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Galactofuranose (Galf) containing molecules have been de-
scribed at the cell surface of several eukaryotes and shown to
contribute to the virulence of the parasite Leishmania major
and the fungus Aspergillus fumigatus. It is anticipated that a
number of the surface glycoconjugates such as N-glycans or gly-
colipids are galactofuranosylated in the Golgi apparatus. This
raises the question of how the substrate for galactofuranosyla-
tion reactions, UDP-Galf, which is synthesized in the cytosol,
translocates into the organelles of the secretory pathway. Here
we report the first identification of a Golgi-localized nucleotide
sugar transporter, named GIfB, with specificity for a UDP-Galf.
In vitro transport assays established binding of UDP-Galf to
GIfB and excluded transport of several other nucleotide sugars.
Furthermore, the implication of glfB in the galactofuranosyla-
tion of A. fumigatus glycoconjugates and galactomannan was
demonstrated by a targeted gene deletion approach. Our data
reveal a direct connection between galactomannan and the
organelles of the secretory pathway that strongly suggests that
the cell wall-bound polysaccharide originates from its glyco-
sylphosphatidylinositol-anchored form.

Galactofuranose (Galf)® is an important constituent of the
microbial cell surface (1). It occurs in structures essential for
bacterial virulence or growth such as the O-antigen of the outer
membrane lipopolysaccharide or the mycobacterial arabinoga-
lactan (2). In eukaryotes, Galf has principally been reported in
glycoconjugates and polysaccharides of fungi and protozoan
parasites (3), although distribution of the g/f gene encoding the
UDP-Galf biosynthetic enzyme, UDP-galactopyranose mutase
(UGM), suggests its presence in many lower eukaryotes (4, 5).
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Among fungi, the cell wall of the opportunistic pathogen Asper-
gillus fumigatus is one of the best studied. In this organism, Galf
has been found in the polysaccharides galactomannan (6), on
glycoinositolphosphoceramides (7, 8) and in N- and O-linked
glycans of glycoproteins (9—11). In A. fumigatus, as in the par-
asite Leishmania major, generation of a mutant devoid of Galf
resulted in attenuated virulence that highlights an important
role of Galffor eukaryotic pathogens (12, 13).

Little is known about the Galf biosynthetic pathways in
eukaryotes, although several enzymes involved in the synthesis
of Galf containing polysaccharide have been described in pro-
karyotes (see Ref. 14 for a recent review). Genetic and biochem-
ical studies have shown that UDP-Galf arising from the action
of UGM is essential for galactofuranosylation in both pro-
karyotes and eukaryotes (2, 12, 13, 15, 16). This nucleotide
sugar is the established or presumed donor substrate of specific
galactofuranosyltransferases (GIfT's) comprising characterized
bacterial B-GIfT's (14) and a family of putative B-GIfT's identi-
fied in the protozoan parasite L. major (17, 18). In addition,
many eukaryotic and prokaryotic GIfTs such as the mycobac-
terial a-GIfTs are still unidentified. One of the putative eukary-
otic transferases, known as LPG1, is involved in the biosynthe-
sis of the lipophosphoglycan (LPG) of L. major and is localized
in the Golgi apparatus (19). Similarly, enzymes involved in
addition of the terminal Galfto N-glycans, O-glycans, or glyco-
lipids are assumed to be localized in this organelle. UDP-Galf
biosynthesis, however, occurs in the cytosol (12), which makes
translocation of UDP-Galf across the Golgi membrane neces-
sary (Fig. 1).

Nucleotide sugar transporters (NSTs) are multitransmem-
brane proteins present in all kinds of eukaryotic organisms.
They consist typically of 8 =10 transmembrane a-helices linked
by short loops. Further structural information is very limited
because efforts to obtain crystals for x-ray structure determina-
tion have been hindered by the high hydrophobicity of NSTs.
Many NSTs have been functionally characterized in biochem-
ical assays measuring incorporation of radioactive nucleotide
sugars into membrane vesicles. These experiments led to the
development of a mechanistic model, in which NST's work as
antiporters that export a nucleotide sugar molecule in exchange
for an equally charged nucleoside monophosphate molecule
(20).

Because of their structural conservation, putative NST's can
be readily found by data base mining. In humans, they belong to
the SLC35 (solute carrier 35) family (21), which comprise 10
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FIGURE 1. Schematic model of galactofuranosylation. UDP-Galf is synthe-
sized from UDP-Galactopyranose (UDP-Gal) (7) and translocated via an anti-
porter into the Golgi in exchange for UMP (2). Galactofuranosyltransferases
transfer Galf moieties from UDP-Galf on various glycoconjugates (3) and UDP
is converted to UMP by a nucleoside diphosphatase (4).

characterized members and 13 proteins whose function is cur-
rently unknown. Phylogenetic classification identified subfam-
ilies that contain all of the characterized SLC35 proteins, but do
not allow classification of most of the SLC35 proteins with
unknown function (22). Furthermore, substrate specificity is
hardly conserved within NST subfamilies, thus it is generally
not possible to infer substrate specificity from the level of
sequence identity or phylogeny.

