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Summary. Sterols are acquired by cells either biosynthetically by the interaction of cytoplasmic and endoplasmic
reticulum elements, or by endocytosis. The subcellular distribution of sterols, however, argues that sterols are
trafficked quickly from sites of acquisition to target membranes, particularly the plasma membrane. The mechanisms
mediating this movement might include aqueous diffusion, vesicles of either a unique pathway or of the protein
secretory pathway, or carrier proteins. These mechanisms are discussed and the limited data concerning each are
presented. Finally, a theory is proposed which describes how sterols and other membrane reinforcing moleciles might
have driven the evolution of intracellular membranes, thus establishing the dynamic membrane system of modern

eukaryotes.
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Introduction

The connection between cholesterol and the appearance
and progression of atherosclerosis has fostered a volumi-
nous amount of sterol-related research. This research has
led to our detailed understanding of the extracellular
trafficking of sterols by lipoproteins and of lipoprotein
uptake by receptor-mediated endocytosis 6. In addition,
the major regulatory enzyme of sterol biosynthesis in
higher animals has been identified as 3-hydroxy-3-
methylglutaryl coenzyme A reductase (HMG-CoA re-
ductase) and this enzyme has been examined in detail.
Still, our understanding of the cell biology of sterols
remains in its infancy. For example, something as funda-
mental as the subcellular distribution of sterols remains
in dispute*®**® as does the exact site of sterol synthe-
sis 3384, Further, little research has been directed toward
the clucidation of the mechanisms which mediate the
intracellular movement of sterols, although such move-
ment would be expected to be important in fueling retro-
transport of cholesterol to the liver for excretion which in
turn could have favorable impact on atherosclerotic re-
gression 8,

In this paper, it will first be documented that sterol traf-
ficking does occur by demonstrating that sterol synthesis
proceeds in a membrane which is not the major reposito-
ry of cellular cholesterol. Several mechanisms by which
the sterol might be trafficked between the site of synthesis
and target membranes will then be described and the
limited data available for each will be discussed. Finally,
attention will turn from the question of ‘how’ sterol is

trafficked to an equally interesting topic: why? This dis-
cussion will culminate with the presentation of a theory
which suggests that the evolutionary development of
sterols necessitated the co-appearance of sterol-poor in-
tracellular membranes in order to preserve a site compat-
ible with protein translocation.

Subcellular site of sterol biosynthesis

Chesterton ?! originally demonstrated that when radiola-
beled mevalonic acid (a water-soluble intermediate in
sterol biosynthesis) is injected into rats, radiolabeled
sterol can be detected in liver tissue within 2 min. Analy-
sis of the distribution of the label at early times after
mevalonate administration revealed that radiolabeled
squalene, lanosterol and cholesterol are all found in both
the granular and agranular microsomal elements (rough
and smooth endoplasmic reticulum (RER and SER)).
These membranes were concluded to be the site of sterol
biosynthesis.

Lange and Steck >7 however, questioned this conclusion,
since the microsomal fraction of liver tissue contains or-
ganelle membranes other than RER and SER '°8, These
include plasma, Golgi, and perhaps other membranes. In
a series of experiments involving double label incorpora-
tion in order to distinguish old versus newly synthesized
cholesterol, they demonstrated that newly synthesized
sterols are not found in the ER fraction. In an alternative
approach, we ®* and others*2 96 analyzed the location of
the microsomal enzymes involved in sterolgenesis rather
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than of intermediates, in sucrose density gradients. We
found that all of the requisite membrane bound enzymes
of sterol biosynthesis in the microsomal fraction distrib-
uted with the SER and RER. Therefore, we must face the
paradoxical situation in which the enzymes of sterol
biosynthesis are located in ER membranes while interme-
diates and cholesterol itself, all highly water insoluble,
might not be.

More recently, Lange and Muraski *° have demonstrated
the topographic heterogeneity of sterol biosynthesis.
They reported that not only do the intermediates of sterol
biosynthesis not all equilibrate with the enzymes of
sterolgenesis in density gradients, but they do not equili-
brate with each other. Squalene, lanosterol and choles-
terol were each found at distinct density regions of su-
crose gradients. We have also found that this is true when
sterol synthesis from mevalonate is carried out in vitro by
purified stripped RER membranes (Reinhart, unpub-
lished data). Intermediates, particularly squalene, do not
equilibrate in gradients with the biosynthetic enzymes.
Taken together with data from other laboratories we
believe that the paradox can now be explained. Bloch and
co-workers 3335 71,88, 101.106 frq¢ characterized a pro-
tein called supernatant protein factor (SPF) and he as
well as others 369079398 demonstrated that this protein
is required for the conversion of squalene to lanosterol.
The protein, however, is soluble, which is interesting con-
sidering that it facilitates the conversion of a hydropho-
bic substrate to a hydrophobic product. Even more inter-
esting is the requirement for phospholipids'®! to
stimulate SPF (also known as SCP1). Not only are there
cytoplasmic proteins known to participate in sterolgene-
sis, but hydrophobic intermediates themselves might also
be cytoplasmic. Loud and Bucher provided the first
strong evidence of at least 2 separate pools of squalene in
rat liver cells®*. In his fractionation studies, Chesterton
noted that some sterol intermediates, particularly
squalene, are partially recovered in the soluble frac-
tion 2!. Taken together, this information suggests that the
pool of squalene undergoing active conversion to lano-
sterol might not be ‘in’ the membrane but rather ‘on’ it
as part of a complex containing phospholipids, other
sterol intermediates and specific proteins such as SPF
which mediate the process. This hypothesis is shown dia-
gramatically in figure 1.

