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We have previously documented the properties of a -220- 
kDa cell surface glycosyltransferase that transfers /v-ace- 
tylgalactosamine to oligosaccharide chains (Balsam0 et al., 
1988b). Because Kacetylgalactosamine-terminated car- 
bohydrates are concentrated at the neuromuscular junction 
(Scott et al., 1988), we assayed skeletal muscle for the pres- 
ence of the N-acetylgalactosaminyl transferase. Using im- 
munohistochemical methods, we found that the enzyme is 
localized at neuromuscular junctions on normal adult rat 
muscle fibers. Biochemical assays confirm that junctional 
areas are highly enriched in the -220-kDa immunoreactive 
species as well as in enzyme activity associated with the 
-220-kDa species. This restricted distribution is dependent 
on synaptic integrity, as the enzyme appears extrasynapti- 
tally on denervation. These results provide a plausible met- 
abolic basis for the localization of a synapse-specific car- 
bohydrate and demonstrate that the expression of a 
glycosyltransferase is regulated by synaptic interactions. 

Recently we used lectins and anticarbohydrate antibodies as 
histochemical probes to show that N-acetylgalactosamine-ter- 
minated glycoconjugates are selectively concentrated at the ver- 
tebrate neuromuscularjunction (Sanes and Cheney, 1982; Scott 
et al., 1988). Because such oligosaccharide structures might be 
involved in interneuronal recognition (Rutishauser and Jessel, 
1988; Schwarting and Yamamoto, 1988), the transferases that 
catalyze their synthesis are also of interest to neurobiologists. 
An iV-acetylgalactosaminyl transferase characterized in our lab- 
oratory has a number of unique properties that make it partic- 
ularly intriguing in this regard. A major fraction of the enzyme 
is present at the cell surface (Balsam0 and Lilien, 1979, 1982; 
Balsam0 et al., 1986b), where it exists in a stable multimolecular 
complex (Balsam0 and Lilien, 1982) with the calcium-depen- 
dent cell-cell adhesion molecule N-cadherin (Balsam0 and Lili- 
en, 1989). Additionally, it can transfer GalNAc-phosphate to 
o-set-me-, or threonine-linked acceptors in a phosphodiester 
linkage (Balsam0 et al., 1986a). 

We have now assayed skeletal muscle for the presence of the 
GalNAc transferase, reasoning that the distribution of the en- 
zyme could account for the concentration of GalNAc at the 
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synapse, and that we might use the neuromuscular junction 
(NMJ) to learn whether GalNAc transferase expression is reg- 
ulated by synaptic interactions. We report that the GalNAc 
transferase is highly concentrated at neuromuscular junctions 
in normal adult muscle, but appears extrasynaptically following 
denervation. 

Materials and Methods 
Antitransferase antibodies. Three monoclonal antibodies were used in 
these studies. The first, 6H5, has already been described (Balsam0 et 
al., 1986b). This antibody is an IgG and recognizes a polypeptide at 
220 kDa, -pI 5.0, with GalNAc transferase activity. Two additional 
monoclonal antibodies were prepared using the -220-kDa, ~1-5.0 (see 
Balsam0 et al., 1986b) molecule excised from 2D SDS-PAGE of chick 
embryo neural retina as immunogen for 1 intrasplenic injection. Two 
IgMswere recovered, 7A2 and 1 B 11, both of which recognize the - 220- 
kDa. m-5.0 molecule on immunoblots of 2D SDS-PAGE and precipitate 
GAlNAc transferase activity. 

A polyclonal antibody was also prepared using as immunogen the 
-220-kDa, ~1-5.0 molecule dissected from 2D SDA-PAGE. The initial 
injection was with antigen in complete Freund’s adjuvant; all subsequent 
injections were in incomplete Freund’s. Rabbits were injected on a 
weekly schedule for 8 weeks, bled, and the serum collected. The serum 
recognized the -220-kDa, ~1-5.0 molecule on 2D SDS-PAGE of chick 
neural retina and precipitated GalNAc transferase activity. As this se- 
rum also recognized other unidentified molecules, it was affinity-purified 
on nitrocellulose replicas ofthe -220-kDa transferase (Smith and Fish- 
er, 1984). Figure 1 compares the reactivity of this affinity-purified poly- 
clonal antiserum and the monoclonal antibodies on Western transfers 
of SDS-PAGE. 

