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Introduction°°

The diversity of carbohydrate structures both amazes and
overwhelms us, as does the diversity of the enzymes that are
responsible for their synthesis. Cells express only a limited
subset of the glycosyltransferases and glycosidases that are
available to them, and do so in tissue-specific and spatially-
specific patterns. In this regard, how particular enzymatic
components of the glycosylation apparatus become and
remain segregated in specific subcellular organelles is
a question that impacts on issues ranging from cell biology
to pharmaceutical development. Clearly, amino acid
sequences contained within and adjacent to the transmem-
brane domain are responsible, at least in part, for the selec-
tive retention of specific glycosyltransferases to the Golgi
compartments. The specific amino acid residues that are
required, and how they cooperate with cytosolic proteins to
localize unique glycosyltransferases to defined membrane
organelles continues to be an area of intense study [1—3].

Compounding this complexity of glycosyltransferase ex-
pression, are studies that show that some glycosyltrans-
ferases are localized on the plasma membrane in addition to
their conventional Golgi location [4, 5]. This prompted the
hypothesis that glycosyltransferases may function as cell
adhesion molecules by binding their complementary
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oligosaccharide substrates on adjacent cell surfaces or in the
extracellular matrix [6, 7]. Since sugar nucleotides are nor-
mally not present in the extracellular fluids, it was presumed
that the surface-localized glycosyltransferase-oligosacchar-
ide complex would form a stable adhesive bond. It remains
possible, however, that cells could make a suitable sugar
donor available to catalyze the reaction, thus dissociating
the adhesive complex if desired [8, 9].

Whether, in fact, glycosyltransferases are constituents of
the cell surface remained unclear for some time, as it was
difficult to eliminate completely all possible contamination
from intracellular sources (for review, see [4, 5]). As has
been discussed previously, a wide variety of observations
confirm the presence of a few specific glycosyltransferases
on the cell surface, most notably b1,4-galactosyltransferase
(GalTase). The evidence supporting this includes the obser-
vations that GalTase can be detected on the surface of
specific cell types at the light, confocal, and electron micro-
scopic levels through the use of monospecific polyclonal
and monoclonal antibodies raised against affinity-purified
and/or bacterially-expressed, recombinant proteins [10—19];
that preparations of purified plasma membranes possess
GalTase enzyme activity that cannot be attributed to Golgi
contamination [12, 20]; as well as by a number of other
observations that have been discussed extensively [4, 5].

Cell surface GalTase functions as a cell adhesion
molecule during fertilization and development

The realization that GalTase is indeed present on the cell
surface led to an analysis of surface GalTase function.
A wide range of GalTase-specific perturbants, including
competitive GalTase substrates, antibodies raised against
affinity-purified recombinant GalTase, GalTase modifier
proteins, exoglycosidase pretreatments, and others, suggest
that GalTase can function as a cell surface receptor for
extracellular glycoside ligands, thereby facilitating selected



538 Shur et al.
Figure 1. GalTase is restricted to the dorsal, anterior aspect of the sperm plasma membrane, where it is masked by epididymally-derived
lactosaminoglycans. After capacitation, these glycosides are shed from the sperm surface, exposing GalTase, making it available to bind its
N-acetylglucosamine-terminating ligand on the egg coat. Multivalent oligosaccharide chains cross-link GalTase, which triggers activation of a hetero-
trimeric G-protein complex that associates directly with the GalTase cytoplasmic domain. The resulting acrosome reaction releases hydrolytic
enzymes, including N-acetylglucosaminidase, which aids sperm penetration through the egg coat by removing potential binding sites for sperm-
localized GalTase.
cellular interactions. The ability of a variety of reagents, all
of which have different modes of action, but all of which are
GalTase-specific, to inhibit cell—cell and cell—matrix interac-
tions strongly supports the hypothesis that surface GalTase
functions as a cell adhesion molecule (for review, see [4, 5]).
This hypothesis has been confirmed by the ability to ma-
nipulate, both positively and negatively, GalTase expression
on the cell surface in transfected cells as well as in transgenic
animals [18, 21—26].

The initial studies focused on surface GalTase function
during homotypic intercellular adhesions [4, 5]. However,
the best studied systems suggest that surface GalTase func-
tions as a receptor for oligosaccharide ligands in the extracel-
lular matrix, most notably during sperm binding to the egg
coat and during cell interactions with the basal lamina.

Sperm GalTase function during murine fertilization

A number of laboratories have reported that sperm GalTase
functions as a gamete receptor during mouse fertilization by
binding to oligosaccharide ligands in the egg coat, or zona
pellucida [27—31]. GalTase is found on the surface of mouse
sperm in the expected location for a zona receptor — a dis-
crete domain on the dorsal, anterior aspect of the sperm
head, where it behaves as an integral membrane protein
[11]. In the cauda epididymis, polylactosaminoglycans are
secreted that bind sperm, thus masking the GalTase active
site. During capacitation, these competitive glycoconjugates
are shed from the sperm surface, making GalTase available
to bind its oligosaccharide ligand in the zona pellucida
[27, 28] (Figure 1).