Another approach to the localization of sterolgenic en-
zymes is by immunocytochemistry. Unfortunately, anti-
bodies are currently available against only one major
enzyme of sterolgenesis: HMG-CoA reductase. Several
groups have used this approach to demonstrate the pres-
ence of HMG-CoA reductase on ER and special smooth
membranes (crystalloid ER) found in some cells 22 %% %¢,
These anti-reductase antibodies have also led, however,
to the unexpected finding that HMG-CoA reductase is
present in the luminal compartment of peroxiso-
mes *% 49, These studies sparked the search for the activ-
ity of HMG-CoA reductase and of other cholesterol

Reviews

Intermediate
Pool in
Lipoprotein
Particle

Membrane with Biosynthetic Enzymes
[/ 7777777777777 77
Figure 1. Possible interaction between membrane and cytoplasmic ele-
ments in sterol synthesis. Cellular fractionation studies have established
that sterol biosynthetic enzymes are present on endoplasmic reticulum
membranes °% %4 but that the biosynthetic intermediates might not
be %337, The presence of squalene, lanosterol and cholesterol ester in the
cytoplasm 2!, the requirement of a cytoplasmic protein, SCP1 for
squalene to lanosterol conversion *> 36, and SCP1’s requirement for ex-
ogenous phospholipid for activity*°?, suggested that sterol synthesis
might be a cooperative process between the biosynthetic membrane (ER)
and a cytoplasmic lipoprotein-like particle which contains the intermedi-
ates. Presentation of the intermediates for conversion could be under the
mediation of SCP1, SCP2 or other accessory elements, as indicated by the
small circles.

biosynthetic activities in peroxisomes and this has now
been confirmed by two groups 2 *°?. While it is clear that
cholesterol biosynthesis can proceed in the peroxisome,
particularly in animals in which sterol biosynthesis has
been induced by the bile acid sequestrant cholestyramine,
the physiological relevance of this finding is not yet
known.

In addition to biosynthesized cholesterol sterols can also
be acquired through endocytic processes. Since cells are
capable of utilizing this sterol, it is inferred that the sterol
is trafficked from lysosomes to sterol target membranes.
Niemann-Pick type C is a genetic disorder in which free
sterol can not be released properly from lysosomes, re-
sulting in its build up in that compartment % 7. Analysis
of the biochemical basis of this disorder should prove
invaluable for the elucidation of trafficking of sterol
from the lysosomal compartment.

Subcellular distribution of sterols

The synthesis of sterols in the ER would suggest that this
membrane might be relatively sterol rich. In order to
measure sterol content of the ER and of the other cellular
membranes, a number of laboratories have employed a
variety of technigues including cell fractionation, rapid
plasma membrane isolation, enzymatic labeling and ul-
trastructoral localization. Far from demonstrating a high
sterol content in the ER, these studies have indicated that
the plasma membrane is the membrane with the richest
sterol content.

Using gradient density centrifugal techniques, Coleman
and Finean 2* prepared plasma membrane fractions from
a number of guinea pig tissues. A common property of
these membranes was the high cholesterol/phospholipid
(c¢/p) ratio (roughly equimolar) relative to whole cell val-
ues. This observation was extended to rat liver plasma
membranes by Pfleger et al. (c/p of 0.74) ®°. Having ear-
lier noted a nucleo-cytoplasmic distribution of both 5'-
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nucleotidase and cholesterol, Thines-Sempoux et al.*®
combined isopycnic density gradient centrifugation with
a density shifting technique which they devised. When
mixed with the detergent digitonin, it was noted. that the
activity of the plasma membrane marker enzyme 5'-nu-
cleotidase was shifted to higher density in gradients®.
Other microsomal marker enzymes, however, were not
shifted by this treatment. Analysis of the cholesterol dis-
tribution across density gradients of digitonin treated
microsomes revealed that the majority of cholesterol was
also shifted. The conclusion from these studies was that
not only does the plasma membrane have a high ¢/p ratio
but the ER must contain very low c/p ratios.

Colbeau et al.?* used established techniques to purify a
number of rat liver organelles for lipid analysis, thus
extending our knowledge of cholesterol content to a
number of other cell structures. The purity of these mem-
branes was assessed by marker enzyme analysis. Plasma
membrane, exhibited the highest sterol content with a ¢/p
ratio of 0.76. Outer mitochondrial membrane ¢/p ratio
was determined to be 0.12, while cholesterol was virtually
undetectable in the inner membrane. A c¢/p value of 0.24
was found for the SER but a portion of this sterol might
actually have been due to contamination with plasma
membranes, as indicated by marker enzyme analysis.
RER, a membrane known to contain cholesterolgenic
enzymes, contained very low sterol levels; ¢/p = 0.06.
Mammalian nuclear envelope membranes resemble ER
membranes in their low ¢/p ratios: 0.104 >!. Interestingly,
nuclear membranes exhibited a four-fold higher sterol
ester content than microsomes >!. Similar sterol/p values
have been demonstrated for other tissues and in the tis-
sues of other animals 2°%4, lower eukaryotes'!3, and
plants*>®3. Thus, classical cell fractionation has provid-
ed good evidence that plasma membranes are sterol rich
while many internal membranes, including the sterol
biosynthetic membranes themselves, are relatively sterol
poor.

Another technique which demonstrated the sterol-rich
nature of the plasma membrane is the DEAE bead tech-
nique devised by Gotlib and Searls*® and modified by
DeGrella and Simoni*®. When suspended cells in culture
are mixed with DEAE beads, they rapidly bind to the
beads by virtue of plasma membrane charge. Upon ap-
plication of shear force, cells are ruptured and their inter-
nal contents are released. The plasma membranes, how-
ever, remain adherant to the beads and can be easily
recovered in purity sufficient to allow lipid analysis.
When applied to CHO cells, DeGrella and Simoni 28
found a ¢/p ratio of 0.84, similar to the values obtained
above and in good agreement with values obtained from
erythrocytes 7 where ¢/p determination is not compli-
cated by the presence of internal membranes.

A novel approach to the analysis of cholesterol distribu-
tion, the enzymatic modification of plasma membrane
cholesterol *°, was used by Lange and Ramos >®. In this
technique, cells are exposed to the enzyme cholesterol
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oxidase under conditions which allow the plasma mem-
brane cholesterol to be oxidized to cholestenone (low
ionic strength buffer and glutaraldehyde). The incuba-
tion period is of sufficient time to allow inner leaflet
sterol to flip to the outer leaflet for oxidation (half-time
of 3 s determined using this technique ®®). 94 %, 92 %
and 80 % of cellular cholesterol was converted in fibro-
blasts, Chinese hamster ovary cells or hepatocytes, re-
spectively. These figures reflect the proportion of total
cellular cholesterol found in the plasma membranes. Van
Meer, however, used model calculations to suggest that
these figures do not correctly reflect plasma membrane
cholesterol content, but rather, that most of the cell
cholesterol is found on internal membranes*!®, These
calculations are based on c¢/p ratios of specific mem-
branes and the known surface area of the membrane
obtained by morphometric analysis (e.g. 1*). In MDCK
strain I1, for instance, the plasma membrane surface area
(both leaflets together) is approximately 2464 um?. These
cells contain an average of 6 x 10° cholesterol molecules,
which, at 37 A2 per sterol molecule, would cover
2220 pm?. If 90 % of this cholesterol was present in the
plasma membrane, 1998 um?, or 81 % of the plasma
membrane surface area would be taken up by sterol.
Using the commonly reported ¢/p value of 0.8, van Meer
argued that cholesterol would cover only 31 % of the
plasma membrane surface area and would account for
only 34 % of the total ccllular cholesterol. Similar argu-
ments were made for other cell types including rat liver
cells and BHK cells''?. Recent work by Brasaemle et
al. 1° suggests that estimates of plasma membrane choles-
terol obtained using the above-described cholesterol oxi-
dase procedure might be spuriously high due to perturba-
tions of the membrane during treatment. Inclusion of
magnesium ions slows observed flip-flop rates of chole-
sterol to a half-time of 50—130 min. Thus, in the absence
of sufficient magnesium ions, the oxidase might gain ac-
cess to the interior surface of the membrane and perhaps
to intracellular membranes. Recently, however, data
were obtained from dye-binding and two-phase aqueous
partition studies which confirm the high proportion of
total cellular sterol in the plasma membrane .

