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Gene fusions encoding the membrane anchor region
of yeast a1,2-mannosyltransferase (Mnt1p) fused to hu-
man b1,4-galactosyltransferase (Gal-Tf) were con-
structed and expressed in the yeast Saccharomyces cer-
evisiae. Fusion proteins containing 82 or only 36
N-terminal residues of Mnt1p were produced and quan-
titatively N-glycosylated; glycosyl chains were shown to
contain a1,6-, but not a1,3-mannose determinants, a
structure typical for an early Golgi compartment. A final
Golgi localization of both fusions was confirmed by su-
crose gradient fractionations, in which Gal-Tf activity
cofractionated with Golgi Mnt1p activity, as well as by
immunocytological localization experiments using a
monoclonal anti-Gal-Tf antibody. In an in vitro Gal-Tf
enzymatic assay the Mnt1/Gal-Tf fusion and soluble hu-
man Gal-Tf had comparable Km values for UDP-Gal
(about 45 mM). To demonstrate in vivo activity of the
Mnt1/Gal-Tf fusion the encoding plasmids were trans-
formed in an alg1 mutant, which at the non-permissive
temperature transfers short (GlcNAc)2 glycosyl chains
to proteins. Using specific lectins the addition of galac-
tose to several yeast proteins in transformants could be
detected. These results demonstrate that Gal-Tf, a mam-
malian glycosyltransferase, is functional in the molecu-
lar environment of the yeast Golgi, indicating conserva-
tion between yeast and human cells. The in vivo function
of human Gal-Tf indicates that the yeast Golgi is acces-
sible for UDP-Gal and suggests strategies for the con-
struction of yeast strains, in which desired glycoforms
of heterologous proteins are produced.

N-Glycosyl chains of glycoproteins can have a great variety of
structures in mammalian cells, while they are built relatively
simply in lower eukaryotes, such as the yeast Saccharomyces
cerevisiae. Nevertheless, in both types of cell the dolichol-linked
precursor is identical and the selection of asparagine attach-
ment sites proceeds similarly. Yeast core N-glycosyl chains can
be extended by the addition of .100 mannose units (1); in
contrast, a multitude of enzymes in mammalian cells can proc-
ess the core to create diverse N-glycosyl chains containing
various sugars (2). The complex type of N-glycosyl chains in
mammalian cells is synthesized after trimming of the core unit
by the sequential addition of GlcNAc, Gal, and NeuAc. Galac-
tose addition in human cells is mediated by UDP-galactose:N-

acetyl-D-glucosaminyl-glycopeptide 4b-D-galactosyltransferase
(EC 2.4.1.38) (Gal-Tf),1 an enzyme anchored in the Golgi mem-
brane, which uses UDP-Gal as substrate and GlcNAc on glyco-
syl structures as acceptors (3, 4). In its secreted soluble form,
which lacks a membrane anchor region, Gal-Tf functions as
lactose synthase, while a third role of Gal-Tf, correlated with
its localization on the cell surface, is to mediate adhesion
processes (5).
The targeting of Gal-Tf and other glycosyltransferases to the

Golgi requires specific protein sequences in these proteins, as
well as cellular components (reviewed in Ref. 6). The mem-
brane anchor region of Gal-Tf contains essential sequences for
its targeting to the trans-Golgi (7–10). Similarly, Golgi local-
ization of yeast glycosyltransferases appears to be mediated by
their membrane anchor regions (11, 12). It has been shown that
the transmembrane domain of yeast a1,2-mannosyltransferase
(Mnt1p), which extends O-glycosyl chains in the Golgi, is nec-
essary for Golgi localization (11). a1,3-mannosyltransferase
(Mnn1p) contains separable Golgi localization signals within
both the transmembrane and lumenal domains (12). Recently,
it has been shown that the membrane anchor region of a
mammalian glycosyltransferase, rat a2,6-sialyltransferase, is
able to target a reporter protein to the yeast Golgi, indicating
conservation of targeting mechanisms between lower and
higher eukaryotes (13). The transmembrane domain-mediated
localization of yeast glycosyltransferases appears distinct from
other Golgi proteins, whose targeting depends on Y/F-X-Y/F
sequences in their cytoplasmic tails (14).
It has been shown that the production of mammalian glyco-

syltransferases in heterologous host cells can alter the glyco-
sylation pattern of such cells. Several glycosyltransferases
have been isolated by heterologous expression in Chinese ham-
ster ovary cells (reviewed in Refs. 15, 16). In mouse cells trans-
fected with the human gene encoding a1,2-fucosyltransferase
blood group H determinants are synthesized (17). An Arabi-
dopsis thaliana mutant defective in N-acetylglucosaminyl-
transferase I can be complemented by the human cDNA for this
enzyme (18). Recently, it has been reported that mammalian
glycosyltransferases can be produced in the yeast S. cerevisiae
in an active form (19–21), but an effect on yeast glycosyl struc-
tures was not observed. Such a modifying effect would have
been expected only if the respective glycosyltransferase were
synthesized at sufficient levels in the proper organelle (such as
the Golgi) in yeast cells, on condition that acceptor structures
and activated sugars were present (22).
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membrane anchor region of yeast Mnt1p to soluble human
Gal-Tf can be produced at high levels and targeted to the Golgi
in yeast cells. We present evidence that the Gal-Tf fusion is
enzymatically active and in vivo is able to add galactose resi-
dues to acceptor structures in an alg1 mutant. The function of
the Gal-Tf fusion in the molecular environment of the yeast
Golgi suggests that essential Golgi structures and constituents
are conserved between lower and higher eukaryotes and spe-
cifically indicates that UDP-Gal is available in the lumen of the
yeast Golgi. We propose that the modification of glycosyl struc-
tures by the action of heterologous glycosyltransferases may be
used as a strategy to construct new yeast host strains that
secrete desired glycoforms of applied proteins (23).

