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Pro-a-factor (pro-af) is posttranslationally modified in the yeast Golgi complex by the addition of
a1,6-, a1,2-, and a1,3-linked mannose to N-linked oligosaccharides and by a Kex2p-initiated
proteolytic processing event. Previous work has indicated that the a1,6- and a1,3-mannosylation
and Kex2p-dependent processing of pro-af are initiated in three distinct compartments of the
Golgi complex. Here, we present evidence that a1,2-mannosylation of pro-af is also initiated in a
distinct Golgi compartment. Linkage-specific antisera and an endo-a1,6-d-mannanase (endoM)
were used to quantitate the amount of each pro-af intermediate during transport through the
Golgi complex. We found that a1,6-, a1,2-, and a1,3-mannose were sequentially added to pro-af
in a temporally ordered manner, and that the intercompartmental transport factor Sec18p/N-
ethylmaleimide-sensitive factor was required for each step. The Sec18p dependence implies that
a transport event was required between each modification event. In addition, most of the
Golgi-modified pro-af that accumulated in brefeldin A-treated cells received only a1,6-manno-
sylation as did ;50% of pro-af transported to the Golgi in vitro. This further supports the presence
of an early Golgi compartment that houses an a1,6-mannosyltransferase but lacks a1,2-manno-
syltransferase activity in vivo. We propose that the a1,6-, a1,2-, and a1,3-mannosylation and
Kex2p-dependent processing events mark the cis, medial, trans, and trans-Golgi network of the
yeast Golgi complex, respectively.

INTRODUCTION

The Golgi complex is an essential organelle of the cell that is
required for the posttranslational modification, transport,
and sorting of proteins within the secretory pathway. Unlike
the endoplasmic reticulum (ER), which is a single-mem-
brane system, the Golgi complex appears to be composed of
distinct cis, medial, trans, and trans-Golgi network (TGN)
cisternal regions as defined by morphological techniques in
plant and animal cells (Farquhar and Palade, 1998). These
methods define compartments based on their relative posi-
tion within the Golgi stack, cytochemical staining character-
istics, or the localization of resident Golgi enzymes involved
in the modification of glycoproteins (Farquhar and Palade,
1981; Kornfeld and Kornfeld, 1985). However, the precise
number of functionally distinct Golgi compartments and the
boundaries between them are difficult to discern by mor-
phological criteria alone (Mellman and Simons, 1992). This is
because the number of cisternae within a Golgi stack can
vary from three to .20 in different cell types (Mollenhauer
and Morre, 1991), and in some organisms such as Saccharo-
myces cerevisiae, the Golgi cisternae are dispersed throughout

the cytoplasm instead of being organized into a stack
(Preuss et al., 1992). In addition, most Golgi enzymes are not
restricted to a single cisterna, and where colocalization stud-
ies have been performed there is typically some overlap in
the distribution of Golgi marker enzymes for different cis-
ternae (Nilsson et al., 1993; Velasco et al., 1993; Varki, 1998).
Another potential source of confusion is that a single marker
enzyme can show differences in compartmental distribution
between different cell lines (Roth et al., 1985; Velasco et al.,
1993).

Alternatively, it is possible to examine the posttransla-
tional modification of glycoproteins as they pass through the
Golgi complex, which can provide a functional description
of how the Golgi complex is organized. In this case, the
order of modification events from early to late after synthe-
sis generally correlates to the localization of the correspond-
ing modifying enzymes from cis to trans (Farquhar and
Palade, 1981; Mellman and Simons, 1992). The problem with
this technique is that it is difficult to determine whether
sequential modification events occurring in the Golgi are
ordered simply in a biochemical pathway or through com-
partmentalization of the modifying enzymes. This problem
can be overcome through the use of yeast temperature-
conditional mutants that exhibit a tight block in intercom-‡ Corresponding author. E-mail address: tr.graham@vanderbilt.edu.
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partmental protein transport at the nonpermissive temper-
ature (Esmon et al., 1981).

The sec18 mutant has been particularly useful for this
analysis, because protein transport ceases almost immedi-
ately after shifting these cells to the nonpermissive temper-
ature (Graham and Emr, 1991), and because Sec18p/N-eth-
ylmaleimide-sensitive factor (NSF) is a well-characterized
cytoplasmic transport factor required for the fusion of trans-
port vesicles with target membranes throughout the secre-
tory and endocytic pathways (Rothman and Wieland, 1996).
Sec18p/NSF is part of a 20S fusion particle that includes
assembled t-SNARE and v-SNARE complexes (Weidman et
al., 1989; Sollner et al., 1993b). ATP hydrolysis by Sec18/NSF
facilitates dissociation of the SNARE complex and subse-
quent membrane fusion between the vesicle and target
membrane (Sollner et al., 1993a; Mayer et al., 1996). There-
fore, a Sec18p-dependent step in the sequential modification
of a glycoprotein implies that a membrane fusion event is
required to bring together the glycoprotein substrate and
modifying enzyme. This provides a means for determining
steps in protein transport in which compartmental bound-
aries must be overcome.

Modification of N-linked oligosaccharides in the yeast
Golgi complex is initiated with the transfer of a mannose
residue to the core oligosaccharide by Och1p in an a1,6-
linkage (Nakayama et al., 1992). Further elongation by a1,6-
mannoslytransferases of the Mnn9 complexes (Jungmann
and Munro, 1998) generates an unbranched a1,6-mannan
chain of heterogeneous length. Branching of this chain ap-
pears to be initiated by an a1,2-mannosyltransferase en-
coded by the MNN2 gene (Rayner and Munro, 1998). The
final carbohydrate modification is the addition of terminal
a1,3-linked mannose residues to the branched chain and the
ER-derived core by Mnn1p (Raschke et al., 1973). The mating
pheromone precursor, pro-a-factor (pro-af), is also subjected
to a proteolytic processing event initiated by the Kex2 pro-
tease in a late Golgi compartment (Fuller et al., 1988).

