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Abstract

Glycoprotein processing in Dictyostelium discoideum is characterized by enzyme catalyzed steps not reported in other organisms. One
of these is the formation of a B8 1 — 4 linkage between GIcNAc and the mannose linked to the core mannose in the @ | — 6 position of
N-glycosides. A simple and sensitive assay for this GlcNAc transferase activity, using a tri-mannose acceptor and a low concentration of
UDP-GIcNAc, was developed. Homogenates of the organism were subjected to sub-cellular fractionation by centrifugation in discontinu-
ous sucrose gradients. The specific activity was enriched 4—5-fold in a crude membrane fraction. The transferase was purified 10-12-fold
in a membrane fraction that bands on top of 1.1 M sucrose. This fraction was also enriched in nucleotidyldiphosphatase. The enriched
fraction was deficient in glucose-6-phosphatase, an endoplasmic reticulum marker. Approx. 80% of the transferase activity was latent, and
unavailable to protease. Purified membranes were either subjected to phase separation in Triton X-114, or sodium carbonate extraction or
sonication. In each case, the transferase behaved as an intrinsic membrane protein. Several secreted and lysosomal proteins are modified
by the enzyme. These data support the idea that the GlcNAc transferase is present as an integral Golgi membrane protein and that at least

the catalytic center of the transferase is on the lumenal side of the vesicles
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1. Introduction

The structures of the N-linked oligosaccharides of Dic-
tyostelium discoideum glycoproteins [1] are different from
those of vertebrate glycoproteins. The complex oligo-
saccharides, containing branch GIcNAc, Gal and sialic
acid, typical of vertebrate glycoproteins, have never been
discovered in Dictyostelium discoideum. Instead, 6-phos-
phomethylated mannosyl- [2], 6-sulfated mannosyl- [3] and
B 1 —4 linked intersecting and bisecting N-acetylgluco-

Abbreviations: PAPS, 3'-phosphoadenosine-5'-phosphosulfate; Man ;-
Me, methyl O-a-D-mannopyranosyl-(1 — 6)-[ O-a-pD-mannopyranosyl<(1
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canavalin A.
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saminyl-residues are joined to high-mannose backbones
(4]

The corresponding sulfotransferase [5], methyltrans-
ferase [6] and intersecting GlcNAc transferase (IGTase) [7]
activities have been detected and partially characterized.
These activities are assumed to be concentrated in the
Golgi apparatus. However, with the exception of the ND-
Pase activity reported in this paper, distinguishing Golgi
marker enzymes, such as galactosyltransferase and sialyl-
transferase have not been detected in the organism. Fur-
thermore, no report of immuno-localization of any of these
enzymes in any defined structure in electron micrographs
and no bona fide marker for Dictyostelium discoideum
Golgi apparatus is now available. Such information would
be useful because the enzymes which catalyze these post-
translational modifications are developmentally regulated
[8]. A better characterization of the Golgi complex of
Dictyostelium discoideum is relevant since it might be an
excellent model for the study of effects of developmental
programs on organelle function.

We have focussed our attention on IGTase. This en-
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zyme has been shown to be developmentally regulated and
vesicle associated. Here we show it is an intrinsic, intrav-
esicular, latent activity which co-localizes with NDPase in
vesicles with a density similar to that of rat liver Golgi.
We further show that Dictyostelium discoideum glyco-
proteins, destined either for secretion or temporary storage
in lysosomes, are modified by IGTase during their transit
through the cell. These findings provide evidence that
IGTase is a Golgi membrane protein.

2. Materials and methods
2.1. Chemicals

The following radioactive compounds were purchased
from DuPont-New England Nuclear (Boston, MA):
UDP[U-"*Clgalactose, 300 mCi/mmol; UDP[4,5°H]
galactose, 32.1 Ci/mmol; UDP[6°H]GIcNAc, 36.5
Ci/mmol and [*S]PAPS, 2.03 Ci/mmol. Nucleotides,
nucleotide derivatives and galactosyltransferase (EC
2.4.1.22) from bovine milk were purchased from Sigma
Chemical Co. (St. Louis, MO). Peptide: N-glycanase F
(EC 3.5.1.52) was purchased from New England Biolabs
(Beverly, MA). Man,Me was from Pierce (Rockford, IL)
and Accurate Chemical (Westbury, NY).

