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ABSTRACT. LPGZ2(a gene involved itipophosphglycan assembly) encodes the Golgi GDP-Man transporter

of the protozoan parasiteeishmaniaand is a defining member of a new family of eukaryotic nucleotide-
sugar transporters (NSTs). Although NST activities are widespread, mammalian cells lack a GDP-Man
NST, thereby providing an ideal heterologous system for probing the LPG2 structure and ddi@g.
expression constructs introduced into either mammalian cellsl@ishmania Ipg2 mutant conferred
GDP-Man, GDP-Ara, and GDP-Fuc (ireishmaniaonly) uptake in isolated microsomes. LPG2 is the

first NST to be associated with multiple substrate specificities. Uptake activity showed latency, exhibited
an antiport mechanism of transport with GMP, and was susceptible to the anion transport inhibitor DIDS.
The apparen,, for GDP-Man uptake was similar in transfected mammalian cells (Yor Leishmania

(6.9 uM). Given the evolutionary distance between protozoans and vertebrates, these data suggest that
LPG2 functions autonomously to provide transporter activity. Using epitope-tagged LPG2 proteins, we
showed the existence of hexameric LPG2 complexes by immunoprecipitation experiments, glycerol gradient
centrifugation, pore-limited native gel electrophoresis, and cross-linking experiments. This provides strong
biochemical evidence for a multimeric complex of NSTs, a finding with important implications to the
structure and specificity of NSTs in botheishmaniaand other organisms. Inhibition of essential
GDP-Man uptake in fungal and protozoan systems offers an attractive target for potential chemotherapy.

The ability of the Golgi apparatus to serve as the major activities are absent or diminished, other transporters may
site for many different glycosylation reactions requires the partially compensate for lost functio®,(10).

provision of lumenal nucleotide-sugars, via transport from  The study of NSTs has benefited in the last several
their cytoplasmic site of synthesis,(2). This requirement  years from the isolation of genes required for NST activity.
is carried out by a group of proteins termed nucleotide-sugar These include the NST genes for UDP-Gal, CMP-NANA,
transporters (NST$)which have specificity for both the  and UDP-GIcNAc in mammals 10—14); UDP-Gal,
nucleotide and the sugar. Some NST activities are found in ypp-GIcNAc, and GDP-Man in yeast4( 15-17);

all organisms [e.g., UDP-GaB]], some are restricted to  and GDP-Man inLeishmania(5). The predicted proteins
certain lineages [e.g., GDP-Man in yeast drelshmania  comprise a large family of structurally similar integral
(4, 9], and some have been found in other subcellular mempbrane proteins of about-385 kDa, bearing from 5 to
compartments such as the ER [e.g., UDP-GY, (Golgi 10 transmembrane regions, (). Several of these proteins
apparatus [e.g., UDP-GIcAY)], or possibly even the nucleus  \ere expressed in distantly related species, leading to the
[e.g., CMP-NANA @)]. Since NST activity is absolutely  proposal that the identified genes encoded functionally
required for proper glycosylation, there has been a greatautonomous NST proteinslg, 1§. At present, there is
interest in questions concerning NST specificity, regulation, relatively little information on the structure of the NST
and cellular targetingl( 2, 9. NSTs are currently believed  protein complex, the basis for NST specificity, and the
to transport a single kind of nucleotide-sugar, although the targeting and organization of NSTs within in the cell. Some
possibility exists that where some of these transporter jnformation has emerged along this line since the rat liver
Golgi membrane UDP-GalNAc transporter has been recently
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thought to be required for parasite virulend®,(20. This pcDNA3-LPG2Myc. The LPG2Myc sequence was con-

lead to the suggestion that this pathway may be suitable forfirmed by DNA sequencing, using a thermocycling sequenc-

chemotherapeutic intervention, since humans and othering kit (Amersham). Plasmid DNAs were purified by

mammalian hosts of this parasite lack the GDP-Man NST poly(ethylene glycol) precipitation.

activity gene §). Construction of pXG-LPG2HispXG-LPG2His, in which
LPG2 encodes a protein of 341 amino acids, containing the éncoded LPG2 protein was tagged in the C-terminus with

up to 10 transmembrane domaink9), Epitope tagging thg His epi;ope tag, was constructed by PCR using the
experiments localized the LPG2 protein to the parasite Golgi Oligonucleotide primers'S5GGGATCCCATATGAACCA-

apparatus, with the C-terminus located on the lumenal side TA and 3-CCGGAAT TCCTAATGATGATGATGATGAT-
(5). In this work, we took advantage of the distant evolution- SCTCAAGATTTGGAAGTGTC. pXG-LPG2 was used as

ary null background of mammalian cells to provide an insert the template, and LPG2Hiswas amplified usingPfu
platform for the study of LPG2 function. GDP-Man transport pol})/merase (30 cycles of 94 for 1 min, 50°C for 1 min,
activity was obtained following transient transfection of /2 °C for 1 min). The 1.1 kb product was inserted into the

LPG2 expression constructs, suggesting that LPG2 acts SMa site of pXG. The sequence was confirmed by DNA
autonomously as the GDP-Man transporter. We further S€qUencing, using a thermocycling sequencing kit (Amer-

established that LPG2 occurs in a hexameric complex in
Leishmaniaand also showed that GDP-Man, GDP-Ara, and

sham). The purified pXG-LPG2Hjsconstruct was trans-
fected into the.. donasani Ipg2™ knock-out strain19) using

GDP-Fuc can be transported by this NST. These findings 2" €lectroporator (0.45 kV, 5QfF) and selected with G418
have important implications to the structure and function of (50#g/mL) as described2g).

the NST family in bothLeishmaniaand other eukaryotes.