EXPERIMENTAL PROCEDURES

Strains and Growth Conditions—S. cerevisiae host strains for recom-
binant vectors were BJ1991 (MATa ura3–52 leu2 trp1 prb1–1122
pep4–3 gal2) (24) and ATS594–1B (MATa ade1 leu2 alg1). Strain
ATS594-1B was constructed by crossing the alg1mutant PRY57 (25) to
a multiply-marked laboratory strain; among the alg1 leu2 progeny
strain ATS594-1B was chosen, because at the non-permissive temper-
ature (37 °C) it contained high levels of acceptors for in vitro galacto-
sylation using human Gal-Tf. Yeast transformants were grown selec-
tively in supplemented SD minimal medium (26). To induce the GAL10
promoter, cells were grown in SGal-medium containing 2% galactose
and 0.2% glucose as carbon sources, as described (19).
Plasmids—The 59 end of the MNT1 coding region encoding the pu-

tative Golgi membrane anchor (27) was isolated first by the polymerase
chain reaction using total BJ1991 DNA as template and the two prim-
ers 59-TTACCATGGCCCTCTTTCTCAG-39 and 59-TCTGGTCCTGGCT-
TCGGAGTCTTCG-39 (the newly added NcoI and AvaII sites are under-
lined; the NcoI site carries the ATG translational start codon). The
amplified fragment was cut with NcoI and AvaII and ligated to a
602-base pair BamHI-NcoI fragment carrying the GAL10 promoter
(derived from p1260/1)2 and the large BamHI-RsrII fragment of pCT7/
J20 (3). The resulting plasmid pGTÜ1 contained aMNT1::Gal-Tf fusion
with the following junction sequence (the MNT1 portion is in italics;
numbering corresponds to Mnt1p and Gal-Tf):

59-GAA GCC AGG ACC GGA GGG GCC-39
(N)Glu Ala Arg Thr Gly Gly Ala(C)

81 82 *77 78 79 80 81

SEQUENCE 1

The BamHI-HindIII fragment carrying the MNT1::Gal-Tf expression
unit was inserted into the BamHI and HindIII sites of pJDB207 (28),
thereby placing the 39 end of the expression unit next to the 2-mm FLP
terminator following the HindIII site. The final vector was designated
phMGT1 (Fig. 1).
A deleted version of phMGT1 was constructed that only contains

residues 1–28 and 75–82 of Mnt1p. First, the GAL10 promoter was
removed from pGTÜ1 by cutting with BamHI and NcoI, fill-in of ends
with Klenow polymerase, and religation (the NcoI site was regenerated
during the ligation). The large EcoRI fragment (containing vector and
N-terminal MNT1 sequences) and the 1.0-kilobase EcoRI fragment
(containing MNT1 and Gal-Tf sequences) of the resulting plasmid
pGTÜD were ligated. In pMNT1DRI MNT1 anchor and Gal-Tf coding
regions were fused in-frame. Because of 2 EcoRI sites corresponding to
amino acids 27/28 and 73/74 of MNT1 this procedure generated a
significant deletion removing 2 amino acids of the membrane anchor
(residues 29 and 30) and most residues of the stem region. The NcoI-
HindIII fusion fragment was joined to the GAL10 promoter fragment
and reinserted into pJDB207, as described above, to construct phMGT3
(Fig. 1).
Cell Fractionations—Crude cell extracts were prepared after cell

disruption by glass beads, as described (19). To isolate cell fractions by
differential centrifugation, spheroplasted cells were disrupted by a com-
bination of osmotic lysis and mild mechanical breakage, as described
(13); consecutive centrifugation at 1000 3 g, 10,000 3 g, and 100,000 3
g yielded pellet and supernatant fractions P1/S1, P2/S2, and P3/S3,
respectively. The distribution of enzymatic activities is listed in Table I.
Cell fractionation by sucrose gradient centrifugation was performed, as
described previously using two methods (13). Briefly, in method A

spheroplasted cells were disrupted and fractionated as for differential
centrifugation; organelles in the pellet fractions P2 and P3 were allowed
to float up from the bottom of a discontinuous sucrose gradient (20–
55%); Table I demonstrates that over 90% of the Gal-Tf activity present
in the crude extract is present in fractions P2 and P3. In method B
spheroplasts were disrupted by glass beads and organelles in the crude
extract distributed from the top of the sucrose gradient (13).
Protease Protection Assay—To examine protease accessibility, cells

