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ABSTRACT

The Na+-dependent glucose cotransporters (SGLT) are
a family of glucose transporters that mediate an active,
sodium-linked transport process against an electrochem-
ical gradient. The SGLT are known to play important
roles in absorption of dietary D-glucose and D-galactose
from the intestinal lumen and in the reabsorption of D-
glucose from the glomerular filtrate in kidney. To study
the role and regulation of SGLT in tissues of lactating
cows, we cloned and sequenced the full-length cDNA of
bovine SGLT1 and SGLT5. Open reading frame analysis
predicted that bovine SGLT1 is composed of 664 amino
acids with a molecular weight of approximately 73 kDa,
and SGLT5 is composed of 597 amino acids with a molec-
ular weight of approximately 65 kDa. The deduced amino
acid sequence of bovine SGLT1 is 48% identical and 66%
conserved relative to that of bSGLT5. The amino acid
sequence of bovine SGLT1 is 97, 88, 87, 86, 85, and 84%
identical to sheep, mouse, rat, horse, human, and rabbit
SGLT1, respectively. In contrast, the amino acid se-
quence of bSGLT5 is relatively divergent among species,
being 85, 64, and 48% identical to rabbit, human, and
rat SGLT5, respectively. Bovine SGLT retain the charac-
teristic structural features of SGLT1 proteins described
in other species, including membrane-spanning helices
and glucose transporter motifs. The major in vitro tran-
scription and translation product of bovine SGLT1 cDNA
migrated at an apparent molecular weight of 52 kDa.
In the presence of canine microsomal membranes, the
translation product increased to 53 kDa, suggesting gly-
cosylation. The SGLT1 mRNA was most abundant in
bovine intestine, at intermediate levels in bovine kidney,
and at lower levels in bovine mammary gland, liver, and
lung. No SGLT1 mRNA was detected in bovine spleen,
skeletal muscle, or testes. Expression of SGLT5 mRNA
was found predominantly in bovine kidney, only at very
low levels in bovine testes, skeletal muscle, and spleen,
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and was essentially undetectable in bovine mammary
gland, liver, lung, and small intestine. Abundance of
SGLT1 mRNA in bovine mammary gland increased
more than 4-fold during late pregnancy and early lacta-
tion. The sequence and expression data reported in this
paper lay the groundwork for future studies aimed at
unraveling the functional roles of SGLT in supporting
milk production and maintaining glucose homeostasis
during lactation.
(Key words: gene expression, glucose transport, glucose
uptake, mammary gland)

Abbreviation key: bSGLT1 and bSGLT5 = bovine
solute carrier family 5 (sodium/glucose cotransporter)
member 1, and 5 (gene symbols SLC5A1 and SLC5A5),
poly(A)+ = polyadenylated RNA, RACE = rapid ampli-
fication of cDNA ends, SGLT = sodium/glucose cotrans-
porter family, TM = transmembrane domain, UTR =
untranslated region.

INTRODUCTION

Glucose transport across plasma membranes is medi-
ated by 2 distinct families of glucose transporters (Wood
and Trayhurn, 2003). In most tissues and cells, glucose
is transported by a bidirectional and energy-independent
process mediated by members of the facilitative glucose
transporter family (solute carriers SLC2A, protein sym-
bol GLUT). However, in a few cell types, glucose is trans-
ported by an active, sodium-linked transport process
against an electrochemical gradient. This process is me-
diated by the sodium-dependent glucose transporters or
Na+/glucose cotransporters (solute carriers SLC5A, pro-
tein symbol SGLT), and is believed to be restricted to
the brush-border membranes of small intestine and prox-
imal convoluted tubule of the kidney.