EXPERIMENTAL PROCEDURES

Materials Materials were obtained as follows: UDPM|-
Gal (10.2 Ci/mmol) from American Radiolabeled Chemicals;
Dulbecco’s modified Eagle’s medium, penicillin, and strep-
tomycin from GIBCO Life Technologies; G418 from Cal-
biochem; protein GagarosePfu DNA polymerase, and all
restriction enzymes from Boehringer Mannheim; Western

Expression of LPG2HA and LPG2Myc in HEK CelEK
cells were seeded at a density of-@) x 10°//100 mm dish.
Purified pcDNA3, pcDNA3-LPG2HA, or pcDNA3-LPG2Myc
DNA was transfected into cells by a calcium phosphate
method 24) with minor modifications. After 48 h, cells were
harvested and washed once with PBX5)( To determine
the efficiency of transfection, pS¥-galactosidase contol
vector (Promega) was cotransfected with pcDNA3-LPG2HA
and pcDNA3-LPG2Myc. After transfection (48 h), the cells
were fixed with 2% formaldehyde and 0.2% glutaraldehyde,

Blot SuperSubstrate System and DSP from Pierce; thin-layerstained with X-gal (Invitrogen)26), and observed under the

chromatography cellulose plates and X-ray films from
Kodak; antie-Myc monoclonal antibody from Invitrogen;
thermocycling sequencing kit from Amersham; and PVDF
membranes from Bio-Rad. Anti-HA monoclonal antibody
was a generous gift from Dr. Neta Dean (SUNY at Stony
Brook). GDP-}“C]-Man (150 mCi/mmol) was prepared as
described21). GDP-[3H]-arabinopyranose (15 Ci/mmol)
and GDPt-[®H]-Fuc (60 Ci/mmol) were prepared as de-
scribed 22). All other chemicals were from Sigma.

Cell CulturesHEK 293 and COS 7 cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented with
5% fetal bovine serum, 50 units/mL penicillin, and b/
mL streptomycin.

Construction of pcDNA3-LPG2HAhe cDNA forLPG2
tagged in the C-terminus with 33 nucleotides coding for the
HA epitope (1.1 kb fragment) was released from pX63HY G-
LPG2HA (19 by digesting withXhdl. The mammalian
expression vector pcDNA3 (Invitrogen) was digested with
BanHl, dephosphorylated, and ligated to the 1.1 kb fragment
containing LPG2HA.

Construction of pcDNA3-LPG2MycThe cDNA for
LPG2Myc, in which the encoded LPG2 protein was tagged
in the C-terminus with the Myc epitope tag, was obtained
by PCR using the oligonucleotidesGCGGGATCCCATA-
TGAACCATACTCGCTC and 5CCGGAATTCTACAG-
ATCCTCTTCTGAGATGAGTTTTTGTTCCTCAGATTTGG-
AAGT. Using pXG-LPG2HA as the template, LPG2Myc
was amplified by PCR (30 cycles of 94C for 1 min,

49 °C for 1 min, and 72°C for 1 min). The 1.1 kb
product was digested witBanHI| and EcaRl, and inserted
between théBanH| and EcaRl sites of pcDNAS3, yielding

light microscope.

Standard GDP-Man Transport Assajransfected HEK
cells were washed twice with PBS, harvested, and resus-
pended in homogenization buffer (10 mM Tris-HCI, pH 7.4,
0.25 M sucrose, 0.1 mM TLCK, Ag/mL leupeptin, lug/

mL pepstatin A, 1 mM dithiothreitol, 0.5 mM phenylmeth-
ylsulfonyl fluoride, 0.5 mM 2,3-dimercaptopropanol). Cells
were disrupted by homogenization (5 strokes) in a Dounce
homogenizer and freeze¢hawing twice; microsomal vesicles
were isolated by the procedure of Goud et al7)( Leish-
maniamicrosomal vesicles were prepared as described earlier
(5). Transport assays (conducted in duplicate per data point)
were started by mixing 100L of vesicle suspension with
100uL of reaction buffer [homogenization buffer containing
10 mM MnChk, 4 mM MgClh, and 16uM (0.16 uCi) of GDP-
[*“C]-Man]. After incubation at 28C for 6 min, the samples
were placed on ice, diluted with 1.5 mL of washing buffer
(10 mM Tris-HCI, pH 7.4, 0.25 M sucrose), and applied to
a filtration apparatus (Millipore 1225 Sampling Manifold)
containing HAWP filters (24 mm diameter; 0.48n pore
size; Millipore). The filters were washed with 2830 mL

of washing buffer, and the radioactivity on the filters was
measured by scintillation counting. The amount of GDP-
[**C]-Man that was nonspecifically bound to the outside of
the vesicles was determined by measuring the radioactivity
associated with the vesicles at 0 time of incubation of vesicles
with solute. Vesicle integrity was determined by measuring
the latency of galactosyltransferase-catalyzed transféHdf [
galactose from UDP2H]Gal to GIcNAc (28).

In experiments probing antiport mechanisms, 5 mM
aliquots of the appropriate nucleotides were added to
homogenization buffer prior to disruption, allowing nucle-
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otides to be trapped within the vesicles. The vesicles were

thoroughly washed with washing buffer prior to use.
Western Blotting To detect the expression of LPG2HA

and LPG2Myc proteins, the transfected cells were resus-
pended in SDS gel-loading buffer containing 5% mercap-

toethanol 24), incubated for 30 min at 37C, and subjected

to SDS-PAGE gel electrophoresis under reducing conditions

(24). Proteins were electrotransferred to poly(vinylidene
difluoride) membranes, blocked with 5% milk, and incubated
with monoclonal antibody anti-HA (1:500; ascites fluid) or
anti-Myc (1:5000) (Invitrogen). Detection was performed

using horseradish peroxidase-conjugated goat anti-mouse IgG
(Gibco) followed by chemiluminescence using the Super-

Substrate System from Pierce. For detection of LPGgHis
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anti-HA

anti-Myc

-18
Ficure 1: Western blotting of HEK cells transfected with either

the membranes were blocked with 2% BSA and incubated | pG2HAor LPG2Myc HEK cells were transfected with plasmids
with India Hisprobe horseradish peroxidase (1:5000) (Pierce) containing eithet PG2HAor LPG2Myc Expression of the proteins

and detected by incubation with the SuperSubstrate for 5

min.

