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We have used baculovirus (AcNPV) to express the Na ~/glucose cotrans|mrter protein |n cultured SlY cells. We 
constructed a haculovirus transfer vector containing the cDNA for the rabl~it intestinal Na +/glucose cotransporter 
(SGLTI) under the control of the polyhedrin geno promoter. Recombinant boculoviras was obtained by cotramsfec- 
tion of SF9 cells with wild-type AcNPV DNA and the transfer vector. Reconlbinant virus was identified by Southern 
blotting and then purified. Recombinant infected Sf9 c~lis expressed a protein which was recognized by anti.peptide 
antibodies raised to sequences of the cloned Na+/glucose cotransportec, rhis  protein migrated with a molecmlar 
mass of 55 kD by SDS-PAGE, similar  to the in vitro translation product of SGLTI. An identical protein was 
metabolically labeled with [asShaethionine. Ceils which synthesized the t rmspor t  protein showed Na+-depemdemt 
aMeGIc transport. Micromolar phlorizin inhibited transport. Uninfected and wi|d-type vi~Js infected Sl9 cells did 
not have Na+-dependent glucose transport. All transport protein migrated at  45% sucrose (w /w)  by density 
gradient sedimentation, suggesting that  the expressed transporter is membrane associated. We conclude that we 
have functionally expressed ~he rabbit intestinal Na+/glncose  cotransporter in SI9 cells. The transporter is not 
heavily glycosylatcd, and this is consistent with previous work showing that glycosylatiou is not necessary for 
function. We are poised to purify and charncteHze this protein from a strncture-funcfion perspective. 

Introduction 

The Na+/glucose cotransporter is an integral mem- 
brane protein from the brush border of intestinal and 
kidney epithelia [1]. This protein mediates trans-epi- 
thelial transport by coupling concentrative uptake of 
glucose across the apical membrane with the energeti- 
cally favorable movement of sodium ions down their 
concentration gradient. Sugar is then transported from 
the epithelial cell into the blood through the basolat- 
oral facilitated glucose transporter [2,3]. 

The sodium-coupled transporter is thought to be 
less than 0.1% of the protein present in the i10testinal 
brush border, an abundance so low as to impede bio- 
chemical studies on the cotransport protein. However, 
Hediger and his colleagues [4] have isolated a eDNA 
clone which encodes this transport protein, and this 
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advance, together with the development of a new ex- 
pression system, shows promise for overexpression of 
integral membrane proteins. This new system is the 
insect cell line Spodoptera fnIRiperda, Six), derived from 
the pupal ovary cells of the Fall armyworm [5]. These 
cells are avid hosts to insect baculovi.,uses, which have 
been used to introduce genes far eucaryotic proteins 
into Sf9 cells under the control of a highly active viral 
polyhedrin gene promoter [6]. Sever.~! integral mere  
brane proteins have been expressed in Sf9 cells, such 
as the Drosophila potassium channel Shaker [7], the 
multidrog resistance transporter [8] and several plasma 
membrane localized receptors [9-11]. However, no 
transport protein has been expressed functionally, in 
this paper we show that Sf9 cells infected with recom- 
binant baculovirus containing the cDNA for the rabbit 
intestinal Na +/glucose cotransporter (SGLTI) express 
this protein at high levels. We show that expressed 
protein transports glucose in a Na*-dependent fashion, 
that transport is phlorizin sensitive and that all of the 
expressed protein is localized to a membrane associ- 
ated protein fraction. 
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Methods 

Preparation of  a transfer vector for in viuo homologotts 
recombination 

All molecular biology was carried out by standard 
techniques [12,13]. Transler vector pVLSRC, obtained 
from T. Roberts at Harvard University, was digested 
with BamHI, and the 5' overhang converted to a blunt 
end with the Klenow fragment of DNA polymerase i. 
The linearized, blunt-ended vector was digested with 
Ncoi. The product was electrophoresed on a 0.6% 
SeaChem (FMC, Rockland, ME) low-melt agarose 
minigel in TBE in the presence of ethidium bromide. 
The major hand of 10 kb was visualized by UV illumi- 
nation, excised and stored at -20°C. 

The rabbit Na+/glucose cotransportcr cDNA, 
SGLTI, was excised from pBluescript [4]. The plasmid 
was linearized with Xbal, and the 5' overhang filled in 
with the Klen~v fragment of DNA polymerase I. The 
linearized, blunt ended plasmid was digested with Ncol 
under conditions favoring partial digestion, as SGLT1 
also contains an internal Ncol site. Aliquots were 
removed and the reaction quenched at 10-min inter- 
vals. Products were electrophoresed on a 0.6% 
SeaChem low-melt agarose minigel containing ethid- 
ium bromide. The 2.2 kb band which corresponded to 
the Ncol-Xbal fragment of SGLT1 from the 5' initia- 
tion codon to the end of the 3' untranslated region was 
excised from the gel. 

