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Endogenous acceptors for N-acetylglucosamine (GlcNAc), galactose (Gal) or siahc acid (NeuAc) transfer
were labeled to high activities when purified hepatic Golgi fractions were incubated with the corresponding
radiolabeled nucleotide sugar n the absence of detergent. The in vitro conditions which were optimal for the
endogenous glycosylation of GlcNAc¢ and Gal acceptors (Mn?*, ATP) also promoted fusion within a subset
of Golgi membranes. Electron microscope radioautography revealed that the majority of NeuAc acceptors
were associated with unfused Golgi membranes, whereas the majority of Gal acceptors were localized to
fused membranes. GlcNAc acceptors were approximately equally distributed between fused and unfused
membranes. Under conditions in which Golgi membrane fusion was absent (—Mn?*), only NeuAc transfer
was active. The majority of endogenous NeuAc acceptors were consequently assigned to the more trans
regions of the hepatic Golgi apparatus as concluded from a combination of radioautography (NeuAc transfer)
and acid NADPase cytochemistry (reactive medial and trans Golgi saccules) The distribution of NeuAc and
Gal transferases was assessed after Percoll gradient centrifugation of disrupted Golgi fractions. The median
density of NeuAc transferase was lower than that of Gal transferase. The studies are indicative of distinct
Golg) components harboring the majority of acceptors and enzymes for terminal glycosylation

Introduction time [1,3,10-13] More recently, specitfic glycosyl

transferases and associated glycosidases have been

The Golgi apparatus consists of an anatomi-
cally polarized aggregate of stacked and flattened
cisternae 1n continuity with a varnety of
anastomosing tubular and bulbous extensions at
the periphery of the saccules (cf Refs 1-9) The
localization of different phosphatase activities to
distinct saccules has been established for some

Abbreviations CMPase, cytidine monophosphatase Gal
galactose, GIcNAc, N-acetylglucosamine, HD, half-distance
NADPase, nicounammde ademne dinucleonde phosphatase
NeuAc, N-acetylneuraminic acid

assigned to distinct Golg:1 subcompartments as
defined by subcellular fractionation {14-17], n
situ lectin binding [18-21], sugar uptake as as-
sessed by radioautography [22,23] as well as 1n situ
immunocytochemistry of GlcNAc {24] and galac-
tose transferases [25,26] These studies as well as
observations on the transport of secretory {27-29]
and membrane proteins {30-32] have all indicated
subcompartmentation of the Golg: apparatus

In the present study we define the optimal
conditions for the glycosylation of endogenous
glycopeptide acceptors in purified Golg: fractions
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using detergent-free conditions We also attempt
to exploit our previous observations on Mn”'- and
ATP-induced fusion of Golgi membranes [43] to
determine by EM radioautographv whether all
acceptors for GleNAc, Gal and NeuAc transfer
are localized within the same fused membrane
domain The approach required that we also de-
fine the distribution of terminal sugar transferases
by analytical subfractionation of Golgi compo-
nents on Percoll gradients

Matenals and Methods

Materials Guanosine diphosphate [‘H]man-
nose (GDP-1-[*H]Man, 104 Ci/mmol), uridine
diphosphate [*H]galactose (UDP-1-['H|Gal, 116
C1/mmol), uridine diphosphate N-acetyl[*Hjglu-
cosamine (UDP-6-[ *H]GIcNAc, 24 C1/mmol) and
cytidine monophosphate [ *HJsialic acid (CMP-9-
[*H]NeuAc, 189 Ci/mmol) were obtamned from
New England Nuclear (Boston, MA) Tunicamy-
cin was a generous gift from Dr R'S Dolman (Eh
Lilly and Co (Canada) Ltd . Toronto, Ontario) or
was purchased from Calbiochem (Calbiochem-
Behring Co, La Jolla, CA) NADP was obtained
from Boehringer, Mannheim (Montreal) All other
chemicals were ordered from Fisher Scientific
(Montreal, Quebec) or Sigma Chemical Co (St
Lous. MO)