Histochemistry. Muscles were cross-sectioned at 4-6 pm on a cryostat 
and stained as detailed in Scott et al. (1988). For antibody staining, 
sections were incubated for 2 -3 hr with primary antibody diluted in 
10 mg/ml bovine serum albumin in phosphate buffered saline (PBS/ 
BSA). The sections were washed in PBS/BSA and then incubated 1 hr 
with an affinity-purified goat anti-mouse or anti-rabbit antibody con- 
taining 5% rat serum and rhodamine-labeled a-bungarotoxin, prepared 
as described by Ravdin and Axelrod (1977), to show end plates. Finally, 
sections were mounted in 90% glycerol in PBS, pH 8, containing 1 mg/ 
ml paraphenylenediamine to limit bleaching. For localization of GalNAc- 
terminated glycoconjugates, sections were incubated with biotinylated 
Vicia villosa B4 isolectin (2-5 &ml), washed, and reincubated with 
fluorescein-streptavidin. All incubations and washes were in PBS. 

Enzyme activity measurements. Rat diaphragms were dissected into 
end-plate-rich regions and end-plate-free regions (Merlie and Sanes, 
1985) and homogenized in 20 mM HEPES. DH 7.4. 0.15 M NaCl with 
1 .O%’ Triton X- ib0, and 50 pg of each antipain, leupeptin, and chy- 
mostatin (HSTI) to inhibit proteases. After 30 min on ice, the homog- 
enate was centrifuged at 20,000 x g for 30 min. The supematant was 
layered on top of a tube containing 100 ~1 of 50% sucrose and 1 ml of 
20% sucrose, both in HSTI, and centrifuged at 100,000 x g for 90 min. 
The 20-50% sucrose interface was collected and assayed. The assay 
mixture contained 100 ~1 of extract, 10 mM Mnz+, 1 mM ATP, and 0.23 
MM UDP+H]GalNAc (NEN, 8.7 Ci/mM), with or without 20 mM EDTA. 
After 60 min at 37°C 100 ~1 of 1% phosphotungstic acid/6% trichlo- 
roacetic acid (PTA/TCA) was added to the incubation mixture. The 
resultant precipitate was collected on glass fiber filters (Whatman GF/ 
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Figure 1. Immunoblot of retina homogenate with monoclonal and 
affinity-purified polyclonal antitransferase antibodies. a, Monoclonal 
antibody 6H5 detected with “‘1 goat anti-mouse Ig. b, Monoclonal 
antibody 1 B 11 detected with alkaline phosphatase-conjugated goat anti- 
mouse IgM. c, Monoclonal antibody 7A2 detected as in b. d. Affinity- 
purified rabbit antibody detected with alkaline phosphatase conjugated 
goat anti-rabbit IgG. 

F) and counted in a liquid scintillation spectrometer (Balsam0 and 
Lilien, 1979). 

Immunoreactivityandenzymeactivityon Western transfers. Five 10-d 
embryonic chick neural retinas were homogenized in 1 ml of 0.15 M 
NaCI, 50 mM HEPES, pH 7.2, containing 1% Triton X-100, 100 rg 
DNase and 50 pg each antipain, leupeptin, and chymostatin. After 30 
min on ice the homogenate was centrifuged at 9000 x g for 5 min and 
the supematant was diluted with an equal volume 2 x SDS sample 
buffer (6% SDS, 10% &mercaptoethanol, 20% glycerol and 0.25 M Tris, 
pH 6.8) and used for SDS-PAGE on 7% gels. Nitrocellulose replicas of 
the SDS-PAGE were reacted with the monoclonal and polyclonal an- 
tibodies followed by the appropriate second antibody (Balsam0 et al., 
1986b). 

Rat diaphragms were dissected into end-plate-rich and end-plate-free 
regions, homogenized in the above buffer lacking Triton X-100, and 
centrifuged at 2000 x g for 5 min. The supematants were centrifuged 
again at 50,000 x g for 30 min. Pellets from equal wet weights of tissue 
were solubilized in 3% SDS/p-mercaptoethanol buffer, processed through 
SDS-PAGE on 7% gels, and transferred to nitrocellulose (Balsam0 et 
al., 1986b). Nitrocellulose strips were reacted with monoclonal antibody 
I B 1 I followed by [‘Y]-goat anti-mouse Ig. To analyze enzyme activity, 
nitrocellulose blots were cut into 1 -cm strips and assayed as described 
in Balsam0 et al. (1986b). 