(100 OD600 nm units) were spheroplasted and broken as in method A,
except that protease inhibitors were omitted. The cell extract was
centrifuged at 3000 3 g and the supernatant was used for protease
protection. The assay contained, in 35 ml of total volume, 25 ml of
supernatant, 1 ml of proteinase K (Merck) (1 mg/ml in 50 mM Tris-HCl,
pH 7.4, 100 mM NaCl, 250 mM sucrose) and, if applicable, 4 ml of Triton
X-100 (1%). The assay was incubated 15 min on ice, after which 1 ml of
phenylmethylsulfonyl fluoride (40 mg/ml in EtOH) and 35 ml of 2 3
Laemmli sample buffer was added. The sample was heated (95 °C/10
min) and proteins were separated by SDS-polyacrylamide gel electro-
phoresis (PAGE) (10% acrylamide, 0.25% N,N9-methylene bisacrylam-
ide). An immunoblot was performed using monoclonal anti-Gal-Tf
(MAb8628) (29) as first antibody (dilution 1:1000) and alkaline phos-
phatase-coupled rabbit anti-mouse antibody (Jackson ImmunoRe-
search; dilution 1:5000) as secondary antibody.
Immuno/Lectin Precipitations—Immunoprecipitations of 35S-la-

beled crude extracts were performed essentially as described (13). In
sequential precipitations 7.5 ml of anti-Gal-Tf (MAb8628) (29), 5 ml of
anti-a1,6-mannose, or 5 ml of anti-a1,3-mannose antibodies were used
(13); to precipitate MAb8628 protein complexes we used a complex of
rabbit anti-mouse IgG (Sigma) to protein A-Sepharose, as described
(30). Alternatively, 35 ml of 20% concanavalin A (ConA)-Sepharose 4B
(Sigma) was added to precipitate mannosylated proteins.
To monitor the in vivo activity of Gal-Tf, transformants of strain

ATS594-1B were grown at 26 °C to an OD600 nm of 0.5–0.8 in low sulfate
medium containing 2% galactose and 0.2% glucose (13). 10 OD600 nm

units were harvested and resuspended in 1 ml of low sulfate medium
lacking glucose and containing 0.24% bovine serum albumin. After
preincubation at 37 °C, 26 ml of Tran35S-label (ICN Biomedicals, Inc.)
(300 mCi) were added and the sample was incubated further at 37 °C for
60 min. 20 ml of 50 3 chase solution (50 mM (NH4)2SO4, 250 mM

L-methionine, 50 mM L-cystein) was added and the incubation was
continued for 15 min. Cells were harvested by centrifugation (4000
rpm/5 min), washed twice with 2 ml of ice-cold 10 mM NaN3, 10 mM

dithiothreitol and resuspended in 450 ml of LIP buffer (50 mM Tris-HCl,
pH 7.4, 1% Triton X-100, 150 mM NaCl, 5 mM EDTA). Cells were frozen
at this stage at 280 °C prior to further processing. Phenylmethylsulfo-
nyl fluoride was added to 1 mM and cells were thawed on ice and
disrupted with an equal volume of glass beads on a Braun homogenizer
(2 3 2 min). Following inactivation of Gal-Tf at 95 °C (5 min) the
extracts were placed on ice and centrifuged 2 min at 5000 rpm. The
supernatant was transferred to a new vial, 50% (NH4)2SO4 was added
to a total volume of 1.5 ml and allowed to stand on ice for a minimum
of 3 h. The suspension was centrifuged for 5 min at 14,000 rpm (4 °C),
after which the supernatant was discarded and the protein pellet was
washed with 500 ml of ice-cold 25% (NH4)2SO4. The pellet was solubi-
lized in 50–100 ml of 0.2% Triton X-100 by vortexing and LIP buffer was
added to 1.5 ml. The solution was precleared by the addition of 30 ml of
50% Sephacryl S-200 (Pharmacia) and mild agitation at 4 °C for 1–2 h,
followed by centrifugation at 14,000 rpm (2 min). The supernatant was
divided in 3 portions of 500 ml, to which were added either 40 ml of 20%
ConA-Sepharose 4B (Sigma), or 40 ml of 50% agarose-coupled wheat
germ agglutinin (WGA) (Sigma), or 40 ml of 50% agarose-coupled ag-2 J. F. Ernst, unpublished data.

TABLE I
Distribution of enzyme activities in fractions

Cells were disrupted by mild osmotic lysis (method A) and extracts
were fractionated by differential centrifugation. Activities present in
the 1000 3 g supernatant (S1) were assigned the value 100%.

Enzyme
Activity in fraction

S1 S2 P2 S3 P3

%

Cytochrome c oxidoreductase 100 43 57 12 31
a-Mannosidase 100 76 27 49 29
Cytochrome c oxidase 100 32 68 0 32
Man-Tf 100 55 45 15 40
Gal-Tf (phMGT1) 100 44 56 3 41
Gal-Tf (phMGT3) 100 41 59 9 32