Subcellular fractionation Intact Golgt fractions
were 1solated directly from liver homogenates by a
one-step procedure [33] The Golg itermediate
fraction was purified from liver microsomes 1s0-
lated from normal rats (no alcohol intoxication)
[34,35] For some experiments, the Golg: inter-
mediate fraction was subfractionated 1n continu-
ous Percoll gradients [35] The enzymic con-
stituents of these Golg fractions and therr mor-
phological properties have been described 1n detail
previously [33,35]

Endogenous gly cosylanion The incorporation of
radiolabeled sugar from the nucleotide sugar sub-
strate  UDP-[’H|GIcNAc, UDP-['H]Gal and
CMP-[*H]NeuAc was based on the endogenous
galactosylation assay [33] Thus biochemical stud-
1es were carried out immediately after the 1solation
of the subcellular fractions [36] For GIcNAc
transfer, the assay consisted of 30 mM sodium
cacodylate buffer, pH 6 5, 20 mM MnCl,. 2 mM

ATP 1 pCi of UDP-[*H]GIcNAc (spec act 24
Ci/mmol) and Golgi fractions (20-60 ug) in a
tinal volume of 01 m! Incubations were carried
out for 10 min at 37°C and stopped by the ad-
dition of 1 ml of 1ce-cold 1% phosphotungstic acid
in 05 M HC1 Bovine serum albumin (100 ug) was
added to serve as proten carrier After 30 mun at
0°C the pellets were washed twice in phos-
photungstic acid-HC1 and once with ice-cold ab-
solute ethanol Pellets were dissolved in 05 ml of
Protosol (New England Nuclear, Boston, MA) and
treated with H,O, before determination of radio-
active content 1n a Packard 460 CD liquid scintil-
lation spectrometer For Gal transfer the incuba-
tion mixture was identical except that 1 puCr of
UDP-['H]Gal (spec act 11 6 Ci/mmol) was used
as substrate For NeuAc transfer, MnCl, was usu-
ally omitted although some experiments were car-
ried out with 5 mM MnCl, 1 pCi of CMP-
["H]NeuAc (18 9 Ci/mmol) was added to each 0 1
ml assay mixture All incubations were done 1n
duphicate and averaged Furthermore, experiments
were carried out on two or more separate occa-
sions and the resultant data were averaged

Evxogenous glycosylation Galactosyltransferase
was assayed with ovomucoid as acceptor [33,35]
Sialyltransferase was determined as described by
Bretz et al [37] using asialofetuin as acceptor
Asialofetuin was prepared from fetuin by hydroly-
sis in 0003 N sulfuric acd at 80°C for 1 h
followed by neutralization and dialysis and
lyophihization of the purified acceptor

Lipid extraction Organic extractions were car-
ried out as described previously [43] Thin-layer
chromatography was done with silica gel G-coated
glass plates (Analtech, Inc. Montreal, Quebec)
and chloroform/methanol /water (60 25 4, v/v)
as solvent [43.38] Mild acid hydrolysis of lipids
was carried out as described by Tkacz et al [39]
with 001 M HCI added to N, drnied aliquots of the
glycolipid extracts DEAE-cellulose chromatogra-
phy of glycolipids was carried out after preparing
columns as described by Rouser et al [40] After
the addition of glycolipid the columns were eluted
with chloroform/methanol (4 1) followed by the
same solvent containing 50 mM ammonum acetate
and finally by chloroform/methanol (4 1) con-
taining 250 mM ammonium acetate

SDS-polvacrvianude gel electrophoresis and fluo-



rography Protein samples were electrophoresed 1n
discontinuous SDS polyacrylamide gradient gels
(5-15%) modified from the method described pre-
viously {33] Fluorography of dried gels was car-
ried out as described by Laskey and Mills [41]