The linearized transfer vector (pVLSRC) and the 
SGLTI eDNA were ligated in low melt agarose at a 
1 : 1 ratio with T4 DNA liga:;e overnight at room tem- 
perature. The resultant transfer plasmid was called 
pVLI7H, and was used to transform DH5a competent 
cells (lnvitrogen, San Diego, CA), which were plated 
on LB containing ampicillin i50 /~g/ml) plates and 
incubated overnight at 37°C. Colonies were isolated 
and grown in LB + ampicillin (50 / t g /ml )  liquid cul- 
tures. Plasmids were isolated by the boiling mini-prep 
method, and analyzed by restriction analysis and 
Southern blotting for the presence of the SGLTI eDNA 
in the proper orientation in the transfer vector (see 
Fig. 1 for schematic p.resent:,tion). Plasmid pVLI7H 
was identified as containing the full-length eDNA of 
interest in the proper orientation relative to the poly- 
hedrin promoter. 

Homologous recombination 
Techniques for generating recombinant virus and 

handling Sf. ,:ells were derived from Summers and 
Luckow [14] and Piwnica-Worms [13]. Sf9 cells were 
maintained in an insect culture (TNM-FH) medium 
composed of Grace's insect medium containing, per 
liter, 3.3 gm Yeastolate, 3.3 gm lactalbumin, 10% fetal 
calf serum (FBS), 12500 units of penicillin, 12500 units 
streptomycin, and 5 ml Fungisone, all purchased from 

Gibco (Grand Island, NY). The transfer vector, 
pVLI7H, was purified using CsCI density gradient can- 
trifugation. The purified plasmid and purified viral 
genomic DNA (AcNPV) (Invitrogen, San Diego, CA) 
were combined in the presence of 1 mM calcium 
phosphate and added to a monolayer of 3.106 Sf9 
cells (Gift of Dr. Christopher Miller, Brandeis Univer- 
sity). Cells were incubated for I h, the virus was re- 
moved and TNM-FH added. Cells were incubated at 
27°C for 96 h and resuspended. The cell suspension 
was centrifuged for I0 rain. at 1000 × g and the viral 
supernatant stored at 4°C. 

Purification of  recombinant baculovirus 
The virus supernatant was used to generate virus 

plaques in an SF9 cell monolayer. Monolayers of 3 .106 
cells were plated in NUNC 50 mm 2 Contur plates 
(Cole Scientific, Calabasas, CA) in 4 ml TNM-FH 
medium prepared as described in Summers and Luckow 
[14]. Cells were attached to plates at room temperature 
for 1 h, and washed once with TNM-FH without fetal 
c, f serum (SMM), Cells were infected with vin~s by 
aoding 1 ml viral dilutions from 10 -'~ to 10 -s  in SMM. 
After 1 h of infection at room temperature, virus was 
removed and the cells were covered with a layer of 
1.5% SeaPlaque low-melt agarose (FMC, Rockland, 
ME) in TNM-FH medium. Plates were left to solidify, 
then incubated at 27°C for 6-7  days. After day seven, 
plaques were scored visually under a light microscope 
for recombinant plaque morphology [13,14]. 

Recombinant plaques were isolated and added to 
individual wells of a 96-well microtiter plate containing 
2-104 cells in 100 i~l of I'NM-FH medium. The viral 
isolates were incubated for 72 h, after which time the 
viral supernatants were transferred to duplicate mi- 
crotiter plates and stored at 4°C. The infected cells 
were lysed in 200 p l  of 0.5 M NaOH, triturated to 
solubilize, and the pH adjusted with 20 /LI of 10 M 
ammonium acetate. 150 /~1 of cell lysate was trans- 
ferred to a BA85 nitrocellulose filter using a Schleicber 
and Schnell (Keene, NH) vacuum blotter, and the wells 
were rinsed with 1 M ammonium acetate, 0.02 M 
NaOH. The nitrocellulose sheet was washed once in 
4X SSC and allowed to air dry to dampness. DNA was 
fixed to the nitrocellulose by UV-crosslinking (Strata- 
gene Stratalinker, La Jolla, CA.). 

