interesting to measure
the overall charge of GSL-4A at physiological pH, because
in such a condition GSL-1 was measured to carry only 0.5
negative charge [30].

When we compare the carbohydrate structure of
SphingomonasGSL with that of mammalian cell mem-
branes, we notice some structural differences. In all mam-
malian GSL, sugars linked to a C-1 hydroxyl group of
sphingosines are neutral sugars, in most cases Glc or Gal

[4]. But in the GSL ofS. paucimobilis, GlcA occupies that
position. The configuration of sugars in mammalian GSL
is mostlyb or a combination ofa andb [4]. But in GSL-
4A all sugars are in thea-configuration. Also in the ceram-
ide portion, a remarkable difference can be seen. Sphingo-
sines are different as described above. The fatty acid of
S. paucimobilisGSL is 2-OH-C14:0, but mammalian GSL
consists of non-polar or 2-hydroxy fatty acids with longer
carbon chains.

GSL of Sphingomonas spp closely related to S.
paucimobilis
The distribution of GSL amongSphingomonasspp is
described below, but here we discuss the distribution of
GSL-4A or GSL with similar structures. In the phylogenetic
tree based on sequences of 16S ribosomal RNA genes,S.
paucimobilisforms a cluster withSphingomonasspp iso-
lated from plants, clinical specimens, or the environment
[24]. Among them,S. parapaucimobilisand S. sanguis
harbor GSL identical to GSL-4A (Kawaharaet al, unpub-
lished data). We have isolated manySphingomonasstrains
from rice and other plants of the family Gramineae, and
found that most of them showed the profile of GSL in thin-
layer chromatography (TLC) identical toS. paucimobilis
[7]. These strains are shown to be phylogenetically close
to S. paucimobilis(Kawaharaet al, unpublished data). A
GSL-4A-like glycolipid was extracted fromS. capsulata.
By chemical and spectroscopic analysis, this GSL was
shown to have a structure similar to GSL-4A, but lacked
the terminal Man in the carbohydrate chain [9]. A GSL
with a different type of oligosaccharide structure was also
found. S. adhaesivacontained GSL with a different tetra-
saccharide; it consists of Glc, Gal and GlcA, but no GlcN.
Detailed structures of these GSLs will be published else-
where. Among the isolates from plants, GSLs with novel
oligosaccharide structures were found, and structural analy-
sis is in progress. From these data it can be concluded that
strains phylogenetically close toS. paucimobilishave the
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oligosaccharide-type GSL in addition to GSL-1. The carbo-
hydrate structure of GSL-4A is most common, but other
types of oligosaccharide are also present.

Cell envelope structure of S. paucimobilis and
function of GSL
SinceS. paucimobilislacks LPS, the questions arise as to
whether it has an outer membrane, and if it has, how it is
assembled, or what is the role of GSL in the outer mem-
brane. In order to clarify these points we investigated the
cell envelope ofS. paucimobilis [11]. When sucrose-
density gradient ultracentrifugation [35] was applied to the
membrane fraction, it was separated into two layers as with
other Gram-negative bacteria. The high-density layer con-
tained GSL-1 and GSL-4A, and the protein profile of that
layer on SDS-PAGE was that of typical outer membrane,
ie, a simple profile with several major proteins. The pep-
tidoglycan of this bacterium was also examined. The pep-
tidoglycan preparation contained typical components such
as N-acetyl-muramic acid,d-alanine or diaminopimelic
acid, and these components were identical to those of
Escherichia coli. SinceS. paucimobilishas peptidoglycan
as in other Gram-negative bacteria, the only difference
betweenS. paucimobilisand other Gram-negative bacteria
is that the outer membrane contains GSL instead of LPS.

The above conclusion introduces the next question, how
GSL and other membrane components assemble. No
detailed study has been done on the outer membrane pro-
teins and phospholipids of these bacteria. But the profile of
outer membrane proteins on SDS-PAGE and the phospholi-
pid profile on TLC [11,34] indicate that these components
of the outer membrane are biochemically similar to those
of E. coli, and therefore, they should be able to form an
outer membrane.

In order to investigate the localization of GSL in the
outer membrane, a polyclonal antibody against GSL-4A
was prepared. The antibody was adsorbed to GSL-1 to
make it specific to the terminal region of the oligosacchar-
ide in GSL-4A. When microscopic immunostaining with a
gold particle complex was performed, the gold particles
were observed at the outer layer of a thin section of the
cell [11] (Figure 2). By the whole mount method, many

Figure 2 Localization of GSL-4A in the cell ofS. paucimobilis. GSL-
4A was stained by the postembedding immunogold-labeling method. The
black bar in the photograph indicates 100 nm.

gold particles were adsorbed on the surface of the cells
[11]. Those immunomicroscopic studies showed that the
terminal region of the oligosaccharide was exposed to the
surface, suggesting that GSL-4A was located at the outer
layer of the outer membrane as is LPS in other Gram-
negative bacteria. There was no clear evidence concerning
the location of GSL-1 in this study, but it is most probable
that GSL-1 is also localized at the surface of the outer
membrane.

