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The initial stages in the biosynthesis of the cloned Na*/ glueose cotrnnsponer were examined by in un‘ro expresslon of
the protein in the absence and presence of p mic) Gly was d alycosi
shifts in the apparent size of the proteins on GDS-PAGE In the presence of microsomes, M, increased from 52000 to
58000, and this was reversed by endo-H. This demonstrates that the protem is glycosylated and lhat there is no large
clea\able su;nal sequence. Using partial transeripts and site-di we blished that Asn-248 is
d ylation was not required for the functional expi of the ter in Xenopus oocytes. In
terms of the topology of the protein, these results suggest that Asn-248 is on the external surface of the membrane.

Introduction

The primary sequence of the cloned intestinal brush
border Na*/glucose cotransporter contains two poten-
tial N-linked glycosylation sites [1]. Membrane trans-
port proteins are normally glycosylated but the function
of the carbohydrate is largely unknown. Recent experi-
ments on the expression of ion channels in ococytes
suggest that glycosylation is needed in some cases for
efficient pracessing and insertion of functional channel
proteins into the plasma membrane. For example, tuni-
camycin, an inhibitor of N-linked glycosylation, re-
duced the function cxpression of voltage-sensitive Na™
channels but not voltage-sensitive K* and Ca?* chan-
nels [2]. In this study we have examined the glycosyla-
tion of the transcribed protein in order to determine if
either of thesc Asn residues are utilized, and to explore
the role of glycosylation on the functional expression of
the transporter. Our approach was to examine endogly-
cosidase-H sensitive shifts in the size of the protein
expressed in vitro in the presence and absence of pan-
creatic microsomes, to use partial transcripts to de-
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termine which glycosylation site(s) are utilized, and then
mutate the residues glycosylated and determine the
effect on expression in viiro and in vivo, A preliminary
account of some of these results has been presented [3].

Methods

The rabbit intestinal Na*/glucose cotransporter
cDNA (2.2 kb), which was inserted into Bluescript
plasmid KS* [1], was used as a template for RNA
synthesis. The template was lincarized with NotI or
with internal cleavage sites (Sacl, Smeal, Stul) and
RNA was synthesized with T3 RNA polymerase. The
transcription and capping procedures were as dascribed
previously [1]. Restriction enzymes were obtained from
Pharmacia L.KB Biotechnology Inc., NJ.

In vitra mranslation. In general, we followed the
method described by Mueckler and Lodish [4]. Canine
pancreatic microsomes were obtained from Promega,
WI, and we carried out the procedure recommended by
the manufacturer. RNase inhibitor (RNasin} was from
Promega, WI, and 1-{**S}methionine was from NEN,
MA (1134 Ci/mmol). Deglycosylation was carried out
by adding endoglycosidase-H (Bochringer Mannheim)
and incubating at 30°C overnight. SDS sample buffer
(containing 125 mM Tris-HCl (pH 6.8, 2% SDS, 5%
2-mercaptoethanol, 8M urea, 20% sucrose, 0.5 mg,/ml
Bromophenolblue) was added to each iranslation prod-
uct, and the mixture was boiled for 5 min before elec-
trophoresis on a 10% reducing gel [5). After electro-
phoresis the gel was dried, treated with enhancer (Auio-



fluor, National Diagnostics, NJ), and analyzed by auto-
radicgraphy.

Examination of N-glycosylation sites. The two poten-
tial N-giycosylation sites of the Na” /glicose cotrans-
porter were investigated by in visro translation of partial
RNA transcripts which were obtained by =nzymalic
truncation of the Na™/glucose colransporter ¢cDNA
with the internal restriction enzymes Sacl, Smal and
Sl (Fig. 2). In ouro translation was carried out (a)
without microsomes, (b} with microsomes. and (c) with
microsomes followed by treatment with endoglycosidase
H, and the extent ol the glvcosylation of the partial
translation products was tested by SDS gel electro-
phoresis.

Expression in Xenopus oocytes. RNA synthesized from
the template was injected into Xenapus oocytss (1
pg/pl) and 3 days after injection the uptake of 5C M
" C-tabelicd methyl a-D-glucopyranoside (aMeGlc) was
measured as described earlier [6).