Electron nucroscopy, radioautography and cyto-
chemustry Unpelleted samples (1 e, directly off the
continuous sucrose gradient) were fixed in 25%
glutaraldehyde in 005 M sodium cacodylate (pH
74) then recovered onto Millipore membranes
(Millipore Corp, Bedford, MA) using the
Baudhuin et al procedure [42] The samples were
postfixed and processed routinely for electron mi-
croscopy and electron mucroscope radioautogra-
phy [42-44] Quantitation of radioautographs was
done using techniques described previously [44]

For the cytochemical studies, intact Golg frac-
tions were fixed for 20 min 1n 1% glutaraldehyde
at 4°C then recovered onto Millipore membranes
[42] The samples were then washed at pH 50 1n
three changes of 01 M acetate buffer with 6%
sucrose and then incubated for 4 h at 37°C at pH
50 1in media prepared with 4 mM NADP as
substrate [45,46] The fractions were postfixed and
processed routinely for electron microscope radio-
autography [44]

Results

Optimization of glycosylation

Sugar transfer increased temporally for up to 10
min with NeuAc and for 15 mun with GlcNAc and
Gal (Fig la) with approximately hnear transfer
observed between 200 and 600 pg protein/ml
(Fig 1b) The concentration of MnCl, optimal for
glycosylation was 10 mM for GlcNAc, 20 mM for
Gal and 5 mM for NeuAc (Fig 1c¢) using the
intact Golgs fraction The absence of MnCl, re-
sulted 1n neghgible transfer of Gal but 12% of
maximal transfer of GlcNAc and 80% for NeuAc
ATP was required for the transfer of GIcNAc and
Gal, with only 31% and 22%, respectively, of the
transfer noted 1n the absence of ATP (data not
shown) The presence of a nucleotide-regenerating
system had no effect on Gal transfer in the pres-
ence of 2 mM ATP (Fig 1a) Transfer of NeuAc
was less dependent on ATP than was the case for
GlecNAc or Gal, with 79% of NeuAc transfer ob-
served 1n the absence of ATP as compared to that
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TABLE I

NUCLEOTIDE SUGAR DEPENDENCY OF ENDOGE-
NOUS GLYCOSYLATION WITH THE INTACT GOLGI
FRACTION

Means+ S E of the apparent K, and V, representing data
averaged from three fractionations Linear Lineweaver-Burk
plots were observed for the transfer of UDP-[’H]GlcNAc
UDP-[*H|Gal and CMP-['H|NeuAc at different nucleotide
sugar concentrations Incubations were carried out for 10 min
as described 1n Materials and Methods Double reciprocal plots
were obtained using a Hewlett Packard HP 85 without correc-
tions

Nucleotide sugar K Vi
(uM) (nmol /10 min per mg protein)
UDP-GleNAc 0724012 052+004
UDP-Gal 080+011 1484033
CMP-NeuAc 036+014 0271008

in the presence of 2 mM ATP (data not shown)
The optimum pH for transfer was approx 65
(Fig 1d) with a shightly more acidic profile evident
for NeuAc transfer than for either Gal transfer or
GIcNAc transfer  Apparent Michaelis-Menten
kinetics were observed when incubations were car-
ried out under optimal conditions (Table 1)

Incorporation into proteins

Analysis of the radiolabeled acceptor peptides
by SDS-polyacrylamide gel electrophoresis fluo-
rography (Fig 2) indicated that radioactive glyco-
peptides were stmilar but not 1dentical in molecu-
lar weight for the three labeled sugars Several
labeled bands were displaced upwards by 2000 1n
M, 1n the order GlcNAc, Gal, NeuAc Addition of
unlabeled sugars (eg unlabeled UDP-Gal or
CMP-NeuAc) did not alter appreciably the dis-
tinctive profiles for labeled GleNAc or Gal accep-
tors