Immunoprecipitation of LPG2HA and LPG2Myc Proteins.
HEK cells, cotransfected with pcDNA3-LPG2HA and pcD-
NA3-LPG2Myc, were harvested 2 days after transfection.
The cells were washed once with PBS, resuspended at
density of 1x 10’ cells/mL in prechilled lysis buffer (50
mM Tris-HCI, pH 7.5, containing 150 mM NaCl, 0.5%
Triton X-100, 1% NP-40, 0.1 mM TLCK, Ag/mL leupeptin,

1 ug/mL pepstatin A, 0.5 mM phenylmethylsulfonyl fluo-
ride), and incubated on ice for 30 min. The cell lysate was
centrifuged at 100apfor 10 min at 4°C to remove debris,
followed by centrifugation at 1370@Cor 1 h at 4°C. The

was detected by Western blotting using anti-HA or anti-Myc
monoclonal antibodies. Left Panel: Expression of the LPG2HA
protein. Lane 1, cell lysate from cells transfected with the vector
alone; lane 2, cell lysate frohPG2HAtransfected cells. Right
Panel: Expression of the LPG2Myc protein. Lane 1, cell lysate
from cells transfected with the vector alone; lane 2, cell lysate from
aLPGZMyetransfected cells.

the detergent-solubilized supernatant (0.5 mL) was subjected
to centrifugation in a linear glycerol gradient, consisting of
5—25% glycerol (10 mL total) in 25 mM HEPES (pH 7.4),
150 mM NaCl, and the appropriate detergent. Gradients were
centrifuged at 2850@Pat 4 °C for 18 h in a SW40 Ti rotor
(Beckman), and fractions of 0.5 mL were taken from the
bottom under gravity flow. An aliquot of each fraction was

supernatant was used as follows: After preabsorption with analyzed by Western blotting. Standards wgramylase

protein G-agarose (Boehringer Mannheim), antibody(2
of anti-HA or 1 uL of anti-Myc) was added to aliquots (1
mL), and then incubated fd h at 4°C with shaking. Then

80 uL of protein G-agarose suspension was added to the

samples and further incubated overnight &CAwith shaking.

(200 kDa), alcohol dehydrogenase (150 kDa), bovine serum
albumin (66 kDa), ovalbumin (45 kDa), and carbonic
anhydrase (29 kDa).

SDS Gel Electrophoresis of Cross-Linked LP@&20ss-
linking was performed using the homobifunctinal cross-linker

The complexes were collected by centrifugation for 20 s at psp (Pierce)Leishmaniamicrosomes were diluted to 2.5

1200@, and the pellet was washed 5 times: twice with lysis
buffer, twice with 50 mM Tris-HCI, pH 7.5, 200 mM NacCl,

0.1% NP-40, and once with 50 mM Tris-HCI, pH 7.5, 0.1%
NP-40. SDS-polyacrylamide gel loading buffer was added

mg/mL in PBS (pH 7.4) containing 0.2% NP-40 to mildly
permeabilize the microsomes without solubilizing the trans-
porter. The permeabilized microsomes were incubated with
the designated concentration of DSP for 30 min at'@5

to the protein G-agarose pellets, and the preparations were The cross-linking reaction was terminated by the addition
then sonicated for 5 min, incubated an additional 20 min at of Tris-HCI (pH 7.5) at a final concentration of 0.1 M and

37 °C, and centrifuged for 20 s at 120§0The supernatant
was analyzed by Western blotting using anti-HA or anti-
Myc antibodies. Anti-HA and anti-Myc antibodies do not

1% SDS. The cross-linked samples were subjected to gel
electrophoresis (415% polyacrylamide gradient containing
1% SDS) in the absence of reducing reagent.

cross-react with Myc- and HA-epitope tags, respectively (data

not shown).

Pore-Limited Natie Gel Electrophoresis and Glycerol
Gradient Fractionation. Leishmania IpgzZells (19), trans-
fected with pXG-LPG2Hig were disrupted in lysis buffer
(25 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.1 mM TLCK,

1 ug/mL leupeptin, lug/mL pepstatin A, 0.5 mM phenyl-
methylsulfonyl fluoride, and the appropriate detergent) for
30 min on ice. Samples were centrifuged in a Type 90 Ti
rotor (Beckman) fo 1 h at13700@ to remove aggregates

RESULTS

Expression of Epitope-Tagged LPG2 Proteins in Mam-
malian CellsIn earlier work, we showed that LPG2 bearing
a C-terminal epitope tag (LPG2HA) was active and correctly
targeted to the parasite Golgi apparatus when introduced into
Leishmanigs, 19. We generated a second version carrying
the Myc epitope at the C-terminus (LPG2Myc), and intro-
duced both epitope-tagged genes into the mammalian expres-
sion vector pcDNA3 (Invitrogen). These constructs were

and debris. For pore-limited native gel electrophoresis, an compined with a pS\B-galactosidase control plasmid to

aliquot of the 1% digitonin-solubilized supernatant was
resolved on 424% polyacrylamide gradient gels in the
presence of 0.01% SDS in running buff@9).