The importance of GalTase in sperm—zona binding has
been demonstrated using a series of reagents that block
GalTase or the GalTase recognition site on the zona pellu-
cida, all of which inhibit sperm-zona binding [11, 27—29].
The sperm GalTase ligand, or substrate, in the zona has
been identified and shown to be the same class of O-linked
oligosaccharides on the ZP3 glycoprotein known to possess
sperm-binding activity [32]. Sperm GalTase selectively
binds O-linked oligosaccharides on ZP3; it does not bind
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other ZP3 oligosaccharides or those on other zona glyco-
proteins, even though they are recognized by nonsperm
GalTase [32]. This illustrates a critical point that will be
discussed below in more detail, ie, the presence of a terminal
N-acetylglucosamine is necessary but not sufficient to con-
fer binding by sperm GalTase. The membrane-bound sur-
face enzyme has a much more stringent substrate specificity
than does the Golgi-localized GalTase.

Binding of ZP3 to sperm induces the acrosome reaction
by cross-linking GalTase residues in the sperm plasma
membrane via multivalent oligosaccharides [33]. Cross-
linking of GalTase activates a pertusis toxin-sensitive, hetero-
trimeric G-protein complex that is directly associated with
the GalTase cytoplasmic domain, thus triggering the acro-
some reaction [34].

As a consequence of the acrosome reaction, GalTase is
redistributed to the lateral sperm head where its function
remains unknown [35]. One possibility is that GalTase may
stabilize sperm adhesion to the zona during the initial stages
of penetration. In any event, the presence of GalTase on
acrosome-reacted sperm could conceivably impede sperm
penetration through the zona by binding to exposed
N-acetylglucosamine residues on ZP3 oligosaccharides.
This potential problem is eliminated by the release of an
acrosomal N-acetylglucosaminidase that removes the Gal-
Tase-binding site from ZP3 in the vicinity of the penetrating
sperm [36]. After the fertilizing sperm activates the egg,
N-acetylglucosaminidase is released from egg cortical gran-
ules, globally destroying the GalTase-binding sites on ZP3
and accounting for the loss of ZP3’s sperm-binding activity
following fertilization [37].

These studies predict that elevating the expression of
GalTase on the sperm surface in appropriate transgenic
animals should lead to increased binding of ZP3, increased
G-protein activation, and increased sensitivity to zona-
induced acrosome reactions. Similarly, one would predict
that eliminating GalTase from the sperm surface through
homologous recombination should lead to reduced ZP3
binding and to sperm that are refractory to zona-induced
acrosome reactions. As presented below, both of these pre-
dictions have been tested and confirmed [23, 25]. However,
even though GalTase null sperm are unable to bind ZP3 or
undergo an acrosome reaction, GalTase-null males are still
fertile. This raises interesting issues, discussed later, regard-
ing the physiological/evolutionary significance of the ZP3-
GalTase acrosome reaction cascade.

GalTase is found on all mammalian sperm tested, includ-
ing human, where it is confined to the plasma membrane
consistent with a role in gamete recognition [11, 38—40].
Anti-GalTase antibodies and other GalTase-specific per-
turbations inhibit sperm—egg binding in other species
[41—43], most notably bovine (Tengowski, Shur and Schat-
ten, unpublished observations), suggesting that sperm
GalTase may facilitate sperm—egg binding in other mam-
mals. Similarly, the ZP3 ligand is expressed in the ovaries of
many mammals [44, 45]. This then raises the issue of what
determines species specificity, if molecules similar to Gal-
Tase and ZP3 function in fertilization in other species. One
possibility, is that the membrane environment influences the
substrate specificity of surface GalTase [22, 32, 46—48],
which may impact recognition of ZP3 oligosaccharides in
a species-specific manner. Alternatively, other sperm surface
components may complex with GalTase to impart species
specificity to the process. In this regard, it is noteworthy that
GalTase-null sperm are still able to bind to the egg coat,
even though they are unable to undergo an acrosome reac-
tion [25]. This then suggests that GalTase cooperates with
other zona-binding proteins to form a multimeric gamete
receptor [49, 50].

In addition to GalTase, a number of other sperm proteins
have been suggested to function as a ZP3 binding compon-
ent [51]. The two others most frequently cited are sp56
[52, 53] and p95 [54, 55].

sp56 is a sperm peripheral membrane protein that was
first identified by ZP3-photoaffinity labeling and claimed to
confer sperm ZP3-binding activity and species specificity of
sperm—egg recognition in mice [52, 53]. Protein immuno-
blot analysis of egg or embryo extracts show that purified
sp56 binds to unfertilized eggs but not to fertilized embryos,
and preincubation of eggs with purified sp56 blocks
sperm—zona binding [53]. These data are consistent with
sp56 having zona binding activity. However, the physiolo-
gical role of sp56 in zona binding remains unclear, since it
can only be removed from ZP3 affinity columns by strong
denaturants (ie, urea) and it is a peripheral membrane
protein. Recently, sp56 has been shown to be a soluble con-
stituent of the acrosomal matrix and not a cell surface
component, which argues that sp56 does not function dur-
ing initial gamete recognition [56]. However, this raises the
interesting possibility that sp56 may facilitate the binding of
acrosome-reacted sperm to the zona prior to penetration.

