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(Bacl(ground: The structure of SNAT amino acid transporter is unknown.
Results: Using chemical labeling, N-glycosylation mapping, immunofluorescence, and molecular modeling, we resolved topo-

Conclusion: SNAT4 contains 10 transmembrane helices with extracellular N and C termini and a large N-glycosylated extra-

Significance: This is the first study providing topological structural information of a member of mammalian SNAT neutral

J

Members of system N/A amino acid transporter (SNAT) fam-
ily mediate transport of neutral amino acids, including L-ala-
nine, L-glutamine, and L-histidine, across the plasma membrane
and are involved in a variety of cellular functions. By using
chemical labeling, glycosylation, immunofluorescence com-
bined with molecular modeling approaches, we resolved the
membrane topological structure of SNAT4, a transporter
expressed predominantly in liver. To analyze the orientation
using the chemical labeling and biotinylation approach, the
“Cys-null” mutant of SNAT4 was first generated by mutating all
five endogenous cysteine residues. Based on predicted topolog-
ical structures, a single cysteine residue was introduced individ-
ually into all possible nontransmembrane domains of the Cys-
null mutant. The cells expressing these mutants were labeled
with N-biotinylaminoethyl methanethiosulfonate, a mem-
brane-impermeable cysteine-directed reagent. We mapped the
orientations of N- and C-terminal domains. There are three
extracellular loop domains, and among them, the second loop
domain is the largest that spans from amino acid residue ~242
to ~335. The orientation of this domain was further confirmed
by the identification of two N-glycosylated residues, Asn-260
and Asn-264. Together, we showed that SNAT4 contains 10
transmembrane domains with extracellular N and C termini and
a large N-glycosylated, extracellular loop domain. This is the
first report concerning membrane topological structure of
mammalian SNAT transporters, which will provide important
implications for our understanding of structure-function of the
members in this amino acid transporter family.

Amino acid transporters are a group of membrane proteins
transporting various amino acids across the membrane and
providing substrates for protein biosynthesis and metabolism,
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precursors for neurotransmitters and hormones, etc. (1). Mam-
malian amino acid transporters are categorized into various
protein transporter families, including cationic amino acid
transporter, system N/A transporter (SNAT),> excitatory
amino acid transporters, 4F2hc and rBAT (2-4). SNATSs are
Na™-dependent transporters that transport zwitterionic amino
acids, such as L-alanine, L-glutamine, L-histidine, and L-serine
(5). Molecular identification of system N/A transporters has
recently revealed that there are seven highly homologous iso-
forms of this amino acid transporter family named as
SNAT1-7, which are encoded by 7 members of the SLC38 gene
family (SLC38A1-7), respectively (6, 7). Previous studies sug-
gest that SNAT1, SNAT2, and SNAT4 are highly homologous;
SNAT1 and SNAT2 share 52% homology, and SNAT4 shares
48 and 57% homology with SNAT1 and SNAT2, respectively.
However, there are some functional differences among the dif-
ferent members of SNATs. SNAT1 and SNAT2 are voltage-
and Na™ -dependent transporters and also transport substrates
for oxidative and nitrogen metabolism (8 —11), whereas SNAT4
has a lower substrate affinity for neutral amino acid and trans-
ports cationic amino acids in a Na " -independent manner (12).
Despite the previous physiological and functional studies of
SNATS, little is known regarding the molecular structures of
the members of this transporter family.

Compared with soluble proteins, there are very limited high
resolution structures available for membrane proteins due to
technical difficulties (only 180 membrane protein structures
solved thus far) (13). Recently, several high resolution struc-
tures of amino acid transporters have been resolved (14 -16);
however, none of them is a mammalian transporter. To under-
stand the function of SNAT proteins at the molecular level, it is
important to obtain the structural information of these pro-
teins, especially their native conformations on the membrane.
Given the high degree of similarity between SNAT family mem-
bers, it is of great interest to study the topological property of
one of the SNAT transporters. By using homology modeling

2 The abbreviations used are: SNAT, system N/A amino acid transporter; MTS,
methanethiosulfonate; MTSEA, N-biotinylaminoethyl methanethiosulfon-
ate; TMH, transmembrane helix; PNGase-F, peptide: N-glycosidase F.