Thus far, 6 SGLT isoforms (SGLT1 to 6) have been
cloned from various species (Wright and Turk, 2004).
These transporters exhibit different substrate specificit-
ies, kinetic properties, and tissue expression profiles,
indicating that each transporter plays a distinct role
in maintaining body glucose homeostasis. In humans,
SGLT1, a high affinity Na+/glucose cotransporter (Km =
0.4 mM), is primarily located in the brush-border mem-
brane of mature enterocytes of small intestine and is
involved in absorption of dietary D-glucose and D-galac-
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tose from the intestinal lumen (Wright, 1993). SGLT2 is
a low-affinity glucose transporter that is predominantly
located on the apical membrane of renal proximal convo-
luted tubules, and is presumably responsible for the re-
absorption of D-glucose from the glomerular filtrate
(Wells et al., 1992; Kanai et al., 1994). SGLT3 was origi-
nally cloned as a renal amino acid cotransporter in swine
(Kong et al., 1993) and was later reclassified as a member
of the SGLT family (Mackenzie et al., 1994). However,
its function may need to be reevaluated because human
SGLT3 apparently does not transport glucose (Wright
and Turk, 2004). Little is known about the isoforms
SGLT4 to 6, except that SGLT4 and 6 are expressed in
a wide variety of tissues, whereas expression of SGLT5
is restricted to kidney (Wright and Turk, 2004).

In our previous studies, we reported that SGLT1 is
expressed in the mammary gland and in ruminal and
omasal mucosa of lactating cows (Zhao et al., 1998, 1999).
The expression of SGLT1 in the mammary gland sug-
gests that an active glucose-transport system may be
involved in transport and metabolism of glucose in this
tissue. This contradicts the prevailing opinion that glu-
cose is transported into mammary cells solely through
a passive process of facilitated diffusion (Xiao and Cant,
2003). The relatively high expression of SGLT1 in rumi-
nal and omasal mucosa implies new functional roles for
these tissues in glucose absorption and nutrition. To
further study the physiological roles of SGLT1 in the
mammary gland and forestomach of lactating cows, we
cloned the full-length cDNA of bovine SGLT1 and stud-
ied the tissue distribution of its mRNA expression. We
also cloned the full-length cDNA of bovine SGLT5 be-
cause these 2 transporters share high sequence homol-
ogy. We report here that the expression of SGLT1 is
developmentally regulated in bovine mammary gland in
a manner consistent with a role in milk synthesis.

MATERIALS AND METHODS

Animals, Tissues, and RNA Isolation

Unless otherwise specified below, the mammary
gland, liver, kidney, lung, spleen, jejunal epithelia, and
skeletal muscle tissues were obtained from 2 lactating
(185 and 381 d in lactation, respectively) Holstein cows
(Bos taurus), and the testicular tissue from 1 Holstein
bull, immediately after slaughter in a local abattoir. Col-
lection of tissues was approved by the University of Ver-
mont Institutional Animal Care and Use Committee.
The tissue samples were quickly frozen in liquid N2,
transferred to the laboratory, and stored at −80°C until
used for preparation of RNA. Total RNA was isolated
from each tissue using TRIzol reagent (Invitrogen, Carls-
bad, CA). Polyadenylated [poly(A)+] RNA was isolated
from total RNA pooled from the 2 lactating cows using
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oligodeoxythymidylate cellulose chromatography (Ja-
cobson, 1987).

Rapid Amplification of cDNA Ends
and Cloning of bSGLT1 and bSGLT5

The sequences of all primer oligonucleotides used in
this study are listed in Table 1.

The 3′ and 5′ sequences of bovine solute carrier family
5 (sodium/glucose cotransporter) member 1 and 5
(bSGLT1 and bSGLT5) were obtained by rapid ampli-
fication of cDNA ends (RACE) using the SMART RACE
cDNA amplification kit (Clontech, Palo Alto, CA). The 3′
and 5′ RACE-ready first-strand cDNA were synthesized
using 1 µg of poly(A)+ RNA from bovine kidney. For 5′
RACE of bSGLT1, 2 primers, SGLT-R1 and SGLT-R2,
were originally designed at highly conserved regions of
SGLT1 based on the sequence alignment of human,
mouse, rat, horse, and sheep SGLT1 cDNA. Our 5′ RACE
experiment using the provided universal primer (UPM,
Clontech) and SGLT-R2 resulted in 5′ sequence of
bSGLT1. However, the RACE using UPM and SGLT-
R1 resulted in 5′ sequence of bSGLT5, presumably due
to high sequence homology between the 2 transporters.
The 3′ sequences of bSGLT1 and bSGLT5 were amplified
using the primers UPM and SGLT-F2 designed from the
highly conserved region of SGLT1 cDNA among species
or bSGLT5-880F designed based on our 5′ RACE data,
respectively. The resulting PCR products were gel-puri-
fied, cloned into pCR 2.1 vector (Invitrogen) and se-
quenced using an ABI 377 automated sequencer (Applied
Biosystems, Foster City, CA). The sequences of 3′ and
5′ RACE products were verified in at least 3 indepen-
dent clones.