Previous work has indicated that Sec18p is required for
the following steps in the maturation and secretion of pro-
af: 1) modification of the ER core-glycosylated form to pro-
duce the a1,6-mannosylated form; 2) conversion of the a1,6-
mannosylated form to the a1,3-mannosylated form; 3)
conversion of the a1,3-mannosylated form to the Kex2p
processed form; and 4) exocytosis of the mature peptide
(Graham and Emr, 1991). The SEC18 requirement strongly
suggests that each modification is catalyzed within a distinct
compartment of the secretory pathway and that a vesicle-
mediated transport step is required between each modifica-
tion step. At the time these sec18 experiments were carried
out, linkage-specific antisera were available that could dis-
tinguish a1,6-mannosylated and a1,3-mannosylated forms
of pro-af. However, the site of a1,2-mannose addition to
glycoproteins was not examined in this set of experiments.
To examine this modification event, we have partially puri-
fied an endo-a1,6-d-mannanase (endoM) from the soil bac-
terium Bacillus circulans. EndoM specifically recognizes the
unbranched a1,6 outer chain of N-linked oligosaccharides
and cleaves this oligosaccharide down to an ER-like core
form. However, the addition of a1,2-mannose to the outer
chain produces an N-linked oligosaccharide that is resistant
to endoM (Nakajima et al., 1976). Therefore, the aquisition of

endoM resistance can be used to score the transport of
glycoproteins to the site of a1,2-mannose addition.

In this study, we have used endoM and linkage-specific
antisera to define the kinetics of a1,6-, a1,2-, and a1,3-man-
nosylation of pro-af. Distinct kinetic intermediates for each
of these glycosylation events could be readily identified.
Sec18p was required for each step, suggesting that each
modification was initiated in a distinct compartment of the
Golgi complex.

MATERIALS AND METHODS

Strains and Media
Yeast strains used in this study are shown in Table 1. KEX2 was
disrupted using pKX::HIS3-S (Redding et al., 1996) or
pKX11::hisG-URA3-hisG-1 (Bevan et al., 1998), both gifts from R.
Fuller (University of Michigan School of Medicine). Standard rich
medium (YPD) (Sherman et al., 1979) was used for culturing of yeast
strains. Before cell labeling, strains were grown in Wickerham’s
minimal proline media (Wickerham, 1946) supplemented with 0.2%
yeast extract and other supplements as needed. B. circulans was
purchased from American Type Culture Collection (Manassas, VA).
Minimal salts medium used to grow B. circulans was prepared by
dissolving 500 mg of (NH4)2SO4, 400 mg of MgSO4z7H2O, 60 mg of
CaCl2z2H2O, 7.54 g of K2HPO4, 2.32 g of KH2PO4, 20 mg of
FeSO4z7H2O, 500 mg of yeast extract, and 0.03% d-mannitol in 1 l of
distilled H2O and filter sterilizing (Nakajima et al., 1976). To prevent
contamination during long incubations in liquid medium, 10 mg/ml
streptomycin was added to the culture medium.

To prepare a1,6-mannan for endoM induction in B. circulans,
TH2–10D (mnn1 mnn2) cells were grown in 10 l of YPD for 2 d at
30°C. Cells (10 OD units/ml) were harvested by centrifugation and
resuspended at a ratio of 200 g wet weight to 100 ml of 0.02 M
sodium citrate buffer, pH 7.0. The cell suspension was autoclaved
for 90 min and then centrifuged at 8000 3 g for 30 min. The
supernatant was removed and stored at 4°C, and the cell pellet was
resuspended in 150 ml of the same buffer. The cell suspension was
autoclaved and centrifuged again. Supernatants were pooled to-
gether, and total carbohydrate was measured by the phenol/sulfu-
ric acid method (Dubois et al., 1956) to yield 500 mg.

To induce endoM expression, a1,6-mannan (mnn1 mnn2) sub-
strate was added into minimal salts medium to a 1% final concen-
tration. B. circulans grows well in a number of media, including
Luria–Bertani, but is only induced to secrete endoM in the presence

Table 1. Strains used

Yeast strains Genotype Source

SEY6210 MATa ura3-52 leu2-3,112 his3-
D200 trp1-D901 lys2-801 suc2-D9

Robinson et al.,
1988

TBY102 MATa sec18-1 ura3-52 leu2-3,112
his3-D200 trp1-D901 lys2-801
suc2-D9

This study

TBY130 SEY6210 kex2D::URA3 This study
TGY413-3D MATa ise1 leu2-3,112 ura3-52 his-

D200 suc2-D9
Graham et al.,

1993
XCY42-30D MATa mnn1D::LEU2 ade2-101

his3-D200 trp1-D901 lys2-801
Graham et al.,

1994
TBY131 XCY42-30D kex2D::HIS3 This study
TH2-10D MATa mnn1 mnn2 ura3-52 leu2-

3,112 his3-D200 suc2-D9
Franzusoff and

Schekman,
1989

TBY132 TH2-10D kex2D::URA3 This study
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of the a1,6-mannan substrate. To ensure optimal expression of
endoM, B. circulans was first grown on minimal salts plates contain-
ing 0.5% a1,6-mannan substrate and 2% agar at 30°C. A 10-ml
starter culture containing 1% a1,6-mannan substrate was inoculated
with a single colony, and after each day of shaking, an aliquot was
removed and Gram stained. When 99% of the B. circulans had
differentiated from Gram (1) to the Gram (2) form, the starter
culture was diluted into 500 ml of the same medium. This culture
was shaken for 18 h and centrifuged to remove the bacteria, and the
supernatant was adjusted to 10 mM NaN3 and assayed for endoM
activity.

Other Reagents
Yeast lytic enzyme was from ICN (Irvine, CA). Expre35S 35S protein
labeling mix was from New England Nuclear (Boston, MA). Protein
A-Sepharose was from Amersham Pharmacia Biotech (Uppsala,
Swedan). DE52 cellulose was from Whatman (Maidstone, England).
All other chemicals were purchased from Sigma (St. Louis, MO).
Preparation of antisera to af, a1,6-linked mannose and a1,3-linked
mannose was previously described (Baker et al., 1988; Graham et al.,
1993; Graham and Krasnov, 1995). For immunodepletion of crude
a1,3-antiserum, 100 ml of heat-killed XCY42–30D (mnn1) cells were
suspended in 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 0.05%
Tween 20 at ;350 OD units/ml and then added to 500 ml of crude
a1,3-sera, rocked at 4°C for 5 min, and centrifuged at 6000 rpm. The
supernatant was removed, and the immunodepletion was repeated
twice. The specificity was verified by titrating this serum against
immunoprecipitated pro-af from metabolically labeled TBY130 and
TBY131 strains.