Incorporation into hipids

Approx 3% of the incorporated label was
recovered from the CHCI,/CH,OH/ MgCl,
extractions after GlcNAc transfer, 10% after Gal
transfer and 10% after NeuAc transfer Silica gel
G chromatography revealed one major GlcNAc
lipid, one major Gal lipid but two major NeuAc
labeled glycolipid acceptors Mild hot acid hydro-
lyzed the GlcNAc and NeuAc labeled lipids but
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the galactolipid generally was resistant to acid Localization of labeled acceptors
treatment Both the GIcNAc and NeuAc glyco- EM radioautography was carried out after en-
hpids were bound to DEAE-cellulose This was dogenous glycosylation in the presence and ab-
not observed for the galactohpid, 95% of the sence of Mn’* (Fig 4) Silver grains were more
galactolipid did not bind to DEAE-cellulose and numerous for GlcNAc or Gal transfer when Mn?*,
of the remaining 5% of the label, 2% was eluted by the Golg: fusogen, was present Comparison of the
50 mM ammomum acetate and 3% by 250 mM gramn distributions under optimal endogenous
ammonium acetate Tunicamycin inhibited the transfer conditions (Fig 4b.d.f) indicated an al-
transfer of GIcNAc and Gal at high concentra- most equal distribution of GlcNAc acceptors 1n
tions but had no noticeable effect on NeuAc trans- both fused and unfused membranes (Fig 4b) In

fer (Fig 3) contrast, the majonity of Gal acceptors were found
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Fig 2 Fluorography of labeled proteins from intact Golg
fraction after incubation n the presence of various radiolabeled
nucleotide sugar precursors Intact Golgn fractions (24 mg)
were incubated 10 min 1n 0 5 ml of medium containing 25 pC
UDP-*H]GlcNAc (24 Ci/mmol), 25 pC1 UDP-{*H]Gal (11 6
uCi/mmol) and 25 pCi CMP-[*H]NeuAc (189 Ci/mmol),
respectively After incubation (10 min at 37°C), equal amounts
of radioactuvity were electrophoresed (15 10° dpm) Major
protein constituents are shown on the left after electrophoresis
and staming (1, 2, 3) The major band corresponds to the
mobility of albummn On the nght i1s shown the corresponding
fluorogram Radioactivity 1s associated with several Golg
peptides and the profiles are stmlar but not 1dentical to when
fractions were incubated with UDP-[*H]GIcNAc (1’), UDP-
[*H]Gal (2') or CMP-[*H|NeuAc (3') The relative mobilities of
protein standards are indicated on the extreme left Fluoro-
graphic exposure was 2 weeks

in fused membranes (Fig 4d), whereas the major-
ity of NeuAc acceptors were found in unfused
membranes (Fig 4f) Quantitation confirmed the
quahtative observations (Table II) Since the inter-
pretation of Golgi membrane structure after
Mn?*-induced fusion was far from obwvious, we
focused on NeuAc acceptors which could be
labeled to near maximum 1n a structurally unper-
turbed Golg1 apparatus (Fig 4e) Combined acid
NADPase cytochemustry and [*H]NeuAc transfer
was carried out (Fig 5), with silver grains observed
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Fig 3 Effect of tumcamycin on endogenous glycosylation with
the 1ntact Golg fracuon ncubated as descnibed in Matenals
and Methods with UDP{*H]|GIcNAc (O), UDP-[*H]Gal (e,
O) and CMP-[*H]NeuAc (a) as nucleotide sugar substrates
Control experiments were carnied out with purified rough endo-
plasmic reticulum fractions incubated with UDP-[*H]GleNAc
as described in Ref 44 Tunicamycin was dissolved n dimethyl
sulfoxide (20 mg,/ml) and added to the incubation media at the
concentrations indicated Control experiments with equivalent
amounts of dimethyl sulfoxide alone revealed no effect on the
transfer of labeled nucleotide sugars under these conditions

primarily over NADPase-reactive components
(Table III)

Subcompartmentation of glycosyltransferases
Percoll gradient subfractionation of the dis-