Filipin, a polyene antibiotic, has been used to probe cel-
lular sterol distribution at both the light microscope lev-
el, by virtue of its fluorescence®, and at the ultrastruc-
tural level* by virtue of pit formation which it induces.
The frequency of pits formed in the presence of filipin is
a function of sterol concentration in that membrane. Pit
formation requires long incubation times making it diffi-
cult to rule out sterol redistribution. In addition, its bind-
ing can be diminished by the presence of certain coat
proteins like clathrin. Other cholesterol-specific stains
would be valuable for further analysis of subcellular dis-
tribution of sterol.
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Figure 2. Possible mechanisms of intracellular sterol trafficking. Aqueous
diffusion is diagrammatically represented in panel A. In panel B, Bl
represents a unique vesicle-mediated trafficking system. The enrichment
of cholesterol seen in target membranes could be achieved by removal of
phospholipid from such vesicles (arrows). Vesicular trafficking of sterol
also could be achieved by elements of the protein secretory pathway (B2).

Modes of sterol trafficking

The separation of the site of synthesis and the major cell
repository of sterol necessitates trafficking. Little is
known about the exact mechanisms used by cells, but
several mechanisms have been proposed (fig.2): 1)
aqueous diffusion and differential partitioning; 2) vesicle-
mediated transport; and 3) carrier-mediated transport *°.
Before describing these mechanisms in more detail, it is
important to point out that more than one mechanism
might be at work in the cell, perhaps a different mecha-
nism for each trafficking route. In addition, any one
route might utilize one or more of these (or additional)
mechanisms to complete the trafficking process.

Aqueous diffusion and differential partitioning

When unilamellar vesicles of differing lipid compositions
are mixed, transfer of lipids between the two types can be
observed ©°. The transfer of lipid between vesicles could
occur by two possible mechanisms: 1) transfer during the
formation of collision complexes or, 2) diffusion of lipid
from donor to acceptor membranes through the aqueous
phase. McLean and Phillips °* utilized a model system of
negatively charged cholesterol donor vesicles and neutral
acceptor vesicles. No protein was present in the assays.
The donor membranes are easily separated from the ac-
ceptor vesicles by passage over a DEAE-Sepharose col-
umn which selectively retains the donor by virtue of its
charge. This allows the amount of radiolabeled sterol
transferred to be quantified. That fusion of vesicles did
not occur during the course of the incubation was con-
firmed by electron microscopy. During a 12-h incubation
at 37°C, 90 % of the donor vesicle cholesterol was trans-
ferred to acceptor vesicles. The process was first order
with a Ty, of 2.3 £ 0.3h. When donor and acceptor
vesicles were separated by a dialysis membrane, transfer
became slow but the rate was in accord with Fick’s 1st
law, supporting aqueous diffusion and not collision as
the mode of transfer. The rate-limiting step was identified
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Carrier-mediated trafficking (panel C) might be accomplished by specific
sterol carrier proteins (C1) or via lipoprotein-like particles of the cyto-
plasm (cytolipophorins #°), as in C2. This highly speculative latter mecha-
nism might suggest an intracellular ligand, receptor mechanism of deliv-
ery analogous to the extracellular system.

as desorption from the donor membrane. Thus, it is con-
ceivable that intracellular sterol trafficking is accom-
plished by desorption of newly synthesized sterol from
the biosynthetic membrane followed by aqueous diffu-
sion to target membranes (fig. 2, panel A). Because of the
variability in sterol content between the different or-
ganelles, a mechanism to explain the differential parti-
tioning of sterol must be determined. Wattenberg and
Silbert 122 examined the partitioning of sterol into isolat-
ed organelle membranes and into vesicles whose lipid
contents were reconstituted from purified organclles.
They observed that sterol partitioned into plasma mem-
brane with the greatest affinity followed by membranes
of ER and mitochondria. The same was true when recon-
stituted acceptor vesicles were generated from purified
organelles. Particular importance was assigned to sphin-
gomyelin and unsaturated fatty chains in causing this
affinity for sterol. The qualitative pattern of sterol parti-
tioning followed the order in which it is found in cell
membranes. Quantitatively, however, the partitioning
was not to the same degree as seen in vivo. It is improb-
able, therefore, that the sole mediator of intracellular
sterol transport is aqueous diffusion.

Vesicle-mediated transport

A hallmark characteristic of eukaryotes is the presence of
an extensive network of intracellular membranes. Many
of these membranes communicate with one another
through vesicular exchange. A well-characterized and
much studied example is the exocytic pathway, which
Cavalier-Smith!”? has argued was the driving force in
eukaryotic evolution. Membrane and secretory proteins
are synthesized on the RER, packaged into smooth
membrane vesicles and moved to the Golgi complex **°.
Here, fusion with a cis-Golgi element exposes nascent
proteins to Golgi enzymes for further processing.
Through a series of vesiculations, nascent proteins are
carried through consecutive elements of the Golgi until
processing is complete. The resulting secretory vesicles
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fuse with the plasma membrane resulting in the release of
soluble contents and the delivery of plasma membrane
proteins to their target. Since sterols are also generated
on the ER, it is appealing to speculate that they move to
the plasma membrane in concert with nascent proteins.
Alternatively, an entirely separate system of vesicles
might transfer sterol to the plasma membrane without
intermediate stopover at the Golgi. Such a system has
been identified to deliver phospholipid to the plasma
membranes of Dictyostelium discoideum !,