Colorimetric Assay for endoM Activity
To prepare mannan substrate for assaying endoM activity, a 10-ml
sample of a1,6-mannan substrate was adjusted to 0.5 M NaOH with
concentrated base, boiled for 10 min, and neutralized with HCl. This
b-elimination method removes O-linked mannose. The sample was
dialyzed against distilled H20, split into aliquots, and stored at
220°C. The carbohydrate concentration before b elimination was 5
mg/ml and after dialysis was 2.5 mg/ml. Wild-type yeast mannan
purchased from Sigma for use in endoM assays was also subjected
to b elimination. To assay endoM, enzyme was added to 250 mg of
mannan substrate in 50 mM sodium citrate, pH 6.0, 0.01 mg/ml
BSA, 0.01 M CaCl2 and 10 mM NaN3 (endoM buffer) in a 500-ml
reaction volume and incubated at 50°C for 0.5–5 h. The reaction was
terminated by placing samples on ice, adding 1 ml of Nelson–
Somogyi reagent 1 (Spiro, 1966), and boiling for 30 min. One milli-
liter of reagent 2 (Spiro, 1966) was added to samples on ice, and the
absorbance was measured at 562 nm to quantitate the reduced
mannose released from substrate. Mock-treated substrate was used
for background subtraction, and fresh medium was used as a blank
when assaying spent supernatant from B. circulans cultures. One
unit of endoM is defined as the amount that will release 1 mmol of
mannose per 30 min of incubation at 50°C.

Partial Purification of endoM
The supernatant from 500 ml of B. circulans culture was adjusted to
30% of saturation with ammonium sulfate at 4°C. After 30 min of
stirring and 1 h of standing, the solution was centrifuged at 15,000 3
g for 20 min. The supernatant was adjusted to 60% of saturation
with ammonium sulfate, stirred for 30 min, and allowed to settle for
2 h. A second centrifugation at the same settings was performed,
and the pellet was resuspended in 10 ml of 50 mM potassium
phosphate buffer, pH 7.0, containing 10 mM NaN3. The sample was
dialyzed against the same buffer for 24 h. One-half of the dialyzed
sample was loaded onto a DE52-cellulose column (2.5 3 19 cm)
equilibrated with buffer and eluted using a 0–0.6 M NaCl gradient
at a 0.5 ml/min flow rate. A final 0.75 M NaCl wash (10 ml) was also

collected. Fractions (5 ml) were assayed for endoM activity and
protein concentration and displayed a profile similar to that previ-
ously reported (Nakajima et al., 1976). Active fractions were pooled
together, dialyzed, and concentrated as previously described (Na-
kajima et al., 1976). One-milliliter aliquots were refrigerated at 4°C,
and the preparation was found to retain 80% of the original activity
after 1 y of storage.

Pulse–Chase Labeling and Immunoprecipitation
Cell labeling and primary immunoprecipitations were performed as
previously described (Graham and Emr, 1991). For secondary im-
munoprecipitations, samples were dissociated from the primary
antibody and reimmunoprecipitated as previously described (Gra-
ham et al., 1993). For endoM treatment of immunoprecipitates, the
protein A-Sepharose immune complex pellet was washed in 50 mM
sodium citrate, pH 6.0, dried, and resuspended in 24 ml of endoM
buffer. Samples were incubated for 2.5 h at 50°C with 50 mU of
endoM, except where other conditions are defined in the figure
legends. Reactions were terminated with 43 Laemmli buffer and
electrophoresed on 15% SDS-polyacrylamide gels. Gels were ana-
lyzed by autoradiography or a Molecular Dynamics (Sunnyvale,
CA) PhosphorImaging system using IPLabgel-H software (for
Macintosh) (Signal Analytics, Vienna, VA). We estimated the
amount of mannan in pro-af immunoprecipitates to be ;0.015
mmol, whereas the amount of mannan in a standard Nelson–Somo-
gyi assay reaction was ;1.5 mmol.

The relative amount of a1,6-, a1,2-, and a1,3-mannosylated inter-
mediate forms in pro-af immunoprecipitates was determined as
described below and as diagrammed in Figure 1. After elution of af
from the primary immunoprecipitate, one-third of the eluate was

Figure 1. Method for defining the biosynthetic intermediates of
pro-af. Our nomenclature for the pro-af biosynthetic intermediates
is shown to the right, and the method for defining the intermediates
is to the left of the structures. Briefly, all forms are recognized by the
primary antiserum. The a1,6-linkage-specific serum recognizes all
Golgi mannosylated forms, whereas the a1,3-linkage-specific serum
only recognizes the terminal a1,3-mannosylated form. EndoM-sen-
sitive (sens.) pro-af forms carry unbranched a1,6-mannan chains,
whereas endoM-resistant (resist.) forms have been branched with
a1,2-mannose. Each step is defined genetically by mutants lacking
each mannose modification as indicated.
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reimmunoprecipitated with af-antiserum and saved for gel electro-
phoresis to show the distribution of all labeled af forms present in
the original sample. The remaining two-thirds of the eluate were
immunoprecipitated with a1,3-linkage-specific antiserum to quan-
titatively remove all a1,3-modified pro-af. The supernatant from
this latter immunoprecipitation was then subjected to a third im-
munoprecipitation with a1,6-linkage-specific antiserum to collect
the remaining pro-af that was Golgi modified, a mixture of a1,6-
and a1,2-modified intermediates. The a1,6-immunoprecipitates
were split equally with the pro-af bound to protein A-Sepharose
beads and resuspended in endoM buffer. One-half was treated with
endoM (50 mU) as described above, whereas the other half was left
untreated. An equivalent portion (1.5 OD equivalents) of each im-
munoprecipitate was electrophoresed on 15% SDS-polyacrylamide
gels.

Quantitation of percent hyperglycosylated versus percent core
glycosylated was carried out by using IPLabgel-H. Segments were
drawn around each lane to be analyzed as shown in Figure 5B. The
phosphorimage signal above the core form was referred to as “hy-
perglycosylated,” whereas the signal found within the area of the
core form was referred to as “core.” The background subtracted
from the total phosporimage signal was set based on the areas of
each lane above and below the glycoprotein smear. All samples
treated with or without endoM were equivalently loaded within
#1% difference as determined by quantitation of total signal in each
lane.