2.2. Subcellular fractionation

Exponentially growing D. discoideum cells of the ax-
enic strain, AX2, were harvested by low speed centrifuga-
tion and resuspended in 0.25 M sucrose. All sucrose
solutions were made in TKM buffer (50 mM Tris-HCI, pH
7.5, 25 mM KCl, 5 mM MgCl,) and supplemented with
0.1% (v/v) of a protease inhibitor mixture consisting of 2
mg/ml each of leupeptin, aprotinin and pepstatin A. The
following steps were performed at 4°C. Cells were dis-
rupted, by nitrogen cavitation at 500 psi, for 15 min,
followed by 20 strokes in a tight-fitting teflon-glass ho-
mogenizer. Nuclei and unbroken cells were pelleted by
centrifugation at 1000 X g for 5 min. The post-nuclear
supernatant was processed as described [9] to obtain a
crude membrane fraction. Approx. 80% of this fraction
(usually 5 ml) was made 0.25 M in sucrose concentration,
loaded on top of a discontinuous sucrose gradient (consist-
ing of 8 ml each of 1.1 M and 0.8 M sucrose) and
centrifuged at 27000 rpm for 2.5 h in a SW28 rotor.
Material in the pellet, the 0.8 /1.1 M or the 0.25/0.8 M
interface was collected, diluted with 0.25 M sucrose and
reisolated at 100000 X g for 1 h. Pellets were surface
washed and resuspended in a suitable volume of 0.25 M
sucrose, 1 mM MgCl,, 20 mM ACES, pH 6.5.

2.3. Assays

The following enzyme activities were assayed as de-
scribed: glucose-6-phosphatase [11], 5'-nucleotidase [11],

succinate-cytochrome ¢ reductase [11], sulfotransferase
[5,12], NDPase [13} and B-hexosaminidase {14]. The IG-
Tase assay was that of Sharkey and Kornfeld [7] except for
the following modifications: aliquots of fractions (0.05 to
0.5 mg of protein) were incubated, for 15 min, in a 40 ul
reaction mixture, containing 0.25 M sucrose, 20 mM
ACES, pH 6.5, 10 mM MnCl,, 2 mM ATP, 0.1 mM
UDP-GicNAc plus 0.2 uCi of UDP-[6-*H]GIcNAc, 36.5
Ci/mmol, and 0.1% Triton X-100, in the presence or
absence of 2 mM Man ;-Me (the oligosaccharide acceptor).
Since maximum activity was at 37°C, the standard reaction
was carried out at 35°C. High sensitivity was achieved by
use of high specific activity substrate. To do so, while
maintaining the quantity of radioactivity within an opera-
tive range, UDP-GIcNACc at 8% of the apparent K, for the
nucleotide sugar was used. The reaction was stopped by
adding 0.16 ml of 20 mM EDTA column of AG 1-X2
(C1~ form) anionic exchange resin. The neutral fraction
was quantitatively recovered by washing with 2 ml of
water. Radioactivity was measured by liquid scintillation
counting and the difference between product generated in
the presence and absence of acceptor was considered due
to the transferase activity (see below).

2.4. Concanavalin A-Sepharose chromatography

Neutral fraction samples were loaded on 1 ml columns
of Con A-Sepharose equilibrated in Con A buffer (1 mM
MgCl,, 1 mM CaCl,, 0.15 M NaCl, 10 mM Tris-HCI, pH
7.5), washed exhaustively with the same buffer and eluted
with 10 mM o-methylmannoside. The resin was regener-
ated by washing with 10 bed volumes each of 5 M urea;
10 mM glucose in 1 M sodium citrate, pH 4.5; and 1 M
Tris base. Other samples from the same fraction were
analyzed by size exclusion using a 1.5 X 80 cm Sephadex
G-10. The column was equilibrated and fractions were
eluted with 50 mM NH ,HCO,. Chromatography was per-
formed at a flow rate of 15 ml per h.