VOLUME 286+NUMBER 44-NOVEMBER 4, 2011



Membrane Topology of SNAT Amino Acid Transporter

TABLE 1

Summary of SNAT4 topology prediction results using various methods
Prediction Servers Number of TMH N/C terminus Methods
HMMTOP 10 Same side Hidden Markov model
MEMSAT-SVM 13 Opposite side SVM
Phobius 10 Same side Consensus
SOSUIL 10 Same side Hydrophobicity-based
ConPred I 10 Same side Consensus
TMpred 10 Same side Rule-based
Philius 9 Opposite side Neural network
TopPred2 10 Same side Hydrophobicity-based
TOPTMH 9 Opposite side Consensus
TMHMM 11 Opposite side Consensus

with the high resolution structure of LeuT , ,, a bacterial leucine
transporter (14), a recent study shows that there are 11 trans-
membrane domains on SNAT2 (17), which is similar to the
hypothetical structure estimated by using the secondary struc-
ture prediction analyses (18). This study also indicates that
computer simulation can be used as a guiding tool for the
experimental determination of membrane topological
structure.

In this study, we experimentally resolved the membrane top-
ological structure of a SNAT amino acid transporter, SNAT4.
SNAT4 is found to predominantly express in liver hepatocytes
surrounding the central vein (19) and is thought to be a liver-
specific isoform of SNATSs (12). Other groups have also docu-
mented its expression in placenta and placental cell lines (20,
21). Here, we utilized chemical surface labeling approach with a
membrane-impermeable Cys-directed reagent, MTSEA-bio-
tin, which has been used for extracellular cross-linking of cys-
teine residues (22). In addition, other approaches, including
indirect immunofluorescence labeling and N-linked glycosyla-
tion mapping in conjunction with sequence analysis and com-
puter simulation, were used. This is the first study experimen-
tally defining the membrane topological structure of SNAT
amino acid transporters.

EXPERIMENTAL PROCEDURES

Materials—Anti-SNAT4 antibody was raised against the
N-terminal fragment of SNAT4 in rabbit and affinity purified as
described previously (19). A QuikChange site-directed
mutagenesis kit was purchased from Stratagene (La Jolla, CA).
Anti-myc antibody was obtained from Invitrogen. MicroBCA
kit, Ultralink immobilized NeutrAvidin, and Super Signal West
Pico Chemiluminescence Substrate kit were purchased from
Pierce. MTSEA-biotin was purchased from Toronto Research
Chemicals (Toronto, ON, Canada) and dissolved in 0.1%
dimethyl sulfoxide to 2 mm. All restriction enzymes and
PNGase-F were purchased from New England Biolabs. All
other reagents were purchased either from Invitrogen or Sigma.

Computer Prediction of Topological Models and Molecular
Modeling—Mouse SNAT4 sequence was retrieved from the
NCBI data base (GenBank AY027919.1; Swiss-Prot Q8R1S9.1).
The sequence was analyzed by topology prediction servers,
including HMMTOP and MEMSAT-SVM (Table 1). Molecu-
lar modeling servers, such as HHpred and Swiss Model, were
also adopted for constructing the hypothetical three-dimen-
sional structure of SNAT4. The sequence of SNAT4 was sub-
mitted to SWISS-MODEL automated module server, and the
hypothetical model was constructed by using Arg-bound AdiC
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protein (Protein Data Bank code 3L1L) as a template. In
HHpred, the pairwise query-template sequence alignment
between SNAT4 and AdiC protein was first generated by per-
forming hidden Markov method, and the predicted structure of
SNAT4 was obtained by MODELLER program based on
sequence alignment.

Preparation of DNA Constructs Containing SNAT4 Mu-
tants—Mouse SNAT4 was cloned and identified as described
previously (19). The entire open reading frame of SNAT4
was amplified by using a pair of DNA primers: sense, 5'-
GACTGGATCCAAATGGACCCCATGGAACTGAAC-3" and
antisense, 3'-GACTTCTAGAGTGGTGATTGGGATTCG-5'.
PCR products were purified and digested with Xbal and BamHI
before cloning into a pcDNA 3.1 expression vector. Mutants of
SNAT4 were generated by using a QuikChange site-directed
mutagenesis kit, and DNA primers used are listed in Table 2.
The correctness of all the sequences was verified by a sequenc-
ing facility at the University of Texas Health Science Center at
San Antonio DNA Core. The “Cys-null” mutant was first made
by mutating all five cysteines in WT SNAT4 to alanines. Using
Cys-null mutant as a backbone, a single cysteine was intro-
duced individually into predicted nontransmembrane domains
based on the topological models generated by computer
simulation.