TABLE I1

DISTRIBUTION OF GlcNAc Gal, NeuAc ACCEPTORS IN
GOLGI FRACTIONS

Silver grans (five analyses) were scored over vesicles and
tubules with a lipoprotein content or over empty fused Golg
membranes by direct counting with a resolution boundary
circle of 1 HD 1n radius Values presented are means+ S D

Nucleotide sugar Distribution of silver grains (%)

lipoproten electronlucent

content content
UDP-GIcNAc (1332) 2 558+62° 441+64
UDP-Gal (2675) 394+99¢ 606+98
CMP-NeuAc (2781) 688+8749 311487

? Number of silver grains

b GleNAc vs Gal, P <0009

¢ Gal vs NeuAc, P <0001

9 NeuAc vs GlcNAc, P <0013
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TABLE I11

DISTRIBUTION OF NeuAc ACCEPTORS IN INTACT
GOLGI FRACTION

108 pg protein of intact Golg: fraction were incubated at 37°C
for 10 min 1n 15 ml of medium contaiming 157 pC1 of
CMP-[*H]NeuAc (18 9 C1/mmol) and 30 mM sodium cacody-
late A small ahquot was taken and total incorporation was
determined to be 8 964 10% dpm The remaining fraction was
then fixed and treated for NADPase cytochemustry and elec-
tron microscope radioautography as indicated in Materials and
Methods 22 radioautographs (20 day exposure) having a final
magnification of X 38000 were used Area analysis (total area
=660 um?) was carned out by the pomt-hit method Gram
distribution was done using a resolution circle having a radius
equal to 1 HD The proportion of gramns within 1 HD of
NADPase-positive and NADPase-negative structures was de-
termined and compared to that over intermembrane spaces In
total 2329 grains were analysed Chi-squared analysis indicated
a significantly higher ( P < 0 001) labeling over NADPase-reac-
tive structures

NADPase- NADPase- Intermembrane

positive negative space
Percent volume 29 8+9 185+6 515+10
Percent grains 76 0+6 179%5 61+ 4
Relative grain
concentration 26 10 01

rupted Golgi intermediate fraction was carried out
and fractions were assayed, in the presence of
detergent, for NeuAc transfer to asialofetuin and
Gal transfer to ovomucoid (Fig 6) The distribu-

Fig 5 Dual locahzation of NeuAc acceptors and NADPase activity 1n the intact Golgi fraction Silver grains indicative of sites of

tion of sialyltransferase activity was shifted to
lower density values than that for Gal transferase

Discussion

Despite the multiphicity of endogenous accep-
tors and glycosyltransferases present in Golgt frac-
tions, only a single rate-limiting event of low K
was observed for each nucleotide sugar donor dur-
ing endogenous glycosylation This was presuma-
bly related to the transport of nucleotide sugars
through Golgr membranes Most of the other bio-
chemical properties of endogenous glycosylation
were as expected [37,47-49] except for the glyco-
lipid acceptors and the relatively high requirement
for Mn?" for endogenous GlcNAc (10 mM Mn?*)
and Gal (20 mM Mn**) transfer

We had previously shown a correlation between
Mn? *-dependent membrane fusion and Gal trans-
fer [43] The present study confirmed by EM radi-
oautography that the majority of Gal acceptors
were found 1n fused membranes Braell et al [50]
have suggested that fusion of cis and medial Golg:
saccules contaming acceptors with trans cisternae
containing transferases may explain the data The
following lines of evidence argue against this (1)
the majority of GIcNAc and NeuAc acceptors
were not correlated with fused Golgr membranes,
(1) near-maximal transfer of NeuAc was observed