Golgi Localization and in Vivo Activity of Gal-Tf 3399



glutinin RCA120 (RCA) (Sigma). Following mild agitation overnight at
4 °C the suspensions were centrifuged (14,000 rpm/4 °C), the superna-
tants discarded, and the pellets were washed twice with LIP buffer and
twice with phosphate-buffered saline. Pellets were resuspended in
Laemmli sample buffer and proteins were separated by SDS-PAGE.
Enzyme Assays—The transfer of [14C]galactose fromUDP-[14C]Gal to

ovalbumin was determined according to Verdon and Berger (31). The
assay contained in a total volume of 50 ml: 50 mM HEPES, pH 7.35, 10
mM MnCl2, 1.5 mg of ovalbumin, 54 mM NaCl, 5 ml of UDP-[14C]galac-
tose (2.5 mmol; 25 nCi), and 5 ml of sample. The assay was incubated for
60 min at 30 °C and the reaction was stopped by the addition of ice-cold
2.5% phosphotungstic acid (w/v) in 1 M HCl. Unincorporated UDP-
[14C]Gal was separated by filtration through Whatman GF/C glass fiber
filters. The filters were washed once with 2.5% phosphotungstic acid
(w/v) and then rinsed with ice-cold ethanol. The filters were dried at
60 °C and radioactivity was determined in a scintillation counter. 285
mg of purified human Gal-Tf (Boehringer) has an enzymatic activity of
1 unit, if GlcNAc is used as acceptor (in the absence of a-lactalbumin);
with ovalbumin as acceptor we determined that this amount of Gal-Tf
has an enzymatic activity of 0.2 units (specific activity 0.8 units/mg)
(19). The assays for NADPH-dependent cytochrome c oxidoreductase
(ER-marker), cytochrome c oxidase (mitochondrial marker), a1,2-man-
nosyltransferase (Golgi marker), and a-mannosidase (vacuolar marker)
were determined as described (13).
Immunofluorescence Microscopy—Cells were prepared for immuno-

fluorescence microscopy essentially as described (32), with the following
modifications: spheroplasts were prepared by digesting 4 OD600 nm

units of cells in 1 ml of buffer A (50 mM HEPES, 10 mM NaN3, 1.2 M

sorbitol, pH 7.5) containing 10 mM dithiothreitol, using 30 ml of glusu-
lase (Sigma) and 10 ml of zymolase T100 (Seikagaku Kogyo Co. Ltd.) for
30 min at 37 °C; following spheroplast formation additional permeabi-
lization was achieved by a 5-min incubation with 0.1% Triton X-100.
Anti-Gal-Tf (monoclonal 8628, Ref. 29) was used as primary antibody,
which was diluted 1:1000 in phosphate-buffered saline containing 0.1%
bovine serum albumin (essentially globulin-free; Sigma). As secondary
antibody goat anti-mouse antibody, coupled to dichlorotriazinyl ami-
nofluorescein, was used according to the recommendation of the man-
ufacturer (Dianova). DNA was stained using 49,6-diamidino-2-phen-
ylindole (DAPI) as described (32).
Other Methods—ATPase in gradient fractions was determined by

immunoblotting using anti-ATPase antibody; immunoblots were eval-
uated by densitometry using a Molecular Dynamics laser densitometer
(13). Protein concentrations were determined using the Bio-Rad rea-
gent with bovine serum albumin as standard. Digestions by peptide:N-
glycosidase F (PNGase F) were performed according to the protocol of
the manufacturer (New England Biolabs). The sucrose concentrations
in the gradient fractions were determined using the refractive index.

RESULTS

Construction of MNT1::Gal-Tf Gene Fusions—To produce en-
zymatically active human Gal-Tf in the yeast Golgi we con-
structed a gene fusion encoding 82 N-terminal residues of yeast
Mnt1p (27) fused to residues 77–400 of human Gal-Tf (3) (Fig.
1). The Mnt1p portion contains the membrane anchor region,
which has been involved in Golgi targeting of Mnt1p (11); the
Gal-Tf portion encodes the soluble part of Gal-Tf, but lacks
targeting sequences. The expression unit was placed under
transcriptional control of the GAL10 promoter, inserted in a
yeast transformation vector (resulting plasmid phMGT1), and
transformed in a S. cerevisiae strain. A derivative expression
plasmid (phMGT3) encoding a shortened fusion protein con-
taining only the N-terminal residues 1–28 and 75–82 of Mnt1p
was constructed and transformed (Fig. 1).
Production of Gal-Tf—To demonstrate synthesis of Gal-Tf in

transformants carrying phMGT1 or phMGT3 we separated
crude extracts by SDS-PAGE and demonstrated Gal-Tf-related
proteins by immunoblotting using a monoclonal anti-Gal-Tf
antibody (29) (Fig. 2A). Crude extracts of phMGT1 transfor-
mants contained an anti-Gal-Tf-reactive protein of about 50
kDa, while the Gal-Tf-species in phMGT3 transformants had a
size of about 45 kDa (Fig. 2A, lanes 1 and 2). Control transfor-
mants carrying the basic vector pJDB207 did not contain a
Gal-Tf protein (Fig. 2A, lane 3).
Gal-Tf contains a single potential site for N-glycosylation,

which is glycosylated in human cells (33). To test the glycosy-
lation status of the yeast-produced Gal-Tf fusion we treated
immunoprecipitates of 35S-labeled transformants with PNGase
F. Gal-Tf was immunoprecipitated using an anti-Gal-Tf anti-
body; the precipitates were separated by SDS-PAGE and gel
patterns were visualized by autoradiography (Fig. 2B). PNGase
F-treated Mnt1/Gal-Tf migrates slightly faster than untreated
Mnt1/Gal-Tf, an effect that is especially apparent for the
phMGT3-encoded Gal-Tf (Fig. 2B, compare lanes 4, 5 and 6, 7).
We estimate thatN-glycosylation increases the molecular mass
of the yeast-produced Mnt1/Gal-Tf fusion protein by about 3
kDa.
The small size of its N-glycosyl chain was consistent with

only core N-glycosylation of the Gal-Tf fusion. To test if the
fusion protein nevertheless had acquired typical Golgi modifi-