Results 
Immunohistochemical localization of the GalNAc transferase 
at the NMJ 
Monoclonal antibodies have been raised to GalNAC transferase 
from chick retina, and their specificity demonstrated by im- 
munoblotting homogenates of several tissues, including skeletal 

Figure 2. Immunocytochemical evidence that Ga 1 NAc transferase is 
concentrated at the neuromuscular junction. A, f?, Cross-sections of rat 
skeletal muscle, stained with monoclonal anti-Ga 1 NAc transferase (clone 
6H5) and fluorescein-conjugated goat anti-mouse IgG. C, Same field as 
B. counterstained with rhodamine-a-bungarotoxin, to show that Gal NAc 
transferase-rich areas are acetylcholine receptor-rich synaptic sites; ex- 
trasynaptic portions of the muscle fiber surface bear no detectable 
GaINAc transferase. D, E, En face view of an end plate from a flexor 
digitorum superlicialis muscle that was stained with anti-Ga 1 NAc trans- 
ferase (D) and rhodamine-bungarotoxin (E) while alive; the muscle was 
then fixed and single fibers were teased and mounted. GalNAc trans- 
ferase is exposed on an extracellular surface at the neuromuscular junc- 
tion. B-E are at the same magnification, but the end plate in B and C 
is larger because it is from a 200~gm rat whereas that in D and E is 
from a 60-gm rat. Scale bar, 20 pm in A,; 10 ~1 in E. 

muscle (Balsam0 et al., 1986b, and Fig. 1). To localize the 
GalNAc transferase, we stained sections of adult chicken and 
rat muscle with anti-GalNAc transferase antibodies and fluo- 
rescein-second antibody. In both chicken (not shown) and rat, 
immunoreactivity was restricted to small patches on the muscle 
fiber surface (Fig. 2, A, B). These patches were identifiable as 
synaptic sites by counterstaining with rhodamine-cu-bungaro- 
toxin (Fig. 2C’), a protein that binds tightly and specifically to 
acetylcholine receptors concentrated in the postsynaptic mem- 
brane. Extrasynaptic portions of the muscle fiber surface, muscle 
cytoplasm, and intramuscular structures such as nerves and blood 
vessels stained weakly or not at all. Similar or identical patterns 
of immunoreactivity were obtained with 3 different antitrans- 
ferase monoclonal antibodies and an affinity-purified polyclonal 
antibody, indicating considerable similarity between the syn- 
aptic immunoreactive material and authentic GalNAc trans- 
ferase. 

The results presented thus far do not distinguish between pre- 
and postsynaptic or between intra- and extracellular sites of 
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Figure 3. Biochemical evidence that GalNAc transferase is concen- 
trated near synapses. End-plate-rich and end-plate-free regions of rat 
diaphragm n-&scie were assayed for total GalNAc transferase activity. 
Since activity requires MnCl,, control tubes containing 5 mM EGTA 
were used to determine background levels. 

GalNac transferase. We addressed these issues immunohisto- 
chemically. Rat muscles that had been denervated 2 d earlier 
to induce degeneration of the motor nerve terminal without 
altering the distribution of postsynaptic elements were selec- 
tively stained at synaptic sites by anti-GalNAc transferase an- 
tibody (not shown). This rules out a predominant association 
ofthe GalNAc transferase with the nerve terminal. Similar stain- 
ing was observed when live muscles were incubated with an- 
tibody, demonstrating that at least some epitopes of the GalNAc 
transferase are external to the plasma membrane (Fig. 2, D, E). 
Thus, GalNAc transferase is highly concentrated in or near the 
external surface of the postsynaptic membrane at the NMJ. 

Figure 4. Western blots of SDS-PAGE 
show coincident immunoreactivity and 
enzyme activity. Top, Western blotting 
with monoclonal anti-Ga 1 NAc trans- 
ferase (clone 1Bll) and ‘Y-goat anti- 
mouse Ig. The lane containing junc- 
tional areas revealed a band of -220 
kDa that was at least IO-fold more 
abundant than in synapse-free samples. 
Bottom, Western blots run in parallel 
to that shown at the top were assayed 
for activity. Activity is coincident with 
the - 220-kDa immunoreactive band 
and is greater in synapse-rich (filled cir- 
cles, solid line) than in synapse-free (filled 
triangles, dashed line) samples. 