Support for vesicle-mediated sterol transport has come
from two laboratories which examined kinetics of ap-
pearance of newly synthesized cholesterol at the cell sur-
face. Using the DEAE-bead technique which was de-
scribed above, DeGrella and Simoni?® examined the
kinetics of appearance of newly synthesized [*H]chole-
sterol at the surface of CHO cells. After a short lag,
cholesterol arrived at the plasma membrane in linear
fashion at a rate which paralleled the rate of synthesis
(indicating that the plasma membrane is the major target
for cholesterol in these cells). A T,;, for delivery was
about 10 min, indicating that delivery was too rapid to be
accounted for by the aqueous diffusion model. The trans-
port mechanism was shown to be temperature sensitive in
these cells. While synthesis proceeded at 15°C, delivery
to the plasma membrane was curtailed. Energy poisons
(carbonyl cyanide p-chlorophenylhydrazone, KCN and
KF) also inhibited delivery, but maximal inhibition was
achieved only by using combinations of these drugs.
Treatment with the poisons did not result in a loss of
sterol from the plasma membrane, indicating that energy
expenditure is not necessary to maintain the high concen-
tration of sterol in that membrane 25,

When these investigators treated cells with [*H]mannose
in order to examine the time course of glycoprotein syn-
thesis and delivery to the plasma membrane, a long lag
(20—-30 min) followed by a slow increase was observed.
Since cholesterol delivery was much faster than this, it
was argued that cholesterol delivery probably did not
involve passage through the Golgi compartment.
Wieland et al.'*> however, demonstrated that proteins
traverse the Golgi with a T, ,, much longer than the rate
of bulk flow through that compartment as measured with
the tri-peptide glycosylation substrate Asn-X-Ser/Thr.
Following glycosylation, which indicated arrival in the
RER lumen, this compound was secreted with a T, 2 of
10 min, or, roughly the same as noted for cholesterol in
the above experiment. Thus, sterol moves to the plasma
membrane with kinetics similar to the rate of bulk flow
in the exocytic pathway and might, thercfore, be traf-
ficked by that pathway. Strong evidence against the in-
volvement of Golgi in the flow of sterol to the plasma
membrane from the ER was obtained by Kaplan and
Simoni*” who noted that a potent inhibitor of exocyto-
sis, monensin, was without effect on cholesterol traffick-
ing. Thus while kinetics demonstrate that sterol is deliv-
ered to the plasma membrane in the same time frame as
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bulk flow through the Golgi, passage through the Golgi
is questioned due to the lack of influence of monensin. If
sterol is trafficked via a vesicular route, it is very likely
that they take a route distinct from that followed by
secretory and plasma membrane proteins.

A vesicular trafficking system has also been postulated
by Lange and Matthies *>* who studied cholesterol traf-
ficking in human fibroblasts using the cholesterol oxi-
dase technique described earlier. Newly synthesized (ra-
diolabeled) cholesterol becomes a substrate for this en-
zyme only as it arrives at the plasma membrane. While
these investigators also observed first order kinetics. The
T,,, of delivery was 1-2h, or only slightly more rapid
than would be expected if movement was due to aqueous
diffusion. Interestingly, no difference in delivery rate was
observed when cells in various stages of growth or nutri-
tional states were examined.

If a vesicular mode of transport is used to traffic sterol to
the plasma membrane, one is left with the problem of
how the low c¢/p ratio of the source membrane is modified
to the high ¢/p ratio of the plasma membrane. This could
be accomplished either by a mechanism which preferen-
tially delivers the sterol, or by a mechanism which re-
moves phospholipid from trafficking intermediates (as
shown schematically in fig. 2, panel B1) or from the plas-
ma membrane. Phospholipid transfer proteins are

known to be present and might mediate such a phenome-
non 10,11,26, 29‘

Carrier-mediated sterol transport

A final mechanism to be considered is the carrier-mediat-
ed trafficking of sterol through the cytoplasm. This could
be accomplished by sterol carrier proteins, as illustrated
in figure 2, panel C,, or, as we have recently speculated,
by lipoprotein-like structures in the cytoplasm (fig. 2,
panel C,). Examples of cytoplasmic proteins which bind
and carry steroids with a high degree of specificity are
well known. Steroid hormone receptors ’® and the 25-hy-
droxy cholesterol binding proteins ##: 43, 103-105 f5r ex_
ample, have been well characterized. It has been widely
assumed that sterol binding proteins would exhibit prop-
erties similar to the steroid binding proteins, especially
the ability to bind to sterols with high specificity and
affinity. Many of the proteins which have been identified
by their ability to bind radiolabeled cholesterol, however,
are probably not involved in transporting cholesterol,
but, rather, bind cholesterol non-specifically through in-
teractions with hydrophobic domains*!: ?9- 199,

The ability to carry sterols has been inferred to be a
property of a group of proteins, collectively known as
sterol carrier proteins, because of their influence on in
vitro cholesterol biosynthetic reactions 2 °3. Squalene
and sterol carrier protein, or SCP, was originally thought
to be involved in cholesterol metabolism 8¢ and while this
contention has not been entirely ruled out 3°, this protein
has proven to be identical with Z-protein, also known as
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fatty acid binding protein3’. A second protein ®?, sterol
carrier protein one (SCP1), also known as supernatant
protein factor >3, appears to be a necessary participant in
the conversion of squalene to lanosterol. This activity
also requires exogenous phospholipids, supporting the
model of synthesis diagrammed in figure 1, which sug-
gests that a cytoplasmic lipid particle interacts with SCP1
to mediate proper orientational presentation of squalene
to other enzymes in the endoplasmic reticulum. Actual
binding of cholesterol to the protein has not been demon-
strated, suggesting that SCP1 is a misnomer. It appears,
however, that it is necessary for the proper trafficking of
at least one intermediate through the biosynthetic path-
way.

A third protein was identified by its impact on a number
of cholesterol biosynthetic reactions, particularly in the
conversion of lanosterol to cholesterol °!. This protein,
sterol carrier protein two (SCP2), appears not to be abso-
Iutely necessary for, but highly stimulatory to, these reac-
tions. SCP2 has been shown to be identical to non-
specific lipid transfer protein, previously isolated and
characterized ¥ 1% 6% 1% The tissue distribution of this
protein also suggests that it is involved in cholesterol
synthesis and steroidogenesis, the largest amounts being
found in liver (0.78 pg/mg) followed by intestine
(0.46 pg/mg). High concentrations are also seen in
steroidogenic tissues but most other cell types have rela-
tively low amounts (0.1 pg/mg)1°7.