FIG. 1. Structures of MNT1/Gal-Tf
expression units. The MNT1 and
Gal-Tf gene segments are indicated (open
boxes); the GAL10 promoter is repre-
sented by the arrow. Sequences at the
fusion junctions (dashed line) of the en-
coded proteins are shown along with res-
idue numbers of the original proteins. The
position of the deletion in the phMGT3-
encoded fusion is indicated. B, BamHI; R,
EcoRI; H, HindIII.
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cations, sequential immunoprecipitations were carried out by
first using anti-Gal-Tf antibody (29), followed by either anti-
a1,6-mannose or anti-a1,3-mannose antibodies; in addition, in
the second step aliquots were immunoprecipitated with con-
canavalin A or, as a control, with anti-Gal-Tf antibody. Similar
results were obtained for the phMGT1- and phMGT3-encoded
fusion proteins (Fig. 3). The anti-a1,6-mannose antibody and
concanavalin A were similarly efficient as the anti-Gal-Tf an-
tibody to precipitate the Gal-Tf fusions (Fig. 3, lanes 2, 3, 5 or
lanes 7, 8, 10); however, no immunoprecipitation occurred with
the anti-a1,3-mannose antibody. These results indicate that
the Gal-Tf fusion proteins have quantitatively obtained the
a1,6-mannose modification in the Golgi; the absence of a1,3-
modification indicates that the fusion proteins have not
reached distal Golgi compartments.
If the Mnt1/Gal-Tf fusions had inserted into yeast organelle

membranes as the authentic Mnt1 and Gal-Tf proteins (4, 11,
34), which are type II membrane proteins, it could be expected
that they are refractory to the action of proteases. To test this
notion crude extracts of phMGT1 and phMGT3 transformants
were treated with proteinase K in the presence and absence of
Triton X-100; subsequent to the treatments the Gal-Tf fusion
protein was analyzed on immunoblots using the anti-Gal-Tf
antibody. It is demonstrated in Fig. 4 that the phMGT1- and
phMGT3-encoded fusion proteins showed identical properties
in this assay: the Gal-Tf fusion protein was only stable in the
presence of protease, if no detergent was added (Fig. 4, lanes 3
and 7), while degradation occurred in its presence (Fig. 4, lanes
4 and 8). The shortened Gal-Tf fusion encoded by phMGT3
appeared somewhat more resistant in this assay, suggesting
that the deleted region compared to phMGT1 contains se-
quences especially sensitive to proteolysis. The protease pro-
tection experiments clearly indicate that the Mnt1/Gal-Tf fu-
sion proteins reside in a closed vesicular compartment.
Golgi Localization of Gal-Tf Fusions—Although the presence

of a1,6-determinants on the Gal-Tf fusions strongly suggested
a Golgi localization, it could not be excluded that these proteins
only temporarily had reached a Golgi compartment prior to
being retrieved to a preceding secretion compartment (30). To
verify the final localization of the Gal-Tf fusions we performed

sucrose gradients and examined colocalization with organelle
markers. We used two methods of cell breakage prior to gradi-
ent fractionation, either using a combination of osmotic lysis
and mild mechanical disruption (method A), or breakage by
glass beads (method B) (13). The results of the gradient frac-
tionations of phMGT1 transformants are shown in Fig. 5
(method A) and Fig. 6 (method B). In Fig. 5C it is shown that
the distribution of Mnt1/Gal-Tf closely parallels the distribu-
tion of the enzymatic activity of Man-Tf with a peak in fraction
8; only the higher density fractions 10–13 contain more of the
fusion protein than expected from the Man-Tf activity. The
endoplasmic reticulum marker NADPH-dependent cytochrome
c oxidoreductase and the mitochondrial marker cytochrome c
oxidase peak in fractions 11 and 12, respectively (Fig. 5B),
while the vacuolar marker a-mannosidase fractionates at the
bottom of the gradient (Fig. 5B). Fractionation by method B is
disadvantageous in that the glass bead breakage disrupts large
organelles, such as the vacuole; on the other hand, vacuolar
and plasma membrane markers can be well resolved (Fig. 6B).
Mnt1/Gal-Tf again comigrates with Man-Tf in this gradient
(Fig. 6C) and clearly does not distribute with the plasma mem-
brane ATPase. In separate analogous localization experiments
almost identical results were obtained for transformants car-
rying phMGT3 (data not shown).
To confirm Golgi localization of the Mnt1/Gal-Tf fusion, im-

munocytological localization experiments using the monoclonal

FIG. 2. Production of Mnt1/Gal-Tf fusions by yeast transfor-
mants. A, extracts of transformants carrying phMGT1 (lane 1),
phMGT3 (lane 2), and pJDB207 (lane 3) were analyzed by immunoblot-
ting using a monoclonal anti-Gal-Tf antibody. B, transformants were
labeled by [35S]methionine and proteins in cell extracts were immuno-
precipitated using anti-Gal-Tf antibody. Immunoprecipitates were an-
alyzed by SDS-PAGE followed by autoradiography. Extracts of a
phMGT1 transformant (lanes 4 and 5) and of a phMGT3 transformant
(lanes 6 and 7) are shown; samples loaded in lanes 5 and 7 had been
treated by PNGase F. The apparent molecular masses of prestained
standard proteins (Sigma) are indicated.