Immunohistochemical observations also indicate that the 
binding of antibodies to 2 other glycosyltransferases is not con- 
fined to synaptic areas. Antibodies to a galactosyltransferase 
purified from liver (Urich et al., 1986) and a sialyltransferase 
purified from kidney (Roth et al., 1985) stain discrete structures 
in both synaptic and extrasynaptic regions of muscle fibers (not 
shown). This staining coincides with a histochemical reaction 
for thiamine pyrophosphorylase (Novikoff and Goldfischer, 
196 l), conventionally used to mark the transferase-rich Golgi 
apparatus. Thus, the histochemical results shown in Figure 2 
do not reveal a general concentration of glycosyltransferases at 
the postsynaptic apparatus of the adult NMJ. 

Biochemical localization of the GalNAc transfease at the 
NMJ 
To determine whether the immunohistochemical observations 
reflect the presence of authentic GalNAc transferase in junc- 
tional, but not extrajunctional, regions, such areas were dis- 
sected from rat diaphragm and examined biochemically. En- 
zymatic assays performed on homogenates of muscle show lo- 
20-fold higher specific activity per unit protein in synapse-rich 
compared to synapse-free samples (Fig. 3). Immunoblotting re- 
veals -220-kDa molecule in synapse-rich but not in synapse- 
free regions of the muscle (Fig. 4, top). The mobility of this 
band is indistinguishable from the chick retina enzyme (see 
Balsam0 et al., 1986b, and Fig. 1). As this GalNAc transferase 
has the ability to retain its catalytic activity following SDS- 
PAGE and transfer to nitrocellulose (Balsam0 et al., 1986b), we 
were able to assay strips from the nitrocellulose replicas to de- 
termine whether activity was coincident with immunoreactiv- 
ity. Indeed, as shown in the data in Figure 4, bottom, activity 
is coincident with the -220-kDa immunoreactive band. Fur- 
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thermore, activity is absent from this position in the synapse- 
free lane. 

Changes in distribution of the GalNAc transferase on 
denervation 
Several proteins, including acetylcholine receptors (Fambrough, 
1979) and the neural cell adhesion molecule, N-CAM (Covault 
and Sanes, 1985), are concentrated at synaptic sites in normal 
adult muscle, but appear extrasynaptically within 3 d following 
denervation. We have observed that the GalNAc-terminated 
glycoconjugates also appear extrasynaptically following dener- 
vation (Fig. 5, A, B, and Scott, 1988), raising the possibility that 
the GalNAc transferase might behave similarly. 

To test this idea, we stained denervated muscle with the anti- 
GalNAc transferase antibody and found that the enzyme does 
appear on extrasynaptic as well as synaptic portions of the de- 
nervated muscle fiber surface (Fig. 5, C, D). Extrasynaptic 
GalNAc transferase becomes detectable between 3 and 7 d after 
denervation, and remains at a relatively constant level for at 
least 8 weeks if denervation is maintained. Each of the anti- 
bodies, 3 monoclonal and 1 polyclonal, gave the same result. 
Additionally, enzymatic assays of the synapse-free region at 10 
d following denervation showed an increase in specific activity 
of greater than 20-fold (data not shown). In contrast, the dis- 
tribution of neither the galactosyl transferase (Urich et al., 1986) 
nor the sialyl transferase (Roth et al., 1985) was detectably al- 
tered by denervation. Previous assays of galactosyl and sialyl 
transferase activity in muscle have also shown only small changes 
in activity (2-fold or less) following denervation (Leung et al., 
1986). Thus, the levels and distribution of the GalNAc trans- 
ferase are neurally regulated in muscle, such that the enzyme 
and the GalNAc-terminated glycoconjugates both appear in ex- 
trasynaptic areas following denervation. 

Discussion 
Our conclusion that the GalNAc transferase is localized at the 
adult NMJ is based on both histochemical observations and 
biochemical assays. Both monoclonal and polyclonal antibodies 
which recognize the - 220-kDa transferase molecule reveal that 
the distribution of the GalNAc transferase is similar to that of 
acetylcholine receptors. Two other glycosyltransferases, a galac- 
tosyl and a sialyltransferase, are not found at the NMJ, excluding 
the possibility that glycosyltransferases in general are concen- 
trated at the NMJ. 