Identification of recombinant baculoviras 
Nitrocellulose blotted with cell lysates from putative 

recombinant infected cells was probed with SGLT1 
gel-purlfied cDNA labelled with 32P-dCTP using an 
oligolabelling kit (Pharmacia). The probe was added 
and the filters were hybridized at 65°C for 3-4  h in 6 x 
SSC, 5 × Denbardts solution, 0.1% SDS, and 0.25 
mg /ml  salmon sperm DNA. Washes were as follows: 
three washes of 10 min each in 2 x SSC, 0.1% SDS at 



room temperature, and three washes of 20 n,in each in 
0.2 x SSC, 0.1% SDS at 65°C. Filters were dried and 
exposed to Kodak X-O-Mat film overnight at -8ff'C 
for autoradiography. 

Purification of  recombinant baculot,irus 
Positive recombinants were identified from auto- 

radiography and appropriate viral supernatants from 
duplicate microtiter plates were used for further rounds 
of plaque purification. 100/~l samples of viral super- 
natant were added to 900/zl of SSM for a 1 × virus 
stock. Serial dilutions were carried out in SMM, and 
used to generate viral plaques as described. Plaque 
isolation and Southern blot analysis with SGLTI were 
repeated until all plaques were of recombinant mor- 
phology and virus infected cell lysates showed a posi- 
tive Southern blot signal when probed with SGLTI 
eDNA. After purification, virus was titered by 10S.fold 
serial dilution in SMM and plaqued. Titer was counted 
as the number of plaques/ml of infecting virus multi- 
plied by the dilution factor. 

Generation of  SGL TI protein pr~Jduct 
3" 106 cells were plated in monolayer and infected 

with recombinant virus at a multiplicity of infection 
(MOI) of 2. Infected cells were removed from the dish, 
centrifuged for 10 min at 1000 ×g and the supernatant 
removed. Cell pellets were lysed with 0.5 ml RIPA (1% 
NP-40, 1% d¢o~cholate, 0.1% SDS, 10 mM NaP~ (pH 
7.2), and 150 mM NaCI) or Laemmli sample buffer (15) 
and stored ~t -20°C. 

Metabolic labeling studies 
Cells were plated at a density of 2.106/plate in 

6-well Costar (Cambridge, MA) multiwell polystyrene 
culture dishes and allowed to attach for 1 h at room 
temperatt~re. Culture medium was removed and cells 
infected with 1 ml of virus at an MOl of 2 in SMM. 
Cells were incubated for 1 h at room temperature and 
the virus removed. 3 ml of TNM-FH were added per 
well and the plates returned to 27°(2 for 48 h. At 48 h 
post-infection the cells were washed once with methio- 
nine-free medium, and resuspended in 1 ml of methio- 
nine-free medium containing 0.25 mCi/ml [35S]- 
methionine (Trans-Label, Amersham, Arlington 
Heights, IL). Plates were returned to 27°C for 3 h. 
Cells ~e,'e then removed from the dish and centrifuged 
for 2 min at 1000 ×g. Cells were resuspended and 
waahed in (in mM): 150 NaCi, 2.5 KCI, 10 Na+/K + Pi 
(pH 7.4) (PBS). The cell pellets were iysed with 0.2 ml 
RIPA or 0.5 ml I,aemmli sample buffer [15] and frozen 
at -20"C. Samples lysed in Laammli sample buffer 
were sonicated for 10-30 s in a bath sonicator to 
reduce viscosity. 
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Gel electrophoresis and Western blot analysis of recomb/- 
nant proteins 

Samples were analyzed by sodium dode~i sulfate- 
poiyacrylamide gel electrophoresis SDS-PAGE [15]. 
Samples were boiled for 3' immediately before loading. 
Gels to be analyzed by autoradiography were fixed in 
I% glycerol, 10% methanol, I% acetic acid and dried 
under vacuum. Gels were exposed to Kodak X-O-Mat 
film overnight at -80°C without enhancement. Dupli- 
cate gels were stained with Coomassie brilliant blue. 

Gels to be used for Western blot analysis were 
transferred to Schleicber and Schuell nitrocellulose 
h ansfer membrane BA85 [16]. Western blotting was 
carried out with an anti-peptlde antibody raised to 
residues 602 to 613 in the C-terminal portion of the 
protein (Ab-C) as described by Hirayama et al. [17]. 
Blocking solut;oo was 0.5% Carnation instant milk, 
0.05% Tween 20 in PBS, heated to 65°C, cooled and 
filtered through Whatman No. 1 filter paper. Primary 
antibody dilutions were 1:200 or 1:500 from serum 
and secondary antibodies were Calbiochem (La Jolla, 
CA) anti-igC linked to horseradish peroxidase, used at 
1 : 200 or 1 : 500 dilution, with hydrogen peroxide and 
diaminobenzidine as substrates. 