In Vitro Transport
Yeast semi-intact cell membranes and cytosol were prepared from
strain RSY607 (Pryer et al., 1992) as previously described (Baker et
al., 1988). One-stage transport reactions were performed in the
presence of [35S]methionine-labeled prepro-af and an ATP-regener-
ating system at 23°C for indicated times. Reactions were stoppped
by the addition of SDS to 1%, and glycosylated forms of labeled
pro-af were precipitated with concanavalin A linked to Sepharose
or a1,6-linkage-specific serum coupled to protein A-Sepharose. Pre-
cipitates were incubated with or without endoM as previously
mentioned.

RESULTS

Induced Expression and Purification of endoM
As previously reported (Nakajima and Ballou, 1974; Naka-
jima et al., 1976), endoM is expressed and secreted by B.
circulans in the presence of unbranched a1,6-mannan. A
source of this substrate was obtained by extracting cell wall
mannan from an S. cerevisiae mnn1 mnn2 strain that is defi-
cient in adding a1,2-linked and a1,3-linked mannose to N-
linked oligosaccharides (Raschke et al., 1973). To our sur-
prise, we found that B. circulans is a Gram-variable
bacterium that is predominantly Gram (1) during logarith-
mic growth. During stationary phase, these bacteria slowly
differentiate into a Gram (2) form, and it is only the Gram
(2) form that can be induced to secrete endoM. To obtain an
optimal yield of endoM, a small B. circulans culture (see
MATERIALS AND METHODS) was grown to stationary
phase and shaken for 1 wk or until 99% of the bacteria in the
culture were Gram (2). The starter culture was used to
inoculate a larger culture containing 1% a1,6 -unbranched
mannan substrate which was shaken until an OD600 of 0.6
was reached (18 h). The cells were removed by centrifuga-
tion, and the spent supernatant was assayed by the Nelson–
Somogyi colorimetric method (Spiro, 1966) and found to
contain 1200 U of endoM activity with a specific activity of
1.4 U/mg protein. The culturing method described here

provided a sixfold increase in the specific activity of the
starting material relative to a published report (Nakajima et
al., 1976). The endoM was partially purified by ammonium
sulfate precipitation and anion exchange (DE52) chromatog-
raphy (see MATERIALS AND METHODS). Active fractions
from the DE52 column were combined, concentrated, and
assayed to yield 430.5 U (13.5 U/mg protein).

To use endoM to distinguish a1,6- and a1,2-mannosylated
forms of glycoproteins, it was essential to determine the
conditions required to give complete digestion of sensitive
forms and to demonstrate the specificity of the enzyme
preparation. The final endoM preparation was first titrated
against a constant amount of a1,6-mannan substrate (250
mg) and was found to saturate the reaction at ;50 mU of

Figure 2. Activity and specificity of purified endoM against a
crude mannan substrate. Release of reduced mannose from a man-
nan substrate was measured using the Nelson–Somogyi colorimet-
ric assay. (A) 250 mg of mannan substrate (per reaction) prepared
from strain TH2-10D (mnn1 mnn2) were incubated with an increas-
ing amount of purified endoM for 2 h at 50°C. The reaction was
saturated with ;50 mU of enzyme. (B) 250 mg of mannan prepared
from mnn1 mnn2 cells (closed circles) or wild-type cells (open cir-
cles) were incubated with 40 mU of endoM for the time points
indicated. The mnn1 mnn2 strain produces a1,6-mannan lacking
a1,2- or a1,3-linked mannose.
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enzyme in a 2-h incubation (Figure 2A). To assess the spec-
ificity of the endoM, mannan from wild-type cells or mnn1
mnn2 cells was incubated with 40 mU of endoM for the
times listed in Figure 2B. Release of mannose from the
a1,6-mannan was linear over this time range. In contrast, the
wild-type mannan was completely resistant to endoM di-
gestion (Figure 2B).

To determine whether the endoM preparation could be
used to distinguish different N-linked oligosaccharide forms
of a specific glycoprotein, we immunoprecipitated pro-af
from 35S metabolically labeled yeast cells and treated the
samples with endoM. The a-factor mating pheromone is
initially synthesized as a high-molecular-weight precursor
that is cotranslationally modified with three N-linked oligo-
saccharides to produce the 26-kDa core glycosylated ER
form (Fuller et al., 1988). Further modification of the N-
linked oligosaccharide with specific mannose residues (a1,6
3 a1,2 3 a1,3-linkage) occurs as pro-af is transported
through the Golgi complex (Herscovics and Orlean, 1993)
and results in a smear of hyperglycosylated precursor forms
(26–150 kDa) by SDS-PAGE. The nomenclature we use to
describe the N-glycan biosynthetic intermediate forms is
shown in Figure 1. Within the TGN, the endoprotease Kex2p
initiates proteolytic processing of pro-af to four mature pep-
tides that are ultimately secreted into the media (Bussey,
1988; Fuller et al., 1988).

To test whether endoM would recognize a1,6-mannosy-
lated pro-af, we labeled MNN1 MNN2 kex2D, mnn1 MNN2
kex2D, and mnn1 mnn2 kex2D strains for 10 min at 20°C.
KEX2 was disrupted in each strain to prevent proteolytic
processing of pro-af to increase the yield of this precursor.
These strains should produce the a1,3-, the a1,2-, and the
a1,6-mannosylated forms of pro-af, respectively (Figure
3A). Pro-af was recovered from each strain by immunopre-
cipitation, eluted from primary antibody, and split into four
equal samples. One sample was left untreated (Figure 3A,
lanes marked a), and the others were incubated with buffer
alone (lanes marked b), the ammonium sulfate endoM prep-
aration (lanes marked c), or the final endoM preparation
(lanes marked d). The ammonium sulfate preparation
clearly contained an undesired endoglycosidase activity
(Figure 3A, lanes marked c), which completely removed the
N-linked oligosaccharides from pro-af to produce a degly-
cosylated form. Purification of endoM by ion exchange chro-
matography removed this contaminating endoglycosidase
activity as indicated by the inability of the final endoM
preparation to convert pro-af to a deglycosylated form (Fig-
ure 3A, lanes marked d). As expected, most of the pro-af
produced in wild-type and mnn1 kex2D cells was resistant to
endoM (Figure 3A, lanes 4 and 8). In contrast, the hypergly-
cosylated smear of pro-af produced from an mnn1 mnn2
kex2D strain was completely digested to a core-like form
when incubated with DE52-purified endoM (Figure 3A, lane
12). This result demonstrates that the endoM recognizes the
a1,6-mannosylated pro-af, whereas further modified forms
are resistant to endoM digestion.