FIG. 3. Golgi modification of Mnt1/Gal-Tf fusions. Immuno-
analyses of yeast extracts were performed as in Fig. 2B. Immunopre-
cipitates obtained with anti-Gal-Tf antibody (lanes 1 and 6) were solu-
bilized, and aliquots were again immunoprecipitated with anti-Gal-Tf
antibody (lanes 2 and 7), anti-a1,6-mannose antibody (lanes 3 and 8),
anti-a1,3-mannose antibody (lanes 4 and 9), or concanavalin A (lanes 5
and 10). Extracts of the phMGT3 transformant (lanes 1–5) and the
phMGT1 transformant (lanes 6–10) were analyzed.

FIG. 4. Protease protection of Mnt1/Gal-Tf fusions. Extracts of a
phMGT1 transformant (lanes 1–4) and a phMGT3 transformant (lanes
5–8) were not pretreated (lanes 1, 2, 5, and 6) or pretreated with
proteinase K (lanes 3, 4, 7, and 8) in the absence (lanes 1, 3, 5, and 7) or
presence of Triton X-100 (lanes 2, 4, 6, and 8).
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anti-Gal-Tf antibody were carried out. phMGT1-transformant
cells, but not control transformants carrying pJDB207, dis-
played a punctuated immunofluorescent staining characteris-
tic of the yeast Golgi (11). No fluorescence was detected in the
vacuole, which was clearly visible by differential interference
contrast microscopy or in association with the nucleus, which
was stained by DAPI (Fig. 7). Thus, the fractionation and
immunocytological localization experiments indicate that the
Mnt1p/Gal-Tf fusions encoded by the phMGT vectors are lo-
cated in the Golgi and not in other cellular organelles.
In Vitro Gal-Tf Activity—In a previous comparative study on

production of human Gal-Tf fused to various secretion leaders
in yeast we found that based on enzymatic activity the Mnt1/
Gal-Tf fusion (encoded by phMGT1) was synthesized at high
levels intracellularly (19) amounting to 373.3 mg/3.5 3 1010

cells (cells contained in 1 liter of cell culture at OD600 nm 5 1).
Using the monoclonal anti-Gal-Tf antibody MAb8628 (29) in
immunoblot comparisons to purified human Gal-Tf the abso-
lute Mnt1/Gal-Tf protein level in transformants was directly
determined as 677 mg/3.5 3 1010 cells. Enzymatic activity tests
were performed, in which equal amounts of the yeast-produced
Mnt1/Gal-Tf fusion (in the phMGT1 transformant) and authen-
tic human Gal-Tf were directly compared (Fig. 8). Using
ovalbumin as acceptor we obtained similar Km values for UDP-

Gal: 44 mM for the Mnt1/Gal-Tf fusion and 45 mM for the human
soluble protein. In contrast, the Vmax values were 0.184 mmol/
min/mg for Mnt1/Gal-Tf and 0.8 mmol/min/mg for human Gal-

FIG. 5. Mnt1/Gal-Tf and marker proteins in cell fractions
obtained by sucrose gradient centrifugation. Organelles of a
phMGT1 transformant, prepared by method A (see “Experimental
Procedures”), were separated on a sucrose density gradient, and
gradient fractions were analyzed for the presence of Mnt1/Gal-Tf and
marker proteins by enzymatic activity tests. Gal-Tf, Gal-Tf activity of
Mnt1/Gal-Tf fusion; oxidoreductase, NADPH-dependent cytochrome c
oxidoreductase; oxidase, cytochrome c oxidase; mannosidase,
a-mannosidase.

FIG. 6. Mnt1/Gal-Tf and marker proteins in cell fractions ob-
tained by sucrose gradient centrifugation. Cell extracts of a
phMGT1 transformant, prepared by method B (see “Experimental Pro-
cedures”), were separated on a sucrose density gradient and analyzed as
described in the legend to Fig. 5. The relative ATPase protein level is
indicated (the maximal level in fraction 17 was arbitrarily assigned the
value 1.0).