Bovine full-length cDNA of SGLT1 was amplified from
the bovine kidney 5′ RACE-ready first-strand cDNA by
PCR using pfu polymerase (Stratagene, La Jolla, CA)
with primers of bSGLT1-10F and bSGLT1-R3 designed
from the 5′− and 3′-untranslated regions (UTR) of
bSGLT1 based on our RACE results. The PCR products
were gel-purified and cloned into pCR-Blunt II-TOPO
vector using Zero Blunt TOPO PCR Cloning Kit (In-
vitrogen) to form bSGLT1/pCR-Blunt II-TOPO. The full-
length bSGLT1 cDNA was sequenced, verified in at least
3 independent clones, and submitted to GenBank with
accession number AF508807.

The full-length cDNA encoding bovine SGLT5 was
first amplified from the bovine kidney 3′ RACE-ready
first-strand cDNA above by PCR using Herculase-en-
hanced DNA polymerase (Stratagene) with primers
UPM and bSGLT5-32F designed from the 5′-UTR of
bSGLT5 based on our 5′-RACE results. The reaction was
reamplified using bSGLT5-32F and bSGLT5-R3 de-
signed from the 3′-UTR of bSGLT5 based on our 3′ RACE
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Table 1. Sequences of oligonucleotide primers used for PCR and rapid amplification of cDNA ends (RACE).

Primer name Type Sequence

SGLT-R1 Reverse 5′-GTAGGCGATGTTGGTACAGC-3′
SGLT-R2 Reverse 5′-CGGAAGATGTGGAAGGAGTC-3′
SGLT-F2 Forward 5′-GCCATGAAGCTGAAGATGAC-3′
bSGLT5-880F Forward 5′-GGTGCACTGACCAGGTCATC-3′
bSGLT1-10F Forward 5′-AGCTGCCACTATGGACAGTA-3′
bSGLT1-R3 Reverse 5′-CCTTCTGCAGCTCAGATATG-3′
bSGLT5-32F Forward 5′-TCTGCTGCAGGATGGCTGTG-3′
bSGLT5-R3 Reverse 5′-CTCCTACTTGGCTGGCTTGG-3′
bSGLT5-1506F Forward 5′-GGCTGGTGCTGGAGTTCTTG-3′
bSGLT5-R2 Reverse 5′-CAGCGTCAGGCGAAGTAGGT-3′
βActin-F Forward 5′-TAGACTTCGAGCAGGAGATG-3′
βActin-R Reverse 5′-CCACCAGACAGCACTGTGTT-3′

data. The PCR products were then gel-purified, polished
by Taq polymerase, and cloned into pCR 4-TOPO vector
(Invitrogen). The bSGLT5 sequence of the resulting plas-
mid bSGLT5/pCR4-TOPO was sequenced, verified in at
least 3 independent clones, and submitted to GenBank
with accession number AY514442.

DNA Sequence Analysis

The analysis of cDNA sequences was conducted using
the computer programs of DNAstar (DNASTAR, Madi-
son, WI), the National Center for Biotechnology Informa-
tion (NCBI) BLAST site (http://www.ncbi.nlm.nih.gov/
BLAST/), and the SWISS-PROT Scan-Prosite program
(http://us.expasy.org/tools/scanprosite/). The multiple se-
quence alignment was performed with CLUSTAL W
(open gap cost 10) (Thompson et al., 1994). The hydropa-
thy plots of bSGLT1 and bSGLT5 were analyzed ac-
cording to the algorithm of Kyte and Doolittle (1982),
using the ProtScale program on the ExPASy proteomics
server (http://us.expasy.org/cgi-bin/protscale.pl), using a
19-amino acid window.