To ensure that the endoM incubation conditions would
give complete digestion of all a1,6-modified pro-af, we ex-
amined the effect of changing the incubation time and
amount of endoM in the reaction. Pro-af was immunopre-
cipitated from mnn1 MNN2 kex2D and mnn1 mnn2 kex2D
strains labeled for 7 min and chased for 10 min so all of

pro-af would be chased to its final modified state. Treatment
of these samples with 50 mU of endoM resulted in complete
digestion of pro-af from the mnn1 mnn2 kex2D strain within
1 h (Figure 3B, lane 2), whereas the resistant form produced
from the mnn1 MNN2 kex2D strain remained unchanged for
up to 5 h of incubation (Figure 3B, lanes 5–7). Reducing the
amount of endoM to 25 mU still gave complete digestion of
the sensitive forms (Figure 3C, lane 2) whereas 10 mU di-
gested most, but not all, of the pro-af produced from mnn1
mnn2 kex2D cells (our unpublished data). Importantly, all of
the radiolabeled pro-af from the mnn1 kex2D strain was
resistant to endoM, indicating an efficient conversion of all
pro-af to the a1,2-mannosylated form during transport
through the Golgi. Likewise, all of the pro-af chased to the
a1,6-mannosylated form in the mnn1 mnn2 kex2D strain,
indicating this modification event was also efficient. The
results from Figure 3 indicate that a 2.5-h incubation with 50
mU of endoM was at least a fivefold overdigestion, and that
no contaminating endoglycosidase or protease activity was
observed in these reactions. These reaction conditions
should ensure that all resistant forms remaining after treat-
ment are the result of a1,2-mannosylation rather than in-
complete digestion of sensitive forms.

Identification of a1,6- and a1,2-Mannosylated
pro-af Transport Intermediates in Wild-Type Cells
If a1,6- and a1,2-linked mannose are added to glycoproteins
in sequential compartments of the Golgi complex, then it
should be possible to detect these intermediate forms in a
pulse–chase experiment. In fact, the smear of hyperglycosy-
lated pro-af produced from MNN1 MNN2 kex2D and mnn1
MNN2 kex2D cells that migrated just above the core form
shown in Figure 3A (lanes 4 and 8) disappeared when
treated with endoM. This suggested that these strains pro-
duced an a1,6-intermediate pro-af form that had not yet
been transported to a compartment that contains the a1,2-
mannosyltransferase. To slow protein transport so biosyn-
thetic intermediates could be more easily observed, MNN1
MNN2 kex2D cells were metabolically labeled at 15°C for 5
min and chased at 15°C for the time points indicated in
Figure 4A. Pro-af was immunoprecipitated from the cell
lysates and subjected to a second round of immunoprecipi-
tation with a1,6-linkage-specific antiserum. The second im-
munoprecipitation isolated all Golgi-modified pro-af forms
and removed the ER core glycosylated pro-af form, which
can obscure the product of endoM digestion. Half of each
sample was then subjected to endoM treatment to determine
the half-time of a1,2-mannosylation.

At the beginning of the chase period, most (78%) of the
pro-af that had arrived in the Golgi complex was sensitive to
endoM digestion (Figure 4, A and B, 0 min), indicating that
most of this glycoprotein had not yet encountered the a1,2-
mannosyltransferases. Over the 10-min chase period, the
labeled pro-af became completely resistant to endoM diges-
tion, displaying a 3 min half-time for conversion to endoM
resistance (Figure 4, A and B). As a control for the endoM
treatment, pro-af that was immunoprecipitated from mnn1
mnn2 kex2D cells was still endoM sensitive after the 10-min
chase period (Figure 4A, lanes 13–16).

The endoM-resistant pro-af forms in Figure 4A should
actually represent a mixture of a1,2- and a1,3-mannosylated
forms, so additional pulse–chase experiments were per-
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formed to examine the kinetics of a1,6-, a1,2-, and a1,3-
mannosylation of pro-af. After the primary pro-af immuno-
precipitation, the samples were eluted and subjected to a
second immunoprecipitation with a1,3-linkage-specific an-
tiserum. The pro-af remaining in the supernatant was then
immunoprecipitated with the a1,6-linkage-specific anti-
serum, and half of this sample was endoM treated. Figure
4C shows the percent of total Golgi-modified pro-af at each
chase time that is in the a1,6-mannosylated form, the a1,2-
mannosylated form, and the a1,3-mannosylated form. The
half-time for conversion of a1,6-mannosylated pro-af to fur-
ther modified forms was slightly .4 min in this experiment.
It is clear that at the 4-min time point there was very little
pro-af carrying a1,3-mannose, so the endoM-resistant
pro-af present at this time was nearly entirely in the a1,2-
mannosylated form. In fact, the half-time for a1,3-mannosy-
lation of pro-af was ;9 min. These results indicate that with
the pulse–chase regimen used in these experiments, the
half-time for conversion of a1,6-mannosylated pro-af to the
a1,2-mannosylated form is ;4 min, and that an additional
4–5 min is required to convert half of the a1,2-mannosylated
form to the a1,3-mannosylated form. Therefore, these Golgi
mannosylation events are ordered temporally.