FIG. 7. Immunocytological localization of Gal-Tf. Transformants
carrying phMGT1 or pJDB207 were treated with anti-Gal-Tf antibody,
which was reacted with dichlorotriazinyl aminofluorescein-coupled an-
ti-mouse antibody; in addition, cells were treated with DAPI. The ap-
pearance of cells as detected by differential-interference-contrast mi-
croscopy (DIC), DAPI-fluorescence, and indirect immunofluorescence
(for Gal-Tf) was examined.
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Tf. The similarity in Km values indicates that the fusion protein
is produced in a fully functional form in the yeast Golgi; pos-
sibly, the attachment of the Mnt1p membrane anchor region is
responsible for the lowering of the Vmax value. The transfer of
galactose to ovalbumin in the in vitro assay could be blocked by
an excess of free GlcNAc, as expected (Table II).
In Vivo Gal-Tf Activity—Because the previous experiments

had indicated that the Mnt1/Gal-Tf fusion is inserted in the
yeast Golgi in an active form we speculated that this enzyme
would be active in vivo, provided that UDP-Gal and an acceptor
glycosyl chain were present. During growth on galactose, UDP-
Gal is synthesized and the GAL10 promoter driving transcrip-
tion of the MNT1::Gal-Tf gene fusions in transformants is
induced. Yeast alg1 mutants at the non-permissive tempera-
ture are known to transfer incomplete glycosyl chains, consist-
ing of GlcNAc-b1,4-GlcNAc, to Asn residues of secreted pro-
teins (25). Therefore, we transformed plasmids phMGT1/3 and
control plasmid pJDB207 into the yeast alg1 host strain
ATS594–1B and labeled transformant proteins with 35S at the
non-permissive temperature, using galactose as a carbon
source. We then used immobilized sugar- and linkage-specific
lectins to precipitate proteins carrying specific sugars on the
newly synthesized glycosyl chains: ConA reacts with a-linked
mannose, WGA reacts with GlcNAc-b1,4-GlcNAc, and RCA
detects b-linked terminal galactose.
In transformants carrying control vector pJDB207 several

proteins were precipitated with ConA and WGA (Fig. 9, lanes 1
and 2), indicating mannose and GlcNAc residues; the high level
of mannosylated proteins suggests that the alg1 mutation in
strain ATS594-1B is leaky at the non-permissive temperature
(25). No proteins could be precipitated with lectin RCA, dem-
onstrating the absence of terminal galactose in ATS594-
1B[pJDB207] transformants (Fig. 9, lane 3). In contrast, sev-
eral proteins could be detected in transformants carrying
plasmid phMGT1 (Fig. 9, lane 6) (similar results were obtained
for the phMGT3 transformant). Although in this experiment
Gal-Tf was heat-inactivated, we considered the possibility that
GlcNAc-carrying proteins only became galactosylated because
of the liberation of Gal-Tf and yeast proteins during cell break-
age. In a control experiment we added 100 mM GlcNAc before
cell breakage, whose presence competes with the transfer of
galactose to ovalbumin in the in vitro Gal-Tf assay (Table II).
Since proteins still became efficiently galactosylated after this
treatment (Fig. 10) this process must have occurred in the

intact cell, i.e. during the transit of proteins via the Golgi.
These results show that expression of the MNT1::Gal-Tf gene
fusion is able to allow the galactosylation of a number of se-
creted yeast proteins. The presence of non-galactosylated pro-
teins carrying GlcNAc residues (Fig. 9, compare lanes 5 and 6)
may be due to proteins, whose transit from the endoplasmic
reticulum to the Golgi does not occur in the absence of normal
core glycosylation.

DISCUSSION

We report here that a mammalian glycosyltransferase, hu-
man Gal-Tf, can be targeted to the yeast Golgi, where it is
inserted in authentic orientation and attains an active confor-
mation. We present evidence that the yeast-produced Gal-Tf is

FIG. 8. In vitro Gal-Tf activity. The enzymatic activity of 0.25 mg of
Mnt1/Gal-Tf in cell extracts of a BJ1991[phMGT1] transformant (n) and
of soluble human Gal-Tf (1) were determined with ovalbumin as ac-
ceptor protein.

TABLE II
Inhibition of Gal-Tf activity by GlcNAc

In vitro Gal-Tf activity (ovalbumin as acceptor) in yeast extracts
without or with 100 mM GlcNAc. Units present in membrane extracts
(method A) of 100 OD600 nm units of cells (6.6 mg of protein) are listed.

Plasmid in transformant GlcNAc Gal-Tf

milliunits

pJDB207 2 0
pJDB207 1 0
phMGT1 2 6.61
phMGT1 1 0.28
phMGT3 2 5.65
phMGT3 1 0.29

FIG. 9. In vivoGal-Tf activity. The alg1 strain ATS594-1B carrying
control vector pJDB207 (lanes 1–3) or phMGT1 (lanes 4–6) was 35S-
labeled at the non-permissive temperature. Glycosylated proteins were
precipitated with immobilized lectins ConA (lanes 1 and 4), WGA (lanes
2 and 5), or RCA (lanes 3 and 6) and separated by SDS-PAGE, followed
by autoradiography.