Analysis of  glucose transport 
Cells were infected at a MOI of 2 for 48 b. Cells 

were resuspeoded from mcno|ayers and aliquoted to 
I0 * ceils/tube in 1.5 ml Eppendorf. centrifuge tubes, 
centrifuged for 2 min at 1000×g. Cells were washed 
twice with 1 mi of glocose-free Grace's insect medium 
(Special order, Gibed, Grand Island, NY), unsupple- 
raentnd with yeastolate, lactaibomin or FBS. The cells 
were then resuspended in 0.25 ml of uptake solution 
(see legend, Fig. 5 for detailed composition) containing 
50/zM a-methyl-D-glucose (otMDG), with 2.5/zCi/ml 
'4C-aMDG. Cells were incubated in this medium for 
15 min, 1 ml of ice-cold stop solution added and the 
sample immediately centrifuged for l min at 1500 xg.  
The ceils were washed twice in 1 ml of ice-cold stop 
solution. The resulting cell pellet was lysed in 200/d of 
10% SDS and 150 pl were assayed by scintillation 
counting. The other 50/~l were frozen immediately at 
-20°C and used to measure cellular protein concen- 
tration using a modified Lowry assay [18]. 

Fractionation of  Sf9 cells expressing recombinant SGL TI 
gene product 

107 confluent cells at 48 h post-infection were cen- 
trifuged at 1000 ×g for 10 min, and resuspended in 4 
ml ice-cold phosphate-buffered saline (PBS). , .;4 sus- 
pension was homogenized on ice 2 × 10 s on setting 9 
of a Po|ytron homosenizer, with a 10 s cooling period 
between homogenizations. The homogenate was loaded 
onto two continuous sucrose density gradients from 
10% to 65% sucros~ (w/w). The sample was can- 
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trifuged in art SW28 rotor overnight at 100000×g . t  
Fractions were collected by an autosampler and frozen 
immediately. Protein concentrations were determined 
by a modified Bradford assay (Bio-Rad, Richmond, 
CA) and the presence of the SGLTI protein product 
was assayed by Western blot analysis as described 
above. 

Results 

Production of SGL TI recombinant baculol'irus 
We utilized the recombinant transfer vector pVLI 7H 

to produce a recombinant baculovirus in which the 
rabbit intestinal SGLTI cDNA replaced the polyhedrin 
gene in the genuine of  a wild-type AcNPV (Fig. 1), and 
was thus under the control of  the polyhcdrin gene 
promoter. The 12.2 kb transfer plasmid p V L I 7 H  con- 
tained the SGLTI  eDNA including the full-length cod- 
ing region from the initiatiun ATG, the entire 3" un- 
translated region including the poly A tail and the 
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Fig. I. Vector derived from pVLSRC. Black :eglou r~,)rcscnts pt)C8 
DNA containing a bacterial origin of teplleatl -- and ampic;llin 
resistance gene. Dottcd regions represent baculovirus DNA se- 
quences flanking Ihe baculovirus polyhedrin gene and promoter. The 
clear region repre~nts excised SRC DNA. SGLTI is derived from 
pMJC424. Large dots represem the SGLTI eDNA from the initia- 
tion 5' ATG to the Xhal restriction sile downstream of the SGLT! 
3' untranslated regiou, pVLI7H is the transfer used in viral recom- 
bination, which derived from ligatiun of pVLSRC and SGLTI. 
Arrows repi¢~nt direction of transcription from thu polyhedrin 

promoter and SGLTI. 
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Fig. 2. Sequence of the junction between pVLSRC and SGLTI 5' 
end in pVLI7H. Double-stranded plasmid (gVLI7H) was sequenced 
using a TT-sequeneing kit (Pharmaeia) aid a SGLTI sequence- 
specific primer. The dashed underginec, ;egion represents eDNA 
sequence derived from pVLSRC. I~xec~ region is the Ncol site 
joining pVLSRC with the SGLTI 5' erqd. Solid underlined region is 
the cDNA sequence of the 5' end of SGLTI. Asterisk denotes the 
SGLaI'I Iranslation initiation site. Capitai letters above the cDNA 

~quence are single letter am~oo acid codes. 