Site-directed mutagenesis, To confirm that Asn-248 is
the only N-linked glycosylation site in the protein. we
used site-directed mutagenesis to replace Asn-248 with
Gin. Oligonucieotide-directed in vitro mutagenesis was
performed according to Kunkel {7.8], using the Bio-Rad
(Richmond., CA) Muta-Gene M13 kit. The primer oligo-
nucleotide (Genetic Designs, Inc., Houston. TX) was
5" -CTGTGGGATGGAGGTCTGTCCGTAGCTGAT-
CTGGCTGGGAATG-3". Mutagenesis with this se-
quence removed a Bg/II restriction sitz at position 751.
Bgll1/EcoRY double digested plasmid DNA from
mutants was analyzed by mini gel electrophoresis and a
mutant was selected based on the restriction fragment
pattern, i.c. absence of the 0.26 kb internal Bg/l frag-
ment, increased molecular mass of the 3’-end Bg/Il-
EcoR1 fragment from 1.47 to 1.73 kb, and no change in
size of the 0.45 kb 5"-end EcoRI-Bg/II fragment. The
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mutagenesis was further confirmed by double stranded
DNA sequencing using a T7 sequencing system {Phar-
macia, New Jersey) and a synthetic oligonucieotide as a
sequencing primer located upstrearr: from the mutated
region. RNA from the mutant Bluescript plasmid was
either translated in witro in the presence or absence of
microsomes or was injected into oocytes as described
above.

Results

Based on the amino acid sequence of the rabbit
intestinal Na’ /glucose cotransparter there are two
pctential N-linked glycosylation sites (N-X-T/S) at
positions 248 and 306 (Fig. 1). The approach we used to
investigate the glycosylation of the two sites is outlined
in Fig. 2. RNA transcripts were synthesized from the
clone (Fig. 2, top left) using T3 RNA polymerase.
Cleavage of the templates with the restriction enzymes
Sacl. Smal or Sl was used to produce truncated
transcripts. Using Norl the full-length Na“*/glucose
cotransporter RNA transcript was obtained (Fig. 2, top
right).

SDS-PAGE analysis of the in vitro translated prod-
ucts is shown in Fig. 3. Tt should be noted that the
hydrophobic membrane protein tended to agpregate
and so it was necessary 10 add high concentration of
urea (8 M) and 1o boil the sample prior to electrophore-
sis. In vitro translation of the full length transcript in
the absence of microsomes is shown in the first lane of
both Figs. 3a and 3b. The full size protein appeared as a
band at 52 kDa, but multiple additional bands were
observed at lower molecular masses. These are probably
due to premature termination of transfation and/or
proteolysis. The lower mciecular mass bands were
largely removed when translation was carried out in the
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Fig. 1. Secondary structure model of the rabbit intestinal Na*/glucose cotransporter. The two potential glycosylation sites Asn-248. and Asn-306
arc shown (CHO). Also indicated are the restriction enzymes Stul. Smal. Sacl. and Nerl which were used to produce truncated RNA coding for
partial protein synthesis products.
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Fig. 2. Strategy used to study N-glycosylation of the Na*/glucose cotransporter. The left side shows the Na* /glucose cotransporler cDNA clone in

Biuescript KS* plasmid. The clone was cleaved with the appropriate restriction enzyme {Stul, Smal, Sacl, or Not1). RNA was synthesized using

T3 RNA po]ymer:\se, capped and then used for in vitro translation with rabbit reticulocyle lysate together with dog pancreatic microsomes. in the

presence of {* ine. The expected polypeptides are shown at the bottom of the figure. The transmembrane regions are indicated as shaded
areas and the two potential N-glycosylation sites are marked (Y).

presence of microsomes, and when the microsomes were shift was complete]y reversed by endoglycomdase-ﬂ
pelieted by centrifugation at the end of the reaction. t This indi that the d i mobility
(lane 2, Figs. 3a and 3b). In the presence of pancreatic observed after translation in the presence of micro-
microsomes, the molecular mass of the full-length tran- somes is entirely due to the addition of asparagine-lin-
script increased to 58 kDa (lane 2, Fig. 3a), and this ked core oligosaccharide [9]. In order to test for N-
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Fig. 3. Autoradiograph of an SDS gel showing the protein translation products (see Fig.2). (a) Truncated RNA. The restriction enzymes used to

truncate the cDONA are mdn:mcd on top of the autoradiograph. There are three lancs for each restriction enzyine, one for lranslauon without
one for il with and one for ion with mi followed by with H. (b)
Mutant RNA. /n vitre iranslation experiments were carried out on a mutant coding for Gln at position 248 instead of Asa.