NSTs are closely related to plastidic phosphate translocators
that include translocators for triose phosphate, phosphoenol-
pyruvate, glucose 6-phosphate, and xylulose phosphate. Addi-
tionally, a variety of uncharacterized phosphate translocator-
homologous proteins are found in plant and other organisms,
including human (23). In this study, we describe the character-
ization of an A. fumigatus phosphate translocator-homologous
protein with NST function and demonstrate its specificity for
UDP-Galf. The importance for in vivo galactofuranosylation is
shown by a targeted gene deletion approach.

EXPERIMENTAL PROCEDURES

Materials—Radiolabeled nucleotide sugars were purchased
from PerkinElmer Life Sciences (UDP-[>H]Gal, UDP-[?H]Glc-
NAc, and UDP-[**C]GlIcA), American Radiolabeled Chemicals
(UDP-[*H]GalNAc and [PH]JUMP), and GE Healthcare (UDP-
[’H]Glc). UDP-Galf was chemically synthesized (24).

Strains, Medium, and Growth Conditions—For protein
expression, Saccharomyces cerevisiae strain BY4741 in which
the gene for the endoplasmic reticulum UDP-GIcNAc trans-
porter, YEA4, had been deleted (MATa; his3D1; leu2DO;
met15D0; ura3D0; YELOO4w::kanMX4; EUROSCARF, Frank-
furt, Germany) was cultivated in SC minimal media (2% glu-
cose, 1.7 g/liter Difco™ Yeast Nitrogen Base without amino
acids and ammonium sulfate (BD Biosciences), 5 g/liter of
ammonium sulfate) supplemented with r-histidine (50 mg/li-
ter), L.-methionine (50 mg/liter), and r-leucine (100 mg/liter).

A. fumigatus clinical isolate D141 was used in this study. For
gene deletion purposes, a D141 strain deficient in non-homol-
ogous end-joining (AfS35) was used (25). Strains were grown at
37 °C on Aspergillus minimal medium containing 1% p-glucose
as carbon source and 70 mM NaNOj as nitrogen source. Phleo-
mycin was added for selection purposes at 30 mg/liter.

Bioinformatic Analyses—Transmembrane helix prediction
was carried out using the ConPred II program (26). For plant
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proteins, predicted transmembrane domains were obtained
from the ARAMEMNON data base (27). BLAST searches were
performed using default parameter values with the low com-
plexity filter switched off.

Cloning of the glfB Gene—Total RNA was isolated from A.
fumigatus mycelium and glfB mRNA was reverse transcribed
into single-stranded cDNA using the JE28 primer. All primer
sequences are provided in supplemental Table S1. The glfB
coding sequence was then amplified by PCR (JE26/JE28) and
cloned via BamHI/Xbal into plasmid vector pYEScupFLAGK
(28).

A. fumigatus Mutant Generation—Cassettes constructed for
targeted gene replacement are described in the supplementary
data. Mutants were generated by polyethylene glycol-mediated
fusion of protoplasts as described in Ref. 29. Transformants
were grown on Aspergillus minimal medium plates containing
1.2 M sorbitol as osmotic stabilizer under appropriate selection
conditions and singled out twice before further analysis. Accu-
rate gene deletion and reconstitution were confirmed by South-
ern hybridization.

Protein Expression in Yeast, Subcellular Fractionation, and in
Vitro Transport Assay—The glfB cDNA as well as the human
UDP-Gal transporter cDNA (SLC35A2, isoform a) (30) were
cloned into the plasmid vector pYEScupFLAGK (comple-
menting uracil auxotrophy) for copper-inducible expression
of N-terminal FLAG-tagged proteins in yeast. S. cerevisiae
spheroplasts were transformed using the lithium-acetate
method described by Invitrogen. Transformants were se-
lected on SC minimal media without uracil. For protein
expression, transformants were grown in 1-liter cultures
until A, reached 0.8 -0.9, expression was then induced by
addition of 0.5 mm CuSO, (final concentration) and culture
was continued for 2 h at 30 °C.