Another mouse sperm protein claimed to physically asso-
ciate with ZP3 is p95, a phosphotyrosine-containing protein
of M

3
95 000 [54, 55]. This protein has recently been demon-

strated to be a testis-specific tyrosine phosphorylated form
of hexokinase [57]. A putative human analog, hu9, has been
isolated and shown to have protein kinase activity, and
peptides deduced from its sequence inhibit sperm—egg bind-
ing [58]. How these peptides interfere with recognition of
sperm-binding oligosaccharides on ZP3 and whether the
human clone is, in fact, the mouse homolog rather than the
previously identified c-mer proto-oncogene [59, 60], is
a matter of active debate.

Surface GalTase function during cell interactions with
the basal lamina

GalTase-specific perturbants produce striking teratological
abnormalities in developing chick embryos [61], implying
that surface GalTase participates in cell interactions during
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embryogenesis. To understand the function of surface Gal-
Tase during embryonic development, investigators have
turned to more accessible in vitro systems.

The cumulative evidence suggests that GalTase functions
on embryonic cells as a receptor for glycoside ligands in the
basal lamina [4, 5]. Cells initially adhere to basal lamina
components in a GalTase-independent manner [13, 62, 63],
which is presumably mediated by the integrins [64]. Signals
induced by the basal lamina, perhaps via the integrins, result
in increased GalTase expression on the cell surface, which
becomes associated with the cytoskeleton and localizes to
the newly formed leading edge of the cell [13, 65]. Here,
GalTase mediates lamellipodia formation and subsequent
migration by binding to basal lamina oligosaccharides. This
is shown by the ability of competitive GalTase substrates,
blocking antibodies, and other GalTase-specific perturbants
to inhibit the spreading and migration of a variety of cell
types on basal lamina matrices in vitro [13, 17, 18, 22, 46, 62,
63]. That these in vitro studies reflect, at least to some
degree, the requirement of surface GalTase in vivo, is shown
by the ability of anti-GalTase antibodies to inhibit the
migration of chick embryo cranial neural crest cells after
microinjection into their migratory pathway [66].

In an analogous manner, GalTase is expressed on the
growth cones of developing neurites, where it facilitates neur-
ite outgrowth on laminin matrices, in conjunction with the
integrins, from PC12 cells [14]. Similar results for dorsal root
ganglion neurons have been documented by others [67, 68].

The binding site for GalTase in the basal lamina has been
identified as N-linked oligosaccharides within the E8 do-
main of laminin; the same domain that is responsible in
large part for the cell migration and neurite outgrowth
properties of laminin [46]. As was the case for the sperm
surface enzyme, PC12 surface GalTase shows a much more
stringent substrate specificity than does soluble non-PC12
GalTase, which galactosylates all laminin fragments [46].

These studies predict that the rate of cell migration and
neurite outgrowth should be affected by altering the expres-
sion of surface GalTase. This was borne out by the observa-
tion that the migration rate of stably-transfected mouse
fibroblasts is regulated by the amount of GalTase expressed
on the cell surface; increasing GalTase expression leads to
enlarged lamellipodia [24], whereas decreasing GalTase
expression by producing a dominant negative protein re-
duces lamellipodia size and stability [22, 24]. In an analo-
gous manner, increasing surface GalTase expression on
PC12 cells increases neurite formation [26].

Molecular biology of GalTase

Studies of fertilization and of cell-matrix interactions clearly
support a role for GalTase as a signal transducing receptor
for extracellular glycosides. What is less clear, though, are
the mechanisms by which GalTase is targeted to the cell
surface and elicits intracellular signals upon ligand binding.
This has been an area of active debate, but the cloning of the
GalTase gene products has opened up new approaches to
this problem [69, 70].

The gene for GalTase encodes two similar, but not identi-
cal, proteins [69, 70]. Both GalTase proteins have a type II
membrane configuration, analogous to all other glycosyl-
transferases cloned to date [71], with a relatively short
N-terminal cytoplasmic domain, a signal sequence/trans-
membrane domain, and a large C-terminal lumenal or ex-
tracellular catalytic domain. The two GalTase proteins have
identical catalytic and transmembrane domains, but differ
in their cytoplasmic domains due to translation from two
different in-frame AUGs that result from differential tran-
scription initiation of two size classes of RNAs [69, 70]. The
shorter protein has a cytoplasmic tail of only 11 amino
acids, whereas the longer species has a 24 amino acid cyto-
plasmic domain.

Analysis of the 5@ sequences upstream of the two in-frame
ATGs has identified positive and negative regulatory ele-
ments that likely impact upon the tissue-specific expression
of the two different GalTase mRNAs [72, 73]. Binding sites
for the ubiquitous SP1 transcription factor are scattered
throughout the 5@ flanking sequences, and probably contrib-
ute to the expression of both size classes of GalTase
mRNAs. More complex, though, are the presence of puta-
tive positive and negative regulatory sites thought to bind
tissue-specific transcription factors, the cooperative binding
of which results in the cell type-specific expression of the
long and short GalTase transcripts.