Sec18p Is Required for Transport of pro-af through
the a1,2-Mannosyltransferase Compartment
The low-temperature pulse–chase experiments described
above suggests that a1,6-, a1,2-, and a1,3-mannosylation of
pro-af might occur in sequential Golgi compartments. To
further test whether these modifications occur in distinct
compartments and to ask whether vesicle-mediated trans-
port is required for the formation and consumption of these
biosynthetic intermediates, we took advantage of the protein
transport block exhibited by the sec18 mutant. Wild-type
and sec18 cells were labeled at the permissive temperature
(20°C) for 7 min to mark all of the compartments of the Golgi
complex with pro-af intermediate forms. In both sec18 and
wild-type cells, all of the different biosynthetic intermediates
of af (from the ER core form to the secreted mature form)
can be seen at the end of the permissive temperature label-
ing period (Graham and Emr, 1991). The wild-type and sec18
cells were then chased and immediately shifted to 37°C to
inactivate Sec18p in the mutant cells. Transport and process-
ing of pro-af was unaffected when wild-type cells were
shifted to 37°C. Therefore, all of the labeled pro-af disap-
peared as it was processed and secreted into the medium in
the mature form (Figure 5A, lanes 17 and 18; our unpub-
lished data).

Figure 3. Activity and specificity of endoM preparations against
immunoprecipitated pro-af. (A) MNN1 MNN2 (TBY130), mnn1
MNN2 (TBY131), and mnn1 mnn2 (TBY132) strains were labeled
with 35S-amino acids for 10 min at 20°C and no chase. N-linked
oligosaccharides produced from these yeast strains are represented
above each genotype. Pro-af was recovered from the cell lysates by
immunoprecipition and was split into four equal samples. One
sample was left untreated (lanes marked a), and the other samples
were treated with the following preparations: (b) endoM buffer
(mock), (c) ammonium sulfate-purified endoM (50mU), and
(d) DEAE-purified endoM (50 mU). All subsequent enzyme incu-
bations are with DEAE-purified endoM. (B and C) Pro-af was
immunoprecipitated from mnn1 and mnn1 mnn2 yeast strains la-
beled at 20°C for 10 min and chased for 7 min. (B) Samples were
split and treated with 50 mU of endoM for the indicated times. (C)

Figure 3 (cont). Samples were split and treated with the indicated
amount of endoM. de., deglycosylated pro-af; un., unglycosylated
pro-af. Note that the contaminating endoglycosidase apparent in
lanes marked C produces a deglycosylated pro-af with a slightly
slower mobility than the unglycosylated form. This suggests cleav-
age between the N-acetylglucosamines leaving behind one sugar
per N-linked oligosaccharide. Core indicates the ER pro-af form
carrying the oligosaccharide shown within the dashed box. All three
experiments were electorphoresed on 15% SDS-polyacrylamide gels
with B and C run for shorter times than A.
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The distribution of pro-af forms in sec18 mutant was
similar to that in the wild-type cells after the labeling period
at the permissive temperature, indicating that transport and
modification was unaffected at this temperature. However,
pro-af was blocked from further transport during the non-
permissive chase in the sec18 cells (Figure 5A, compare lanes
1, 5, and 9 with lanes 13, 17, and 18). The linkage-specific
antisera and endoM were then used to quantitate the
amount of each pro-af biosynthetic intermediate at each
time point (see MATERIALS AND METHODS). An example
(Figure 5A, lanes 6–8) of the the areas used in the quanti-
tatation of each mannosylated form is shown in Figure 5B.
From three experiments, we found an average of 44% of
pro-af from the sec18 cells was in the a1,6-mannosylated
form (endoM sensitive) at the time the cells were shifted to
the nonpermissive temperature (Figure 5, A, lane 4, and C).
The percentage of a1,6-mannosylated pro-af dropped to
28% (a 16 6 5% change) over the 30-min chase at 37°C. This
loss of the a1,6-mannosylated pro-af was compensated pri-
marily by an increase in the a1,2-mannosylated form. After
inactivation of Sec18p, the half-time for conversion of the
a1,6-mannosylated pro-af to the a1,2-mannosylated
pro-af was extrapolated to be 43 min. The half-time for
this event in wild-type cells was too rapid to measure at
37°C but was ;4 min at 15°C (see Figure 4). Thus, there is
clearly a Sec18p requirement for conversion of the a1,6
form to the a1,2 form. The slow increase in the formation
of a1,2-mannosylated pro-af may represent some “leaki-
ness” in the sec18 block but more likely represents a low
level of a1,2-manosyltransferase activity within the a1,6
compartment. Finally, the percent of a1,3-mannosylated
pro-af did not change significantly over the chase period
(Figure 5, A and C). Therefore, we conclude that Sec18p is
also required for the conversion of the a1,2-mannosylated
pro-af form to the a1,3-mannosylated form. The Sec18
dependence for these events strongly suggests that the
a1,6-, a1,2-, and a1,3-mannosylation and proteolytic pro-
cessing of pro-af occur in separate Golgi compartments.

Brefeldin A-treated Cells Accumulate Core
Glycosylated and a1,6-Mannosylated pro-af
Brefeldin A (BFA) is a specific inhibitor of ADP-ribosyla-
tion factor (ARF) and its exchange factors (Peyroche et al.,
1999). Treatment of yeast cells with 75 mg/ml BFA inhibits
most ER to Golgi protein transport, but some pro-af leaks
through the first block and accumulates behind a second
block within the yeast Golgi complex. The pro-af that
reaches the Golgi aquires a1,6-mannose but does not ac-
quire a1,3-mannose. Although BFA induces the retro-
grade movement of Golgi enzymes to the ER in mamma-
lian cells, there is no indication that BFA causes a
comparable redistribution of yeast Golgi enzymes to the
ER, or that Golgi-specific modifications can be catalyzed
within the yeast ER (Graham et al., 1993). To determine
whether pro-af received a1,2-mannose in the presence of
BFA, BFA-sensitive cells (ise1) were labeled for 7 min and
chased for 30 min in the presence or absence of 75 mg/ml
BFA. Pro-af intermediates were immunoprecipitated
from cells chased for 0 or 30 min and then split in half, and
one portion was treated with endoM (Figure 6A). Quan-
titation of the electrophoresed samples indicated that 85%
of the Golgi-modified forms produced in the BFA-treated

cells were sensitive to endoM (Figure 6B). The amount of
endoM-resistant forms (15%) was slightly higher than the
background of apparent endoM-resistant pro-af forms
immunoprecipitated from an mnn1 mnn2 strain (Figure 6,
A and B, compare lanes 8 and 10). This can be attributed