EcoRI-Xbal linker regio'a from pBluescript. Fig. 2 
shows the DNA sequence of pVLI7H at the 5 '  end of 
the SGLT!  insert, demonstrating that plasmid con- 
struction removes the 5 '  untranslated sequence from 
SGLTI while retaining the 5 '  Ncol restriction site and 
the ATG initiation codon. The sequence upstream of 
the SGLTI initiation codon is identical to that  pub- 
lished for pVL941 [6i, the original vector from which 
pVLSRC was derived [19]. 

pVLI7H plasmid DNA and wild-type AcNPV DNA 
were used in a Ca2+-phosphate cotransfection proce- 
dure in the Sf9 cell host [14]. The viral sequences in the 
transfer vector underwent homologous recombination 
with the AcNPV genomie DNA and gave rise to 
recombinants containing SGLTI.  These recombinant 
viruses were isolated by plaque assays and confirmed 
by Southern blot analysis with SGLTI as a probe. The 
initial screen showed 3% recombinant virus, which is 
consistent with predicted frequencies for cotransfec- 
tion. Five rounds of recombinant screening were used 
t6-purify six individual isolates. These isolates were 
designated B V - S G L T I / C I  through BV.SGLTI /C6 .  
These recombinants were also screened individually for 
the occlusion (-) phenotype, and by ['~SS]methionine 
metabolic labeling of infection producto ° for the ab- 
sence of  the wild-type polyhedrin protein. Isolates C 1 -  
C6 were selected for high purity and equivalent levels 
of expression. They have been used interchangeably for 
expression and transport  studies, with no discernable 
difference in stability or expressi,Jn levels. 

Expression of recombinant SGLTI in B~-SGLTI b~.. 
fected Sf9 cells 

Anti-peptide antibodies raised to sequences from 
SGLTI were used to monitor the appearance of SGLTI 
protein expressed by recombinant infected cells. In a 
preliminary experiment, Sf9 cells were infected with 
wild-type virus or BV-SGLTI /C2  viral isolate at a 
MOI of 2, for 48 h. Cells were metabolically labeled 
with ['~SS]methionine and solubilized. The whole ce'l 
lysates were analysed by SDS-PAGE, transferred to 
nitrocellulose and Western blotted with the antipep- 
tide antibody Ab-C. The transfers were also analyzed 
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Fig. 3. Expression of the SGLTI protein in Sf9 cells, (A) Western ! lot analysis of SF) cell extracts. W ~t=~,re,';ents wild-type baculovirus infected 
cells, U represents uninfected cells and R is BV-SGLTI recombinant bacuhwiros infected cells. Gels arc l i )~  acrylamidc, and protein samples 
are 1/200 of to~al cell extract from 3 '  10 r' cells solut:ilizcd in RIPA. mixed with equal v(',lume of 2X Laemmli sample buffer and boiled for 3'. 
Western blots were prob~,d with Ab.C at 1:200 dilution from serum, either prenbsorbt:d with 5 /zg /ml  peptidc (left) or unabsortPcd (right). (B) 
Auloradiogram of nitrocellulose transfer from Fig. 3A. Cells were labeled in culture with [3SSlmethionine for 3 b at 48 h pt~t-infection, separated 

by SDS-PAGE in 10% acrylamide and detected by autoradiography :is du~rlbed in Metiers ,  
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ctf  4. Time course of SGLTI protein expression. Cells were infected as de~ribed in Methods, and harvested at 24, 48 and 77 h rxlst-infection. 
6 10" cells were lysed with Laemmli sample buffer (0.5 ml). boiled for 3 min and 4 p.I samples applied to a IC% SDS-,3olyacrylamide gel. 
Proteins were transferred to nitrocellulose as described and r robed with Ab-C at I : 500 dilution from ,~rum. U = un nfected cells. W = wild-type 
ba¢ulovirus infected cells and R - s G ~ r t  recombinant infec;,2d .~¢!!s. T,.'me is hours after viral infection. Samples v, ere proces,~,Jd together from 

frozen iysetes. 
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monomeric form or undisrupted multimers of native 
transporter, and were observed when cells were ini- 
tially solubilized in non-ionic detergents. Cells solubi- 
lized by sonication in Laemmli sample buffer had vastly 
decreased levels of these aggregate species (see Fig. 4). 
The autoradiogram of this transfer in Fig. 3B shows a 
protein migrating at 50-60 kDa which has been labeled 
by [35S]methionine. This band exactly corresponds to 
the major immunoreactive band, and was not present 
in wild-type or uninfected cells. The recombinant 
SGLTI gene product synthesized by the Sf9 cells had a 
lower molecular mass than the rabbit intestinal N a + /  
glucose cotransporter, but was close in ~ize to the in 
vitro translation product of SGLTI in the absence of 
microsomes, and le~  than the in vitro molecular weight 
in the presence of dog pancreatic microsomes [26]. 