Cell Culture, Transfection, and Immunofluorescence—HepIR
cells were obtained from Dr. Feng Liu’s laboratory (University
of Texas Health Science Center at San Antonio) and cultured in
humid 5% CO,, 33 °C incubator with DMEM containing 4%
fetal bovine serum (FBS). Chinese hamster ovary (CHO) cells
were cultured in humid 5% CO,, 37 °C incubator in Ham’s F-12
medium containing 10% FBS and 1% penicillin/streptomycin.
Two micrograms of DNA constructs were transiently trans-
fected into CHO cells using Lipofectamine 24 h after plating of
the cells on 60-mm dishes. Immunofluorescence staining was
performed on glass coverslips using anti-SNAT4 antibody or
anti-c-myc antibody, and followed by the incubation with
FITC-conjugated anti-rabbit or anti-mouse IgG secondary
antibody, respectively. DAPI was used to label the nuclei. The
cells were then visualized and analyzed using confocal laser
scanning microscopy (Fluoview; Olympus Optical, Tokyo,
Japan) at the Imaging Core facility (University of Texas Health
Science Center at San Antonio).

Chemical Labeling of SNAT4 Mutants with MTSEA-Biotin
and Western Blotting—MTSEA-biotin was first dissolved in
0.1% dimethyl sulfoxide at a concentration of 0.2 M in PBS.
Twenty-four hours after transfection, CHO cells were washed
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TABLE 2
DNA primers used for site-directed mutagenesis

Mutation sites Sense

Antisense

CI18A ACGGAGACAGCGCCAGCGGGGACAGT

C232A GATTTTCTCTCTCCGCCATGGTGTTTTTCG

C249A ATTCCAAATTCCCGCCCCTCTGCCTG

C321A GTGCTGAGAAAGCCCAACCAAAATACT

C345A CTTTTGCTTTTGTCGCCCACCCTGAGGT

T54C CGAAAGTCAGAAGTTCCTGTGCAATGGGTTTTTAGGGAAG
A129C CCTTTTGCTGAAGACATGCAAGGAAGGAGGGTC

A183C GAACTGCCTGAAGTAATCAGATGCTTCATGGGACTTGAAGAAAAC
L219C CTCTCTCCTTAAAAATTGCGGCTACCTTGGCTACAC
1474C GTCATCCTCGTGCCTACCTGCAAATACATCTTTGGATTC
T366C CCCGCAGAAAGATGCAGTGCGTGTCCAACATTTCCATC
A401C GAAGACGAGCTGCTGCATTGCTACAGCAAGGTCTACAC
T440C CCGTACTTCGGTGATCTGCCTGCTGTTTCCAAGG

L507C CTCGTCAAGAAAGAACCTTGCAGATCACCCCAGAAGATTG
N543C AGTGGTGATTGGGACACGGCGGGTTGTAGA

N260Q GGATCACAACAACGGACAGCTGACGTTCAACAACAC
N264Q CAACGGAAATCTGACGTTCCAGAACACACTTCCGATTCAC
N260,264Q CAACGGACAACTGACGTTCCAGAACACACTTCCGATTCAC

ACTGTCCCCGCTGGCGCTGTCTCCGT
CGAAAAACACCATGGCGGAGAGAGAAAATC
CAGGCAGAGGGGCGGGAATTTGGAAT
AGTATTTTGGTTGGGCTTTCTCAGCAC
ACCTCAGGGTGGGCGACAAAAGCAAAAG
CTTCCCTAAAAACCCATTGCACAGGAACTTCTGACTTTCG
GACCCTCCTTCCTTGCATGTCTTCAGCAAAAGG
GTTTTCTTCAAGTCCCATGAAGCATCTGATTACTTCAGGCAGTTC
GTGTAGCCAAGGTAGCCGCAATTTTTAAGGAGAGAG
GAATCCAAAGATGTATTTGCAGGTAGGCACGAGGATGAC
GATGGAAATGTTGGACACGCACTGCATCTTTCTGCGGG
GTGTAGACCTTGCTGTAGCAATGCAGCAGCTCGTCTTC
CCTTGGAAACAGCAGGCAGATCACCGAAGTACGG
CAATCTTCTGGGGTGATCTGCAAGGTTCTTTCTTGACGAG
TCTACAACCCGCCGTGTCCCAATCACCACT
GTGTTGTTGAACGTCAGCTGTCCGTTGTTGTGATCC
GTGAATCGGAAGTGTGTTCTGGAACGTCAGATTTCCGTTG
GTGAATCGGAAGTGTGTTCTGGAACGTCAGTTGTCCGTTG