For biochemical assays, the unique morphology of the rat 
diaphragm muscle, in which the junctional region is restricted 
to a semicircular band, makes it easy to dissect areas of muscle 
that are rich in junctions and areas void of junctions. Direct 
assays for GalNAc transferase in each of these areas reveal the 
presence ofenzyme activity in junctional but not extrajunctional 
areas. Additionally, the - 220-kDa immunoreactive molecule 
is present on nitrocellulose replicas from SDS-PAGE of junc- 
tional, but not extrajunctional, areas and GalNAc transferase 
activity is coincident with the position of -220-kDa molecule 
on the nitrocellulose replicas. 

Like a number of other molecules localized at the NMJ, the 
distribution of the GalNAc transferase is regulated by synaptic 
integrity. Following denervation, the enzyme becomes histo- 
chemically detectable extrajunctionally within 3 d and at 10 d 
shows a large increase in extrajunctional activity. The extra- 
junctional appearance of the enzyme parallels the extrajunc- 
tional appearance of the GalNAc-containing glycoconjugates. 

Figure 5. Appearance of Ga 1 NAc transferase and Gal NAc-terminat- 
ed glycoconjugates in extrasynaptic areas following denervation of adult 
muscles. Sections of normal (A, C) or 10-d denervated (B, D) rat dia- 
phragm were stained with the biotinylated lectin VVA-B4 plus fluores- 
cein-streptavidin (A. B) or with monoclonal anti-GalNAc transferase 
plus fluorescein goat anti-mouse Ig (C, D). VVA-B4 and Anti-GalNAc 
transferase stain muscle fiber surfaces and some intracellular material, 
as well as end plates, in denervated muscle. Positions of synaptic sites, 
identified by counterstaining with rhodamine-cY-bungarotoxin, are 
marked by asterisks. Scale bar, 20 pm. 

Thus, the levels and distribution of the GalNAc transferase are 
neurally regulated in muscle. 

The coincidence of GalNAc-terminated glycoconjugates and 
the GalNAc transferase at the adult NMJ and following dener- 
vation suggests that this transferase may be responsible for ad- 
dition of the GalNAc residues. However, the GalNAc-contain- 
ing molecules at the NMJ include both glycoproteins (1 ofwhich 
is the tailed form of acetylcholinesterase) and glycolipids (Scott 
et al., 1988; see also Kaupmann and Jockusch, 1988), and it is 
known that separate GalNAc transferases with narrow speci- 
ficities transfer GalNAc to different acceptors (Beyer et al., 198 1; 
Conzelmann and Komfeld, 1984; Das et al., 1986; Takeya et 
al., 1987; Yanagisawa et al., 1987). It is therefore possible that 
several different transferases synthesize the GalNAc-containing 
molecules at the NMJ. 

The selective accumulation of GalNAc-terminated glycocon- 
jugates at the NMJ could arise in any of 3 ways: These glyco- 
conjugates might be preferentially synthesized in the synaptic 
areas, they might be synthesized throughout the muscle and 
targeted or trapped at the synapse, or they might be contributed 
by enzymes provided by the nerve terminal. The result that the 
GalNAc transferase is concentrated in or near the postsynaptic 
membrane supports the first of these alternatives. The obser- 
vation that GalNAc transferase and GalNAc-terminated gly- 
coconjugates appear together in extrasynaptic areas following 
denervation is also consistent with the idea that these glyco- 
conjugates are deposited near their sites of synthesis. However, 
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it remains to be shown directly whether the GalNAc transferase 
we have measured does, in fact, synthesize any or all of the 
GalNAc-terminated glycoconjugates at the NMJ. 

In summary, our results provide a plausible explanation for 
the synapse-specific localization of the GalNAc-terminated gly- 
coconjugates. They also raise the intriguing possibility that the 
transferase might modulate or mediate adhesive interactions at 
the junction through its control of glycoconjugate synthesis or, 
more directly, through adhesive interactions with other mole- 
cules. Our recent observation that N-cadherin, a calcium-de- 
pendent adhesion molecule, is localized to the junctional area 
(L. Scott, J. Balsamo, J. Lilien, J. Sanes, unpublished obser- 
vations) and that the transferase is associated with and can 
glycosylate N-cadherin (Balsam0 and Lilien, 1989) makes this 
suggestion even more tempting. 
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