Time course of SGLTI expression in Sf9 cells 
We examined the time-dependence of expression of 

the SGLTI protein in Sf9 cells to determine optimal 
conditions for protein production. BV-SGLTI/C2 in- 
fected Sf9 cells, AcNPV-infec,ed and uninfected con- 
trol cells were harvested at 24, 48 and 77 h post-infec- 
tion. Whole-cell lysates were analyzed by SDS-PAGE, 
transferred to nitrocellulose and probed with antibody 
Ab-C. Fig. 4 shows no immunoreactivity in uninfected, 
AcNPV infected or BV-SGLTI/C2 infected cells at 24 
h post-infection. However, BV-SGLTI/C2 infected 
cells had high levels of immunoreactivity at 48 h post- 
infection. At 77 h, the immunoreac!,Mty decreased 
slightly relative to the 48 h signal. No degradation 
products were observed on the Western blot at 77 h. 
The virus enters the lytic stage between 60 and 80 h 
post-infection, after which time over-all rate of protein 
synthesis is decreased, and cell lysis may cause signifi- 
cant Ios~ e f  protein.  Th is  observed max imal  pro te in  
product ion at day 2 post- infect ion is unusual fo r  the 
AcNPV-med ia ted  gene expression o f  fore ign genes in 
Sf9 cells. Several groups have t epor ted integi'al mem-  
brane prote in  accumulat ion up to 4 days post- infect ion 
[7,8]. 

Transport function of SGLTI expressed in Sf9 cells 
The SGLTi protein synthesis has been clearly 

demonstrated. However, we wished to measure trans- 
port function in these cells. Sf9 cells normally take up 
D-glucose from the growth medium, in a saturable 
process with a T=/2 = 15 rain, which is not dependent 
on external sodium, is phlorizin insensitive and inhib- 
ited by phloretin and cytochala~in B (data not shown). 
The equilibrium cell volume for ['~Hlglucose uptake 
was 4.7-10 -s  /.d/cell, which is comparable to the 
calculated volume of 6.5. i0 -s  # l / c e l l  for a 50 ~.m 
diameter cell. Fig. 5 shows the specific, sodium-depen- 
dent ttaasport of ~4C-aMi.SG in uninfected, wild-type 
AcNPV-infected and BV-SGLTl-infected Sf9 cells. 

801 i1 BIB NoCI c 
'~: ~ Choline CI 

40 

0 
UN WT C2 

Fig. ~. Functional expression of the Na+/glacose cotransporter in 
recombinant infected Sf9 cells. Na+-depeodem u-methyI-D-gluco- 
pyranoside (aMDG) u•take into Sf9 cells as described in Methods. 
Na + uptake solution is (raM) 122 NaCI, 10 Mes (pH 6.5) with Tris, 3 
CaCI 2, 5 MgCI2. 5 fructose, 50 pM aMDG, and 2.5 p.Ci/ml 
14C-aMDG. Choline uptake solution is identical, with 122 mM 
choline chloride substituted tot NaCI. Stop solution is choline chlo- 
ride uptake solution without aMDG at 4°C. Transport is reported as 
14C-aMDG taken up in 15 min at 22°C. Data ~re the mean + S.D. 

of triplicate samples. 

The uninfected and wild-type infected cells showed 
only m:~dium-independent transport, while the BV- 
SGLTi-infecled cells showed dramatically elevated lev- 
els of sodium-dependent transport. After incubation 
for 15 rain, the intracellular concentration of a M D G  
was calculated to be 1.22 /~M, nearly 50-fold lower 
than the equilibrium value of 50 p.M, suggesting that 
we were measuring initial rates of transport. Transport 
rates in Sf9 cells were = 1300 pmol /mg  I~:r h, which 
are comparable to initial rates observed in Xenopus 
oocyte transport experiments [4], when normalized to a 
literature value of 300 p g  protein/oocyte [20]. 

Phlorizin, a specific, high affinity inhibitor of tile 
Ha +/glucose cotransporter in kidney and intestine [21], 

~ 20 
+, 

z 
0 

0 uM 10 uM 100 uM 
Fig. 6. Phlorizin inhibition of expressed Na*/glacos~ cotraosport. 
Phlorizin transport inhibition experiments arc carried out in NaCI or 
choline-CI uptake solution with the appropriate concentratior, of 
phlorizin di.tsolved directly into the aqueous uptake ~,,httion. Trans- 
port is descr;bed as the diffnren:e between aMDG uptake in NaCi 
and choline-CI uptake solution after 15 min at 22°C. Data are the 

mean :t: S.D. of triplicate samples. A K i of tO p.M is estimated. 
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Fig. 7. Fractionation of Sf9 cells expressing SGLTI. Cells were 
harvested at 48 h post.infection and washed once with PBS. Cells 
were rnsnspended in 4 ml of PBS (approx. 2. l0 ~ cells/ml), homoge- 
nized by polytron on ice for two times l0 s. and fractionated by 
sucrose gradient density eentdfusation from 15 to 65% as describe4. 
The figure shows the distributio, of protein as determined from a 
modified Bradford protein assay of sucrose densiq~ gradient frac- 
tions. Fraction 3 corresponds to 15% and fraction 17 to 65% sucrose. 