SCP2 has been purified from a number of sources includ-
ing rat liver > 1% 119115 bovine liver 26, goat liver ®, hu-
man liver 116 and rat ovary 1%2, The SCP2’s isolated from
bovine and rat liver show greater than 90 % sequence
homology ¢7> 123. We have recently isolated from chicken
liver a 12,500 Da basic protein which reacts on Western
blots with antibodies directed against rat SCP2. The ami-
no acid composition of this avian protein, however, is
quite dissimilar to the bovine and rat SCP2’s. Sequence
and activity information regarding this protein should
prove invaluable to understanding its structure and func-
tion (Reinhart and Avart, unpublished observations).
SCP2 is a small protein, M, 12,500 Da, but it has previ-
ously been suggested that it is made as a 14 kDa precur-
sor protein which is subsequently trimmed ***. A cDNA
for rat SCP2 which contains the entire SCP2 sequence,
has recently been obtained and its structure suggests that
it is initially made as a 29 kDa precursor . In vitro trans-
lation products support the synthesis of a 29kDa
protein.

A curious but consistent result of antibody production
against SCP2 is the identification of a 5558 kDa protein
which is immunologically cross-reactive®®-107 111112,
Van Amerongen et al.!1®, in their study of liver samples
from patients with Zellweger’s syndrome, noted the vir-
tual absence of both 12.5kDa SCP2 and the 55kDa
SCP2-like protein. Further it was deduced from an anal-
ysis of normal liver that the 55 kDa form is restricted to
the peroxisomes while the low molecular weight form is
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cytoplasmic 18, More recent studies have demonstrated
the presence of both species in peroxisomes'!?. That the
55 kDa protein is related to SCP2 is supported by SCP2
sequence data®’ which discloses the presence of the
known peroxisome targeting sequence ala-lys-leu at the
carboxyl terminus. Recent studies suggest that the major-
ity of SCP2 is found in peroxisomes >°: 12, The physio-
logical importance of this finding is not known, but could
be related to the recently discovered ability of the peroxi-
some to synthesize cholesterol and perhaps bile acids >2.
Another site where SCP2 is frequently noted using
immunological probes, is on the inner mitochondrial
membrane. This is the site of side-chain cleavage as a
prelude to bile acid and steroid hormone production.
Chanderbahn et al.'®72% 1'% has implicated SCP2 in
steroidogenesis. Subcellular localization therefore sup-
ports the notion that a possible role of SCP2 in the
trafficking of cholesterol is in the diversion of sterol from
a default pathway which would otherwise take it to the
plasma membrane, to the inner mitochondrial membrane
for further metabolism. Analysis of SCP2-cDNA sug-
gests that SCP2 is made as a larger precursor protein, and
further, that among the elements removed during post-
translational processing of SCP2 are sequences which
share many features in common with known mitochon-
drial targeting sequences (J. T. Billheimer, personal com-
munication). This opens the possibility that a form of
SCP2 is directly recognized by and transported into the
mitochondrion.
The mode of action of SCP2 is unknown but it could
function by: 1) causing fusion of membranes; 2) influenc-
ing the off-rate of sterols from membranes; 3) acting as
a carrier by binding cholesterol directly; 4) bringing two
membranes into apposition, allowing the intermingling
of outer leaflet lipids without causing fusion. In vitro
assays have demonstrated the ability of SCP2 to facilitate
transfer of a wide variety of polar lipids between mem-
branes 10712, 18,26.69.110 1t however, does not cause the
transfer of triglycerides and cholesterol esters from the
liposomal core. This has been used as evidence that SCP2
does not act by causing membrane fusion. Highly puri-
fied SCP2 preparations do not contain cholesterol 1% por
does purified SCP2 bind cholesterol in in vitro experi-
ments 115, Thus its name ‘carrier protein’ might be a
misnomer. Rather than acting as a carrier, a more likely
mechanism for the action of SCP2 is in bringing together
two membranes to allow intermingling of outer leaflet
lipids. It has been noted that it is an amphipathic mole-
cule2® 77 with the termini being positively charged.
Thus, it could interact with two negatively charged mem-
branes, pulling them close together for sterol (and other
lipid) exchange''. Much work remains to be done to
elucidate SCP2’s true physiological role and mode of
action.
The cytoplasm of cells is known to contain lipid, includ-
ing cholesterol, in the form of lipid droplets. Loud and
Bucher ¢! identified at least two pools of cellular squalene
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and Chesterton 2! demonstrated that at least one pool is
cytoplasmic. In addition he found cholesterol ester pres-
ent in the cytosolic fraction. In a preliminary report, it
has been demonstrated that at least a portion of the
cytoplasmic lipid of rat liver is not in low density lipid
droplets, but in particles which behave in density gradi-
ents as high density lipoproteins®®. Arguably, these
could in fact be contaminating serum lipoproteins, how-
ever, such lipoprotein-like particles have also been de-
tected in plant cytoplasm and the cytoplasm of a number
of unicellular eukaryotes®>. Thus, it is conceivable that
cholesterol is trafficked by a lipoprotein-like particle be-
tween source and target membranes in the cell. An ideal
candidate for the up- and down-loading of such a particle
would be SCP2. The data presented above which sup-
ports vesicular transport?®“47-5* would also support
such lipoprotein-like transport. Carrying the analogy to
serum lipoproteins a step further, one could postulate
that these lipoproteins have ligands specific for receptors
found on various targets and that the receptive state of
these receptors is mediated by the lipid environment, thus
regulating delivery (fig. 2, panel C,). Obviously this is a
highly speculative suggestion, but one worthy of further
research.

Sterols and membrane dynamics

Sterols are nearly ubiquitous among eukaryotes while
almost universally absent from prokaryotes. The selec-
tive advantage imparted to eukaryotes by sterols is prob-
ably due to the impact on the structure of the plasma
membrane, based on its relative abundance there. Why
does the cell separate the site of sterol synthesis from its
ultimate membrane destination, thatis, why is sterol traf-
ficked so specifically? Does this separation in any way
influence membrane dynamics within the cell? The re-
mainder of this paper will explore these questions by
considering the effects of sterols on membrane properties
and by analyzing the evolution of sterols and intracellu-
lar membranes.

