
In 1992 a new adhesion deficiency syndrome was
described in two unrelated Arab boys, then 3 and 5
years old, each the offspring of a consanguineous
mating (1, 2). Both subjects showed severe psy-
chomotor and growth retardation and a distinctive
facial appearance characterized by a flat face with a
depressed nasal bridge, antiverted nostrils, and long
eyelashes. They also had recurrent infections with
marked neutrophilia and periodontitis. The children
were found to have the rare Bombay blood phenotype,
wherein the red cells express a nonfucosylated variant
of the H antigen. Also missing from their red cells was
another set of fucose-containing surface molecules,
the Lewis blood group antigens, such as sialyl Lewis
X, which is an important ligand for selectins on leuko-
cyte surfaces.

Because the features observed differed from those of
a previously described leukocyte adhesion deficiency
(LADI, which arises from mutations in the gene
encoding the integrin β2 subunit), the new syndrome
was designated LADII. The infectious symptoms in
LADI are much more serious, but the patients do not
suffer from the severe psychomotor and growth retar-
dation seen in LADII. In vivo and in vitro studies also
showed differences between the two LAD syndromes.
Leukocytes from LADII roll on activated endothelial
cells at only 20% the rate of control and LADI cells.
Transmigration through the endothelium, converse-
ly, is normal in LADII but severely impaired in LADI.
These studies showed the importance of selectin
interactions with sialyl Lewis X in leukocyte rolling,
the first phase of the adhesion cascade. See Becker
and Lowe for a detailed review of the clinical symp-
toms in LADII (3).

More recently, LADII has been described in a Turk-
ish child whose parents are from the same small vil-
lage and therefore may be distantly related (4). This
new subject, too, showed an absence of fucosylated
macromolecules and shared many clinical symptoms
seen in the Arab children with LADII, although he
differed in exhibiting severe intrauterine growth
retardation and a more pronounced immunodefi-
ciency, which required continuous antibiotic pro-
phylaxis (4).

A global defect in fucose-glycoconjugates in LADII
Fucose, bound via different linkages, is present on mul-
tiple blood group antigens, some of which are known
to play a role in endothelial cell adhesion. Because the
various fucosyltransferases, the enzymes that carry out
fucose transfer to sugars, are highly specific for the
structure of the linkage they generate, the global defect
seen in LADII patients is unlikely to result from simul-
taneous defects in multiple transferases. Indeed, there
is direct evidence that these enzymes are normal in
LADII cells, suggesting that the defect in fucose metab-
olism lies upstream (4, 5).

As can be seen in Figure 1, the events in this pathway
that lie upstream of fucosylation include the synthesis
of the fucose donor, GDP-fucose, and the transport of
this nucleotide sugar from its site of synthesis in the
cytosol into the lumen of the Golgi apparatus, where
fucose is transferred to macromolecules. GDP-fucose
may arise either from GDP-mannose, probably the
major pathway, or from free fucose. In LADII, the GDP-
D-mannose 4,6 dehydratase, an enzyme involved in de
novo GDP-fucose synthesis from GDP-mannose, is
normal in sequence and expression level (6, 7). GDP-
fucose synthesis from free fucose via a so-called salvage
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nFigure 1n

Mechanism of the Golgi membrane GDP-fucose antiporter. GDP-fucose is
synthesized in the cytosol from either GDP-mannose (probably the major
pathway) or from free fucose. The nucleotide sugar is then transported via
the GDP-fucose transporter into the lumen of the Golgi apparatus, where
specific fucosyltransferases add fucose to a variety of glycoproteins and gly-
colipids. GDP, the other reaction product, is converted by a lumenal nucle-
oside diphosphatase to GMP and inorganic phosphate. The former is
exported to the cytoplasm through an antiport mechanism that is coupled
with GDP-fucose transport, whereas the latter is postulated to leave the
Golgi lumen via a specific channel, GOLAC (23). Fucosyl-T, fucosyltrans-
ferases; Pi, inorganic phosphate.



pathway also appears to be normal in LADII patients
(8). Thus, the most attractive model for a molecular
defect in fucosylation involves decreased availability of
GDP-fucose within the Golgi lumen.