was observed to inhibit sodium-dependent  a M D G  
transport  in cells infected with BV-SGLTI /C7 .  Fig. 6 
shows the inhibition at  10 ~tM phlorizin to be 50% of  
control values. This concentrat ion approximates the 
published K~ of 8 - 1 1 / z M  for a M D G  transport  inhibi- 
tion in intestinal brush border  membrane vesicles [21]. 
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Fig. 8. Western blot analysis of fractionated SD cells expressing 
SGLTI. Western blot of equal volume samples tl0/J.I) from gradient 
fractions in Fill. 7. Samples 7, 8, and 9 were fractio.':=ted by. SD3- 
PAGE on a 10% ac~lamide gel and transferred to nitrocellulose. 
Western blots were probed with AbC at 1:200 dilution from scrota. 
All specific immunoresctivi*~.' ~:,u present in Fraction 8, which corre- 

sponds to a density of 45% sucrose (w/w). 
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Phlorizin had no effect on ctMDG transport in unin- 
fected or  wild-type infected cells (data not shown). 

Fractionation of SGLTI gene product expressed in Sf9 
celL~ 

Sf9 cells infected for 48 h were harvested, homoge- 
nized and fractionated by sucrose density gradient cen- 
trifugation, on a !0 -65% gradient (w/w).  Fig. 7 shows 
a bimodal protein distribution through the sucrose 
density gradient.  A brolld peak containing 53% of the 
total protein was present in the low density region of 
the gradient.  This peak contains the Sf9 cell cytosolic 
proteins. The peak fraction, at = 45% sucrose, con- 
tained 25% of  the tmai protein. This peak, Fraction 8, 
contained all of  the immunoreactivity in the BV- 
SGLTl-infected cells (Fig. 8). The fractions flanking 
this s h a m  peak contained the remaining 22% of the 
cellular protein and showed no immunoreactivity. The 
high density, immunoreactive fraction was polio*able in 
the ultracentrifuge at 100000 × g ,  and immunoreactiv- 
ity pelleted with the protein. This fractionation repre- 
sented a 4-fold enrichment of immunoreaetive protein 
over whole-cell homogenate.  

Discussion 

We wished to establish a high level expression sTs- 
tern for the rabbit intestinal N a ' / g l u c o s e  cotrans- 
porter  suitable for protein purification and transport  
studies. This protein has been cloned and functionally 
expressed in Xenopus oocytes and COS cells, but has 
not been purified to homogeneity, nor has it been 
expressed in a system from which it can be readily 
purified. This report  describes the functional expres- 
sion of  the SGLTI  protein in Sf9 cells using the bac- 
ulovirus expression system, and  provides a preliminary 
characterization of the expl-essed protein. To our  
knowledge, this is the first r?pol t  of  a functioning 
eucaryodc ion-dependent transport  protein expressed 
in Sf9 cells. 

pVLI7H represents a new bacuiovirus transfer vec- 
tor  suitable for introducing foreign genes into the 
AcNPV genome. It contains an Ncol cloning site adja- 
cent to the polyhedrin promoter  region, identical to 
pVLSRC. However, pVLSRC contains a limited num- 
ber of  cloning sites 3 '  of  the gone seqoence, pVLITH 
contains a portion of the polylinker region of pBlue- 
script (Stratagene) with restriction sites for Pst I, Sinai,  
B a m H l  and S/ael, increasing the number of available 
unique cloning sites significantly. 

The SGLTI  protein was expressed at maximum 
levels at  48 h post-infection. The protein does not 
continue to accumulate past 48 h, but remained at a 
roughly constant level through 77 h. We see no evi- 
dence of immunoreactive degradation products at later 
time points. This result suggests that  the protein is 
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5table in these cells, but does not continue to accumu- 
late. The limitation in the expression level of SGLTI 
may be overcome with changes in the growth medium 
to eliminate substrates for the glucose transporter, 
which may be causing the cellular osmotic load to 
become unbalanced due to accumulation of sodium 
and glucose. In preliminary experiments using light and 
electron microscopy, cells infected with BV-SGLTI 
appeared swollen. We estimate from intensity of West- 
ern blots compared to brush border membrane vesicles 
that the protein is now expressed a~. = 0.5% of the Sf9 
cell protein. This level of expression is 10(I-fold higher 
than the protein level in rabbit intestinal mucosal cells. 