Figure 4. Sequential modification of pro-af in the Golgi complex.
(A) kex2D cells (TBY130) were labeled at 15°C for 5 min and chased
for the times indicated. Pro-af was immunoprecipitated first with af
serum and then with a1,6-linkage serum and split in half for treat-
ment with or without endoM. mnn1 mnn2kex2D (TBY131) cells were
also labeled and pro-af analyzed as described above. (B) Quantita-
tion of the data in A was carried out using a phosphorimager. Forms
resistant to endoM are a mixture of a1,2- and a1,3-mannosylated
pro-af, whereas sensitive forms are only a1,6-mannosylated. (C)
The kex2D strain TBY130 was labeled and chased as above. The
intermediate forms were quantified as described in MATERIALS
AND METHODS section and shown in Figures 1 and 5. The data
shown are from a single experiment but are representative of data
obtained in three independent experiments.
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to an incomplete block in transport as well as a nonspe-
cific band contaminating the BFA-treated samples (Figure
6A, lanes 4, 5, 7, and 8). These results indicate that a BFA
block occurs beyond the a1,6-mannosylation step and
before the a1,2-mannosylation step. This is in addition to
an apparent block in ER to Golgi transport indicated by
the accumulation of ER glycosylated forms in the BFA-
treated cells (Figure 6; Graham et al., 1993). These results
further support the conclusion that a1,6-mannose and
a1,2-mannose are added to pro-af in separate Golgi com-
partments.

Transport of pro-af from the ER to the Golgi In
Vitro Results in a Mixture of a1,6- and a1,2-
Mannosylated Forms
Transport of pro-af from the ER to the Golgi can be recon-
stituted in permeablized yeast cells using the modification of
pro-af with a1,6-mannose to score the fusion of ER-derived
transport vesicles (COPII coated) with Golgi acceptor mem-
branes (Barlowe et al., 1994). We wished to test whether
pro-af transported to the Golgi in vitro would also receive
a1,2-mannose, perhaps indicating reconstitution of an intra-
Golgi transport step. Franzusoff and Schekman (1989) had
previously reported that a portion of a1,6-mannosylated
pro-af produced in vitro was resistant to endoM digestion.

To further address the kinetics of these modification events
in vitro, transport reactions were performed at 23°C with
wild-type semi-intact cells incubated with cytosol, ATP, and
in vitro–translated 35S-labeled prepro-af as previously de-
scribed (Barlowe et al., 1994). Samples were harvested at 0,
20, and 60 min of incubation and solubilized with SDS to
terminate the reaction. Each sample was immunoprecipi-
tated with a1,6-linkage-specific antiserum to analyze only
the Golgi-modified pro-af (Figure 7A) or precipitated with
the lectin conconavalin A to bring down all glycosylated
forms (Figure 7B). Samples were split evenly and treated
with endoM or left untreated. We found that pro-af in the
0-min incubation had received core oligosaccharides in the
ER and could be precipitated with conconavalin A but had
not been subjected to Golgi mannosylation. At the next time
point examined (20 min), .50% of the Golgi-modified
pro-af was sensitive to endoM digestion (Figure 7A). There-
fore, as predicted from the in vivo experiments, most of the
pro-af was transported to a compartment that contained
only the a1,6-mannosyltransferase activity.

The percentage of a1,2-mannosylated pro-af (endoM re-
sistant) produced in vitro did not change significantly be-
tween the 20- and 60-min time points, even though the total
amount of Golgi-modified pro-af increased. If two transport
steps were being reconstituted, we would have expected the

Figure 5. Sec18p is required for the formation
and consumption of each pro-af intermediate
form. Wild-type (SEY6210) and sec18 (TBY102)
cells were labeled at 20°C for 7 min and shifted to
37°C for a 30-min chase. The secondary immuno-
precipitations and endoM treatment were per-
formed as described in MATERIALS AND METH-
ODS section. All samples (1.5 OD equivalents)
were electrophoresed in 15% polyacrylamide gels
and analyzed by phosporimaging. (B) The area of
the lanes used to quantitate the a1,6-, a1,2-, and
a1,3-mannosylated forms from the 15-min time
point is boxed. (C) Quantitation of a1,6-, a1,2-, and
a1,3-mannosylated pro-af forms at each time point
for the sec18 samples. Each value is the average
from three independent experiments.
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a1,6 form to disappear with a concomitant increase in the
a1,2 form. This was not the case, which suggests that there
were two populations of Golgi acceptor membranes present

in vitro. One population would contain only the a1,6-man-
nosyltransferase, whereas the second would contain both
a1,6- and a1,2-mannosyltransferases, but other interpreta-
tions are also possible, and so the mechanism for producing
the a1,2-modified pro-af form in vitro is not clear. However,
the primary conclusion of this experiment is that we de-
tected a Golgi acceptor compartment that contained only the
a1,6-mannosyltransferase activity.

DISCUSSION

In this work, we have described a method to quantitate the
major N-glycan biosynthetic intermediates on pro-af using
linkage-specific antisera and endoM. We have found that
a1,6-mannose, a1,2-mannose, and a1,3-mannose are added
sequentially to pro-af in a temporally ordered manner.
Based on the results described here and in a previous report
(Graham and Emr, 1991), the intercompartmental protein
transport factor Sec18/NSF is required at each step of the
following pathway in pro-af biosynthesis and secretion: core
glycosylation3 a1,6-mannosylation3 a1,2-mannosylation
3 a1,3-mannosylation 3 Kex2 processing 3 exocytosis of
mature af.

The SEC18 requirement strongly implies that a membrane
fusion event is required at each step to bring together pro-af
with the modifying enzyme. This further suggests that each
modification event (beyond the core glycosylation event) is
catalyzed within a distinct compartment of the Golgi com-
plex. A model describing the compartmental organization of
the yeast Golgi complex based on the current work and
earlier publications is presented in Figure 8. In this model,
Golgi compartments are defined functionally by the initial
site of pro-af modification. However, it is possible that a
specific mannosyltransferase also acts in compartments dis-
tal to the first one assigned in this model, an activity that
would not be detected in our experiments. In fact, a signif-
icant portion of a1,3-mannosyltransferase (Mnn1p) appears
to be localized to the same compartment as Kex2p (Graham
and Krasnov, 1995). Mnn1p appears to cycle between the
trans and TGN compartments, and interestingly, a MAP
kinase signal transduction cascade regulates the distribution
of Mnn1p between these two Golgi compartments (Reyn-
olds et al., 1998). Therefore, this model is not meant to
represent a static localization of the modifying enzymes.