As can be seen in Figure 1, two proteins are critical for
the nucleotide sugar transport cycle that provides
GDP-fucose to enzymes in the lumen of the Golgi.
These are the Golgi membrane GDP-fucose transporter
itself and the intrinsic Golgi membrane protein nucle-
oside diphosphatase, which generates GMP from the
released GDP. The transporter couples the import of
GDP-fucose transport into the Golgi lumen with the
export of GMP into the cytoplasm. Luebke et al. (9)
confirmed that Golgi GDP-fucose transport activity is
specifically defective in the cells of the Turkish child, a
result that has been confirmed in one of the Arab
LADII subjects (8); nucleoside diphosphatase activity
is not affected in the cells from these patients.

The biochemistry of Golgi nucleotide transport
The Golgi membrane GDP-fucose transporter is part
of a group of novel Golgi nucleotide transporters. A
requirement for transporters of nucleotide sugars,
nucleotide sulfate, and ATP in the membrane of the
Golgi apparatus became apparent with the realization
that glycosylation, sulfation, and phosphorylation of
most secreted and membrane proteins, proteoglycans,
and glycosphingolipids occurs in the Golgi lumen.
Because most nucleotides used for the above post-
translational reactions are synthesized in the cytosol,
they must be transported into the Golgi lumen prior to
their use as substrates in posttranslational modifica-
tions. Studies in vitro, mostly with Golgi vesicles from
rat liver, mammary gland, and yeast, have shown that
transport of the nucleotide solutes is organelle-specif-
ic and that the entire nucleotide derivative enters the
Golgi lumen through transporters with Km’s in the
range of 1–10 µM (10, 11). The nucleotide derivatives,
including GDP-fucose, become concentrated in the
lumen of the Golgi vesicles. Nucleotide import does
not require ATP for energy but is linked to the export
of the corresponding nucleoside monophosphate, as is
seen in the pathway in Figure 1, where the transporter
is specific for GDP-fucose and GMP.

The human GDP-fucose transporter was recently
cloned by complementation of cells derived from LADII
patients (12, 13) and the molecular defect of LADII was
localized to the transporter protein per se. This highly
hydrophobic protein is predicted to contain 364 amino
acids and to span the membrane multiple times. This
predicted size is in good agreement with that of a rat
liver protein of 39 kDa that had previously been puri-
fied as the GDP-fucose transporter (14).

Sequencing of transcripts of one patient of Turkish
and two of Arab origin (12, 13) showed different point
mutations in the coding regions. In the Turkish
patient, a C-T transition at nucleotide 1048 caused a
change of arginine to cysteine at amino acid 147, in the
putative fourth transmembrane domain. In the Arab
patients, a C-G transversion at nucleotide 1532 leads to
a threonine-to-arginine change at amino acid 308 in
the putative ninth transmembrane domain. In a sepa-

rate study (15) an additional patient of Arab origin was
found to have the same mutation as the above Arab
patients. Consistent with a simple recessive Mendelian
inheritance, all patients were homozygous for their
mutation, whereas all parents were heterozygous.

The fact that the mutations of the Turkish and Arab
children are different may help explain the clinical dif-
ferences between the two groups of patients, particu-
larly their response to oral fucose therapy (8, 16, 17).
Whereas the Turkish child showed increased expres-
sion of certain fucosylated ligands and improved in
clinical symptoms except mental retardation following
fucose therapy (16), the Arab children did not, even
when treated with the same protocol as the Turkish
child (8, 17). One might speculate that the mutation in
the Turkish child decreases the transporter’s affinity
for GDP-fucose. Increasing the cytosolic concentration
of fucose following administration of this sugar leads
to increased synthesis of the nucleotide sugar, perhaps
allowing for some transport of GDP-fucose despite the
decreased affinity of the mutated transporter for this
substrate (Figure 1). The disease allele seen in the Arab
children encodes a protein with wild-type affinity for
GDP-fucose but decreased activity as a transporter,
which may explain why fucose supplementation is not
beneficial for these individuals (8, 17).