TABLE I

Stmmars: of the resulis abtaived from the SDS gel shown in Frg. 3

The difference between the molecular masses in the absenee and
presence of microsonies (right side} indicates the extent of N.glveo-
sylaticn. Similar results were obtained in 1wo other sepurate experi-
ments.

Template Sequence Apparent molecutar mass (ka)
withoui with il
micro- micro-
somes somes

Natl 1-662 52 ¢ 6

Sucl 1-289 0 35 5

Smal 1-289 22 27 5

Sl 1-232 20 20 0

glycosylation of the two N-X-T/8 siles. ihe restriction
enzymes were chosen such that the corresponding trans-
lation products terminate before, after and between
these sites. The SDS gel of the translation products is
shown in Fig. 3 and the result is summarized in Table [.
The left part of the table shows the enzymes used for
truncation and the righ: pact the relative molecular
mass change due 1o glycosylation. The enzymes Norl,
Sacl. and Smal all resulted in translation products
showing roughly the same 5-6 kDa molecular mass
shift with microsoines. Since Smal cleaves between the
two potential N-glycosylation siles, this indicated that
Asn-306 was not glycosylated. When using the restric-
tion enzyme Stul, which removes both glycosylation
sites, no glycosylation was observed. This suggests that
only Asn-248 is N-glycosylated.

To confirm this result, the glycosylation site at Asn-
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Fig. 4. Expression of the unglycosylated rabbit i Ma " /glucose

cotransporter clone in Xeropus oocytes. cRNA was synthes.zed from
plasmids containing the wild-type (Asn-248) and mutani (Gln-248)
¢DNAs for the rabbit intestinal Na " /glucose cotransporter. 50 g of
either wild-type or mutant cRNA was injected into XYenopus oocytes
and Na™. methyl il ide uplake was three
days later. The sugar conceniration was S0pM and the results for a
single experiment are given in pmol/oocyte per h as the meant S.E.
for 4-8 oocytes injected with H,O, wild-type ¢cRNA, and mutant
cRNA.
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248 was replaced by Gin using site-directed mutagene-
sis. This mutaticn did not shift the apparent size of the
primary in rirro translation product synthesized in the
absence of miciosomes (Fig. 3b). Furthermore, there
was no increase in size when the in vitre translation
reaction was carried out in the presence of microsomes
and endoglyeosicase H had no effect. We conclude that
Asn-248 is glycosylated exclusively.

The functional role of glycosylation at Asn-24% was
investigated by studying the expression of the trans-
porter in Xenopus oocytes. Fig. 4 shows the uptake of
50 pM aMeGle into Xenopus oocytes injected with
wild-type and mutant Na*/glucose cotransporter
cRNA. Replacing Asn with Gln at residue 248 only
reduced sugar uptake about 25%. [n three experiments
with the mutant, the uptake was reduced 27 + 3%. This
suggests that glveosylation of Asn-248 is not essential
for functional expression of this transport protein in
ooacytes.

Discussion

Glycosvlation cf the rabbit intestinal Na*/glucose
cotransporter asparagine residues 248 and 306 wculd be
inconsistent with the secondary structure model (Fig 1)
since complex-linked glycosylation is typically located
only on the extracellular face of membrane proteins.
Experiments to study the glycosylation of these sites
involved in vitro translation of partial transcription
producis. There was no glycosylation for the partial
pegtide 1-232 (Stul), whereas glycosylation of the par-
tial peptides 1-283 (Smal). and 1-394 (Sacl) was
approximately the same as that of the intact transporter
(1-662, Norl). This suggests that Asn-248 is glyco-
sylated in ovifro. However, truncations could have an
effect on protein folding and membrane insertion that
could influence glycosylation. This is unlikely in view of
a recent detailed analysis of the secondary structure of a
related transport protein, Jac permease, using a power-
ful gene-fusion technique [10]. A set of Jac permease-al-
laline phosphatase gene fusions were expressed and the
level of alkaline phosphatase activity was used to de-
termine whether the fusion site normally faces the cyto-
plasm or periplasm. The vesults were in complete agree-
ment with biochemical and immunological experiments
on the topology of /ac permease in the membrane. Since
the C-terminal /uc permease sequences were lost in the
gene fusions. this clearly suggests that the transmem-
brane topology of the partial transcripts is independent
of the C-terminal domains of the protein.