We can consider the role of GSL-1 and GSL-4A in the
membrane on the analogy of Re-type and Ra-type LPS of
enterobacteria. In fact, there are striking conformational
similarities between Re-LPS and GSL-1, if three molecules
of GSL-1 are packed together. Re-LPS ofE. coli has two 3-
deoxy-d-manno-octulosonic acid (Kdo) moieties, two GlcN
(N-acylated) moieties, two phosphate groups, and six fatty
acids. Three molecules of GSL-1 have three negatively
charged sugars, and six hydrocarbon chains. Furthermore,
in the system of planar asymmetric lipid bilayers, GSL-1
was shown to behave in a manner similar to Re-LPS for
the channel function of porin [30], the activation of comp-
lement [12,30], and the interaction with polymyxin B [29].
These conformational and functional similarities of LPS
and GSL lead us to how GSL functions in the outer mem-
brane. As illustrated in Figure 3, we propose that GSL
covers the outer layer of the outer membrane with the cera-
mide portion in the membrane as an anchor and the carbo-
hydrate chain exposed to the outside of the cells as with
LPS. However, the carbohydrate portion of GSL is much
shorter and simpler than that of LPS, and it makes the cell
surface of sphingomonads more hydrophobic than that of
other Gram-negative bacteria. Such surface hydrophobicity
can be noticed even in the wax-like feature of the colonies
on agar. The high hydrophobicity allows the influx of
hydrophobic substances and makes sphingomonads suscep-
tible to hydrophobic antibiotics [16,21], and able to
develop metabolic pathways for aromatic compounds
[3,6,13,15,31].

The simple carbohydrate structure of GSL results in a
small variation of antigenicity [6] compared with other
Gram-negative bacteria, which have a wide variety of core
oligosacharides and O-antigenic polysaccharides. However,
if we use antibodies specific to the oligosaccharide of GSL,
it should be possible to establish a system of GSL-typing
for Sphingomonasstrains.

The surface hydrophobicity of sphingomonads can be an

Figure 3 Structural elucidation of the outer membrane ofS. paucimobilis
on the analogy of the enterobacterial outer membrane. Outer membrane
proteins and lipoproteins have not yet been investigated biochemically.
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Figure 4 Chemical structure of GSL-1 isolated fromBlastomonas natatoria. DS20:1 and 2-OH-C14:0 were major components of dihydrosphingosines
and fatty acids, respectively. The positions of the double bond in hydrocarbon chains were deduced from the study by Sittig and Hirsch [19].

advantage for the assimilation of hydrophobic compounds,
but is it also an advantage for the bacteria to grow or to
survive in the environment? We do not have any experi-
mental data for this question, but it can be speculated that
such bacteria can adhere easily to animal or plant cells, or
to other compounds for colonization, especially in water.
We found thatSphingomonasstrains can be isolated in high
frequency from the ears of rice and other plants [7]. The
characteristic cell surface of sphingomonads may be advan-
tageous for the symbiosis of the bacteria with such plants.

Distribution of GSL among bacteria in the a-4
subclass of Proteobacteria
In the phylogenetic study of Woese [32] and Stackebrandt
et al [22], only Erythrobacter longus, an aerobic marine
bacterium with bacteriochlorophylla [18], was a member
of the a-4 subclass ofProteobacteria. But recent studies
demonstrated that thea-4 subclass contains allSphingo-
monasspp,Rhizomonas suberifaciens, Blastomonas natato-
ria and several photosynthetic bacteria includingE. longus
[1,37]. The most characteristic taxonomic feature of this
group is the profile of their cellular fatty acids. All members
of this group contain 2-hydroxy fatty acids as the sole polar
fatty acid and no 3-hydroxy fatty acid is present. As we
see in the present review, this profile of hydroxy fatty acid
suggests the presence of GSL. In our laboratory many trials
have been done to extract GSL from various strains for
structural analysis. AllSphingomonasspp so far examined
contain GSL-1, and strains or species in the phylogenetic
group ofS. paucimobilisadditionally contain GSL with an
oligosaccharide chain such as GSL-4A. As pointed out by

Yabuuchi et al [34], S. yanoikuyaecontains GSL that
shows as a spot moving slightly slower than GSL-1 on
TLC. In our preliminary experiments,S. macrogoltabidus
andS. terraegave the same spot of the GSL asS. yanoiku-
yae. All other Sphingomonasspp and species belonging to
thea-4 subclass have only GSL-1, as far as we have exam-
ined. However, the composition of dihydrosphingosine and
2-hydroxy fatty acid varies depending on species. We have
analyzed the composition of dihydrosphingosine and 2-hy-
droxy fatty acid by GLC, total molecular weight by fast
atom bombardment-mass spectrometry (FAB-MS), and
using these data, the chemical structure of each GSL was
elucidated.