three times with PBS (with Ca?* and Mg®") and then treated
with 2 mm MTSEA-biotin/PBS for 30 min at 4 °C with or with-
out 0.25% Triton X-100. The cells were then collected in chilled
RIPA buffer (25 mm Tris-HCI, pH 7.6, 150 mm NaCl, 1% Non-
idet P-40, 0.1% sodium deoxycholate) containing protease
inhibitors and homogenized with a 26%-gauge needle 20
times. The total protein concentration was determined by
MicroBCA kit (Pierce), and equal amounts of total protein
were mixed with Ultralink-immobilized NeutrAvidin for 30
min at 4 °C. Biotinylated proteins were eluted from NeutrA-
vidin beads using 40 ul of 2X Laemmli sample buffer. The
sample was then separated by 10% SDS-PAGE, transferred to
a nitrocellulose membrane, immunoblotted by anti-SNAT4
(1:500 dilutions) or anti-GAPDH/B-actin (1:5000 dilutions)
antibody, and subsequently, incubated with HRP-conju-
gated goat anti-rabbit IgG secondary antibody or HRP-con-
jugated donkey anti-mouse (1:5000 dilutions), respectively.
The signals were detected by Super West Pico Chemilumi-
nescence Substrate kit.

Deglycosylation Assay—CHO cells were collected 24 h after
transfection in chilled RIPA buffer and homogenized with a
26'%5-gauge needle 20 times. The total protein concentration
was determined by MicroBCA. Twenty micrograms of total
protein was first denatured in glycoprotein denaturing buffer at
100 °C for 10 min and later incubated with a reaction mix (New
England Biolabs) containing G7 reaction buffer, Nonidet P-40,
and PNGase-F at 37 °C for 2 h, followed by Western blotting
assay as described above.

RESULTS

Membrane Topology Predictions of SNAT4—To identify the
membrane topology of SNAT4, we first used sequence-based
prediction methods, referred to as “hydropathy index,” which
was previously used to identify transmembrane helix (TMH) in
membrane proteins (23, 24). Meanwhile, topology or side pre-
diction was also accomplished by the approach that incorpo-
rates the charge biased distribution between the inner and
outer loops, also known as the “positive-inside” rule (25). Some
commonly used approaches, such as hidden Markov modeling
and neuron network, extract information from various regions
ofa TM protein (26, 27). More advanced methods were recently
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developed by combining hidden Markov models, rule-based
scheme, and support vector machines (28). As suggested by a
previous paper (29), topological predictions would be more
accurate when individual methods show consistency in their
prediction rather than when they are inconsistent. Recently,
several consensus prediction methods based on multiple pre-
dictors have also been developed (Phobius, ConPred II, and
TOPTMH), which yield more reliable and accurate results (see
review, see Ref. 30). These analyses result in two predicted
models (Table 1 and Fig. 14); model 1 has 11 TMHs with oppo-
site orientations of N and C termini, and model 2 consists of 10
TMHs with both N and C termini located at the same side of
plasma membrane. The major difference between these two
models is the configuration of first through fourth helical
motifs, which results in different orientations of N terminus
and the largest loop domain (between the third and fourth
TMHs). The locations of the mutations used in MTSEA-biotin
chemical labeling are indicated on the illustration of these two
models (Fig. 14).

Two most commonly used molecular modeling methods,
HHpred and SWISS-MODEL, were also employed to recon-
struct hypothetical three-dimensional model of proteins, using
a known three-dimensional structure of bacterial AdiC trans-
porter as a template. The three-dimensional structural models
were re-constructed by the MODELLER software using HHPre
(Fig. 1B, upper) or SWISS-MODEL modeling method (Fig. 1B,
lower). Both programs predicted the similar three-dimensional
structure of SNAT4, which harbors 10 TMHs and the same
membrane orientations of N and C termini.