2.5. Synthesis and purification of GlcNAc-Man ;-Me

The tetrasaccharide was synthesized essentially as in the
IGTase standard assay, with the exception that the concen-
tration of UDP-GIcNAc and Man,-Me was increased to 6
mM each, and the incubation time was 60 min. The
resulting neutral fraction was separated from remaining
Man,-Me and free GlcNAc by Con A-Sepharose chro-
matography, and was desalted using Sephadex G-10. The
yield was about 5 nmol per reaction.

2.6. Purification of B-hexosaminidase

A partially purified fraction of B-hexosaminidase was
obtained from D. discoideum spent medium as described
[14], with the exception that Sephacryl S-300 was used
instead of Sephadex G-200. This preparation was purified
60- to 80-fold by: (1) hydrophobic interaction on a
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phenyl-Sepharose CL-4B column (0.9 X 15 cm), equili-
brated with buffer A (2 M (NH,),SO,, 10 mM ACES, pH
6.5) and eluted with a 200 ml gradient buffer which started
at 100% buffer A and ended with 100% buffer B (10 mM
ACES, pH 6.5). (2) Immuno-affinity chromatography em-
ploying anti B-hexosaminidase antibodies immobilized on
a glutaraldehyde activated Acti-Disk cartridge (FMC Bio
products, Pine Brook, NJ) as recommended by the manu-
facturer. The enzyme was eluted with 0.1 M glycine-HCl,
pH 2.5 and immediately neutralized with Tris base.

2.7. Other procedures

Protein was measured by the bicinchoninic acid method
(Pierce, Rockford, IL). The following procedures were
performed as described in references: labeling of fractions
with endogenous GlcNAc transferase [15] and exogenous
galactosyl-transferase [15], analysis of the protein oligo-
saccharide linkage and removal of extrinsic membrane
proteins and content [15]; phase separation of integral
membrane proteins in Triton X-114 [16], detergent re-
moval with Extracti-Gel D (Pierce, Rockford, IL); SDS-
PAGE in the Tricine buffer system, Western blotting and
autoradiography [17].

3. Results

3.1. An assay for rapid multiple analyses of Dictyostelium
discoideum intersecting transferase

The IGTase assay described here was designed to avoid
the time consuming separation of neutral products on Con
A-Sepharose, which is part of the published assay [7].
Macromolecular acceptors we tried which would have
been easily separated from other products by acid precipi-
tation (soybean agglutinin, porcine thyroglobulin and ribo-
nuclease) were poor substrates. However, subtraction of a
substrate-lacking control from experimental values with
low molecular weight acceptors, left a value which was
totally determined by IGTase activity. This is shown below
for Man,-Me, the assay substrate we chose (see Section 4).

The 0.8/1.1 M fraction of Dictyostelium discoideum
membranes was incubated with UDP-[*H]GIcNAc, in the
presence or absence of this substrate, as described in
Section 2. After the incubations were terminated, the neu-
tral molecules were separated by anion exchange chro-
matography and analyzed on Con A-Sepharose columns.
When substrate was absent, a single radioactive peak was
observed. It eluted in the loading buffer with authentic
GlcNAc. When substrate was present, a second peak was
observed (Fig. 1). In many tests like the one shown in the
figure, the amount of radioactivity in this peak equalled the
difference between total neutral products generated in the
presence of substrate and that generated in its absence.
This peak eluted from the column at 22°C and at 10 mM
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Fig. 1. Con-A Sepharose chromatography of reaction products. UDP-
[*HIGIcNac was incubated with 0.1 mg of protein from the 0.8/1.1 M
interface fraction under standard assay conditions, in the presence (open
square) or absence (open circle) of Man,-Me. Aliquots were removed for
direct measurement of neutral reaction products. From these measure-
ments, IGTase activity was calculated to be 173.5 pmol /min/mg, by
difference. The remaining 90% of each reaction was analyzed by Con-A
Sepharose affinity chromatography as described in Section 2. Radioactiv-
ity retained in the column was measured. And the IGTase activity was
calculated to be 171.1 pmol /min/mg. The arrow indicates the start of
elution with 10 mM «-methylmannoside.