Sterol impact on membrane structure

The insertion of sterols into phospholipid bilayers has
profound impact on the properties of the bilayer: These
have been summarized by Bloom and Mouritsen !* as: 1)
the elimination of the gel-liquid phase transition, 2) the
retention of fluid-like characteristics over a wide temper-
ature range, 3) the retention of a fluid-like microviscosity
over a wide temperature range, 4) the reduction of area
compressibility resulting in greater cohesivity and re-
duced permeability and, 5) increasing membrane order,
thus causing membrane condensation and increased bi-
layer thickness. While cholesterol might be the most effi-
cient sterol in causing the above properties 2%, many
other sterols will elicit similar membrane properties. It
has been demonstrated that in order to have the maxi-
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Figure 3. Structures of membrane reinforcing molecules. Structures of
several major membrane sterols as well as the quasi-hopanoid tetrahy-
manol and the true hopanoid diplopterol are shown. Also shown is the
‘molecular fossil” hopane and bacteriohopanetetrol, a commonly found
hopane of diverse modern aerobic prokaryotes®”.

mum sterol-like effects on a membrane, sterol molecules
should have three basic properties: a) a 35-OH group; b)
a planar four-ring system with projections only from the
B face; and ¢) a hydrophobic ‘tail’ 12°, The major mem-
brane sterols of animals, fungi and plants indeed share
these properties (compared in fig. 3).

These benefits which are imparted to eukaryotic mem-
branes have long been assumed not to be enjoyed by
prokaryotes, since they do not contain sterols. Molecular
paleontologists, however, noted the presence of penta-
cyclic triterpenoids in crude oils, oil shales and coal de-
posits greater than 500 million years old and reasoned
that these ‘hopanes’ (fig. 3) might represent molecular
fossils of currently existing molecules 7 82, Analysis of a
diverse spectrum of prokaryotes has, in fact, confirmed
the widespread presence of bacteriohopanols®?. The
structure of a common member of this family is shown in
figure 3. In a number of respects, the bacteriohopanols
are similar to sterols. They are multiple-ringed structures
with a side chain and, like sterols, are rendered am-
phipathic by hydroxyl moieties. Thus, bacterial mem-
branes might benefit from ‘sterol-like’ effects due to the
presence of bacteriohopanols or other membrane rein-
forcers. Some fundamental differences from sterols must,
however, be considered. Most obvious is the fact that
hopanes are pentacyclic rather than tetracyclic. Another
striking difference is that the hydroxyl groups which ren-
der the hopane amphipathic are located on the side chain
rather than the A ring. This indicates that hopanes would
orient in phospholipid bilayers with the side chain to-
ward the outside of the membrane rather than the interi-
or. Finally, the methyl groups which project from the
ring system do so from both the « and § faces. While
sterol intermediates also contain projections from the «
face, these are not present on any major mature mem-
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brane sterol. Therefore, it would be expected that ho-
panols would exert a condensing effect on bacterial mem-
branes but that this effect would not be as dramatic as
that imparted to eukaryotic membranes by sterols. In-
deed, initial investigations into physical and chemical
properties have indicated that hopanols influence gel-
liquid phase transition, maintain fluid-like properties,
create fluid-microviscosity, give greater cohesivity and
reduced permeability and cause membrane condensa-
tion ® 4% 7¢_The extents to which these effects are elicited
by hopanols, however, are less dramatic than those elicit-
ed by the major sterols .

Not all prokaryotes contain hopanols. In those which do,
they appear to be essential >*. In many of those which do
not, other membrane ‘reinforcers’ are present including
bicyclic retinols. Interestingly, these molecules are all
derivatives of terpenes’®. Based on an apparent sequen-
tial phylogenetic appearance of terpene-derived mem-
brane-reinforcing molecules, Ourrison et al.”® developed
an appealing scheme for the evolution of squalene cycliz-
ing enzymes. There are examples of bacteria in which no
membrane reinforcer has yet been identified, but it is
believed that further scrutiny will reveal such molecules.
Any hypotheses concerning the role of sterols in mem-
brane dynamics in eukaryotes must be tempered, there-
fore, by a consideration of similar roles performed by
bacteriohopanols and other membrane reinforcers in
bacteria. But what are the roles of sterols in plasma
membranes, and if both prokaryotes and eukaryotes con-
tain ‘reinforcer’ rich outer membranes, what drove the
development of sterol poor intracellular membranes
which are free of sterols, but which, paradoxically, syn-
thesize sterols? Perhaps a more pertinent way in which to
ask the question is: what selective advantages were im-
parted by membrane reinforcers to those organisms
which first developed them during the course of evolu-
tion? An hypothesis is presented here which relates the
development of effective membrane-reinforcing mole-
cules with the evolution of cells with intracellular mem-
branes devoid of those same molecules. This hypothesis
is shown diagramatically in figure 4.

During prebiotic evolution, it is postulated that organic
molecules were formed through the action of physical
and chemical forces’2. The products formed by these
processes constituted a ‘primordial soup’ of organic
products. The evolution of efficiently catalyzed intercon-
version of these molecules, however, awaited the devel-
opment of a means to maintain locally high concentra-
tions of substrates to drive conversion. This could have
been accomplished by the appearance of the first mem-
branes. Such lipid membranes would have acted as a
barrier to free diffusion, thus retaining molecules in a
limited volume for conversion by primitive enzymes. The
appearance of the first membranes, however, might also
have presented problems. For instance, molecules in the
‘primordial soup’ on the exterior of the membrane would
have to cross the barrier in order for the primitive cell to
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Figure 4. Possible role of membrane reinforcing molecules in guiding the
evolution of the dynamic membrane system of modern eukaryotes. The
appearance of primitive membranes (A) in the ‘primordial soup” would
have been of great selective advantage since this membrane would have
allowed locally higher concentrations of substrates and of primitive en-
zyme systems, thus driving sequential reactions faster than in the uncon-
tained, dilute ‘soup’. To take maximum advantage of external nutrients
and to expel toxic byproducts, the primitive lipid membrane would have
been, by necessity, relatively permeable. The evolution of an efficient
mechanism to insert proteins into membranes, plus the evolution of
transport properties by these proteins (B) would have reduced the need
for a high degree of permeability of the lipid aspect of the membrane. In
turn, this could have fostered the appearance of the first membrane
reinforcing molecules, which condensed and thickened the membrane
(shown by line thickening) thus reducing permeability. The evolution of
membrane reinforcers which virtually eliminate the permeability of the
lipid aspect would put the regulation of the internal milieu totally under
control of transport proteins (C). Such tight membranes, however, may
have proven disadvantageous. In fact, one consequence of membrane
reinforcement might be the prevention of spontaneous membrane protein
insertion. Thus, increasingly efficient membrane reinforcement may have
led to a bottleneck at B. This bottleneck could be removed if protein
translocation is preserved on a membrane of low reinforcer content.
Thus, the evolution of sterols, which are highly efficient phospholipid
bilayer condensing agents, might have necessitated the co-evolution of a
specific low cholesterol intracellular membrane, the endoplasmic reticu-
lum, as a protein translocatory site (D). A separation of protein translo-
cation site from the permeability barrier would therefore represent an
alternative route to get around the bottleneck at B. Introduction of the
transport protein to a high sterol environment would occur by increasing
the sterol content of the membrane after its insertion, possibly upon
fusion with the plasma membrane. This might in fact activate the
protein '3,