Whether the two different GalTase isoforms resulting
from the two different GalTase transcripts have functionally
distinct roles within the cell or, rather, reflect tissue-specific
proteins with similar, if not identical, biosynthetic functions
remains an issue of active debate [72, 74]. A number of
observations suggest that the short GalTase isoform is
normally confined to the Golgi complex, where it serves a
purely biosynthetic function; it is this isoform that is specif-
ically upregulated during lactation to participate in lactose
biosynthesis. On the other hand, there is reason to believe
that the long GalTase isoform can function both biosyn-
thetically in the Golgi complex, and due to its alternate
cytoplasmic domain, can also function as a signal transduc-
ing receptor on the cell surface [74] (Figure 2). It is impor-
tant to emphasize that this hypothesis does not suggest that
all glycoprotein galactosylation requires the expression of
the short GalTase isoform, since it is clear that the long
isoform can also function biosynthetically. The salient dis-
tinction is that it is only the long isoform that can function
as a signal transducing receptor for extracellular glycoside
ligands. An alternative viewpoint is that the two GalTase
isoforms show identical subcellular distributions [75, 76],
and that differences in the cytoplasmic domains of these
proteins are solely a byproduct of differential processing of
the two GalTase mRNAs [72, 73]. To assess whether, in
fact, the two different GalTase isoforms are related in any
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Figure 2. Cells express two similar GalTase isoforms with different cytoplasmic domains. The longer isoform contains an additional 13 amino acid
extension (represented by the wavy line) that distinguishes it from the shorter isoform. Although both isoforms can function biosynthetically in the Golgi
complex, it is hypothesized that only the longer isoform is able to function as a signal transducing receptor for extracellular glycoside ligands.
way to GalTase’s two distinct subcellular locations and/or
functions, a variety of experimental predictions have been
tested.

Prediction I: The expression of the two different
GalTase mRNAs should correlate, in some way, with
the specific activities of the two different subcellular
pools of GalTase.

The relative distribution of GalTase in the Golgi and cell
surface pools shows enormous cell type variation. At one
extreme are sperm, where all of the GalTase is localized on
the plasma membrane since sperm no longer synthesize
glycoproteins and no longer have any need for a Golgi
complex [11]. Lactating mammary gland represents the
other extreme, in that it expresses predominantly the
Golgi-derived biosynthetic form required for lactose syn-
thesis [12]. Interestingly, spermatogenic cells make only the
long GalTase transcript [77], whereas lactating mammary
gland is greatly enriched for the short transcript [12, 72].
Similarly, cell lines with an abundant Golgi complex
actively involved in the elaboration of an extracellular
matrix show proportionally more short transcript than long
transcript [12, 78]. These observations are consistent with
the hypothesis that the long GalTase protein functions as
the biologically active isoform on the cell surface, in addi-
tion to its traditional biosynthetic function in the Golgi. In
contrast, the short isoform functions solely in intracellular
glycoconjugate biosynthesis [74].

One test of this hypothesis is to examine the expression of
the two GalTase transcripts in cells in which the pools of
Golgi and surface GalTase can be differently regulated. The
differentiation of F9 embryonal carcinoma cells into a se-
cretory epithelium is accompanied by a dramatic increase in
GalTase specific activity due to elaboration of the Golgi
complex [12]. In contrast, the plasma membrane GalTase
specific activity remains constant during differentiation.
Nuclease protection analysis shows that the expression of
short GalTase mRNA parallels the specific activity of the
Golgi pool of GalTase, whereas the expression of long
GalTase mRNA remains constant as does the plasma mem-
brane specific activity.

It is noteworthy that the long GalTase transcript is pre-
dominately (or exclusively) expressed in L cells, brain, and
spermatocytes, cells which are actively engaged in glycopro-
tein biosynthesis [72]. In other cell types, the expression of
the short transcript correlates with glycoprotein galac-
tosylation, including differentiating F9 embryonal carci-
noma cells, PYS cells, virgin mammary gland, and 3T3
fibroblasts [12, 21, 22, 78]. Thus, although it is clear that
both isoforms can function biosynthetically, the critical dis-
tinction between the two isoforms, according to that pro-
posed here, is that it is only the long isoform that is able to
function as a cell surface receptor for extracellular glyco-
sides.

Prediction II: Antibodies unique to the long isoform
should immunostain the cell surface.

Antibodies specific for the 13 amino acid sequence unique to
the cytoplasmic domain of the long isoform have been used
to define the subcellular distribution of the long GalTase
isoform by immunofluorescence confocal microscopy [19].
As predicted, a portion (&60%) of the long isoform is
localized to the Golgi complex, whereas the remainder
appears on the cell surface. Interestingly, the surface distri-
bution of the long isoform shows cell-type specificity consis-
tent with GalTase’s purported role in cellular interactions,
being expressed at cell-cell junctions in adherent cells and at
the leading and trailing edges of migrating cells.
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Prediction III: Overexpressing the long GalTase
isoform should lead to increased expression of
GalTase on the cell surface.

A more direct test of the relationship between the two
GalTase isoforms and their subcellular distribution and
function is to determine whether, in fact, overexpression of
the long GalTase isoform results in increased expression of
GalTase on the cell surface, relative to cells overexpressing
the short GalTase isoform.