a-methylmannoside. By contrast, Man,-Me eluted at 60°C
with 100 mM a-methylmannoside [7]. These findings were
in consonance with the assumption that the peak was
GIcNAc-Man;-Me.

In another set of experiments, the neutral fraction was
obtained as described in Fig. 1 but it was analyzed by size
exclusion chromatography (Fig. 2). In the absence of
substrate, one peak eluted at the position of monosaccha-
rides. In the presence of substrate, two peaks were de-
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Fig. 2. Sephadex G-10 chromatography. 1GTase was measured as de-
scribed in Fig. 1. with (open square) and without (open circle) Man;-Me
for 15 min, 90% of each sample was loaded on a Sephadex G-10 column,
2 ml fractions were collected and the void volume was determined using
cytochrome c. By this procedure the IGTase activity was calculated as
176.2 pmol/min/mg. It was calculated as 177.6 pmol/min/mg by
difference. Arrows indicate the elution volume of (C) cytochrome ¢ and
(G) GIcNAc.
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tected. The larger one eluted where tetrasaccharides are
expected [18]. As in Fig. 1, the quantity of radioactivity in
the substrate dependant peak was equal to the difference
between the total neutral radioactivity produced in the
presence of Man,-Me and that in its absence.

With Man,Me as substrate, IGTase activity was a linear
function of time for at least 20 min, both in the crude
membrane fraction and in the 0.8/1.1 M fraction (Fig.
3A). IGTase activity was also a linear function of the
amount of protein added, from 50 to 400 ug (Fig. 3B).
Even when 400 ug of proteins were incubated for 20 min
more than half of the UDP-G1cNAc remained (as mea-
sured by HPLC) [19]. As previously described, neither
Mg2* nor Ca?" could substitute for Mn®* in the reaction.
Either in the absence of added Mn** or in the presence of
20 mM EDTA, the activity of the enzyme was less than
1% that of the control (data not shown). These properties
are identical to those observed with the published assay
[7]

To optimize activity, we measured the effect of temper-
ature on IGTase activity. The optimal temperature was
37°C. An Arrhenius plot of the activity data revealed a
sharp change in slope with a thermal transition at 16°C
(Fig. 4). The activation energy was 24.3 kcal /mol be-
tween 0°C and 16°C, and 4.6 kcal /mol for higher tempera-
tures. This suggested that the enzyme might be an intrinsic
membrane protein (Shinitzky, M., personal communica-
tion), like others which exhibit this transition, such as the
rat liver Golgi sugar-nucleotide translocators (Capasso,
J.M., unpublished data).

3.2. IGTase and NDPase are vesicular enzymes which
co-localize in the same subcellular fractions of Dic-
tyostelium discoideum

To localize IGTase, standard fractionation procedures
were employed. Because we thought IGTase might be a
Golgi enzyme, we also measured NDPase activity. This
enzyme was shown to be a Golgi membrane marker in
several other organisms, including yeast [20] and mammals
[13,21]. As shown in Table 1, 96% of the IGTase activity
was recovered in the post-nuclear supernatant and about
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Fig. 3. (A) Effect of time of incubation on amount of IGTase product
generated. IGTase activity was measured as described in Section 2 with
50 ug of 0.8/1.1 M interface fraction (open square) or 200 ug of crude
membrane fraction (open circle) proteins. The amount of product was
calculated by subtracting the amount of radioactivity in the absence of
Man,-Me from that in its presence. Results are averages of three separate
determinations. (B) Effect of protein concentration on amount of IGTase
product. IGTase activity was measured as described for 20 min with
indicated amounts of crude membrane proteins, either in the presence
(open square) or in the absence (closed square) of acceptor. The amount
of product (open circle) was calculated as in A. Results are the average of
three separate determinations.