In Vitro Transcription/Translation

The cDNA of bSGLT1 was excised from the plasmids
bSGLT1/pCR-Blunt II-TOPO and subcloned into the vec-
tor plasmid pcDNA3.1(−) (Invitrogen) to form plasmid
bSGLT1/pcDNA3.1. This plasmid was transcribed by T7
polymerase and translated in the presence of L-
[35S]methionine (Amersham, Piscataway, NJ) using the
TNT coupled reticulocyte lysate system (Promega, Madi-
son, WI). Reactions were performed in the presence or
absence of canine microsomal membranes (Promega).
The translation products were resolved by 12% (wt/vol)
SDS-PAGE with the addition of 3 M urea to the gel and
loading buffer to reduce membrane protein aggregation,
then imaged using a phosphor-capture screen and Im-
ageQuant software on a Storm PhosphorImager (Molecu-
lar Dynamics, Sunnyvale, CA).
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Reverse Transcription-PCR

The total RNA from each tissue above was treated
with RNase-free DNase I (Invitrogen), and 5 µg of each
resulting RNA sample was used to synthesize the first-
strand cDNA using M-MLV reverse transcriptase (200
U; Invitrogen) and oligo (dT)12-18 primer (Invitrogen) in
a 40-µL reaction. The first-strand cDNA (1 µL), along
with ddH2O and DNase I-digested RNA from the mam-
mary gland (negative controls) and 1 ng of bSGLT1/pCR-
Blunt II-TOPO, bSGLT5/pCR4-TOPO plasmid DNA or
pTRI-β-actin-mouse antisense control template (Am-
bion, Austin, TX) (positive controls), were then amplified
by PCR in a final volume of 50 µL, containing 2.5 mM
MgCl2, 0.2 mM dNTP mixture, 5 µL of 10× PCR buffer,
2.5 units of Taq DNA polymerase (Invitrogen), and 0.4
µM of each primer. The primers used were SGLT-F2 and
bSGLT1-R3 above for amplification of bSGLT1; bSGLT5-
1506F and bSGLT5-R2 for bSGLT5; βActin-F and βAc-
tin-R for β-actin (Table 1). An initial reaction of 5 min
at 94°C was followed by 5 cycles of 30 s denaturation at
94°C, 30 s of annealing at 65°C, and 1 min of extension
at 72°C; 25 cycles of 30 s denaturation at 94°C, 30 s of
annealing at 60°C, and 1 min of extension at 72°C; and
a final extension step of 7 min at 72°C. For each PCR
reaction, 8 µL was resolved on 1% agarose gels via elec-
trophoresis. Photographs of the gels (stained with ethid-
ium bromide) are shown in an inverted black/white
format.

Quantitative Reverse Transcription-PCR

Mammary biopsies were obtained from 12 Holstein
cows on d −40, −20, −7, and +7 relative to expected calving
(± 5 d) using the protocol of Farr et al. (1996). On each
respective day, biopsies were obtained from the same
quarter of all 12 cows. Biopsies were obtained from the
rear quarters, alternating between left and right rear
quarters on alternate sampling days Total RNA was
isolated from each biopsy sample, treated with deoxyri-
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bonuclease (DNase, Ambion) to remove contaminating
DNA, and with RNA Secure (Ambion) to inactivate ribo-
nucleases. Quality of RNA was verified by inspection of
the 18S and 28S rRNA bands after agarose gel electro-
phoresis. The Stratascript II reverse transcription kit
(Invitrogen) was used with oligo dT primers to reverse-
transcribe 5 µg of total RNA into cDNA. A pool of undi-
luted cDNA of all samples was created and used to con-
struct a standard curve including serial dilutions of
stock, 1:5, 1:10, 1:100, and 1:1000, for determination of
relative gene expression. To determine gene expression
profiles, individual samples were diluted 1:4 and 1 µL
was amplified in a 25-µL reaction mix containing 12.5
µL of SYBR Green Jumpstart Taq Ready Mix (Sigma,
St. Louis, MO), along with 0.25 µL of internal reference
dye, and 0.1 µM each of forward and reverse gene-specific
primer using an ABI 7700 (Taqman) instrument. The
primers for amplifying bSGLT1 were SGLT-F2 and
bSGLT1-R3. Optical data were collected at the end of
each extension step, and mean expression relative to
the common pool was determined. Data are reported as
values normalized to the housekeeping gene, β-actin.
Statistical significance of relative differences in mRNA
expression was tested using the Mixed Procedure of SAS
(version 8.2; SAS Institute, Inc., Cary, NC) to account
for repeated measures. The model included biopsy day as
a fixed effect and cow as a random variable. Differences
between means at each stage of development were deter-
mined by Fisher’s protected LSD test.