Reports using cDNAs encoding the murine, human, and
bovine long GalTase isoforms suggest that the long isoform
is the biologically relevant form on the cell surface. For
example, multiple, independent, stably-transfected cell lines
that overexpress the murine long GalTase isoform have
increased GalTase specific activity on the cell surface and on
purified plasma membranes, as compared to the GalTase
specific activity of the total cell lysate [12]. In contrast, cell
lines overexpressing the short GalTase isoform to similar
degrees do not show increased GalTase specific activity on
the cell surface, relative to that in the cell lysate. Similarly,
others have reported that expressing either the human [79]
or bovine [80] long GalTase isoform in transfected cells
results in GalTase expression on the cell surface, in addition
to the intracellular compartment. As was reported with the
murine isoform [12], when the human short isoform is
expressed in transfected cells, it is confined to the Golgi
complex [79].

In one report, both bovine GalTase isoforms were sugges-
ted to be expressed on the cell surface [75], although in the
one clone analyzed there appeared to be quantitatively
more long GalTase on the cell surface than short GalTase.
However, clonal variation was not addressed, nor was it
determined which GalTase isoform was being produced
[75]. In any event, it is possible, if not likely, that the relative
expression of the different isoforms on the cell surface is
dependent upon the relative degree of expression as well as
on the cell type being used for expression.

Perhaps more compelling is the observation that certain
murine cells can be experimentally manipulated to selec-
tively increase the expression of the endogenous long Gal-
Tase mRNA without affecting the expression of the short
mRNA. Under these conditions, cell surface-associated Gal-
Tase activity is selectively increased, whereas intracellular
GalTase activity remains unaffected [22].

Prediction IV: The cytoplasmic and transmembrane
domains of the long, but not the short, GalTase isoform
should target a reporter protein to the cell surface.

An early report was unable to detect a reporter protein on
the cell surface when fused to either the long or short
GalTase cytoplasmic and transmembrane domains [76].
However, since only a small portion of GalTase is expressed
on the surface, it is not surprising that these studies failed to
detect surface expression given the low level of transgene
expression in this system. This issue has been recently re-
visited using higher resolution assays. The cytoplasmic and
transmembrane domains of the long isoform are able to
target bacterial chloramphenicol acetyltransferase (CAT) to
the cell surface as assayed by fluorescence activated cell
sorting using anti-CAT antibodies. In contrast, CAT is
confined to the Golgi complex when fused to the cytoplas-
mic and transmembrane domains of the short GalTase
isoform (Figure 3).

Prediction V: Overexpressing the long, but not the
short, GalTase isoform should interfere with GalTase-
dependent cellular interactions.

Although the previous observations show that the long
GalTase isoform is expressed on the surface of normal cells
and can be overexpressed on the plasma membrane in
appropriately transfected cells, they do not show that the
long isoform is the biologically relevant form that functions
as a surface receptor. The most appropriate, and rigorous
way to address this issue, is to assess the consequences of
gain-of-function and loss-of-function mutations. This has
been approached using both in vitro and in vivo systems.

As discussed earlier, overexpressing surface GalTase on
PC12 cells or 3T3 fibroblasts leads to increased neurite
outgrowth [26] and increased lamellipodia formation [24],
respectively. The enlarged lamellipodia have the counter-
productive effect of retarding the rate of cell migration,
presumably due to increased adhesion to the underlying
matrix.

In vivo analyses have centered on transgenic mice that
overexpress the long GalTase isoform. The great majority of
these homozygous mice die within the first day of birth.
Interestingly, every organ examined (ie, small intestine, large
intestine, kidney, liver, tongue, lung) is characterized by
severe morphological abnormalities. For unknown reasons,
&10% of the homozygotes survive the neonatal period, but
these females are unable to lactate due to defective mam-
mary gland development during the neonatal stage [21].
Glands from transgenic females overexpressing surface Gal-
Tase are characterized by abnormal and reduced ductal
development with a concomitant reduction in alveolar ex-
pansion during pregnancy, and a dramatic reduction in the
expression of milk-specific proteins. Mammary epithelial
cultures derived from transgenic mammary glands are un-
able to form anastomosing networks of epithelial cells and
fail to express milk-specific proteins, as do wild-type mam-
mary cultures. These results suggest that surface GalTase is
an important mediator of mammary cell interaction with
the extracellular matrix. Furthermore, since perturbing sur-
face GalTase levels inhibits the expression of mammary-
specific gene products, GalTase may function as, or impact
upon, signal transducing receptors that are required for
mammary gland differentiation. Importantly for the hy-
pothesis discussed here, although overexpression of the long
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Figure 3. The cytoplasmic and transmembrane domains of the long isoform, but not the short isoform, are able to target a reporter protein to the cell
surface. Cells transfected with empty vector (mock), or vector containing either bacterial chloramphenicol acetyltransferase (CAT), or CAT fused
in-frame with the cytoplasmic and transmembrane domains of the short GalTase isoform (SCAT), or long GalTase isoform (LCAT), under the control of
an inducible promoter, were cultured under induced (#) or non-induced ( – ) conditions. CAT expression on the cell surface was determined by
fluorescence activated cell sorting using anti-CAT antibodies and fluorescently labeled secondary antibodies. The fluorescence profiles are shown in
the lower panels, whereas the peak fluorescence intensity is graphed above. Inducing CAT and SCAT expression leads to some fluorescence
detection on the cell surface, possibly due to cell leakage or over expression. However, expressing the LCAT protein leads to high levels of CAT
expression on the cell surface. Interestingly, a biphasic expression pattern is seen (mixed, M), reflecting the lowly expressing cells still adherent to the
matrix (A) and the highly expressing cells released from the matrix (F) due to the LCAT protein behaving as a dominant negative mutation in surface
GalTase function.
GalTase isoform leads to embryonic and neonatal lethality,
apparently due to defective organogenesis, mice overex-
pressing the short GalTase isoform show normal viability,
embryonic development, and lactation [21].