Likewise, it is possible that some of the a1,6-mannosyl-
transferase is also localized to the a1,2-mannosyltransferase
compartment (medial-Golgi). There are two distinct multi-
protein complexes that contain Mnn9p and exhibit a1,6-
mannosyltransferase activity that have been isolated in im-
mune complexes from yeast (Jungmann and Munro, 1998).
Both complexes appear to exhibit some a1,2-mannosyltrans-
ferase activity in vitro, although neither complex contains
the Mnn2 or Mnn5 a1,2-mannosyltransferases needed to
branch the a1,6-mannan chain (Rayner and Munro, 1998).
By immunofluorescence microscopy, Raynor and Munro
(1998) examined the distribution of an epitope-tagged
Mnn2p with Anp1p, a component of an a1,6-mannosyltrans-
ferase complex, and found significant colocalization but
with some cisternae staining for only one or the other pro-
tein. In contrast, Mnn2p (an a1,2-mannosyltransferase) and
Mnn1p (an a1,3-mannosyltransferase) showed little colocal-
ization (Rayner and Munro, 1998). These observations are

Figure 6. BFA-treated cells accumulate core glycosylated and a1,6-
mannosylated pro-af. BFA-sensitive cells (ise1) were pretreated for
10 min at 20°C with or without 75 mg/ml BFA, labeled for 7 min,
and chased for 30 min. Pro-af was recovered from each sample by
immunoprecipitation and subjected to a second immunoprecipita-
tion with af- or a1,6-linkage serum. The a1,6 immunoprecipitates
were incubated with or without endoM before electrophoresis in a
15% polyacrylamide gel. Pro-af was also recovered from labeled
mnn1 mnn2 cells for a positive control for the endoM treatment.
unglyc, unglycosylated pro-af; maf, mature af. (B) Quantitation of
the data shown in lanes 7–10 of A. In this experiment, a small
amount of the core glycosylated pro-af contaminated the a1,6 im-
munoprecipitations (lanes 4 and 7) and was subtracted as back-
ground from the BFA-treated samples shown in B.
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represented in the model shown in Figure 8 and could
provide an explanation for the endoM-resistant fraction of
pro-af produced in the in vitro ER to Golgi transport assay.
It is possible that some of the ER-derived transport vesicles
fused directly to a medial compartment containing both
a1,6- and a1,2-mannosyltransferases.

It is also possible that there are more than four compart-
ments that make up the yeast Golgi complex. For example,
Gaynor et al. (1994) had suggested that the initiating a1,6-
mannosyltransferase (Och1p) is contained in a cis-Golgi
compartment that is distinct from the compartment contain-
ing the elongating a1,6-manosyltransferase. This was based
on the observation that a fusion protein containing an ER
retrieval signal (KKXX) received only the initiating a1,6
mannose as it cycled through the early Golgi (Gaynor et al.,
1994). However, we cannot distinguish between these two
pro-af intermediate forms in our experiments, and so we
have been unable to show a Sec18-dependence for conver-
sion of the Och1p-modified form to the elongated a1,6 outer
chain form. Thus, we are only presenting the Sec18-depen-
dents steps in our model, even though other compartments

are likely to exist. In fact, it has been estimated that there are
nearly 30 Golgi cisternae per yeast cell (Preuss et al., 1992).
Although it seems unlikely that each cisterna has a unique
function, there are certainly enough cisternae present in the
cell to accommodate more compartments than presented in
Figure 8.

The fundamental mechanism of protein transport through
the Golgi complex has been a center of controversy in recent
years. Two models have been proposed that differ in respect
to whether the cargo proteins alone or the entire Golgi
cisternae move through the secretory pathway. The vesicu-
lar transport–stationary cisterna model suggests that Golgi
cisternae are relatively stable compartments of the secretory
pathway and that proteins destined for secretion are moved
from one compartment to the next in transport vesicles
(Farquhar and Palade, 1981). The cisternal maturation model
suggests that the cis-Golgi cisterna is formed de novo by
fusion of ER-derived anterograde transport vesicles with
each other and with retrograde vesicles carrying cis-Golgi
enzymes. The cis-Golgi then matures into a medial-Golgi
compartment by shedding cis-Golgi enzymes into retro-
grade vesicles and fusing with retrograde vesicles carrying
medial-Golgi enzymes. This process continues until, ulti-
mately, the TGN breaks down completely into vesicles tar-
geted to the plasma membrane, the endosomal–lysosomal
system, or earlier Golgi compartments.

Our data could be consistant with either of these models.
For example, it is possible that pro-af is packaged into
anterograde vesicles at each step of the secretory pathway,
and the fusion of these vesicles with the next compartment
is blocked in the sec18 mutant at the nonpermissive temper-
ature. This must be the case for transport of mature af from
the TGN to the plasma membrane, although the other steps
are less certain and could also be explained by a cisternal
maturation model (Pelham, 1998). In this case, fusion of
retrograde vesicles carrying Golgi-modifying enzymes with
an earlier compartment containing pro-af could be blocked

Figure 7. ER to Golgi transport assay results in both a1,6-manno-
sylated and a1,2-mannosylated forms of pro-af. Semi-intact yeast
cells were incubated with cytosol, 35S-labeled prepro-af, and ATP
for the times indicated. Samples from each time point were removed
and immunoprecipitated with either a1,6-linkage serum (A) or con-
canavalin A-Sepharose (B), split evenly, and treated with or without
endoM.

Figure 8. Compartmental organization of the yeast Golgi complex.
(see DISCUSSION for explanation).
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in the sec18 mutant at the nonpermissive temperature. For
example, the a1,2-mannosylated pro-af form would not ma-
ture to the a1,3-mannosylated form in the sec18 mutant,
because retrograde vesicles carrying a1,3-mannosyltrans-
ferase could not fuse with the membranes containing pro-af.
With this interpretation, the Golgi compartments depicted in
Figure 8 would represent stages in maturation rather than
stable compartments. Therefore, our model describing the
compartmental organization of the yeast Golgi complex and
the data that contributed to this model are consistent with
both proposed mechanisms for protein transport through
the Golgi complex. Methods for cleanly separating Golgi
cisternae from transport vesicles will have to be developed
to test these models in the yeast system.
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