RESULTS AND DISCUSSION

Isolation of the bSGLT1
and bSGLT5 cDNA by RACE

Two primers (SGLT-R1 and SGLT-R2 as described
under “Materials and Methods”) were originally de-
signed from highly conserved regions of SGLT1 based
on the sequence alignment of human, mouse, rat, horse,
and sheep SGLT1 cDNA to isolate the 5′ sequence of
bovine SGLT1 cDNA by RACE. Our RACE experiments
using SGLT-R2 resulted in the 5′ sequence of bSGLT1
cDNA, but those using SGLT-R1 resulted in a sequence
highly homologous to the cDNA of a rabbit Na+/glucose
cotransporter-related protein named RK-D (accession
number U08813; Pajor, 1994), which was subsequently
renamed SGLT5 (Wright and Turk, 2004). The 3′ se-
quences of bSGLT1 and bSGLT5 were then obtained
by RACE using different primers as described under
“Materials and Methods”. The 3′ RACE of bSGLT1 re-
vealed at least 3 transcripts with different lengths of the
3′-UTR (data not shown). Our previous study showed at
least 4 different SGLT1 transcripts in bovine tissues
(Zhao et al., 1999). The 3′ RACE experiments in this
study indicate that the different sizes of these transcripts
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are most likely due to different lengths of the 3′-UTR.
The differences in patterns of SGLT1 transcripts be-
tween species and among different tissues in the same
species (Zhao et al., 1999) imply that SGLT1 gene splic-
ing or RNA editing mechanisms may differ across tissues
and species.

The cDNA fragments comprising the full coding re-
gions of bSGLT1 and bSGLT5 were isolated by RT-PCR
with RNA from bovine kidney and primer oligonucleo-
tides derived from the putative 5′- and 3′-UTR of each
gene (Figures 1 and 2). The sequence of each cDNA was
verified in at least 3 independent clones and has been
submitted to GenBank with accession numbers
AF508807 (bSGLT1) and AY514442 (bSGLT5). Open
reading frame analysis indicates that bovine SGLT1 is
composed of 664 amino acids with a molecular weight
of approximately 73 kDa, and SGLT5 is composed of 597
amino acids with a molecular weight of approximately
65 kDa.

Bovine SGLT1 and SGLT5 are highly related. The
deduced amino acid sequence of bovine SGLT1 is 48%
identical or 66% conservative to that of bSGLT5 (Figure
3). The major difference is that bSGLT1 has a much
longer sequence in the region corresponding to the loop
between the putative transmembrane domains 13 and
14 (see Figure 3). The amino-terminal (N-terminal) se-
quence also shares little homology.

The deduced amino acid sequence of bovine SGLT1 is
97, 88, 87, 86, 85, and 84% identical or 99, 93, 93, 92, 94,
and 93% conservative to sheep (accession no. X82411),
mouse (AF208031), rat (D16101), horse (AJ292081), hu-
man (M24847), and rabbit (X55355) SGLT1, respectively
(Figure 4). The N-terminus and the putative long loop
13 sequence are the most divergent regions across the
species. The amino acid sequence of bSGLT5 is relatively
divergent among species, with 85, 64, and 48% identity
to or 91, 70, and 52% conservation with rabbit (U08813),
human (AK057946), and rat (XM_220540) SGLT5, re-
spectively (Figure 5). The striking differences among spe-
cies are that rat SGLT5 has a 420-amino acid sequence
in the middle of the protein that is not present in other
species, and human SGLT5 is about 100 amino acids
shorter in the N-terminus.