Despite the fact that these animals are homozygous
lethals, the heterozygotes survive apparently normally. This
has allowed an assessment of elevated GalTase expression
on the sperm surface [23]. Sperm exist as two genotypes in
the heterozygote, but sharing of mRNA and protein be-
tween spermatids produces a phenotypically homogeneous
population of sperm [81]. Sperm from these males have
elevated GalTase expression on the surface, bind more
radiolabeled ZP3 ligand, and are hypersensitive to zona-
induced acrosome reactions [23]. In contrast, sperm from
males forced to overexpress the short isoform in the testis
behave normally.

Prediction VI: Expressing the long GalTase isoform
on GalTase-null cells should create a surface GalTase-
dependent phenotype.

One prediction would be that expressing the long GalTase
isoform in cells that do not normally express GalTase on the
surface would lead to a GalTase-dependent phenotype, ie,
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a gain-of-function. HeLa cells express very low levels of
surface GalTase [82] and were, therefore, transfected with
murine cDNAs encoding the long GalTase isoform. HeLa
cell transfectants express murine GalTase both within the
Golgi complex and on the cell surface, as assayed by enzyme
activity and with antibodies raised against recombinant
murine GalTase.

HeLa cells expressing murine GalTase on their surface
adhere more strongly to laminin substrates than do control
transfectants [18] — a phenotype consistent with GalTase’s
reported role in lamellipodia formation and cell spreading
[13, 17, 62, 63]. In contrast, when cells are plated on
fibronectin substrates, which do not contain binding sites
for GalTase, cell spreading is low and similar among all
cell types. Cell spreading on laminin is inhibited by anti-
GalTase antibodies, Fab fragments, and a variety of other
GalTase-specific perturbants. Thus, expression of hetero-
logous long GalTase produces a surface GalTase-dependent
phenotype, confirming its function as a cell adhesion mol-
ecule.

Prediction VII: Inhibiting the function of the long,
but not short, GalTase isoform should interfere with
GalTase-dependent cellular interactions.

Loss-of-function mutations can be of two types: dominant
negative constructs that inhibit the ability of surface Gal-
Tase to function, or elimination of surface GalTase by
homologous recombination. A dominant negative mutation
in surface GalTase function has been produced by express-
ing a truncated GalTase protein corresponding to the
cytoplasmic and transmembrane domains of the long Gal-
Tase isoform, but devoid of the catalytic domain [22]. The
truncated long GalTase protein displaces the endogenous
full-length surface GalTase from its cytoskeletal association
[65], forcing cells to round up and lose their adhesion to
laminin matrices [13]. Expressing the truncated long Gal-
Tase protein has no effect on fibronectin adhesion, to which
adhesion is GalTase-independent. Cells expressing the anal-
ogous truncated short GalTase protein show no phenotype
on laminin or fibronectin [22]. The requirement for long
GalTase to associate with the cytoskeleton in order to
function as a surface receptor is virtually identical to that
reported for other cell surface receptors, such as the cad-
herins [83].

Prediction VIII: Eliminating the expression of the
long, but not the short, GalTase isoform should
interfere with GalTase-dependent cellular interactions.

The most compelling data regarding the differential func-
tion of the two GalTase isoforms comes from GalTase-null
animals created by homologous recombination [25]. Sur-
prisingly, mice made homozygous null for both GalTase
isoforms progress through embryogenesis apparently
normally, but die during neonatal development due to
galactosylation-related defects in the function of pituitary
hormones and digestive enzymes [84, 85]. Nevertheless,
a few GalTase-null mice survive the neonatal period and
have been used to assess the effects of GalTase deficiency on
sperm function.

Sperm from males devoid of both GalTase isoforms have
negligible levels of GalTase, and as expected, are unable to
bind the ZP3 ligand or undergo a ZP3-induced acrosome
reaction, as are wild-type sperm (Figure 4). In contrast,
GalTase-null sperm undergo the acrosome reaction nor-
mally in response to calcium ionophore, which bypasses the
requirement for ZP3 binding. The inability of GalTase-null
sperm to undergo a ZP3-induced acrosome reaction renders
them physiologically inferior to wild-type sperm, since they
are relatively unable to penetrate the egg coat and fertilize
the oocyte in vitro [25].