make use of them. Any by-products of conversion which
proved toxic to other enzymatically catalyzed processes
would poison the ‘cell’ unless they could also cross the
barrier in the opposite direction. The advantageous
properties of the lipid membrane which allowed interme-
diates (and the primitive enzymes themselves) to be re-
tained in a limited area during conversion, therefore
greatly enhancing the overall rate at which primitive met-
abolic pathways proceeded, had to be balanced against
the ability of the membrane to admit potentially useful
molecules and expel toxic by-products. Thus, by necessi-
ty, the earliest membranes, would have been relatively
permeable.

Another major landmark in the evolution of membranes
would have been the introduction of a new aspect to
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the membrane: protein. This would have occurred with
the advent of a reliable mechanism for insertion of
proteins into the hydrophobic bilayer, such as by the
‘helical hairpin mechanism 32, or other possible mecha-
nisms 98- 83.97.121.124 " quch membrane proteins would
have imparted an extreme selective advantage on the
organism if, once in the membrane, they ‘catalyzed’ the
selective and directional transport of specific molecules.
Cells endowed with such transport proteins would be
able to take full advantage of extracellular nutrients
while being able to more rapidly expel by-products. With
the development of this ability, the cell was released from
the constraints of a relatively permeable lipid bilayer.
Therefore, the earliest membrane reinforcing molecules,
such as bicyclic retinols, could appear. Hopanols, which
are more efficient at membrane condensation probably
did not arise until after the appearance of oxygen in the
atmosphere since they have never been found in a strict
anaerobe (although their synthesis does not require oxy-
gen). This suggests that the evolution of modern mem-
branes was driven by the co-development of increasingly
efficient and selective transport proteins and increasingly
less permeable lipid aspects. Combined, these properties
provide greater control over the intracellular milieu.

Although it is tempting to postulate that the lipid aspect
might continue to evolve until it is nearly impermeable,
such a progression might also be disadvantageous. Dur-
ing the initial evolution of transport proteins, the sponta-
neous translocation of these proteins occurred in a rela-
tively permeable membrane and possibly through direct
interaction with membrane lipids as has been pro-
posed®®. The appearance of membrane-reinforcing
molecules which rendered the lipid aspect of the mem-
brane increasingly more impermeable to small molecules,
surely would have impeded the translocation of much
larger molecules such as transport or secretory proteins.
Thus, modern bacteria may have balanced the degree of
membrane condensation by relatively ineffective rein-
forcer molecules against the need to translocate mem-
brane and secretory proteins efficiently. Assuming this is
true, how have eukaryotes developed the more efficient
membrane condensing sterols, while maintaining the
ability to effectively translocate proteins? The evolution-
ary answer appears to have been a separation of the
functions. The appearance of oxygen in the atmosphere
was followed by the oxygen-dependent synthesis of
sterols, whose ability to render phospholipid bilayers ef-
fective permeability barriers was far greater than their
ancestral hopanol counterparts. Since the degree of
membrane condensation afforded by sterols might pre-
clude the plasma membrane from being active in protein
translocation, this function could have been preserved on
an intracellular membrane of low sterol content (and
which has no need to be an efficient permeability barri-
er). This represents the very essence of eukaryotic exis-
tence: compartmentation. While it seems paradoxical
that sterol should be synthesized on a membrane which
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is sensitive to its presence, it is probable that such a
situation would result in the evolution of the most sensi-
tive regulatory responses. Thus one would predict that
the permeability barrier benefits would be reflected by a
high sterol content in the plasma membrane, as has been
documented. Conversely, one would predict from this
hypothesis, that protein translocation would not occur
primarily at the plasma membrane, as in prokaryotes,
but on sterol-poor internal membranes, which has also
been documented. This hypothesis provides a possible
answer to the question ‘why is sterol trafficked?. Fur-
ther, it suggests that aqueous diffusion as a sole mecha-
nism is improbable since it would not be rapid enough to
ensure maintenance of low sterol content in the ER. Any
other of the mechanisms elaborated in figure 2 are com-
patible with the hypothesis.

From the preceding argument, one would suppose that
eukaryotes would have elaborate means to adjust choles-
terol synthesis to balance with plasma membrane growth
and maintenance needs. This is indeed the case and is
accomplished in large part by altering the amount of the
major regulatory enzyme, HMG-CoA reductase at tran-
scriptional, translational and post-translational lev-
elg16-62.73.74.96, 103,104 Bingynthesis, however, is not
the only source of sterol in many eukaryotic cells.

" Endocytosis, most notably of the receptor-mediated type

in higher animals, can be a major sterol source'®. One
would, therefore, expect that mechanisms would be pres-
ent to limit the amount of cholesterol taken up from
outside the cell. Again, the down-regulation of LDL re-
ceptors, has been elegantly demonstrated to accomplish
this 16,

Still, if excess cellular sterol would have adverse impact
on the ability of the cell to synthesize and translocate
membrane and secretory proteins, one might further pos-
tulate the presence of ER mechanisms to protect against
the sterol. In fact, Reinhart et al. #* have postulated that
this is the role of the enzyme Acyl CoA :Cholesterol Acyl-
transferase (ACAT), an ER enzyme, which in at least
some species (e.g., rat) is restricted specifically to the
RER. This enzyme esterifies free cholesterol rendering it
more stable in a highly hydrophobic domain. Therefore,
by the action of this enzyme, it is believed that free
cholesterol is removed from ER membranes and local-
ized to the interior of cytoplasmic lipid droplets. In the
lipid droplet, ester hydrolysis can lead to the formation
of free cholesterol which again becomes substrate for
ACAT. This cholesterol ester cycle is now firmly estab-
lished and morphological details have been examined 54,
Even in a ciliated protozoon, Tetrahymena, which does
not synthesize sterols, but rather a quasi-hopanoid, te-
trahymanol, and a true hopanoid, diplopterol (fig. 3), the
enzymatic machinery to respond to, metabolize, and es-
terify cholesterol is found ®. Thus, in response to exoge-
nous cholesterol, tetrahymanol biosynthesis is curtailed
and cholesterol (or its metabolites) is incorporated into
the membrane in its place. Any cholesterol which is in
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excess of membrane synthesis requirements is converted
to cholesterol ester by an ACAT enzyme similar enough
to the mammalian ACAT that it is inhibitable by Sandoz
compound 58-035, a mammalian ACAT inhibitor, and is
stored in cytoplasmic lipid droplets®.