Sequence Analysis of bSGLT1 and bSGLT5

The hydropathy plot analysis of bovine SGLT1 and
SGLT5 by ProtScale is consistent with the presumed
tertiary structure of SGLT members (Turk and Wright,
1997; Wright and Turk, 2004), comprising 14 hydropho-
bic, and presumed membrane-spanning regions (TM)
(Figure 6). The hydropathy plots of bSGLT1 and bSGLT5
are similar, having the same number and distribution
of hydrophobic segments. However, there are striking
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Figure 1. Full-length cDNA and deduced amino acid sequence of bovine SGLT1. In the cDNA sequence, lowercase letters represent the
5′ and 3′ untranslated regions, and uppercase letters represent the coding region. The predicted amino acid sequence is shown beneath the
coding sequence. The predicted N-glycosylation sites are in bold face. The nucleotide sequence of bovine SGLT1 mRNA has been submitted
to the GenBank nucleotide database with accession number AF508807.
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Figure 2. Full-length cDNA and deduced amino acid sequence of bovine SGLT5. In the cDNA sequence, lowercase letters represent the
5′ and 3′ untranslated regions, and uppercase letters represent the coding region. The predicted amino acid sequence is shown beneath the
coding sequence. The predicted N-glycosylation sites are in bold face. The nucleotide sequence of bovine SGLT5 mRNA has been submitted
to the GenBank nucleotide database with accession number AY514442.
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Figure 3. Sequence alignment of the deduced amino acid sequences of bovine SGLT1 and SGLT5. The alignment was performed with
the CLUSTAL W program. Residues with a black background represent absolutely conserved amino acids. The positions of presumed
membrane-spanning helices (TM 13 and 14) in SGLT1 are shown by the numbered dashed lines below the sequence alignments.

differences between the 2 transporters. The major differ-
ences are in the cytoplasmic loop between TM 13 and 14,
which is much longer in SGLT1. There is little sequence
homology in this loop (Figure 3).

The sequences of bSGLT1 and bSGLT5 contain several
conserved sodium:solute symporter family signatures
that are characteristic of the sodium:solute symporter
family. The sodium:solute symporter family signature 1
(NA_SOLUT_SYMP_1; accession no. PS00456) is located
between amino acids 174 and 199 (GldLylaIFILLAIta-
lYTitGGLaA) in TM 5 of bSGLT1. The sodium:solute
symporter family signature 2 (NA_SOLUT_SYMP_2;
PS00457) is located between amino acids 474 and 494
(AIfckRvnepGAfwGLIIGfL) between TM 11 and loop 12
of bSGLT1 and between amino acids 462 and 482 (GIfwr-
RaneqGAfwGLMAGlA) of bSGLT5. In addition, the se-
quences between amino acids 25 and 506 in bSGLT1
and between amino acids 18 and 494 in bSGLT5 match
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with the sodium:solute symporter family profile
(PS50283).

Scan-Prosite analysis predicted 2 potential N-glycosyl-
ation sites positioned at amino acids 248 to 251 (NTTI)
and 306 to 309 (NMSH) of bSGLT1, and 4 sites at amino
acids 5 to 8 (NSTS), 97 to 100 (NATY), 240 to 243 (NTTC),
and 387 to 390 (NSSS) of bSGLT5 (Figures 1 and 2). In
addition, numerous cAMP- and cGMP-dependent pro-
tein kinase, protein kinase C, tyrosine kinase, and casein
kinase II phosphorylation sites are also predicted with
a high probability of occurrence, although the functional
significance of these sites remains to be investigated. It
has been shown that when rabbit SGLT1 is expressed
in oocytes, the maximum rate of Na+/glucose cotransport
of the oocytes is increased by 30% by the activation of
protein kinase A, but decreased by 60% by the activation
of protein kinase C, and the effects depend on the se-
quence of the cotransporter being expressed (Wright et
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Figure 4. Multiple sequence alignment of the deduced amino acid sequence of bovine SGLT1 with the sequences of sheep (GenBank
accession number X82411), mouse (AF208031), rat (D16101), horse (AJ292081), human (M24847), and rabbit (X55355). The alignment was
performed with the CLUSTAL W program (open gap cost 10). Residues with a black background represent absolutely conserved amino
acids; gray shading indicates 4 or more conserved residues at that position. Positions of presumed membrane-spanning helices (TM) are
given by the numbered, dashed lines below the sequence alignments.
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Figure 5. Multiple sequence alignment of the deduced amino acid sequence of bovine SGLT5 with the sequences of rabbit (GenBank
accession number U08813), rat (XM_220540), and human (AK057946). The alignment was performed with the CLUSTAL W program (open
gap cost 10). Residues with a black background represent absolutely conserved amino acids; gray shading indicates 2 or more conserved
residues at that position.
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Figure 6. Hydropathy plots of bovine SGLT1 (A) and SGLT5 (B). The hydropathy plots were derived according to the algorithm of Kyte
and Doolittle (1982), using a 19-AA window.
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Figure 7. In vitro transcription and translation of bovine SGLT1
cDNA with or without addition of canine microsomal membranes in
the reaction. The positions of translation products are indicated.

al., 1997). Phosphorylation of SGLT1 regulates its trans-
port activity by stimulating rapid insertion into the
plasma membrane (Hirsch et al., 1996). However, at
least the effect of protein kinase A is independent of the
presence or absence of consensus phosphorylation sites
on SGLT1 (Wright et al., 1997), suggesting that the effect
of the protein kinases is indirect.