Subcellular fractionation of yeast cells and in vitro transport
assay were performed as previously described (28). Briefly, 50 ul
of Golgi vesicle preparations (containing typically 80 ug of total
protein) and 50 ul of 2 um *H-labeled nucleotide sugar or
[PHJUMP (0.37 kBq/ul) in assay buffer (10 mm Tris-HCl, pH
7.0,0.8 M sorbitol, 2 mm MgCl,) were incubated for 30 s at 30 °C.
For competition assays, the assay buffer contained in addition
100 uMm unlabeled nucleotide sugar (31). Reactions were
stopped by dilution with 1 ml of ice-cold assay buffer. The ves-
icle suspension was then filtered through a mixed cellulose
ester membrane (MF™ membrane filters, 0.45 wm, Millipore,
Bedford, MA). Vesicles adhering to the filters were washed
three times with 2 ml of ice-cold assay buffer and the radioac-
tivity retained on the membrane was measured by liquid
scintillation.

Subcellular Fractionation of A. fumigatus—Subcellular frac-
tionation of A. fumigatus largely followed a protocol described
for Aspergillus oryzae (32). Briefly, mycelium (approximately
30 g, squeeze-dried) from 1 liter of an A. fumigatus FLAG-glfB
overnight culture (inoculum 10° ml~* conidia) was ground in a
mortar with 1-1.5 volumes of sterile sand and 50 ml of lysis
buffer (15% (w/w) sucrose, 10 mm HEPES/Tris, pH 7.4, 1 mMm
EDTA, supplemented with Complete EDTA-free Protease
Inhibitors (Roche)). Debris was removed by filtration through
Miracloth (Calbiochem) and rinsed further in 45 ml of lysis
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buffer. Large particles (whole cells, nuclei, and mitochondria)
were removed by two sequential centrifugation steps (30 min at
10,000 X g and 20 min at 27,000 X g) and microsomes were
pelleted at 110,000 X g (45 min) at 4 °C. The microsomal pellet
was suspended in 800 ul of lysis buffer, applied on a multistep
sucrose gradient (1 ml of each 60, 50, 40, 38, 36, 34, 32, 30, 28,
26, 24,20, 18, and 15% (w/w) sucrose in 10 mm HEPES/Tris, pH
7.4,and 1 mM EDTA) and centrifuged at 110,000 X gfor 16 h at
4. °C. Fractions (approximately 0.5 ml) were collected from the
bottom of the tube and kept at 4 °C until analyzed. Density was
calculated from the sucrose concentration determined by a
standard optical refractometer and the protein concentration
was determined with the Protein BCA Assay (Pierce).

Organelle Marker Enzyme Assays—Cytochrome ¢ oxido-
reductase was used as endoplasmic reticulum marker (33) and
assayed by adding 20 ul of each fraction to 80 ul of a solution
containing 80 mm potassium phosphate, pH 7.5, 150 um cyto-
chrome c¢ (oxidized, Sigma), 1.5 mMm B-NADH, and 7.2 mm
NaCN. A, was recorded over 5 min in a microplate reader,
and substrate turnover was calculated from the slope according
to Lambert-Beer’s law (path length, 0.30 cm; molar absorptiv-
ity, 21 mM~ " cm™'). Three days after fractionation, the Golgi
marker inosine diphosphatase was assayed as described (34),
and phosphate content was determined with the malachite
green method (35).

Western Blots—Cell wall glycoproteins and soluble polysac-
charides were extracted from 30 mg of ground A. fumigatus
mycelium by incubation in 1 ml of sample buffer (15% glycerol,
100 mm Tris-HCI, pH 6.8, 1.5% SDS, 0.25% B-mercaptoethanol,
0.025% bromophenol blue) for 12 min at 95 °C. 20 ul of the
supernatant was separated on a 10% SDS-polyacrylamide gel
and transferred to nitrocellulose membranes. The monoclonal
antibody EB-A2 (39) conjugated to horseradish peroxidase
from the Platelia Aspergillus Test (Bio-Rad) or horseradish per-
oxidase-coupled lectin concanavalin A (Sigma) was used in a
1:50 dilution or at 0.2 wg/ml with or without 200 mm a-methyl-
p-mannopyranoside, respectively. Horseradish peroxidase ac-
tivity was visualized by an enhanced chemiluminescence sys-
tem (Pierce). For sucrose gradient analysis, 7.5 ul of each
fraction were incubated for 10 min at 50 °C with 7.5 ul of sam-
ple buffer. Both sample buffer and the polyacrylamide gel con-
tained 4 M urea. For FLAG tag detection, mouse anti-FLAG
monoclonal antibody M5 (Sigma) was used in a 1:1000 dilution.
IRDye 800CW-coupled secondary antibody enabled band visu-
alization and intensity measurement by infrared scanning on an
Odyssey system (Li-Cor, Lincoln, NE).

Purification and Analysis of Glycosylinositolphosphocer-
amides (GIPCs)—GIPCs were extracted from 0.5 g of mycelium
and purified as previously described (13). Purified GIPCs were
redissolved in 20 ul of MeOH. High performance thin layer
chromatography and immunostaining with the monoclonal
antibody MEST-1 were carried out as described (7) using 2 ul
for immunostaining and 18 ul for orcinol/H,SO, staining.