L

incorporation of NeuAc are mainly distributed over NADPase-positive elements X 32000
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Fig 6 Distnbutin of sialyl- and galactosyltransferase activities
to defined exogenous substrates (asialofetuin and ovomucoid,
respectively) A parent Golgi intermediate fraction was sub-
jected to Percoll gradient centnfugation with glyco-
syltransferase assays and density determinations were carned
out on each fraction The parent Golg intermediate fraction
was 35-fold enriched over the homogenate in sialyltransferase
activity and 49-fold enriched 1n galactosyltransferase activity
After Percoll gradient subfractionation, peak sialyltransferase
activity) was 71-fold enriched over the homogenate, while peak
galactosyltransferase activity was 210-fold enriched over the
homogenate

under non-fusogenic conditions (—Mn**), (1) the
spectrum of labeled acceptors, as evaluated by
SDS-polyacrylammde gel electrophoresis, was unal-
tered by co-incubation with complementary un-
labeled nucleotide sugars As several labeled bands
were displaced by approx 2000 in M, for labeled
GlecNAc, Gal or NeuAc acceptors, respectively,
then such shifts should have been observed if
transport of acceptors had occurred during the
conditions of endogenous glycosylation

No evidence for an acid-labile Gal hipid was
found The small proportion of charged galactoli-
pid probably corresponded to that previously
identified on SDS-polyacrylamide gel electro-
phoresis {43] The GlcNAc lipid was 1dentified as a
dolicholglycophospholipid but did not serve as
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intermediate 1n termunal glycolysation as based on
the tunicamycin studies Very high concentrations
of tunicamycin inhibited both GlcNAc and Gal
transfer This observation confirms and extends to
UDP-GIcNAc, but not CMP-NeuAc, the studies
of Yusuf et al [51] on the tunicamycin sensitivity
of nucleotide sugar transport through Golgi mem-
branes

We elected to use NADPase as a cytochemucal
marker since cleaner and more consistent results
were obtained with this enzyme compared to
thiamine pyrophosphatase in our intact Golgi frac-
tions Angermuller and Fahimu [55] reported strong
NADPase activity within medial and trans Golgi
saccules of rat hepatocytes We have observed
stmilar Golgt localizations in whole rat liver and
intact Golgt fractions [52] Since contiguous
NADPase-reactive saccules occupied between 100
and 150 nm at the trans side of the Golgi stack,
and considering that the resolution boundary circle
for *H under our conditions was approx 70 nm
for 1 half-distance [53], 1t seemed reasonable to
conclude from the data in Table III that few
NeuAc acceptors were associated with the two
NADPase-negative saccules comprising the cis side
of the stack The exact location of NeuAc accep-
tors 1n relation to NADPase-positive medial and
trans regions of the Golgi stack could not be
resolved by the present study Furthermore, 1t was
not possible to extend these observations to
GlecNAc or Gal acceptors because of the loss of
normal structural relationships within the Golgi
stack that results when high Mn?* concentrations
induce membrane fusion

The significantly different proportions of
GleNAc, Gal and NeuAc acceptors 1n fused vs
unfused Golgi membranes was indicative of dis-
tinct regions of the Golg! apparatus harboring the
majority of their respective acceptor glycopeptides
in situ Morre et al [54] have also made similar
conclusions based on Golgl apparatus sub-
fractionation using an electrophoretic protocol
These observations imply distinct domains 1n
hepatic Golg1 apparatus contaiming the corre-
sponding glycosyltransferases Dunphy et al [15]
and Goldberg and Kornfeld [17] observed differ-
ent peak densities for GlcNAc and Gal/NeuAc
transferases by analytical sucrose gradients Using
higher-resolution Percoll gradients, we have docu-
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mented different median densities for Gal and
NeuAc transferases As for the acceptors (vide
supra), a complete separation of transferases was
not observed, thereby leaving open the possibility
of some overlap 1n situ

These studies therefore extend the concept of
intra-Golgt specialization of function [13] The rea-
sons for this subcompartmentation are not clear to
us but the wide variety of structural components
observed 1n detailed morphological studies of the
m situ Golgt apparatus (eg Refs 2. 4-9, 12)
leaves considerable scope for functional differenti-
ation within this organelle
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