Many prokaryotes metabolize sterols to more water sol-
uble products through hydroxylation reactions and by
side chain cleavage, possibly to remove them from mem-
branes. Interestingly, these are the mechanisms used by
mitochondria in order to generate bile acids and steroid
hormones. If the mitochondrion did arise through en-
dosymbiosis as has been hypothesized 3, then it might
have been forced to deal with eukaryotic sterols by these
same reactions. The eukaryotic cell response could have
been to utilize these more water-soluble steroids as hor-
mones and emulsifying agents. It is equally interesting
that ferns and some higher plants contain hopanoids and
hopanoid-like compounds 7®. It is necessary to determine
if the source of these compounds is the plant chloroplast,
since this would also support an endosymbiotic origin.
Cyanobacteria, from which chloroplasts are believed to
have arisen, do in fact synthesize hopanoids®’.
Recently, a mutant of E. coli which is defective in the
biosynthesis of negatively charged phospholipids was de-
scribed 27, At non-permissive temperatures, protein se-
cretion was severely impaired in this mutant. A fascinat-
ing side effect of this response is the massive proliferation
of intracellular membranes: mesosomes. This mutant
therefore, might afford some important insight on how
membrane lipid and protein synthesis/translocation are
co-regulated during the generation of cellular mem-
branes.

Summary

A number of studies of subcellular sterol distribution
have indicated the relative richness in sterol of the plasma
membrane although intracellular membranes are sterol
poor. Interestingly, sterol synthesis proceeds in mem-
branes of low sterol content. Thus, sterol must be moved
from the site of synthesis to target membranes, While no
mechanism has been firmly established, kinetics support-
ive of vesicular mediated transport have been obtained
and sterol transfer proteins have been characterized. The
translocation of proteins across the relatively uncon-
densed membrane of prokaryotes, coupled with the seg-
regation of protein translocatory membranes to the cell
interior away from the highly condensed plasma mem-
brane in cukaryotes, suggests that membrane condensa-
tion caused by sterols may have been a driving force in
the evolution of an intracellular membrane system.

Abbreviations used: ACAT, Acyl CoA:cholesterol acyltransferase; c/p
cholesterol/phospholipid; ER, endoplasmic reticulum; HMG-CoA re-
ductase, 3-hydroxy-3-methylglutaryl Coenzyme A reductase; RER,
rough endoplasmic reticulum, SCP, squalene and sterol carrier protein;
SCP1 and SCP2, sterol carrier protein 1 and 2; SER smooth endoplasmic
reticulum; SPF, supernatant protein factor.
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Glycolipid transfer protein and intracellular traffic of glucosylceramide

T. Sasaki

Department of Biochemistry, Cancer Research Institute, Sapporo Medical College, South-1, West-17,

Sapporo 060 (Japan)

Summary. Glycolipid transfer protein (GL-TP), a nonglycosylated protein with a molecular weight of 22,000 K, has
been purified from pig brain. The protein transfers, by a carrier mechanism, glycolipids with a B-glucosyl or
f-galactosyl residue directly linked to either ceramide or diacylglycerol. GL-TP appears to be present in most animal
cells, and evidence has been obtained which indicates that it is a cytoplasmic protein. Little is known about the
function of GL-TP. Current evidence indicates that glycosphingolipid glycosylation occurs at the luminal side of the
Golgi apparatus, except for the glucosylation of ceramide, which has been shown to occur at the cytoplasmic side
of the Golgi or endoplasmic membrane. It appears most likely that GL-TP participates in the intracellular traffic of

glucosylceramide.

Key words. Glycosphingolipid; topography of glycolipid glycosylation; the Golgi apparatus; glucosylceramide;

monensin; glycolipid transfer protein.

Intracellular location of glycosphingolipids and of enzymes

of glycosphingolipid biosynthesis

Glycosphingolipids are localized predominantly, if not
exclusively, in the outer leaflet of the plasma mem-
brane>'. It is now known that the glycosylation of gly-
cosphingolipids occurs by the sequential addition of
monosaccharides from sugar nucleotides to an acceptor,
and is catalyzed by glycosyltransferases located in the
Golgi membrane 2025 3%:37:42:50 " Although the local-
ization of glycolipid glycosyltransferases in specific

cisternae in discrete parts of the Golgi apparatus has not

been investigated experimentally one might expect, by
analogy with glycoprotein glycosyltransferases 8 38,
that such a localization does occur. The sequential glyco-
sylation of one glycosphingolipid to the next higher ho-
mologue involves a very small pool of intermediates
which does not mix with the main pool of cellular gly-
cosphingolipids *!. Current evidence indicates that the
small pool of intermediates is located in the Golgi appa-
ratus. It is assumed that the endoplasmic reticulum is the
site of ceramide biosynthesis, since fatty acid incorpora-
tion generally occurs in the endoplasmic reticulum.

Transport of glycosphingolipids from the Golgi apparatus
to the plasma membranes

Very little is known about the mechanism of glycosphin-
golipid transport from the site of synthesis to the plasma
membrane. Dower et al.'” examined the kinetics of gan-
glioside transport from an intracellular site of synthesis
to the plasma membrane in cultured cells. These authors
distinguished surface and intracellular gangliosides by
oxidizing cell surface gangliosides with sodium periodate
and reacting the oxidized gangliosides with dinitro-
phenylhydrazine. It was found that the transfer of gan-
gliosides from the site of synthesis to the cell surface
required approximately 20 min. A variety of drugs, in-
cluding inhibitors of protein synthesis and energy
metabolism, modulators of cytoskeleton, and monensin,
had no effect on the transport of newly synthesized GD,,
ganglioside to the plasma membrane 2. Only low tem-
perature effectively blocked the translocation. It appears
that vesicular transport?*:3?® is the most likely mecha-
nism for the transport of glycosphingolipids from the site
of synthesis to the plasma membrane 32. According to the
vesicular transport model, glycosphingolipids are trans-