N-Glycan Analysis—N-Glycan preparation and separation
were carried out as described previously (36). Glycoproteins
from 12 ml (40 X 300 ul) of A. fumigatus culture supernatant
were transferred to Immobilon P Multiwell plates (Millipore).
After peptide:N-glycanase-mediated N-glycan release and 8-
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amino-1,3,6-pyrene-trisulfonic acid labeling N-glycans were
separated on a capillary electrophoresis DNA Sequencer (ABI
PRISM® 3100-Avant Genetic Analyzer, Applied Biosystems,
Foster City, CA). Reference glycans were purchased from Dex-
tra Laboratories (Reading, UK).

Growth Assay—For radial growth measurement, a 5-ul drop
containing 10,000 A. fumigatus conidia in phosphate-buffered
saline was placed in the center of an Aspergillus minimal
medium agar plate. Plates were incubated at various tempera-
tures and colony diameters were measured twice daily.

RESULTS

Selection of a UDP-Galf Transporter Candidate Gene—
BLAST searches of the A. fumigatus genome (37) with vari-
ous characterized NST protein sequences identified 16 pu-
tative NST genes (supplemental Table S2). One of them
(AFUA_3G12700) is adjacent to the recently identified gifA
gene (AFUA_3G12690) encoding the UDP-Galf biosynthetic
enzyme UGM, and was thus considered a reasonable candidate
because clustering of functionally related genes is sometimes
observed in A. fumigatus (e.g. the siderophore genes sidF, sidD,
and mirB) (38). This gene will be referred to as glfB because
of its implication in galactofuranosylation, as demonstrated
below. Interestingly, all fungi from the subphylum Pezizomy-
cotina whose genome has been fully sequenced display a clear
homolog of glfB clustered with glfA. When present in basiodio-
mycota (e.g. Cryptococcus neoformans), these two genes are
more distant and may be found on different chromosomes. In
A. fumigatus, the predicted GIfB protein comprises 400 amino
acids and shares up to 40% amino acid identity with uncharac-
terized Arabidopsis phosphate translocator homologs. The
most similar protein with known function is the plant UDP-Gal
transporter AtUDP-GalT1 (Atlg77610) (39) that displays 21%
identity with GIfB. The UDP-Gal transporters AtUDP-GalT2
(At1g76670) and AtNST-KT1 (At4g39390) (39, 40), and the
uncharacterized SLC35C2 and SLC35E3 are more distantly
related and show 14 to 19% identity with GIfB. Finally, the
human GDP-Fuc transporter is the closest characterized trans-
porter of the SLC35 family (12% identity). An alignment of GIfB
with these sequences is presented in Fig. 2. This multiple
sequence alignment underlines the conservation of two lysine
residues (GIfB Lys-59 and Lys-294) that have been proposed to
be involved in substrate binding (23, 41). GIfB was predicted to
contain 11 transmembrane helices of which the first 10 aligned
well with the predicted transmembrane helices of its homologs
and other NSTs (fig. 2). We thus hypothesized that gifB en-
coded a NST and in line with its location in the genome specu-
lated about a specificity for UDP-Galf.

In Vitro Transport and Binding Assays—Uptake of radioac-
tive nucleotide sugars by Golgi-enriched vesicles isolated
from yeast expressing a putative NST is a method of choice
to determine substrate specificity. Synthesis of radioactive
UDP-Galf has been reported (42) but is not commercially
available and could thus not be directly tested in this in vitro
assay system. Nevertheless, the transport of UDP-Gal, UDP-
GlcNAc, UDP-GalNAc, or UDP-GIcA could be excluded.
Indeed, the uptake of these nucleotide sugars by Golgi vesi-
cles isolated from yeast cells expressing GIfB or mock trans-
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FIGURE 2. Multiple sequence alignment of A. fumigatus (Af) GIfB and related proteins from Arabidopsis thaliana (At) and humans (Hs) with prediction
of transmembrane helices. The Arabidopsis uncharacterized protein encoded by the gene AT4G32390 and UDP-Gal transporter AtUDP-GalT1 are the closest
GIfB homologs, whereas the plant UDP-Gal transporters AtUDP-GalT2 and AtNST-KT1, the human proteins SLC35C2 and SLC35E3, and the characterized
GDP-fucose transporter (SLC35C1) are more distantly related. Conserved residues, black shading; similar residues, dark-gray shading; predicted transmembrane
domains, capital letters and light-gray shading; predicted transmembrane domains for GIfB, roman numbers.

formed was virtually absent (background levels of 1.0 to 1.7
pmol mg ™! min~'), whereas an endogenous UDP-GlIc trans-
port of ~7 pmol mg ™' min ™" verified the quality of the Golgi

vesicle preparation. Additionally, transfection of CHO-Lec8
cells with GIfB resulted in Golgi expression of the protein but
did not restore galactosylation of the surface glycoconju-
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gates confirming absence of the UDP-Gal transport (data not
shown).