Preliminary experiments show that, while a 
monomeric form of the transporter is expressed, higher 
molecular forms are also observed upon Western blot 
analysis. Two predominant forms are seen. One band 
is approximately twice the molecular mass of the 
monomer, and the other is a higher molecular mass of 
= 24(1 kDa. These polymeric forms may represent ag- 
gregation products due to the non-denaturing solubi- 
lization conditions used to lyse the cells. They may also 
represent stable homopolymcric forms of the trans- 
porter. Radiation inactivation studies have suggested 
that the functional protein is a homotetramcr [22]. 
Danblot et al. [23] observe a similar phenomenon, 
where solubilization in non-ionic detergents produced 
monomeric, dimeric and tetrameric forms of a Na +- 
glutamate cotransporter from rat brain plasma mem- 
branes. These multime:s were not reduced to 
monomers when proteins v, erc boiled with 2% SDS in 
Laem~nli sample buffer. We pian to pursue crosslinking 
experiments on this protein to verify the existence of a 
homote~ramerie functional unit in the plasma mem- 
bran,'. 

The molecular mass of the transporter is = 70 kDa 
in the brush border plasma membrane. Substrate pro- 
tected FITC labeling [24] and immunoreactivity with 
anti-peptide antibodies raised to the amino acid se- 
quence of the clone [17] both detected a single broad 
band of molecular mass 70 kDa. A functionally related 
protein purified from pig kidney cells also shares this 
molecular mass [25]. The protein expressed in Sf9 cells 
migrated as a broad band with an apparent molecular 
mass in SDS-PAGE of 55 kDa. This discrepancy in 
molecular mass between the intestinal protein and the 
SGLTI gene product was initially surprising, consider- 
ing that the primary sequence of the gene codes for a 
protein of 73 kDa. However, Hirayama and Wright [26] 
have shown that the native rabbit intestinal protein is 
heavily glycosylated with N-linked carbohydrates, and 
that these carbohydrates can be removed chemically 
and enzymatically. The protein detected after chemical 

measured for hz t'itro translation product of the SGLTI 
cRNA {45--5(I kDa). The anomalous enhanced migra- 
tion of integral membrane proteins o~l SDS-PAGE 
compared to soluble prot~:ins has been well docu- 
mented, particularly in the eel electroplax sodium 
channel [27]. Therefore, we conclude that the molecu- 
lar weight of the ~rotein in Sf9 cells is consistent with 
the intestinal I,~rush b~rdcr tran:;pe:~cr and ,he SGLTI 
gent  product ah.er limited or no glycosyl:,tion. 

These data suggest that the extensive giycosylation 
of the transporte.r iv~ rabbit intestine is not critical for 
functi~m, since the expressed protein is functional with 
minimal, if any glycosylatitm. Other experimental evi- 
dence corroborates~fllis conelusi~n. Enzymatic deglyco- 
sylation of native brush boarder membrane vesicles does 
not inhibit transport activity [26] and altering the eDNA 
sequence of SGLTI to eliminate tl~e argininc employed 
in N-linked glycosylati6n does not eliminate the Na ÷- 
dependent glucose transi~ort activity [28]. This raises 
interesting questions ah~u~ the r,~le of such extensive 
glycosylation in the intestinal brush border membrane. 

The transporter is fimcti~mallv expressed in cells 
infected with BV-SGLTI by two criteria. FirsL the cells 
carry out Na+-dependent transport of aMDG,  a spe. 
cific substratc, only when infected with recombinant 
virus. Second, the transport is inhibited by phlorizin, a 
specific inhibitor of the Na+/glucose cotransporter0 in 
the micromolar range. The Na+-dependent transport 
rate was = 13(111 pmol /mg per h, which is comparable 
to expression of SGLTI cRNA in Xenopus oocy~es. 
This expression level suggests to us that we have devel- 
oped an excellent system for further characterization 
of the functional transport protein. 

To this end we have begun fractionation experi- 
ments, in which we have achieved a 4-fold purification 
of the transporter from whole-cell homogenates. Knops 
et al. [29] have reported the functional purification of 
/3-amyloid precursor protein expressed in the Sf9 cell 
system using standard membrane fractionation tech- 
niques. Our goal is to purify large amounts of func- 
tional Na+/glucose cotransporter protein to homo- 
geneity for structural studies, and to use the purified 
protein to produce polyclonal antibodies for immuno- 
histochemistry and structure-function studies on this 
prototypic ion-coupled solute transport protein. 
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