Since eliminating both GalTase isoforms leads to a loss of
surface GalTase expression as well as to a loss of Golgi-
based galactosylation, it is possible that the inability of
GalTase-null sperm to bind ZP3, undergo an acrosomal
reaction, and penetrate the zona pellucida is the secondary
result of defective galactosylation during spermatogenesis,
rather than being the direct result of surface GalTase defi-
ciency. This possibility was tested by creating mice deficient
specifically in the long GalTase isoform — the form hy-
pothesized here to be responsible for GalTase function as
a signal transducing receptor. A point mutation was intro-
duced into the first in-frame ATG from which the long
isoform initiates translation. Cells bearing this point muta-
tion would still transcribe mRNAs encoding the long and
short isoforms normally, but due to inactivation of the first
in-frame translation initiation codon, only the short isoform
would be translated from both long and short transcripts.

Sperm from long isoform-null males have near normal
levels of GalTase enzyme activity and are indistinguishable
from wild-type sperm when analysed by indirect immuno-
fluorescence using antibodies against the extracellular
domain of recombinant GalTase. Furthermore, glycopro-
tein galactosylation in testis homogenates is similar to that
in wild-type as assessed by RCA-1 lectin blotting of testicu-
lar proteins [25]. Although galactosylation appears normal,
the sperm are unresponsive to either anti-GalTase IgG or
zona pellucida glycoproteins (Figure 4). However, they
respond normally to calcium ionophore. Thus, in every
respect assayed, except for galactosylation, sperm null
for either both isoforms or for the long isoform are indistin-
guishable from one another. These data show that the
inability of GalTase-null sperm to undergo a ZP3-induced
acrosome reaction is a direct result of the lack of the long
GalTase isoform on the sperm surface, and is not the sec-
ondary result of defective galactosylation during spermato-
genesis. Furthermore, the cytoplasmic domain unique to the
long GalTase isoform that is responsible for association of
the G-protein complex [34] appears to be absolutely re-
quired for ZP3-dependent signal transduction.
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Figure 4. Sperm from GalTase-null (–/– total) males are unable to undergo an acrosome reaction in response to either anti-GalTase IgG (anti-GT) or
zona pellucida glycoproteins (ZP), whereas wild-type (#/#) sperm do. Importantly, sperm from males that are forced to express the short GalTase
isoform (–/– long), and which show normal galactosylation during spermatogenesis, are still unable to undergo an acrosome reaction in response to
anti-GalTase IgG or zona pellucida glycoproteins. This illustrates that the cytoplasmic domain of the long isoform, with its characteristic 13 amino acid
extension, is required for GalTase to function as a sperm surface receptor. Sperm of all three genotypes respond normally to calcium ionophore, which
bypasses the requirement for ZP binding and GalTase cross-linking (from [25]).
The acrosome reaction has traditionally been viewed as
a prerequisite for sperm penetration through the zona pellu-
cida. However, GalTase-null sperm are fertile, even though
they cannot undergo ZP3-induced acrosome reactions.
Similarly, sperm made null for the acrosomal protease,
acrosin, are also fertile [86, 87]. Both of these observations
suggest that the entire ZP3-GalTase-G-protein activated
release of acrosomal exocytosis is dispensable for fertiliza-
tion. This then begs the question as to whether the presence
of this receptor-ligand complex offers some physiological or
competitive advantage to sperm. Consistent with this possi-
bility, GalTase-null sperm are only &7% efficient as wild-
type in penetrating the zona pellucida and fertilizing the
oocyte. Thus, in a noncompetitive environment where all
sperm are phenotypically similar, as in the GalTase-null
male, a few sperm eventually find their way through the
zona pellucida, by either spontaneous acrosome reactions,
breaks in the zona pellucida, or other scenarios, and fertilize
the egg. However, when compared to wild-type sperm, this
process is extremely inefficient, suggesting that in a competi-
tive environment where not all sperm may be functionally
equivalent, the integrity of the GalTase receptor complex is
advantageous for successful fertilization. This has recently
been shown to be the case for acrosin-null sperm, since when
acrosin-null sperm are mixed with wild-type sperm, either
by mixed inseminations or in chimeric testes, the wild-type
sperm completely out competed the ability of acrosin-null
sperm to fertilize eggs [87].
It is particularly interesting that GalTase-null sperm still
bind to the zona pellucida, even though they show low levels
of binding ZP3 ligand in solution. This implies that other
sperm components cooperate with GalTase to mediate
gamete recognition. The most pleasing model at present is
that GalTase sees ZP3 oligosaccharides in the context of
another sperm surface component that is responsible for the
initial docking of sperm to the egg coat, similar to the
concerted action of selectins and integrins in lymphocyte
adhesion to the endothelium [88]. With this in mind, it
would be of interest to determine if other sperm surface
components thought to facilitate adhesion to the zona are
responsible for the binding of GalTase-null sperm, such as
PH-20 [49], zonadhesin [50], and/or those surface compo-
nents that require the chaperone, calmegin, for proper
folding and expression [89].