50% of the activity, purified 3.4-fold from the homogenate
(Table 1), was recovered in the crude membrane fraction.
When crude membranes were subjected to discontinuous

Table 1
Sub-cellular distribution of IGTase activity
Sub-cellular fraction Specific Percentage of Enrichment
activity activity (%)
(pmol /m/mg)
Homogenate 17.2+2.0 - -
Post nuclear supernatant 207 +2.5 96.0+5.9 12+0.1
Crude membranes 476 +£2.8 50.5+5.3 34+0.1
0.25/0.8 M interface 44.7+35 1.9+04 24103
0.8/1.1 M interface 187.0+ 3.9 162+ 0.7 11.1+08
Pellet 1.9+07 1.3+03 02+0.1

IGTase was measured in the indicated sub-cellular fractions. These were prepared as described in Section 2. Specific activity is expressed as pmol /m/mg
protein. Enrichment is the specific activity of each fraction /specific activity of the homogenate. All values are the average + the standard deviation of 8
different experiments. Glucose-6-phosphatase was enriched 4.2-fold in the pellet and was essentially absent from the 0.8 /1.1 M interface.
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Fig. 4. Arrhenius plot of the effect of temperature on IGTase reaction
rates. IGTase was measured in aliquots of the 0.8 /1.1 M fraction. Each
contained 0.1 mg of protein. The concentration of substrate was 6 mM
UDP-GlcNAc (5 mCi/mmol) and the product was measured after purifi-
cation by Con A chromatography. Before the reaction was started all its
components were equilibrated at the appropriate temperature in a thermo-
cycler. Plotted values are the average of two determinations. IGTase
activity at 37°C was 214.3 pmol /min. Arrows mark the optimal tempera-
ture, 37°C and the thermal transition, 16°C.

sucrose gradient centrifugation, IGTase activity was greatly
enriched in the fraction sedimenting at the interface be-
tween 1.1 M and 0.8 M sucrose. It was dramatically
reduced in the pellet.

As shown in Table 2, the sub-cellular distribution of
NDPase activity, measured with 5-UDP as its substrate,
was the same as that of IGTase. NDPase specific activity
also was enriched 8—10-fold in the 0.8/1.1 M interface
fraction and was lower in the pellet than in crude mem-
branes. Similar results were obtained using either 5'-ADP
or 5-CDP as substrate (data not shown). By contrast,
glucose-6-phosphatase, an endoplasmic reticulum marker,
B-hexosaminidase, a lysosomal marker and succinate-cyto-
chrome ¢ reductase, a mitochondria marker, showed a
4.2-, 3.9- and 3-fold enrichment in the pellet, respectively,
but a 4- to 5-fold depletion in the 0.8 /1.1 M interface

Table 3

Nature of the interaction of IGTase and NDPase with membranes

Treatment IGTase NDPase Sialyl-Tase
activity activity activity
(%) (%) (%)

Panel A

Carbonate pellet 85.4 83.2 89.3

Carbonate supernatant 2.9 4.6 3.7

Panel B

Hydrophobic fraction 70.2 76.7 72.0

Hydrophilic fraction 52 39 4.8

Aliquots of the 0.8 /1.1 M fraction from D. discoideum and Golgi from
rat liver (obtained as described [3]), each containing 1 mg of protein were
fractionated as described in Section 2 with sodium carbonate (Panel A) or
Triton X-114 (Panel B). D. discoideum 1GTase and NDPase activities
were measured as described in Section 2. Rat liver Golgi sialyltransferase
was measured as described [20]. Results are expressed as percent of the
initial activity and are the average of three independent experiments.
Initial activities were: IGTase 185.3 pmol /m; NDPase 25.0 nmol /m and
sialyltransferase 10.1 nmol /m.

fraction. The plasma membrane marker, 5'-nucleotidase,
showed less than a 2-fold enrichment in that fraction.