Cellular consequences of Golgi transport defects
Two lines of evidence suggest that transport of
nucleotide derivatives into the Golgi lumen regulates
which macromolecules undergo posttranslational
modifications in the Golgi lumen. First, my group has
characterized a mutant Madin-Darby canine kidney
(MDCK) cell line with a 2–5% residual transport activ-
ity of UDP-galactose and a consequent loss of galactose
incorporation into glycoproteins, glycolipids, and ker-
atan sulfate proteoglycans, which contain large quan-
tities of galactose in their associated glycosaminogly-
can (GAG) chains. Chondroitin sulfate and heparan
sulfate proteoglycans also contain galactose, but the
sugar is found only in the linkage region to the protein,
not in the disaccharide repeats that make up the bulk
of the GAG chains, and these classes of proteoglycans
are not reduced in the mutant cell line (18). One
hypothesis for this phenotype holds that the Km’s for
galactosyltransferases of the latter proteoglycans are
lower than those for other galactosylation reactions:
this would then lead to their preferential galactosyla-
tion when supply of nucleotide sugar becomes limiting.
We speculate that a similar effect permits some degree
of selective fucosylation of macromolecules when cells
from LADII patients are grown in the presence of
fucose — and when the Turkish child was administered
fucose orally. In this instance, some fucosylated epi-
topes, including leukocyte P-selectin ligands, reap-
peared, while others, such as the H blood group epi-
tope, did not (16).

A second line of evidence supports regulation of post-
translational modifications at the level of the trans-
porter/antiport cycle. Because transport of nucleotide
derivatives into the Golgi lumen is coupled to counter-
transport of the corresponding nucleoside monophos-
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phate (19), the cycle depends on the continuous pro-
duction of nucleoside monophosphates. Although ear-
lier studies had detected nucleoside diphosphatases in
the lumen of mammalian Golgi apparatus, direct evi-
dence for the in vivo role of the nucleotide sugar trans-
port/nucleoside monophosphate antiport cycle comes
from experiments with Sacchasomyces cerevisiae in which
the Golgi GDPase gene (GDA1) was deleted. The null
mutant showed severely decreased in vitro transport
into Golgi vesicles of GDP-mannose (20), a nucleotide
sugar that is transported into Golgi vesicles of some
eukaryotes, but not mammals. While all glycoproteins
and glycolipids in the S. cerevisiae gdal null mutant
showed impaired mannosylation of the Golgi mannan
chains, some proteins had chains that were consider-
ably shorter than others, indicating differential man-
nosylation. Again, this is probably the result of differ-
ent affinities of the various mannosyltransferases for
GDP-mannose, an effect that is only observed because,
with low levels of lumenal GMP and reduced antiporter
function, the nucleotide sugar becomes limiting for
certain of the biosynthetic enzymes (20).

Mammalian mutant cells defective in transport of
specific nucleotide sugars have been isolated based on
their resistance to lectin cytotoxicity (10). Subse-
quently, nucleotide sugar transport mutants were
found in other eukaryotes including yeast, plants,
Leishmania donovani (21), and, more recently,
Caenorhabditis elegans (22) and Drosophila melanogaster
(23). All these mutants have a severe reduction of the
corresponding sugar in their macromolecules, due to
defective transport of a sugar nucleotide (10). The L.
donovani mutant is deficient in transport of GDP-
mannose into the Golgi apparatus, a function which
does not occur in mammals (10). The mutation
results in a deficiency in lipophosphoglycan, a com-
plex mannosylated glycolipid on the cell surface,
whose absence renders the mutant avirulent. The C.
elegans mutants have point mutations in the SQV-7
gene, which encodes a novel transporter for UDP-glu-
curonic acid, UDP-N-acetylgalactosamine, and UDP-
galactose (22). SQV-7 plays a pivotal role in epithelial
invagination and early embryogenesis. The mutants,
which have a squashed vulva phenotype, accumulate
reduced levels of chondroitin and heparan sulfate,
due to a deficiency in Golgi transport of the
nucleotide sugar substrates required for their synthe-
sis. In D. melanogaster the fringe connection gene (frc)
encodes a nucleotide sugar transporter for UDP-glu-
curonic acid and UDP-N-acetylglucosamine (23).
These nucleotide substrates are essential for the syn-
thesis of heparan sulfate chains involved in
Wnt/Wingless, Hedgehog, and FGF signaling, as well
as for the fringe protein-dependent glycosylation of
Notch, a modification that is involved in several sig-
naling pathways in metazoans. These studies in lower
and higher eukaryotes demonstrate that posttransla-
tional modifications of most secreted and membrane
proteins and glycosphingolipids can be profoundly
affected by genes encoding proteins of the transport
cycle (10) and illustrate their functional conservation
during evolution.