R. suberifaciens, a plant pathogen [26,27], contained
GSL-1 similar to that ofS. paucimobilis(Figure 1), but the
content of DS20:1 was higher, and an unknown dihydro-
sphingosine was additionally present as a minor compo-
nent. The major fatty acid was 2-OH-C14:0, but 2-hydroxy-
pentadecanoic acid (2-OH-C15:0) was also present in a
ratio of 4:1.

GSL-1 from a budding bacterium,Blastomonas natatoria
[19,20], contained DS20:1 as a major dihydrosphingosine
and DS19:1 as minor one (less than 10%). The profile of
2-hydroxy fatty acids of this GSL-1 was very characteristic.
As shown in Figure 4, it contained 2-OH-C14:0 as a major
component (about 60%), and 2-OH-C15:0, 2-hydroxyhex-
adecanoic acid (2-OH-C16:0), and 2-hydroxyhexadecenoic
acid (2-OH-C16:1) as minor ones.

The components of GSL-1 fromE. longuswere simpler
than those described above. As shown in Figure 5, the dihy-
drosphingosine in this GSL-1 was DS20:1, and no minor
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Figure 5 Chemical structure of GSL-1 isolated fromErythrobacter
longus. In addition to the fatty acids shown in the figure, 2-OH-C16:0
was present as a minor fatty acid.

component was detected. As fatty acid components, 2-OH-
C14:0 and 2-OH-C15:0 were present in about equal
amounts. As a minor fatty acid, 2-OH-C16:0 was measured
in an amount of 5%.

Zymomonas mobilis, a facultative anaerobic bacterium
known for its ethanol-producing ability, is placed in thea-
group ofProteobacteria [22], and its close relation to the
a-4 subclass was recently described by several groups
[1,3,14]. One of the cellular lipids of this bacterium was
reported by Tahara and Kawazu [23] as a glycosphingoli-
pid. The lipid contains 1,3-dihydroxy-2-amino-hexadecane
(DS16:0), GlcA, and hexadecanoic or tetradecanoic acid as
fatty acid components (Figure 6). Compared with GSL-1

Figure 6 Chemical structure of GSL isolated fromZymomonas mobilis
[23].

of Sphingomonasspp, the chain length of dihydrosphingo-
sine is shorter, and the fatty acids have no hydroxyl group,
although the sugar moiety is identical.

Chlorobium limicola, a phototrophic green sulfur bac-
terium, was reported by Jensenet al [5] to contain amino-
glycosphingolipid (Figure 7). This GSL is present in the
plasma membrane of the bacterium and may function as
a membrane anchor for bacteriochlorophylla-protein. As
shown in Figure 7, the GSL contains neuraminic acid, dihy-
drosphingosine (DS18:0), and tetradecanoic acid. Fatty acid
and sugar moieties are different from GSL-1 ofSphingo-
monas spp, but a common structural principle between
Sphingomonasand Chlorobium GSL can be seen in the
sugar portion. In the GSL ofC. limicola, neuraminic acid
possesses free carboxyl and amino groups in one molecule.
In GSL-4A of S. paucimobilis(Figure 1), GlcA with a car-
boxyl group is linked by the amino group containing GlcN.
The phylogenetic relationship ofC. limicola with the bac-
teria in thea-4 subclass is not clear [28,32], but besides
the phylogenetic relation, horizontal transfer of genes
needed for the biosynthesis of GSL could explain the pres-
ence of GSL in the bacteria outside of thea-4 subclass.

Conclusions

As described in the present review,Sphingomonasspp and
other members of thea-4 subclass ofProteobacteriahave
GSL and form a characteristic cell envelope different from
other Gram-negative bacteria. The hydrophobic cell surface
of these bacteria is convenient for the uptake of aromatic
hydrocarbons. Moreover, this unique cell surface might also
be convenient for survival of the bacteria in their ecological
niches. The natural function of GSL would be clarified
through an ecological study on sphingomonads and taxo-
nomically related bacteria as well as by a biochemical study
on GSL and GSL-containing membranes.

Figure 7 Chemical structure of GSL isolated fromChlorobium limicola
f thiosulfatophilum[5].
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