Other aspects that may contribute to GalTase
expression on the cell surface

The studies discussed above indicate that the long GalTase
isoform appears to be responsible for GalTase’s ability to
function as a signal transducing receptor on the cell surface.
However, it is not entirely clear whether properties intrinsic
to the long GalTase isoform are also responsible for its
expression on the cell surface. Some data [12, 79], but
certainly not all [76], are consistent with this possibility,
such as the ability of the long GalTase cytoplasmic and
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transmembrane domains to target a reporter protein to the
cell surface (Figure 3). This suggests that the cytoplasmic
domain of the long GalTase isoform overrides, in some way,
the Golgi retention signal in the transmembrane domain
and transports a portion of GalTase from the Golgi com-
plex to the cell surface. Since it is well known that the length
of the cytoplasmic domain impacts whether a protein re-
sides in the Golgi complex or is transported to the cell
surface [90], others have suggested that changes in the
hydrophobic nature of the GalTase transmembrane domain
may be a rate-limiting step in surface expression [75]. It is
unclear, however, how fatty acylation may occur on the
transmembrane domain of a type II membrane protein.

Interestingly, it has been demonstrated that the surface
isoform is posttranslationally modified by the addition of
carbohydrate side-chains in a post-Golgi compartment
[80]. Whether this is a byproduct of transport out of the
Golgi and to the cell surface, or rather, is a recognition motif
involved in targeting a portion of the protein to the cell
surface has yet to be determined.

Specificity of surface GalTase function

In addition to resolving the mechanisms underlying Gal-
Tase transport to the cell surface, it is equally important to
clarify the specificity of surface GalTase binding. A finding
common to all systems examined thus far, and which is
important for our understanding of surface GalTase func-
tion, is that the surface enzyme has a much more restricted
substrate specificity than does the Golgi-localized biosyn-
thetic enzyme. In sperm [32], fibroblasts [22], PC12 cells
[46], melanoma cells [47], and adrenal carcinoma cells
[48], the surface enzyme recognizes only one predominant
glycoprotein ligand. On the other hand, the Golgi enzyme
is able to recognize a broad spectrum of N-acetylglucos-
amine-terminating oligosaccharides, either within the Golgi
or on the cell surface. The presence of a terminal N-acetyl-
glucosamine, the acceptor monosaccharide recognized by
GalTase, is therefore necessary but not sufficient to confer
binding by surface GalTase. This may reflect membrane-
dependent recognition of other determinants in the
oligosaccharide chain or within the protein backbone, as
suggested for other carbohydrate-binding proteins and en-
zymes [91]. Equally likely is that specificity is dictated by
adjacent plasma membrane components that cooperate
with surface GalTase to form a multimeric receptor com-
plex, as suggested for sperm GalTase. In any event, the
enzymatic name ‘b1,4-galactosyltransferase’ is misleading in
that it only refers to the linkage catalyzed by this enzyme (ie,
galactose-b1,4-N-acetylglucosamine) when its UDP-galac-
tose substrate is made available. Rather, we now know that
the surface enzyme is distinct from the Golgi enzyme in that
it recognizes only a selected subgroup of the possible glyco-
protein substrates.
Surface GalTase function as a signal transducing
receptor

Whatever the basis underlying surface expression, it is evi-
dent that the long GalTase isoform functions as a surface
receptor for extracellular glycoside ligands. What is perhaps
more intriguing, is that the surface isoform also functions as
a signal transducing receptor, rather than as a passive
carbohydrate-binding lectin-like protein [21, 34]. Other ex-
tracellular matrix receptors transmit intracellular signals
following ligand binding [92], and GalTase may be another
example of this. For example, aggregation of sperm GalTase
by multivalent ligands activates a pertusis toxin-sensitive
G-protein cascade [34]. The cytoplasmic domain of the
long isoform, but not of the short isoform, is able to bind
directly to a heterotrimeric G-protein complex containing
the relevant pertusis toxin-sensitive G

*
subunit. Specificity is

shown by the fact that the same amino acid residues
are unable to bind heterotrimeric G-proteins when their
sequence is randomized [34]. Traditionally, G-protein-
coupled receptors have been thought to be serpentine glyco-
proteins spanning the lipid bilayer multiple times. However,
there is a growing family of single membrane spanning
proteins that bind and activate heterotrimeric G-proteins
[93, 94], of which GalTase may be the newest member.

Besides its ability to activate a G-protein cascade, the
cytoplasmic domain of GalTase is known to associate with
the cytoskeleton [65], an association that is required for
GalTase [22], as well as for other cell surface proteins [83],
to function as a surface receptor. It is entirely unclear, at
present, how GalTase is linked to the cytoskeleton, be it
direct to actin microfilaments or through intermediate
coupling proteins as is the case for the integrins [64] and the
cadherins [83].

The cytoplasmic domain of GalTase is also known to be
serine/threonine phosphorylated [95], and a putative Gal-
Tase-associated kinase has been identified [96]. Whether, in
fact, phosphorylation of the cytoplasmic domain is regu-
lated, or impacts upon the interaction with heterotrimeric
G-proteins and/or the cytoskeleton awaits testing. In any
event, it is intriguing to realize that an otherwise biosyn-
thetic enzyme may have been recruited to the cell surface in
order to function as a signal transducing receptor for ex-
tracellular glycoside ligands. Since the long GalTase iso-
form is also present within the Golgi complex, it is appealing
to think that it may participate in signaling across the Golgi
membrane as well.
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