Structure and function of the Golgi nucleotide
transporters
To date several of the Golgi nucleotide transporters
have been cloned. They are all multitransmembrane,
hydrophobic proteins that appear to assemble as
homodimers. These proteins can share as much as 50%
or 60% primary amino acid sequence identity while
exhibiting distinct substrate specificities. On the other
hand, transporters from different organisms that share
as little as 20% amino acid sequence identity can exhib-
it identical nucleotide sugar transport specificities. For
example, the transporter for UDP-N-acetylglucosamine
from MDCK cells was cloned by correcting a yeast
mutant in this transport, indicating that targeting of
these proteins to the Golgi and functionality are con-
served through evolution (11). Yeast, which expresses
few endogenous transporters, provide a useful expres-
sion system in which to determine the substrate speci-
ficity of putative transporters. The Golgi vesicles from
the heterologously transformed yeast can be then
assayed for transport of different nucleotide sugars (11).

Searching for novel diseases of nucleotide
transport
Predicting the cellular or organismal phenotype of a
defect in transporter function is complicated for sever-
al reasons. First, as seen in the case of LADII, the effects
may be pleiotropic, leading to major pathological con-
sequences in many organ systems. Conversely, some
nucleotide derivatives may be imported into Golgi
apparatus of different tissues by more than one trans-
porter, in which case mutations in specific transporters
may be difficult to detect.

Assuming that GDP-fucose transport is only due to
one transporter in humans and that there is only one
transporter for CMP–sialic acid, UDP-N-acetylgalac-
tosamine, and PAPS, we speculate that mutants defi-
cient in any of these activities will lead to a clear defect
in glycan synthesis, and thus may be somewhat more
easily detected than mutants in other transporters. For
example, mutants partially deficient in CMP–sialic acid
transport may show abnormal patterns of isoelectrofo-
cusing mobility of transferrin, may have reduced sialyl
Lewis X antigens, and may have reduced levels of other
sialoglycoproteins and/or gangliosides and lower serum
half-lives of the former. Should the above phenotypes
be observed, it would be reasonable first to assay
CMP–sialic acid levels and then (absent evidence for a
defect in the biosynthesis of this molecule) to focus on
the relevant nucleotide sugar transporters. Similarly, a
partial defect in UDP-N-acetylgalactosamine transport
may be suspected in individuals with H blood group
antigens (which lack N-acetylgalactosamine) if either of
their parents is of the AA or AB blood group type, since
the A antigen has N-acetylgalactosamine. The synthesis
of the N-acetylgalactosamine–containing Forssman
antigen and of the secreted polymer mucin would also
likely be deficient in such individuals. Similarly, a
decrease in PAPS transport should result in a general
hyposulfation, including a decrease in sulfo-Lewis struc-
tures as well as decreased sulfated proteoglycans, includ-
ing but not limited to heparan sulfate, heparin, and
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chondroitin sulfate. Possible coagulation defects are
also likely to occur because of the role of sulfation in
heparin function.

The availability of the complete human genomic
sequence may provide complementary means to iden-
tify possible transporter defects. Once functions are
attributed to the different putative Golgi nucleotide
transporters of the human genome, sequencing of
these genes in patients with broad clinical symptoms
such as LADII may help in identifying additional cases
of Golgi nucleotide transporter diseases — diseases that
are likely to occur and perhaps to be treatable with sim-
ple dietary supplementation, but that have been impos-
sible to diagnose so far.
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