FIG. 10. In vivo Gal-Tf activity in the presence of GlcNAc. Pro-
tein glycosylation of strain ATS594-1B[phMGT1] was determined es-
sentially as described in the legend to Fig. 9, but by using cells broken
in the presence of 100 mM GlcNAc. For lectin-precipitations ConA (lane
1), WGA (lane 2), and RCA (lane 3) were used.
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able to add galactose residues to the truncated glycosyl chains
of alg1mutants. These results have implications regarding the
basic mechanisms of targeting and function of glycosyltrans-
ferases, as well as for the use of yeast as a host for the produc-
tion of heterologous proteins.
We previously found that the membrane anchor region of rat

a2,6-sialyltransferase is able to direct the localization of a
reporter protein to the yeast Golgi (13). Likewise, a fusion of
the human Gal-Tf membrane anchor region to invertase was
targeted to the yeast Golgi, although production levels were
low.3 Initial experiments on expression of the gene encoding
full-length human Gal-Tf in yeast, however, were unsuccessful,
because Gal-Tf was not synthesized in spite of a considerable
transcript level (19). Therefore, we chose to express a gene
fusion encoding the membrane anchor region of a yeast glyco-
syltransferase, Mnt1p, fused to the soluble form of Gal-Tf (plas-
mid phMGT1). This gene fusion is expressed in yeast at high
transcript levels and leads to high intracellular levels of Gal-Tf
enzymatic activity (19). We had speculated that high transcript
levels may be caused by a “downstream activating sequence”
present in MNT1; if such a sequence exists it does not appear
to be situated in the region encoding residues 29–74, because a
deletion of this region (in phMGT3) does not affect levels of
Gal-Tf synthesis. The membrane anchor region of Mnt1p has
been shown previously to direct a reporter enzyme to the yeast
Golgi (11). In the present study we confirm and extend these
results by demonstrating that the first 28 N-terminal residues
of Mnt1p encompassing the cytoplasmic tail, the membrane
anchor region plus 8 non-contiguous residues of the stem re-
gion are sufficient to achieve Golgi localization. This result
indicates that lumenal sequences adjacent to the transmem-
brane region, as in Mnn1p (12), do not contribute to Golgi
targeting of Mnt1p. Golgi localization was proven by the pres-
ence of a1,6-mannose determinants on Gal-Tf, a modification
occurring in the early Golgi (1). Because some secreted proteins
only temporarily reach the Golgi before being retrieved to a
preceding compartment (30) we demonstrated in two different
types of sucrose gradients that Gal-Tf comigrates with Golgi
marker proteins, but not with markers specific for other or-
ganelles. Since Gal-Tf did not receive a1,3-mannose determi-
nants it appears that its final localization is in the cis- or
medial-Golgi, but not the trans-Golgi (1). Thus, besides the
already known targeting mechanism using Y/F-X-Y/F se-
quences in the cytoplasmic tail (14), yeast appears to use a
second mechanism independent of such sequences, such as
used by Mnt1p, Mnn1p, and the heterologous sialyltransferase
membrane anchor (11–13).
The function of a mammalian membrane anchor region and,

as we report here, the function of a human glycosyltransferase
in the molecular environment of the yeast Golgi demonstrates
that essential features affecting the localization and function of
glycosyltransferases are conserved between lower and higher
eukaryotes. Thus, the function of Gal-Tf in yeast does not
require auxiliary proteins present only in human cells. In the
in vitro assay Km values for UDP-Gal of yeast-produced and
human Gal-Tf were identical; the lowered Vmax values may be
due to the lowered reactivity of the membrane anchor-coupled
(yeast) Gal-Tf compared to free (human) Gal-Tf with respect to
the ovalbumin acceptor in this assay. The observed in vivo
activity of Gal-Tf was unexpected in spite of the presence of
UDP-Gal and the alg1 acceptor structures in the transfor-
mants, because yeast does not add galactose to proteins and a
transport system to import UDP-Gal in the Golgi lumen is not
known and does not seem necessary (22). Our results imply

that UDP-Gal is present in the lumen of the Golgi; this could
occur by the action of a UDP-Gal transporter in the Golgi
membrane, which functions analogous to the GDP-Man carrier
as an antiport system exchanging lumenal UMP with cytoplas-
mic UDP-Gal. The latter mechanism appears possible, because
a UDPase activity that generates UMP from UDP, is known to
be present in yeast (35). However, the existence of a Golgi
UDP-Gal import system remains to be demonstrated directly;
such studies also may reveal, if UDP-Gal co-utilizes existing
transporters for GDP-Man or, possibly, UDP-Glc(NAc).
The use of a alg1 mutant allowed the demonstration of in

vivo activity of Gal-Tf by providing glycosyl acceptors of the
structure GlcNAc-b1,4-GlcNAc (25). The temperature sensitiv-
ity of this strain was not remedied by Golgi galactosylation,
most likely because the short N-glycosyl chains prevent transit
of those proteins from the endoplasmic reticulum to the Golgi,
whose folding depends on more extended glycosyl chains. How-
ever, many alg or mnn mutants are known, in which a variety
of incomplete glycosyl chains are produced; based on the prin-
ciple shown in this study such mutants may be used as hosts
for the synthesis of heterologous glycosyltransferases in an
attempt to alter glycosyl structures. It also appears feasible to
simultaneously produce more than one glycosyltransferases in
one strain, such as to generate more complex glycoforms in
vivo. It will be an even greater challenge to add synthesis
reactions for activated sugars not present in yeast, such as for
the synthesis of CMP-NeuAc. We anticipate that reconstitution
of glycosylation pathways in yeast will on the one hand help
clarify the biology of mammalian glycosylation reactions. On
the other hand new host strains will be generated that will
allow the production of heterologous proteins, whose glycosyl
chains are modified by the addition of, for example, terminal
Gal residues. These could be initially further modified in vitro
by the addition of sialic acid (36) with the goal to shield man-
nose residues that are targets for mannose-binding proteins
and specific antibodies (23).
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