The 0.8 /1.1 M interface fraction also contains endoge-
nous macromolecular acceptors of GIcNAc. Aliquots of
the 0.8/1.1 M interface were incubated as described in
Methods, with radioactive UDP-[>H]GIcNAc. When the
incubation products were analyzed by SDS gel elec-
trophoresis and fluorography, a complex pattern of radiola-
beled proteins was detected. Most of the [*H]JGIcNAc was
attached to N-glycosides as indicated by its removal by
peptide: N-glycanase F treatment (data not shown).

3.3. IGTase and NDPase are intrinsic membrane proteins

Intrinsic proteins are often resistant to alkaline extrac-
tion. Vesicles from the 0.8 /1.1 M interface were washed
with Na,CO,-EDTA, a procedure known to rupture mem-
brane vesicles and remove their vesicular content and
extrinsic membrane proteins [15]. About 85% of the initial

Table 2
Sub-cellular distribution of NDPase activity
Sub-cellular fraction Specific Percentage of Enrichment
activity activity (%)
(nmol /m/mg)
Homogenate 22402 - -
Post nuclear supernatant 29+04 932+77 1.3+£02
Crude membranes 84407 48.7+ 6.4 39+ 0.1
0.25,/0.8 M interface 49405 1.2+03 23+03
0.8/1.1 M interface 214 +1.5 139+ 0.7 99+0.8
Pellet 6.5+0.3 23.6 +3.0 30£02

NDPase was measured, using 5-UDP as substrate, in the indicated sub-cellular fractions obtained as described in Section 2. Specific activity is expressed
in nmol/m/mg protein. The enrichment is the specific activity of each fraction /specific activity of the homogenate. All values are the average + the

standard deviation of 4 different experiments.
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IGTase and NDPase activities was recovered in the car-
bonate washed membrane pellet. Less than 5% was de-
tected in the supernatant fraction, even after extensive
desalting and concentration (Table 3, panel A).

Intrinsic membrane proteins are often rich in hydropho-
bic domains. Consequently they partition in (Triton X-
114)-rich phases. The distribution of IGTase and NDPase
was evaluated by this test. A portion of the vesicle prepara-
tion was solubilized in 1% Triton X-114, in the cold, then
phase separation was induced by raising the temperature of
the mixture to 30°C. A small, detergent rich, hydrophobic
fraction and a larger, detergent depleted, hydrophilic frac-
tion were obtained. More than 70% of the initial IGTase
and NDPase activities was recovered in the hydrophobic
fraction and about 5% in the hydrophilic one (Table 3,
panel B). These characteristics of IGTase and NDPase are
identical to those observed for the rat liver Golgi sialyl-
transferase (Table 3).

3.4. IGTase and NDPase are intralumenal membrane pro-
teins

We attempted to determine the orientation of the active
sites of the enzymes in the vesicles. Neither IGTase nor
NDPase activity was fully available to the substrate until
the vesicles were disrupted by 0.1% Triton X-100. The
degree of latency (78% to 85% of each activity) was
dependent on the batch of vesicles used. In intact vesicles,
intralumenal enzymes, such as rat liver Golgi sialyltrans-
ferase [11], are resistant to certain Pronase digestion proce-
dures. As shown in Table 4, greater than 80% of the
original IGTase and NDPase activities were recovered
when aliquots of the 0.8/1.1 M fraction were digested
with pronase at fixed protease/protein ratios, without
added detergent. When the digestion was carried out in the
presence of 0.1% Triton X-100, less than 10% of the
activities were recovered, even at the lowest protease /pro-
tein ratio.