In Vitro Transcription and Translation
of bSGLT1 cDNA and Glycosylation of bSGLT1

Coupled in vitro transcription and translation were
used to characterize the bSGLT1 gene product (Figure
7). The translation product migrated at an apparent mo-
lecular weight of 52 kDa, which differed from the sizes
we reported in our Western blot analysis of SGLT1 in
bovine tissues (Zhao et al., 1998, 1999), and was consider-
ably smaller than the 73 kDa predicted from the se-

Journal of Dairy Science Vol. 88, No. 1, 2005

quence of the open reading frame. This inconsistency
was also observed for bGLUT1, bGLUT8, and bSGLT2
(Zhao et al., 2004, and unpublished data) and may be
due to different initiation sites used in translation. For
example, the calculated protein size would be 51 kDa if
the translation of bSGLT1 starts at methionine at the
211th amino acid position of full length sequence, and
would retain 2 potential glycosylation sites. On addition
of canine microsomal membranes to the translation reac-
tions, the apparent size increased to 53 kDa, suggesting
that the protein was glycosylated. This is consistent with
the 2 predicted N-glycosylation sites in bSGLT1 (see
above). However, the functional significance of the glyco-
sylation of bSGLT1 is not known because it has been
shown that glycosylation is not required for the activity
of human SGLT1 (Wright and Turk, 2004).

It is worth noting that all glucose transporters strongly
aggregate even under standard denaturing conditions,
making it necessary to add 3 M urea to the gel and
sample buffer to reduce protein aggregation.

Distribution of SGLT1
and SGLT5 mRNA in Bovine Tissues

Expression of SGLT1 and SGLT5 was analyzed by RT-
PCR in the mammary gland, liver, kidney, lung, spleen,
intestine, and skeletal muscle of 2 lactating cows, and
in testicular tissue of 1 bull (Figure 8) using specific
primers derived from each cDNA. The mRNA for SGLT1
was found most abundant in bovine intestine, at interme-
diate levels in bovine kidney, and at lower levels in bo-
vine mammary gland, liver, and lung. No SGLT1 mRNA
was detected in bovine spleen, skeletal muscle, and tes-
tes. The relative expression levels of SGLT1 mRNA in
bovine intestine, kidney, mammary gland, and liver are
consistent with our previous results from Northern blot
analysis using a human cDNA probe (Zhao et al., 1998,
1999). Our current findings confirm these results and
extend the range of tissues examined.

Consistent with the distribution reported in rabbit
(Pajor, 1994), SGLT5 mRNA is predominantly expressed
in bovine kidney. It is also expressed at very low levels
in bovine testes, skeletal muscle, and spleen, and is es-
sentially undetectable in bovine mammary gland, liver,
lung, and small intestine. In addition, multiple PCR
products of bSGLT5 with different sizes were amplified
in various tissues (Figure 8), indicating possible presence
of multiple different splicing transcripts of SGLT5 in
these tissues. Although 2 PCR bands were amplified in
kidney for bSGLT5, we could only clone 1 full transcript.
This may be due to very low level of the alternative
transcripts and high GC-rich property of the sequences
to be amplified.
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Figure 8. Tissue distribution of SGLT1 and SGLT5 mRNA in bovine by reverse transcription-PCR. The first-strand cDNA were synthesized
from 5 µg of total RNA (pooled from 2 lactating cows) isolated from the mammary gland (lane 2), liver (lane 3), kidney (lane 4), lung (lane
5), spleen (lane 6), skeletal muscle (lane 7), and small intestinal mucosa (lane 8), or from 5 µg of total RNA isolated from testes (lane 9) of
one bull. The cDNA, along with ddH2O, RNA from the mammary gland (MG; lanes 10 and 11, negative controls) and 1 ng of bSGLT1/pCR-
Blunt II-TOPO, bSGLT5/pCR4-TOPO plasmid DNA or pTRI-β-Actin-Mouse Antisense control template (lane 12, positive controls) were
amplified using primers for bSGLT1 (upper panel), bSGLT5 (middle panel), or β-actin (bottom panel). The sizes of reverse transcription-
PCR products are indicated by arrows.