Glycerol gradient fractionation was performed according
to the procedure of Martin and Ame8Q). An aliquot of

monitor transformation efficiency, and transfected into HEK
cells.5-Gal staining showed that about 40% of the cells had
taken up DNA. The~38 kDa LPG2HA (Figure 1, left panel)

and LPG2My (Figure 1, right panel) proteins were detected
by Western blotting, using monoclonal anti-HA and anti-
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FIGURE 2: Transport of GDPC]-Man into LPG2HAtransfected mammalian microsomal vesicles. Microsomal vesicles from pcDNA3-
LPG2HA-transfected or pcDNAS3 vector-transfected cells (HEK cells, panel A; COS 7 cells, panel B) were incubated witH@Dih

at 28°C for 6 min in a final volume of 20QL. After incubation, the amount of GDP4C]-Man incorporated into the vesicles was
determined as described under Experimental Procedlmreselected assays, the final concentration of DIDS was 4 mM and of Triton
X-100 was 0.1%.

GDP-Ara GDP-Fuc

10} B

Transported GDP-[’H]-Ara ( pmol / mg)
Transported GDP-[°H}-Fuc ( pmol / mg)

0
pcDNA3 LPGoHA  TO2HA pcDNA3 LPG2HA

1mM GDP-Man

FiGURE 3: Transport of GDP3H]-Ara or GDP-PH]-Fuc into LPG2HAtransfected HEK microsomal vesicles. Vesicles from pcDNA3-
LPG2HA-transfected or pcDNA3 vector-transfected HEK cells were examined for the uptake of eithes-[BBPAra or GDP+-[3H]-
Fuc using the identical conditions described in the standard Gfi-Man transport assay.

Myc antibodies, respectively. Since this protein was not As shown previously using microsomal vesicles from
present in control cells (Figure 1), these experiments Leishmanig®b), treatment of the LPG2HA-containing vesicles
demonstrated the expression of the epitope-tagged LPG2with DIDS, an inhibitor of nucleotide-sugar transpo82(
proteins in mammalian cells. 393), reduced“C incorporation to background levels (pcD-
Transport of GDP-Man by the LPG2 Proteiiio deter- NA3 vector alone; Figure 2A). Triton X-100 treatment
mine if LPG2 expressed in HEK cells functioned as a GDP- inhibited incorporation, showing that vesicle integrity was
Man transporter, microsomal vesicles from HEK cells required and that GDP-Man uptake represented authentic
transfected with pcDNA3-LPG2HA were prepared and transport (Figure 2A).
incubated with GDP4C]-Man. Vesicular incorporation In addition to GDP-Man uptake, the LPG2HA-containing
increased with time and vesicular protein concentration (datavesicles from HEK cells were capable of transporting GDP-
not shown). Incorporation was about3-fold higher after D-Ara, which could be competed by 1 mM GDP-Man (Figure
transfection with pcDNA3-LPG2HA than pcDNAS3 (Figure 3A). This result was remarkable since nucleotide-sugar
2A). Similar observations were made using vesicles derived transporters previously were thought to transport a single
from pcDNA3-LPG2Myc-transfected HEK cells (data not nucleotide-sugard, 10. As shown in Figure 3B, there was
shown), or with vesicles from pcDNA3-LPG2HA-transfected no notable difference in the transport of GRH~uc in
COS cells (Figure 2B). We attribute the background in the LPG2HA-containing vesicles compared to the pcDNA3
control cells to mannosylation reactions, including the vector control. However, using.eishmaniamicrosomes
synthesis of J*C]mannosylphosphoryldolichol using GDP- which lack an endogenous GDPFuc transporter, transfec-
[*“C]-Man as a substrate on the outer surface of microsomaltion of the LPG2 transporter resulted in significant transport
vesicles 81, 32. of this nucleotide-sugar (described below).



The LeishmaniaGDP-Man Transporter Biochemistry, Vol. 39, No. 8, 200017

Two separate experiments were used to localize the ’ >3
LPG2 product in HEK cells. Immunofluorescence of fixed 250k { W
pcDNA3-LPG2Myec-transfected cells with anti-Myc antibod-
ies coupled to FITC showed that the LPG2Myc protein was
dispersed throughout the cell. Subcellular fractionation of

Relative Density
I
(=3
T

LPG2HA-transfected HEK cells followed by GDP-Man 100}
transport assays or Western blotting with anti-HA antibodies sob
revealed the presence of LPG2HA protein in all membrane ) AN A
fractions (data not shown). These results indicated that, unlike 2 4 6 8 10 12 14 16 18 20
its localization inLeishmania(5), the distribution of the Migration Distance (cm)
LPG2 protein was not confined to the Golgi apparatus in B
the heterologous system. Similar observations were reported 250} 1 2
in the heterologous expression of the murine CMP-NANA > 200 ¥ \
transporter inSaccharomyces cersiae (18). While the g i
broad distribution of the LPG2 protein in mammalian cells & 150¢
likely is due to inappropriate localization motifs, another f’; 100k
possibility may be due to overexpression. 2
Kinetic Comparison of LPG2-Mediated GDP-Man Uptake %
in Leishmania and Transfected Mammalian Cele T T
reported previously that GDP-Man uptake into isolated Migration Distance (cm)
Leishmaniamicrosomes showed a specific activity of 25 Fgre4: TLC of aqueous soluble material in microsomal vesicles.
pmol mg* (6 min)~ with an appareny of 0.3uM (5). In Following a 6 min incubation of vesicles with GDPC]-Man
the present studies, we used a modified transport assay, whictfpanel A) or GDP -fH]-Ara (panel B) at 28°'C, an aliquot of the
yielded an activity of 94 pmol mg (6 min)* with a Ky, of desalted, aqueous-soluble sample was applied to a thin-layer

h . cellulose plate developed in methanol/formic acid/water (80:15:5)
6.9+ 0.3uM for GDP-Man. Following transfection of HEK along with appropriate standards as designated in the figure: panel

and COS cells with pcDNA3-LPG2HA, we obtained a A (1) GDP-Man, (2) Man-1-P, (3) Man; and panel B, (1) GDP-
microsomal uptake activity of 10 and 33 pmol Mg Ara and (2) Ara. The radioactive samples were scanned by a
(6 min)~* over background, corresponding to 26 and 82 pmol Bioscan detector.

mg! (6 min) %, respectively, after correction for transfection
efficiency. These values are 28% and 87% thdteithma-
nia, indicating that expression was significant.