Table 4

Effect of pronase treatment of vesicles on IGTase activity

Pronase / IGTase NDPase Sialyltransferase
protein activity activity activity

ratio (%) (%) (%)

1:100 83.3 827 94.9

1:40 79.2 83.6 93.1

1:100 plus 0.1% Triton 7.5 10.1 6.4

Aliquots of the 0.8/1.1 M fraction from D. discoideum and Golgi
apparatus from rat liver, each containing 1 mg of protein were digested
with different amount of Pronase in STKM buffer at room temperature
for 30 m, the reaction was stopped with a mixture of proteinase inhibitors
and vesicles were isolated immediately by centrifugation through a
cushion of 0.5 M sucrose in TKM buffer, pellets were surface washed,
resuspended, and IGTase, NDPase and sialyltransferase activities were
measured as in Table 3. Results are expressed as percentage of the initial
activity and are the average of three independent experiments. Initial
activities were as in Table 3.
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Fig. 5. Evidence that endogenous proteins from Dictyostelium dis-
coideum are modified by IGTase. (A) SDS-PAGE autoradiogram of
[*H]Gal labeled glycoproteins. Aliquots containing glycoproteins purified
to near homogeneity from spent medium were labeled with UDP-[3H]Gal
and bovine milk galactosyltransferase as described in Section 2. Lanes 1
to 7, B-hexosaminidase; lanes 8 and 9, Hex 22-Invertase; lanes 10 and
11, Hex 70-Invertase. Then samples were either immediately prepared for
electrophoresis (lane 1), or denatured and incubated for 24 h at 37°C
without (lanes 2, 9 and 11) or with (lanes 7, 8 and 10) N-glycanase F.
Lanes 3 to 6 were incubated with the same glycanase for 15, 30, 60 aad
120 min, respectively. (B) Coomassie blue staining of the same gel
showing lanes 1-7. Arrows indicate the position of the standard molecu-
lar mass markers in kDa.

3.5. Endogenous glycoproteins from Dictyostelium dis-
coideum are modified by IGTase

The transfer of ['*C]Gal to macromolecules, catalyzed
by galactosyltransferase, was used to observe the presence
of terminal GlcNAc, the product of IGTase activity. The
intersecting GlcNAc is accessible to the transferase. This
was shown as follows: GlcNAc-Man;-Me was synthesized
and purified as described in Methods. It was then treated
with UDP-{"*C]Gal and galactosyltransferase. The product
was analyzed by size exclusion chromatography on
Sephadex G-10, as in Fig. 2. The tetrasaccharide was an
excellent acceptor of galactose. When 1 mM of GlcNAc-
Man ;-Me was used, 1360 pmol of ['*C]Gal were detected
in the peak migrating near the exclusion volume. In con-
trast, none was detected there when either Man,-Me or
a-methylmannoside, possible contaminants of the prepara-
tion, was used as the acceptor.

B-Hexosaminidase, a lysosomal glycoprotein isolated
from the secretions of stationary phase cultures behaved in
a similar fashion. An aliquot of the highly purified enzyme
from Dictyostelium discoideum (nearly homogenous by
the criterion of SDS-polyacrylamide gel electrophoresis
followed by silver staining) was labeled in the same way.
As shown in Fig. 5, lane 1, both forms of B-hexosamini-
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dase were labeled. After treatment with N-glycanase, most
of the radioactivity was removed after 15 min. of incuba-
tion (lane 3) and the pattern did not change, even after as
much as 24 h of incubation (lane 3-7). The removal of the
radioactivity was not due to endogenous activities since a
24 h incubation without the enzyme did not change the
labeling pattern (compare lanes 1 and 2). Loss of radioac-
tivity was coincident with a shift in the mobility of both
forms of B-hexosaminidase (lanes 2 and 3 of panel B),
consistent with the loss of N-linked oligosaccharides. The
same results were obtained with either Hex22-Invertase or
Hex70-Invertase, both fusion proteins [10] (lanes 8-11).