NSTs are likely simple carrier proteins with a binding site
alternating between both sides of the membrane (43). Presence
of the antiport molecule (in this case UMP) at the trans (inside)
or cis (outside) side of the membrane thus leads to stimulation
or inhibition of the nucleotide sugar transport, respectively (43,
44). To assess UDP-Galf binding, we thus evaluated the ability
of unlabeled UDP-Galf (45) to inhibit the uptake of radioactive
UMDP, the postulated counter substrate of GIfB (Fig. 3A). For this
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FIGURE 3. UDP-Galf binds to GIfB. A, [*HIJUMP uptake by Golgi vesicles iso-
lated from yeast expressing GIfB (black bars) or the human UDP-Gal trans-
porter (gray bars) in the absence or presence of a 100-fold molar excess of
unlabeled UMP, UDP-Galf (containing 7% UMP), UDP-Gal, or UDP-GIcNAc.
B, comparison of [PHJUMP uptake in the presence of a 100 m excess UDP-Galf
containing 7% UMP or an 8 m excess UMP. Each value represents the average
of three independent experiments with duplicate measurements. ns, not
significant.
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purpose, Golgi vesicles obtained from cells expressing either
GIfB or the human UDP-Gal transporter were incubated with 1
uM [PHJUMP and 100 uMm unlabeled UMP, UDP-Galf;, UDP-
Gal, or UDP-GIcNAc. In GIfB containing vesicles, the addition
of UDP-Galf resulted in an 80% inhibition of the [PHJUMP
transport and was thus comparable with addition of unlabeled
UMP (88% inhibition). In contrast, UDP-GIcNAc and UDP-Gal
slightly affected the UMP uptake indicating a limited binding of
these nucleotide sugars to GIfB. Unfortunately, because UDP-
Galf is rather unstable, contamination of a UDP-Galf solution
by UMP is difficult to avoid (46) and was in this case estimated
to 6 7% by high pressure liquid chromatography (47) (supple-
mental Fig. S1). This contaminating UMP explains the 50%
decrease of [’H]JUMP uptake observed with vesicles expressing
the UDP-Gal transporter because a comparable inhibition is
observed with 8 uM unlabeled UMP (Fig. 3B). In contrast, inhi-
bition of GlIfB-mediated [PH]UMP uptake by the contaminated
UDP-Galf solution was significantly higher than observed with
8 uM UMP (p = 0.011, ¢ test), indicating that part of the inhibi-
tion observed is actually due to UDP-Galfbinding.

Deletion of gifB in A. fumigatus—To prove UDP-Galf trans-
port activity in vivo, evaluation of the effect of glfB loss on
galactofuranosylation of glycoconjugates in A. fumigatus was
undertaken. For this purpose a gIfB deletion cassette was con-
structed by double-joint PCR (48) containing the selectable
phleomycin resistance gene ble (49) flanked by up- and down-
stream regions of the glfB coding sequence. A. fumigatus wild
type protoplasts were transformed with the linear cassette for
exchange of the genomic glfB coding sequence for the phleo-
mycin resistance gene by homologous recombination (Fig. 44).
Transformants were selected for phleomycin resistance and
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wt — I
1 3.9 27 —
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glfA [ P___= ble/tk . A e Eny
— 3= Notl
AgIfB ; 55 20 — —
3 2
kb wt AgIfB
s Probe 3
> R EcorRv
" Notl

FLAG-gIfB

...atcaccATGGACTACAAGGACGATGACGATAAGGTACCAGGATCCAGTAAC. . .
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FIGURE 4. Gene replacement of gIfB in A. fumigatus. A, strategy for the targeted replacement of g/fB by the ble/tk selection marker cassette mediated by
homologous recombination and subsequent re-introduction of the FLAG-tagged glfB coding sequence. The positions of probes (7-3) used for Southern blot
hybridization along with the respective restriction fragments (size in kb) are indicated. B, Southern blots of genomic DNA digested with the indicated restriction
enzymes and hybridized to three different digoxigenin-labeled probes. wt, wild type; ble/tk, phleomycin resistance/thymidine kinase fusion gene; P, A. nidulans
gpdA promoter; T, A. nidulans trpC terminator; glfA, UDP-galactopyranose mutase open reading frame.
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FIGURE 5. The A. fumigatus AglfB mutant lacks Galf. A, electropherograms of fluorescently labeled N-glycans enzymatically released from secreted glyco-
proteins of A. fumigatus wild type (wt) and the Agl/fB mutant. Commercial oligosaccharides (Dextra Laboratories) served as reference (Ref.). The x axis was
calibrated to the fragment sizes of the GeneScan-500 ROX standard (Applied Biosystems). B, schematic structures of reference oligosaccharides. Black squares,
N-acetylglucosamine; gray circles, mannose. C, GIPCs extracted from A. fumigatus mycelium, separated by high performance thin layer chromatography, and
stained with either the Galf(31-6/B1-3)-specific antibody MEST-1 (left) or with orcinol/H,SO, (right). The black line indicates the loading spot. D-F, water-
soluble extracts of A. fumigatus mycelium separated by SDS-PAGE, transferred onto nitrocellulose membrane, and stained with the Galf-specific monoclonal
antibody EB-A2 (D), mannose-specific lectin concanavalin A (ConA) in the presence or absence of 200 mm a-methyl-D-mannopyranoside (E), or Coomassie