Furthermore, following transport assays using radioactive
GDPD-Ara instead of GDP-Man, GDB-Ara could be
. . isolated from washed vesicles as well (Figure 4B).

_Wh|le comparisons OF t&Vrmax can be obscure_d by Effect of Nucleotides on the Transport of GDP-MBISTs
differences in the efficacy of expression systems in trans- have been shown to function by an antiport mechanism, with
fected cells, the appargKl‘m for GDP-Man uptgke should the simultaneous uptake of the nucleotide-sugar and the exit
solely reflect the intrinsic features of the protein. We fognd of the corresponding nucleoside monophosph&le \We
that the apparerk, for microsomal GDP-Man uptake in ¢nfirmed the antiport mechanism of theishmaniaGDP-
LPG2HA-transfected cellg was 122 9'5“M’ s'm'l"’_‘r to Man transporter. GDP-Man translocation activity was ana-
the value of 6.9:M seen withLeishmaniaThus, the kinetic o4 hy measuring transport in vesicles that were prepared
properties of LPG2-dependent GDP-Man uptake in mam- ¢q 1 ncDNA3-LPG2HA-transfected HEK cells and subse-
malian cells closely resemble those seen in the parasite. quently preloaded with selected nucleotides. GMP-loaded

Identification of GDP-Man Transported Inside Vesicles. vesicles possessed approximately twice the GDP-Man uptake
We established that vesicul¥C incorporation was due to  activity (P < 0.03) compared to unloaded vesicles (Figure
GDP-[“C]-Man uptake. Followig a 6 min incubation of the  5). With GDP-, AMP-, or ADP-preloaded vesicles, the GDP-
vesicles with GDPJ'C]-Man, microsomal vesicles from  Man transport activity was lower than unloaded vesicles
pcDNA3- or pcDNA3-LPG2HA-transfected HEK cells were  (Figure 5). These observations were consistent with the GDP-
washed by filtration and then extracted with organic solvents Man NST reported in yeast Golgi in which GDP-Man uptake
to remove mannolipids. No radioactivity was recovered from was coupled to exit of GMP34, 39. In a related experiment,
the water-soluble fraction obtained from pcDNA3 vector- inhibition of GDP-Man transport by selected nucleotides was
transfected cells. TLC analysis of the water-soluble solutes measured. Using GMP-preloaded vesicles, GDP-Man trans-
from the pcDNA3-LPG2HA-transfected cells showed that port was analyzed in the presence of 5 mM GMP, GDP,
the majority of the label comigrated with GDP-Man (Figure AMP, and ADP. As shown in Figure 6, only GDP almost
4A), similar to results observed earlieb)( Our studies completely abolished transport of the nucleotide-suBar (
indicated that more than two-thirds of the radiolabel associ- 0.01). This suggested the likelihood that GDP-Man and GDP
ated with microsomal vesicles from pcDNA3-LPG2HA cells may be competing for binding to the transporter. The partial
was authentic GDP-Man. Similar studies lin donaani inhibitory effect of externally added GMP is understandable
showed that approximately 20% of the incorporation repre- since the GMP concentration gradient, established during the
sented GDP-Man5). The lower percentage of the latter is preloading step, would be lessened and, consequently, would
attributed to GDP-Man utilization in phosphoglycan synthetic decrease the rate of GMP exit.
reactions 20) upon uptake. Most importantly, these data  Nature of the LPG2 Transporting Complex Examined by
demonstrated that heterologous expression resulted in dmmunoprecipitationSome members of the NST family
functional LPG2 that was capable of transporting GDP-Man. possess small leucine zipper motifs, suggesting the possibility
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Transported GDP-['*C]-Man ( pmol / mg )
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AMP ADP
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Ficure 5: Effect of preloading vesicles with nucleotides on GDP-
Man transport. Microsomal vesicles were preloadedh\&its mM
aliquot of the designated nucleotides and assayed for GfaRp-[
Man transport activity.

Transported [1 ‘C]GDP-Man (pmol/mg)

+AMP

+ADP

+GMP +GDP

Ficure 6: Effect of nucleotide addition on GDP-Man transport
into microsomal vesicles. Microsomal vesicles, preloaded with 5
mM GMP, were prepared and assayed for GB2JfMan transport
activity in the presence of 5 mM of the designated nucleotides.

Control

of protein—protein interactions. This finding has not been
tested rigorously, and LPG?2 itself lacks the leucine zipper
motif (19). To investigate the potential of LPG2 to form
homo-multimeric complexes, pcDNA3-LPG2HA and pcD-
NA3-LPG2Myc were cotransfected into HEK cells. Two

Anti-HA Anti-Myc 1P
Anti-HA Anti-Myc  Anti-HA Anti-Myc | Western Blotting
1 2 3 4 5 6 7 8
- -~ - e Co-transfected
i 1 g Separately
- o - transfected

FIGURE 7: Western blotting of immunoprecipitates obtained with
anti-HA or anti-Myc antibodies. HEK cells were “Co-transfected”
or “Separately transfected” with pcDNA3-LPG2HA and pcDNA3-
LPG2Myc, or with vector alone. As detailed under Experimental
Procedures, detergent-solubilized proteins were immunoprecipitated
with either anti-HA (lanes £4) or anti-Myc (lanes 58) antibodies,

and Western blotting was performed. In lanes 1, 2, 5, and 6, the
immunoprecipitates (IP) were blotted with anti-HA antibodies, and
in lanes 3, 4, 7, and 8, the immunoprecipitates were blotted with
anti-Myc antibodies.

obtained using pX63HYG-LPG2HA- and pXG-LPG2Myc-
cotransfected.eishmania(data not shown).