4. Discussion

These studies have led to the development of better
assays for IGTase and for the products of the IGTase
catalyzed reaction. The assays were used to localize the
enzyme. We present evidence that the enzyme is a vesicu-
lar integral membrane protein whose catalytic site faces
the lumen. We also present several lines of evidence which
indicate that the activity is localized in the Golgi appara-
tus. These findings are directing us to further studies which
may help elucidate the mechanisms of developmental regu-
lation of the organelle.

Features of the IGTase assay described here include its
relative speed, sensitivity and lack of ambiguity. Further-
more, its simplicity makes multiple simultaneous assays
feasible. The procedures are reminiscent of the standard
galactosyltransferase assay [22]. A rate of 0.1 pmol/min
can easily be detected, under standard conditions. We
chose Man,-Me as substrate because: (1) the position to
which GInNAc attaches to this acceptor is unambiguously
intersecting, mimicking the in vivo situation. This is not
the case for oligosaccharides with more mannose, to which
GlcNAc might also be attached in the bisecting position.
(2) Of all oligosaccharides tested, the enzyme has the
highest V_, for Man,-Me. (3) Man,-Me is readily avail-
able from commercial sources and it is economical.

The assay of IGTase products is based on the specific
transfer of Gal from UDP-Gal to terminal GlcNAc glyco-
sides, catalyzed by galactosyltransferase. Loss of macro-
molecular galactosyl-residues, subsequent to treatment with
protein N-glycanase indicates that the transfer is to N-gly-
cosides. In D. discoideum all the branch GlcNAc on
N-glycosides is derived from the action of IGTase.

The evidence that IGTase is an intrinsic lumenal vesicle
membrane protein begins with the finding that 50% is
recovered in a crude membrane fraction (Table 1 and [7].
Most of this is resistant to alkaline extraction (Table 3),
and most is partitioned into a Triton X-114 rich hydropho-
bic phase (Table 3). Furthermore, the Arrhenius plot for
the activity exhibits a break at 16°C (Fig. 4). Each of these
results is an expected property of intrinsic membrane
proteins [15,16]. The findings that the activity is latent and

unavailable to Pronase in the absence of detergent but
available to substrate and sensitive to Pronase in the
presence of detergent are now considered standard tests for
the lumenal topology of the active site of the enzyme
[11-13]. This differentiates IGTase activity from endoplas-
mic reticulum GlcNAc transferase, whose orientation is
toward the cytosol [23].

The easy separation of the transferase from glucose-6-
phosphatase by centrifugation in discontinuous sucrose
gradients also indicates IGTase is not an endoplasmic
reticulum protein. Its co-localization and co-enrichment
with NDPase in the same fractions by two different sedi-
mentation procedures, favors the idea that it is retained in
the Golgi apparatus. NDPase is a known Golgi marker in
other organisms playing an important part in the mem-
brane transport system of nucleotide-sugars, 5-ATP and
PAPS [24]. This proposal is bolstered by the following
observations: (1) the density of the most enriched fraction
of the enzyme is similar to that of rat liver Golgi [25]; (2)
another supposed Golgi activity, sulfotransferase, is also
enriched in this fraction [5], as are early forms of lysoso-
mal enzymes [26] and endogenous substrates for the trans-
ferase.

Further support comes from the results in Fig. 5 that
show proteins which have passed through the lysosomes
( B-hexosaminidase), prelysosomal compartments (Hex70-
Invertase) or secretory vesicles (Hex22-Invertase) [10],
each carry moieties which are the result of IGTase action.
The simplest explanation for this is that they all pass
through a compartment which holds IGTase before they
are sorted. Since the endoplasmic reticulum is excluded by
the results described above, that compartment is most
likely the Golgi apparatus. However, these studies do not
exclude a more diffuse localization in Golgi, transit vesi-
cles and prelysosomal compartments.

The strongest evidence for Golgi retention of IGTase
will come from immuno-localization of the enzyme with
electron micrography. Since the D. discoideum Golgi ap-
paratus may be an excellent model of a developmentally
regulated organelle, it is important to pursue this effort in
the future.
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