Nevertheless, we felt it was necessary to confirm our
conclusion independently. Using site-directed mutagen-
esis, Asn-248 was replaced with Gln, and in vitro trans-
lation of this mutant gave no glycosylation in the pres-
ence of microsomes (Fig. 3b). We conclude that Asn-248
is the only site glycosylated in vitro.
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Our experiments also suggest that the Na*/glucose
cotransporter does not contain a large (> 1 kDa) clea-
vable terminal signal sequence. As shown in Fig. 3,
treatmeni of the glycosylated protein in pancreatic mi-
crosomes with endoglycosidase H did not reduce the
size of the protein below that of the primary translation
product. Similar results were obtained with another
sugar transporl protein. the human facilitated glucose
transporier [4].

According to our secondary structure model of the
Na*/glucose cotransporter (Fig. 1), glycosylation of
Asn-24% indicates that the hydrophilic loop between
transmembrane segments 5 and 6 faces the extracellular
side of the membrane. IT this is correct, the N-terminus
of the transporter should be found on the cytoplasmic
face of the membrane. This orientation of the protein is
probably also the case for the human intestinal
Na*/glucose cotransporter since the glycosylation site
Asn-248 is conserved, and the amino acid sequence is
virtually identical to that in rabbit [11]. Additional
experiments of a different type are necessary to confirm
the topology of the rabbit and human Na*/glucose
cotransport proteins in the brush border membrane.

We examined the role of N-linked glycosylation of
the functional expression of the Na*/glucose cotrans-
porter in Xenopus oacytes. Na™-dependent sugar up-
take into oocytes (Fig. 4) was only reduced by 30%
when oocytes were injected with cRNA transcribed
from the GIn-248 mutant as opposed to wild-type
cRNA. At this junction, we are unable to determine
whether this small reduction is due to a defect in the
transporter or to a decrease in the number of trans-
porters in the membrane. Nevertheless, the result sug-
gests that glycosylation of Asn-248 is not essential for
the expression of transport activity in oocytes. The
cloned Na'/glucose cotransporter expressed in the
mammalian cell line COS-7 [12] and in ococytes (unpub-
lished data) was inhibited by 2 pg/ml tunicamycin
(60%—-80%). The discrepancy between these results with
tunicamycin. an inhibitor of N-glycosylation and those
with mutant Gin-248 (Fig. 4) suggests that tunicamycin
at high concentrations may have a non-specific effect on
protein synthesis and /or insertion.

Biochemical studies of the intestinal and renal brush
border Na* /glucose cotransporters have indicated that
the molecular size of the mature protein is between 70
and 75 kDa [13,14]. Our in vitro translation experiments
demonstrate that N-linked glycosylation accounts for
part of the difference between the sizes of the primary
translation product and the mature protein. In the
presence of pancreatic microsomes, the relative molecu-
lar mass increased by 6 kDa, and this was reversed by

endoglycosidase H. Additional complex N-linked glyco-
sylations probably account for the increase in size of the
protein to 70-75 kDa. Preliminary experiments in our
group with intact brush border membranes confirm that
the mature protein is glycosylated (Hirayama, B.. per-
sonal communication). An increased molecular mass of
this magnitude due to glycosylation is not uncommon
for membrane proteins. For example. N-linked glyco-
sylation accounts for the 18 kDa difference in size
between the primary translation product and the mature
facilitated glucose transporter [15,16].

Finally, this strategy may be used to determine if
potential N-linked glycosylation sites in other cloned
membrane proteins are actually glycosylated. The re-
aults provide important tools for examining the role of
glycosylation in the function of the protein, and give
clues about the topological arrangement of the cloned
protein in the membrane.
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