Since the LPG2 protein is predicted to be extremely
hydrophobilic, the possibility existed that the cotransfected
LPG2 subunits aggregated during solubilization. This pos-
sibility was examined by an experiment involving separate
transfections of pcDNA3-LPG2HA and pcDNA3-LPG2Myc
into HEK cells. After the addition of detergents, the
solubilized proteins were mixed, immunoprecipitated with
either anti-HA or anti-Myc monoclonal antibodies, and
subjected to gel electrophoresis and Western blotting. As
shown in Figure 7 (“Separately transfected” lanes), HA- and
Myc-tagged LPG2 were detected by Western blotting only
in anti-HA and anti-Myc immunoprecipitates, respectively.
Thus, the multimeric complex of LPG2 observed in the
cotransfection experiments was unlikely to arise from
nonspecific aggregation.

To further confirm that the coimmunoprecipitation of
LPG2HA and LPG2Myc was not due to aggregation,
coimmunoprecipitation experiments with another hydropho-
bic protein were conducted. The glucose transporter D2 in
the plasma membrane béishmanighas 12 transmembrane
domains 86). The D2 gene was removed from tEedRlI

days after transfection, the cells were harvested, and proteinsand Xbal sites of pAlt-D2 @6) and inserted into thEcoRl

were obtained by solubilization with detergents. Aliquots
were then immunoprecipitated with either anti-HA or anti-
Myc monoclonal antibodies. Immunoprecipitated proteins
were resolved by SDSPAGE, and the epitope-tagged

proteins were detected by Western blotting (Figure 7,
“Co-transfected” lanes).

Both anti-HA and anti-Myc antibodies detected the
expected~38 kDa protein in the anti-HA immunoprecipitates

and Xbd sites of pcDNA3. HEK cells were cotransfected
with pcDNA3-LPG2HA and pcDNA3-D2, solubilized with
lysis buffer containing 0.5% Triton X-100 and 1% NP-40,
immunoprecipitated with either anti-HA or anti-D2 antibod-
ies, and subjected to Western blotting with either anti-HA
or anti-D2 antibodies. Immunoprecipitates of LPG2HA or
D2 with their respective antibodies resulted in no coimmu-
noprecipitation (data not shown).

(Figure 7, lanes 2 and 4). We estimated that approximately Nature of the LPG2 Complex Examined by Glycerol

two-thirds of the total Myc-tagged protein was present in
the anti-HA immunoprecipitate. Similarly, the HA- and Myc-

Gradient Centrifugation.The native state of the LPG2
transporter complex was determinedLlisishmaniaas the

tagged LPG2 proteins were detected by the antibodies in theappropriate source. THeeishmania Ipg2hull mutant was

anti-Myc immunoprecipitates (Figure 7, lanes 6 and 8). No
proteins were detected with either antibody in the pcDNA3-

transfected with pXG-LPG2Hjsand the solubilized proteins
were obtained from a stably transfected line with selected

transfected controls (Figure 7, lanes 1, 3, 5, and 7). The detergents. The protein extracts were subjected to centrifuga-
ability of antibodies directed against either epitope-tagged tion using a linear glycerol velocity gradient, and the

LPG2 to coprecipitate the other epitope-tagged LPG2 in
solubilized protein preparations implied the existence of
multimeric LPG2 protein complexes. Identical results were

LPGHis; was monitored by immunoblotting. As shown in
Figure 8, the LPG2Hiscomplex was sensitive to detergents.
When solubilized in the presence of 1% SDS and centrifuged
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Ficure 8: Analysis of the LPG2Hiscomplex by glycerol gradient centrifugation and Western blottiggshmanianutant parasitedgg2-)

were transfected with pXG-LPG2Hiand solubilized with the designated detergent. After centrifugation to remove debris, the supernatant
was centrifuged in a linear-225% gradient of glycerol containing the designated detergent. Shown are immunoblots of the fractions from

the gradient. When DSP was used, the cross-linker at the designated concentration was added to the NP-40 (1%) solubilized proteins and
incubated for 30 min at 25C before centrifugation. The cross-linking reaction was terminated by the addition of 0.1 M Tris-HCI, pH 7.5,

prior to centrifugation. Arrows at the top indicate the elution positions of protein molecular mass markers. Numbers at the bottom indicate
the numbered fractions collected from the glycerol gradient.