G-250 as a loading control (F).

gene replacement was confirmed by Southern blot analysis (Fig.
4B). A single strain was chosen for further analysis and named
AglfB.

Analysis of Galactofuranosylation in AglfB—Because N-gly-
cosylation of proteins is known to take place along the secretory
pathway and requires various NSTs, we first concentrated on
this modification. Proteins from A. fumigatus culture superna-
tants were immobilized on polyvinylidene difluoride mem-
branes and N-glycans were released by peptide:N-glycanase
treatment. After labeling with the negatively charged fluores-
cent dye 8-amino-1,3,6-pyrene-trisulfonic acid, N-glycans were
separated by capillary electrophoresis on a DNA sequencer
(Fig. 5A). In the wild type electropherogram (top panel), the
peaks labeled 1a to 5a can be assigned to high-mannose type
N-glycans bearing a single Galf residue (GalfMan;_,GlcNAc,)
as shown previously (10, 13). These Galf-containing glycans
were completely absent from the AglfB N-glycan electro-
pherogram (middle panel) that exclusively displays nonga-
lactofuranosylated N-glycans (peaks 1-5) co-migrating with
Man,_,GlcNAc, standards (lower panel, Fig. 5B). This find-
ing demonstrates the requirement of GIfB for galactofurano-
sylation of N-glycans.

The contribution of GIfB to glycolipid biosynthesis was also
analyzed by testing their reactivity to monoclonal antibody

33864 JOURNAL OF BIOLOGICAL CHEMISTRY

MEST-1 (50). This antibody reacts specifically with B1-6-Galf
found on several glycosphingolipids of A. fumigatus (Fig. 5C,
left) (7). However, glycosphingolipids extracted from A.
fumigatus AglfB mycelium and separated by high performance
thin layer chromatography were not stained with MEST-1 indi-
cating the absence of B1-6-linked galactofuranose in these
molecules. Asloading control, carbohydrates were stained with
orcinol/sulfuric acid (Fig. 5C, right).

Finally we tested for reactivity of cell wall components
toward the Galf-specific monoclonal antibody EB-A2 (51). A
tetrasaccharide of B1-5-linked Galf has been described as the
main epitope of EB-A2 (51). This structure is part of the cell
wall polysaccharide galactomannan, which can be either linked
to the cell wall B1-3/6-glucan (6) or to a GPI anchor (52). Also
N-glycans with a single terminal Galf have been reported to be
recognized by EB-A2 (10). Aqueous extracts of wild type A.
fumigatus mycelium separated on a polyacrylamide gel and
transferred to a nitrocellulose membrane bound EB-A2
strongly, whereas in the case of the Agl/fB mutant, binding was
totally absent (Fig. 5D). Importantly, episomal expression of the
gene in the AglfB mutant restores EB-A2 binding excluding any
influence of the deletion cassette on the adjacent gifA locus (Fig.
5D). In contrast, staining with the mannose-specific lectin con-
canavalin A appeared slightly stronger for AglfB than for wild
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FIGURE 6. The morphology and growth of A. fumigatus AglfB is altered. A, colony morphology of A. fumiga-
tus wild type (wt) and the Agl/fB mutant after 2 days of growth on minimal agar at various temperatures.
B, absolute and relative growth rates obtained from colony diameter measurements (mean = S.E, n = 3).
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resistance to temperature stress.
Indeed, radial colony growth of the
AglfB mutant was found to be 45%
slower than wild type at 37 °C and
66—67% slower at 42 or 47 °C (Fig.
6) in agreement with the observa-
tions for the AglfA mutant (13).
Localization of GIfB in A
fumigatus—Because of its involve-
ment in protein and lipid glycosyla-
tion, GIfB was presumed to be local-
ized in the Golgi apparatus. This
localization was observed in trans-
fected mammalian cells by immu-
nofluorescence (supplemental Fig.
S2). Moreover, we investigated
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localization of the GIfB transporter
in A. fumigatus by isopycnic ultra-
centrifugation (Fig. 7). For this pur-