It is believed that SGLT1 plays a major role in intesti-
nal uptake of dietary glucose and galactose because
SGLT1 missense mutation is linked to hereditary glu-
cose/galactose malabsorption characterized by poten-
tially fatal diarrhea in humans (Wright et al., 2002), and
is only considered to play a minor role in the reabsorption
of glucose from the glomerular filtrate in kidney. The
expression pattern of SGLT1 mRNA in bovine intestine
and kidney indicates that SGLT1 may have similar roles
in ruminants. The physiological significance of SGLT1
expression in the mammary gland, liver, and lung is
uncertain. The expression of SGLT1 protein was con-
firmed in bovine mammary gland (Zhao et al., 1998,
1999). Because members of the sodium/glucose cotrans-
porter family play multifunctional roles, such as func-
tioning as uniporters, urea and water channels, and urea
and water cotransporters (Wright and Turk, 2004), and
they have multiple cotransported substrates (sugars,
inositol, proline, pantothenate, iodide, urea, and unde-
termined solutes), it is a challenge to determine the phys-
iological role(s) of these genes in individual tissues.

The functions of SGLT5 are completely unknown. The
predominant expression of SGLT5 in kidney suggests
that it may play a role in renal function.
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Developmental Regulation of SGLT1 mRNA
Expression in Bovine Mammary Gland

Because SGLT1 is expressed in bovine mammary
gland, we wanted to determine whether its expression
is developmentally regulated. We used quantitative RT-
PCR to analyze the SGLT1 mRNA levels in mammary
tissues taken by biopsy from 12 cows on d −40, −20, −7,
and +7 relative to calving (Figure 9). Similar to GLUT1
and GLUT8 (Zhao et al., 2004), expression of SGLT1 in
bovine mammary gland is developmentally regulated
during pregnancy and lactation. SGLT1 mRNA levels in
bovine mammary gland increased more than 4-fold (P <
0.01) from d −40 to d +7 relative to parturition, compared
with 10-fold and more than 100-fold increases for GLUT8
and GLUT1, respectively (Zhao et al., 2004).

Developmental regulation of SGLT1 in bovine mam-
mary gland suggests that it may play a role in supporting
lactation and implies that lactogenic hormones may reg-
ulate its expression. It will be important to determine
the cellular and subcellular localization of SGLT1 in
mammary tissue to gain insight into its function. For
example, localization in Golgi membranes of mammary
epithelial cells may indicate a role in uptake of glucose
from cytosol to Golgi apparatus for lactose synthesis.
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Figure 9. Developmental regulation of SGLT1 mRNA expression
in the bovine mammary gland during pregnancy and lactation by
quantitative reverse transcription-PCR analysis. The relative expres-
sion of bSGLT1 was normalized to β-actin levels. Data shown are
means ± SEM (n = 12). The overall effect of developmental stage
was significant (P < 0.01). Asterisks indicate significant differences
relative to the previous time point (P ≤ 0.05).

Localization in apical membranes may suggest a role in
transporting glucose between the alveolar lumen and
epithelial cells. SGLT1 may also localize in the basolat-
eral membranes where it could play a role in glucose
uptake from extracellular fluid. However, because there
is a large concentration gradient across the basolateral
membranes of the cells, with a much higher concentra-
tion of glucose in the extracellular fluid (Faulkner et al.,
1981), it is not clear why an active transporter would be
involved in this process. The subcellular localization of
SGLT1 in the bovine mammary gland is presently ham-
pered by the lack of specific antibodies against this pro-
tein. The anti-SGLT1 antibodies used in the earlier stud-
ies are now known to cross-react with other SGLT
isoforms.

CONCLUSIONS

In this paper, we report the cDNA and the deduced
amino acid sequences of bovine SGLT1 and SGLT5 and
their expression in bovine tissues. The expression and
developmental regulation of SGLT1 in the mammary
gland suggests that it may have a physiological role in
milk synthesis. Our data lay the foundation for future
studies aimed at unraveling the functional roles of so-
dium/glucose cotransporters in supporting milk produc-
tion and maintaining glucose homeostasis during lac-
tation.
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