in 0.5% SDS, LPG2Hisappeared in a low molecular mass, DSP and the samples examined by Western blotting. With
mostly monomeric form (approximately 30 kDa). The increasing amounts of DSP, intermediate-sized bands were
highest molecular mass of the LPG2Ki@pproximately visualized that corresponded to multimers of th88 kDa
200300 kDa) was seen when the complex was solubilized monomeric LPG2 protein (Figure 9C, lanes4). At the
with either 0.5% NP-40 or 1% digitonin and centrifuged with highest concentrations of DSP (Figure 9C, lanes 4 and 5),
0.5% NP-40 or 0.5% digitonin. Solubilization with a higher the main band was 215 kDa, corresponding to the hexameric
concentration of NP-40 (1%) or solubilization with 1% complex.
d!gitonin and centrifugation thh 0.5% SDS resulted in partial GDP-Sugar Specificity of the LPG2 Transporting Com-
disassembly of the LPG2Hizzomplex. Importantly, two  pjex. We examined the GDP-sugar specificity of the LPG2
different concentrations of the cross-linker DSP yielded the transporting complex in vesicles isolated from wild-type,
LPGZHi_s, complex as the highest molecular mass complex Ipg2-, andlpg2- transfected with pXG-LPG2. As expected,
(approximately 206300 kDa). GDP-Man uptake was minimal in vesicles frdpg2- cells
Nature of the LPG2 Complex Examined by Gel Electro- and was restored to almost wild-type levels using vesicles
phoresis Aliquots of the 1% digitonin-solubilized LPG2His  from pXG-LPG2-transfectelipg2 cells (Figure 10A). These
complex were subjected to either SDS or pore-limited native results are similar to the transport of GDP-Man in vesicles
gel electrophoresis using a polyacryamide gel gradient. Underisolated from the LPG2-defective mutant C3PO aR{z2-
the reducing conditions of SDSAGE, the LPG2His transfected C3P(p}. Either GDPp-Ara or GDPt-Fuc was
(Figure 9A, lane 2) migrated as a monomet38 kDa). transported in vesicles from wild-type cells and could be
Under pore-limited native gel conditions, in which the inhibited by the addition of 1. mM GDP-Man (Figure 10B,C).
electrophoresis was run to equilibrium, LPG2Hisigrated Importantly, uptake of either GDB-Ara or GDP+t-Fuc also
as a hexameric complex with approximate molecular masswas diminished in vesicles frolpg2- cells, but restored after
of 220 kDa (Figure 9B, lane 2). Additional support for the LPG2transfection (Figure 10B,C). The differences in specific
hexameric nature of the transporter complex was obtainedactivities in the uptake of the three GDP-sugar likely reflect
by cross-linking experiments. The LPG2kisontaining affinity variances. Arabinose-containing glycolipids in
vesicles were permeabilized with 0.2% NP-40, conditions donaani have recently been reporte@7) which likely
that do not solubilize LPG2. The permeabilized vesicles were contribute to the background in the GDP-Ara transport
incubated with increasing concentrations of the cross-linker assays.
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Ficure 9: Analysis of the LPG2Hiscomplex by gel electrophoresis and Western blotting. Panel A: Vesicles from vector-transfected (lane

1) or pXG-LPG2Hig-transfectedpg2- (lane 2) parasites were solubilized with 1% digitonin. The supernatants were resolved by SDS gel
gradient electrophoresis under reducing conditions and Western blotting as described under Experimental Procedures. Panel B: Vesicles
from vector-transfected (lane 1) or pXG-LPG2Hiigansfectedpg2 (lane 2) parasites were solubilized with 1% digitonin. The supernatants
were subjected to pore-limited native gel electrophoresi2@®s polyacrylamide gradient) and Western blotting. Panel C: Vesicles from
pXG-LPG2Hig-transfectedpg2™ parasites permeabilized with 0.02% NP-40 and then incubated with DSP (0 mM, lane 1; 0.2 mM, lane

2; 0.4 mM, lane 3; 0.6 mM, lane 4; 0.8 mM, lane 5). The cross-linked samples were subjected-t®®888 (4-15% polyacrylamide

gradient containing 1% SDS) in the absence of reducing reagent and then analyzed by Western blotting. The multimers of LPG2 listed on
the right side of panel C designate the expected migration of multimers of a 38 kDa protein. The molecular mass values stated in the text
were determined by plotting the log of molecular mass versus the migration distance of standard proteins. The equations were (panel A)
y = —0.155 + 2.482 (2 = 0.996), (panel By = —0.227% + 2.908 (? = 0.986), and (panel ¢y = —0.11% + 2.467 (2 = 0.999).
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Ficure 10: Transport of GDP-sugars in vesicles fraraishmaniacells. Microsomal vesicles from wild-typépg2-, and pXG-LPG2-
transfectedpg2- parasites were tested for uptake of GBfE]-Man (panel A), GDP-H]-Ara (panel B), and GDP3H]-Fuc (panel C)
using the standard GDP4C]-Man transport assay.

DISCUSSION inhibitor DIDS. The ability of preloaded GMP to enhance
GDP-Man uptake suggests that transport occurs by an
antiport mechanism, as seen with other NS84, (35.
Furthermore, the addition of GDP along with GDP-Man
inhibited uptake of the nucleotide-sugar in microsomes,
indicating competition of substrate binding to the NST. Last,
we showed that these vesicles incorporated authentic GDP-

While mammals possess a variety of ER and Golgi NSTs
(1—3, 38, they lack a transporter for GDP-Ma#f)( Thus,
mammalian cells offer an excellent system for heterologous
expression oLPG2,and in this work we have shown that
theLeishmanid.PG2 GDP-Man transporter can be expressed
in an active form in mammalian cells. The kinetic properties

of the heterologously expressed LPG2 GDP-Man transport'vl"jm _ _
activity closely resembled those observedLieishmania NSTs are believed to transport only a single type of
itself, with apparenK, values of 12.2«M versus 6.M, nucleotide-sugar9, 10. For example, the purified UDP-