40 kDa pose, a cassette coding for FLAG-

35 kDa tagged GIfB placed under the gpdA
1 promoter was inserted into the glfB
locus (Fig. 4A). Presence of GIfB in
fractions collected after ultracentri-
fugation of microsomes obtained
from this transformant on a multi-
step sucrose gradient was then ana-
lyzed by Western blot using an anti-
FLAG antibody (Fig. 7B). GIfB was
found mainly in fractions 11 to 15
having the same buoyant density
(1.12-1.14 g/ml) as Golgi vesicles
detected by inosine diphosphatase

-
o
(3]

Fraction Number

FIGURE 7. Subcellular localization of GIfB in A. fumigatus. A. fumigatus FLAG-glfB microsomes were sepa-
rated by isopycnic centrifugation on a multistep sucrose gradient. Fractions were analyzed by Western blot
and immunostained with an anti-FLAG antibody (A and B) and compared with marker enzyme activities for
endoplasmic reticulum (cytochrome ¢ oxidoreductase, gray line) and Golgi (inosine diphosphatase (IDPase),

black line) (A). Protein concentration and density were determined (C).

type or the episomally complemented mutant, suggesting a
higher exposure of cell surface mannan structures as previously
observed with the AglfA mutant (Fig. 5E, left) (13). Specificity of
this staining was demonstrated by a-methyl mannoside inhibi-
tion (Fig. 5E, right). Equal loading for EB-A2 and concanavalin
A blots was verified by Coomassie staining of a gel run in par-
allel (Fig. 5F). Thus, the surface glycoconjugates of AglfB closely
resemble those of the Galf-deficient Ag/fA mutant (13), which
suggests a complete loss of galactofuranosylation capacity in
the AglfB mutant.

Growth and Thermotolerance of the AglfB Mutant—Galf
deficiency has been shown to induce an altered culture mor-
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activity (Fig. 7). In contrast, frac-
tions displaying a high NADPH-cy-
tochrome ¢ oxidoreductase activity
(endoplasmic reticulum marker)
only contained low amounts of GIfB
protein. These data strongly sup-
port Golgi localization and are in
perfect agreement with a role of GIfB in protein and lipid
glycosylation.

DISCUSSION

This report describes the first identification of a nucleotide
sugar transporter with specificity for UDP-Galf. The protein
was called GIfB because of its implication in galactofuranose
metabolism selected from its homology to other members of
the NST family, its phylogenetic classification, as well as the
location on chromosome 3 directly downstream of the glfA
gene, which encodes the UDP-Galfbiosynthesis enzyme UGM
(13). It is a 400-amino acid protein with 11 predicted trans-
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membrane helices. This represents a distinctiveness of the GIfB
protein because NST's classically exhibit 8 —10 predicted hydro-
phobic domains and follow an experimentally determined
model in which both the N and C terminus are situated on the
cytoplasmic side of the organelle (53).

Remarkably, filamentous fungi of the subphylum Pezizomy-
cotina, including many human or plant pathogens, all seem to
exhibit adjacent glfA and glfB genes and the presence of Galfhas
been reported in many species of this subphylum. These genes
are also found in a few basidiomycota such as the human patho-
gen C. neoformans but are absent from other fungi, notably
yeasts. Thus, Galf'seems particularly important for filamentous
fungi. Indeed several studies have already shown the role of this
monosaccharide form for growth, hyphal morphology, and
sporulation of the Aspergillus species (13, 54, 55). Hence we
speculate that Galf plays major roles in hyphal development
and/or reproduction of all filamentous fungi of Pezizomycotina
and thus has been maintained during evolution.

To address the function of a nucleotide sugar transporter,
two approaches are commonly used. Complementation of a
mutant strain or cell line not only provides a way to determine
NST function in vivo, but also allows identification of the
underlying gene(s) by expression of a cDNA library combined
with sibling selection (39). Alternatively, NST substrates can be
identified by measuring transport of radiolabeled nucleotide
sugars into vesicles, either prepared from cell lysates or artifi-
cially reconstituted proteoliposomes (56, 57). Because of the
unavailability of a UDP-Galf transporter-deficient mutant or
cell line and radioactive UDP-Galf, we opted for targeted gene
deletion of candidate genes in the opportunistic fungus A.
fumigatus. This approach was enabled by the restricted number
of candidate genes, the existence of a haploid stage that facili-
tates the isolation of clones by molecular techniques, and a
comprehensive knowledge of the galactofuranosylated struc-
tures in this organism (11). Targeted replacement of the most
promising candidate gene, g/fB, led to the absence of Galfbring-
ing direct evidence of its involvement in Galf metabolism.

The specificity of GIfB for UDP-Galf was established by an
indirect assay showing competitive inhibition of [*H]JUMP
transport by GIfB with unlabeled UDP-Galf. In addition, the
transport of several other nucleotide sugars was excluded using
a direct in vitro transport assay suggesting that GIfB is highly
specific. In particular, absence of the UDP-Gal transport, which
was confirmed by the inability of g/fB to complement the CHO
cell line Lec8, indicates that the transporter is able to discern
the ring conformation of the monosaccharide. Vice versa, our
data show that the human UDP-Gal transporter used as control
in this study does not recognize UDP-Galf. Similarly L. major
UDP-Gal transporters LPG5A and LPG5B appear to be specific
for the pyranic form of galactose because their concomitant
deletion results in the synthesis of glycoconjugates containing
Galfbut devoid of galactopyranose (58). The obvious difference
in the three-dimensional structure of the furanic and pyranic
rings certainly plays a role in the ability of these NSTs to differ-
entiate the two cyclic forms. Initially NST's were thought to be
monospecific. However, several NSTs have now been shown to
be multifunctional in vitro and usually recognize sugars acti-
vated with the same nucleotide that led to the assumption that
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the nucleotide part is a major player in recognition. With the
exception of the Fringe Connection (59), which is thought to
be a general UDP-sugar transporter, the specificity of NSTs
is generally restricted to a few related nucleotide sugars
demonstrating that the sugar part also plays a significant role
in the recognition.

Detailed analyses of A. fumigatus AglfB total extract and
purified glycoconjugates revealed the complete absence of
galactofuranose in N-glycans, glycolipids as well as galactoman-
nan. It can be inferred from this result that GIfB is the only NST
in A. fumigatus capable of UDP-Galftransport. The Golgi local-
ization of this transporter is moreover in perfect agreement
with its implication in galactofuranosylation of N-glycans and
glycolipids. The lack of Galfin galactomannan was, however,
less predictable because its biosynthesis is currently unknown.
Recently, we demonstrated that the terminal sugar of this
polysaccharide arises from UDP-Galf synthesized in the cyto-
plasm by UGM (13). Galactomannan is either linked to the
membrane by a GPI anchor, covalently bound to the cell wall
B1,3/1,6-glucan, or secreted in the environment (6, 52). Be-
cause they present the same carbohydrate structure, it has been
postulated that these three forms of galactomannan share a
common biosynthetic pathway. By analogy to the biosynthesis
of the Leishmania GPI-anchored polysaccharide LPG (19), we
assumed that biosynthesis of the GPI-linked galactomannan
takes place in the Golgi apparatus. The total absence of EB-A2
staining in the AglfB mutant, indicative of the absence of all
forms of galactomannan, supports this location. Galactoman-
nan would then be transferred to the 81,3/1,6-glucan from the
GPI-anchored polymer as it has been proposed for some GPI-
anchored proteins in ascomycetous yeasts (60). The secreted
form would arise from enzymatic cleavage of surface galacto-
mannan. Our data demonstrating the absence of galactofuran in
the AglfB mutant establish a clear link between galactomannan
including the cell wall bound form and the secretory pathway and
thus strongly support this model. In contrast, the synthesis of
al-3-glucan, B1-3-glucan, and chitin seem to occur at the plasma
membrane (61).

In agreement with the complete absence of Galfin glycocon-
jugates and galactomannan, the growth phenotype of the
glfB gene deletion mutant closely resembles the previously
described Galf-deficient AgifA (13, 16). In the case of AglfA, the
growth defect was correlated with a reduction of virulence (13).
It can thus be extrapolated that gifB is most probably required
for full virulence of the fungus. Another example of nucleotide
sugar transporter implicated in pathogenicity and restricted to
certain organisms is the Golgi GDP-Man transporter. Deletion
of this NST led to avirulence of the parasite L. major (62) and is
lethal in S. cerevisiae, Candida albicans, and Candida glabrata
(63—65). In the latter organisms, Golgi mannosylation com-
prises N-glycan outer chain elongation, O-mannosylation of
proteins, and GIPC biosynthesis. The A. fumigatus genome
contains a clear GDP-Man transporter homolog (AFUA _
5G05740) whose importance is difficult to predict. It has
recently been shown that protein O-mannosylation is dispens-
able in this fungus but is required for cell wall stability and full
virulence (66, 67). Yet the importance of N-glycan branching
and elongation, and mannosylation of GIPCs, is currently
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undetermined. The absence of Galfis, however, not sufficient to
abolish growth of A. fumigatus as shown previously (13, 16) and
confirmed in this study. Even chitin, a polysaccharide that is
believed to contribute to the rigidness of the fungal cell wall is
not strictly essential for S. cerevisiae (68, 69). Therefore, thera-
peutic strategies directed against cell wall biosynthesis will
likely have to address several targets to be successful.
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