respectively. Given the large evolutionary distance between GalNAc transporter from rat liver transported only UDP-
trypanosomatid protozoans and mammals and the rapid rat€GalNAc among five different UDP-sugars tested. Using a
of evolution of NSTs, it seems unlikely that LPG2 may genetic approach, the LPG2 NST was capable of transporting
interact with host proteins. Thus, we propose that LPG2 GDP-b-Ara and GDP:-Fuc as well as GDP-Man. We had
functions autonomously to mediate GDP-Man uptake. reported previously that LPG2 does not transport UDP-Gal
The heterologously expressed LPG2 exhibited all features(5). Since mammalian cells already have an endogenous
expected of an NST. GDP-Man transport activity in the GDP+i-Fuc NST (9), GDP+-Fuc uptake in vesicles from
vesicles was dependent on time and protein concentration,vector control or LPG2-transfected HEK cells was identical.
showed latency, and was inhibited by the anion transport Transfecting HEK cells withLPG2 apparently does not
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increase significantly the GDBFuc transport activity over
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examples being the diversity arising from heterodimerization

endogenous levels. Moreover, these observations wouldamong cjun, c-fos and activating transcription factor (ATF)

imply that the mammalian GDP+uc NST, in contrast to
the LeishmaniaLPG2 NST, is highly restrictive for GDP-
L-Fuc. Otherwise, mammalian cells would transport cyto-
plasmic GDP-Man into the Golgi lumen, where it is not
needed and may be potentially detrimental.

The LPG2 GDP-Man NST Exists as a Multimeric Protein
ComplexWe studied LPG2 proteins bearing different epitope
tags expressed simultaneously gishmaniaand mammalian
cells to demonstrate that LPG2 exists in a multimeric
complex. In these experiments, immunoprecipitation with
antisera to one tagged LPG2 protein invariably showed
coprecipitation of the other tagged LPG2 protein. This
multimeric complex was not a result of nonspecific aggrega-
tion. First, separate transfections of mammalian cells with
HA- and Myc-tagged proteins, followed by mixing, showed
no evidence of coimmunoprecipitation. Second, cotransfec-

proteins @1), or among steroid receptor4d). Conceivably,
expression of different NSTs within the same cell could give
rise to heteromeric complexes with different affinities and/
or specificities. At the present time, our knowledge of the
NST family is incomplete, and no studies of NST heteromer
formation have been reported. Recently, several isoforms of
the mammalian UDP-Gal transporter were identified by their
ability to rescue a defect in the Had-1 cell lin&3), and
their close sequence relationship evokes the possibility of
heteromer formation. As mammalian cells exhibit a variety
of galactosylation reactions with a range of affinitiggl)(

it is possible that a range of affinities accompanying
heteromer formation may contribute to the maintenance of
proper Golgi UDP-Gal levels under all metabolic conditions.
Similarly, heteromerization could yield new substrate speci-
ficities not yet tested. As our knowledge of the expanding

tions of genes encoding LPG2 and an unrelated hydrophobicNST gene family grows, we will soon be in a position to

protein (the glucose transporter) also showed no coimmu-
noprecipitation. Third, prior to glycerol gradient centrifuga-
tion or native gel electrophoresis, the detergent-solubilized
LPG2 complex from transfectddeishmaniawas subjected

to high-speed centrifugation (137@f)@hat likely would have
removed aggregated proteins. Due to the evolutionary
distance between mammalian cells abedishmania we
believe that this complex arises solely from LPE@PG2

test these proposals.

The data presented here and previous)yl9 demonstrate
that the Leishmania LPG2gene encodes a unique Golgi
GDP-mannose transporter. In this regak@jshmaniare-
sembles fungi but not mammal3, @, 16. The requirement
for lumenal GDP-Man in the Golgi of lower but not higher
eukaryotes J) is understandable in light of the structural
complexities ofLeishmanigphosphoglycan-containing gly-

subunit interactions. Since the properties of LPG2-dependentcoconjugates20) and yeast mannan3)( Interestingly, yeast

GDP-Man uptake are similar in botheishmania and
mammalian cells, we believe that the LPG2 complex in
Leishmaniasimilarly arises from LPG2LPG2 subunit
interactions.

The estimated size of the detergent-solubilized LPG2
complex expressed iheishmaniawas approximately 220
kDa, as revealed by glycerol gradient centrifugation or pore-
limited native gel electrophoresis. A similarly sized complex
was also observed upon cross-linking of the complex,
followed by SDS-PAGE. Since the LPG2 monomer-s38
kDa, our current picture is that the GDP-Man NST of
Leishmaniaconsists of a homohexamer complex composed
solely of LPG2 protein subunits.

Several NSTs exhibit leucine zipper motifs commonly
associated with proteirprotein interaction domains, includ-
ing the human UDP-Gal and CMP-NANA NST&1( 19
and the yeast UDP-GIcNAc NSTL%). However, the predic-
tive value of this motif is low for NSTs, as LPG2 lacks the
leucine zipper yet exists in a multimeric complex. By
radiation target inactivation, the rat Golgi PAPS transporter
has a reported molecular mass of 150 kDa, while the purified
PAPS transporter polypeptide has an apparent mobility of
75 kDa in SDS-PAGE analysis 40). Hirschberg and co-
workers (0) recently purified the UDP-GalNAc NST from
rat liver to apparent homogeneity and showed it to be a
homodimer of 43 kDa subunits. Thus, the structural similarity
of LPG2 to other NSTs implies that they also exist as
multimeric complexes.

Implications to NST Structure and Specificifthe exist-
ence of subunit interactions in NST complexes raises the
possibility of the formation of heteromeric NST complexes
with new specificities. The formation of heteromeric protein
complexes with modified specificities is a common theme
to expand the diversity of molecular recognition, two

has a homologue/RG4 encoding a GDP-Man transporter
that is essential to viabilityd, 16), wheread. PG2is required

only for Leishmaniavirulence. Thus, inhibitors of this
transporter may prove to have a broad applicability to a
number of pathogenic organisms. TheishmaniaLPG2
system offers a powerful system for probing these activities,
as the protein is amenable to genetic analysis and there is a
diverse array of homologous and heterologous systems and
expression tools.
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