Extracellular Orientations of N terminus and C terminus of
SNAT4 Protein—We first investigated the orientation of
SNAT4 N terminus by using a hepatocyte-like cell line, HepIR.
The level of SNAT4 in HepIR cells was enhanced by insulin
treatment (16 ug/ml for 24 h) as reported previously (19).
SNAT4 protein expressed on the cell surface was immunola-
beled with affinity-purified anti-SNAT4 antibody against the N
terminus of SNAT4 in the absence of detergent. Immunofluo-
rescence shows the positive signals outlining the cell (Fig. 24),
suggesting that N-terminal domain of SNAT4 is localized to the
extracellular side of the cell.

VOLUME 286+NUMBER 44-NOVEMBER 4, 2011



Membrane Topology of SNAT Amino Acid Transporter

A N264Q — gy pmony B
1 | ] i
N260Q-f b f
Model 1 | | (o Big Loop
} N i
A183C | [ i-321C
{ A401C
o I =
Cytoplasmic foNowe
yiop o b flaee” L | wmc  NsC
oocccooooooaﬁui o\)woj'oﬁﬂoooooo:;moﬁuo‘auﬁ‘ﬁ'g‘aoﬁ%io‘;;ooooc
9202 2%me 222272
23112 122 el 21z 2
oo‘ocoo'akgoghatfioﬂof."o(' ) 'ooooooo(ﬂo“"’oo’/‘lo"*‘olﬂa'\"’oaoooooooo
kbbbl s 1]
TS4C “emmstitith MNjge L2tec 4 4 4 G4 )

o] Lo N

1
T366C T440C L507C

—

£
T

|

CT
Extracellular NT

Model 2
= Ta40C
{1 [ Lso7e
Cytoplasmic bFLorec TO88OX 1}
T129C _:,N P 345C 4\ } ‘:} |
20000000000000590 a0l 0000000 00 00lv0 /3 90 Jeneeesesse
eI
Sll el | S 2SSl el
e
‘;8’aﬁoﬁ5aodcoo€;af3o:"t cgir"'o o‘élnt,c’:’!:_oaoo
{ % i249c321ct | | l7ac
SR Y I Y B N543C
1 2 O A O
P S T
l t t b I ;
A183C | |} N
E ; i Ad01C
N264Q | K } .
N Swiss Model
N260Q
C SNAT4
Y
NH, r B——COOH
i
c-myc
DIC c-myc/DAPI

Cys-null

FIGURE 1. Predicted membrane topological models of SNAT4. A, two putative topological models of SNAT4 were constructed using TMpred and TopPred
and confirmed by other methods listed in Table 1. The major difference between these two models is the orientation of the largest loop domain, which spans
from amino acid residue ~242 to ~335. This results in the different membrane orientations of the last four extra- or intracellular loops. The mutations as
indicated were generated based on these two models. B, three-dimensional structure models of SNAT4 were generated by HHpred or SWISS-MODEL, using
Arg-bound AdiC protein (Protein Data Bank code 3L1L) as a template. NT, N terminus; CT, C terminus. C, SNAT4-c-myc construct was generated by fusing c-myc
tag with SNAT4 in pcDNA 3.1 vector. The Cys-null mutant was generated by replacing all endogenous cysteines with alanines. Expression of wild-type and the
Cys-null mutant of SNAT4 in CHO cells was examined by immunolabeling with anti-c-myc antibody. Scale bar, 20 pm.

To determine the orientation of C terminus, c-myc-tagged MTSEA-biotin chemical labeling was employed to confirm
SNAT4 was expressed in CHO cells. Immunofluorescence the membrane orientation of N and C termini of SNAT4
labeling with anti-c-myc antibody showed that in the absence of  through a cross-linking reaction. The Cys-null mutant was gen-
the detergent, the signal was also visible on the cell surface (Fig.  erated by mutating all endogenous cysteine resides to alanines.
3A), suggesting that the C terminus, like N terminus, also faces  Like wild-type SNAT4, Cys-null mutants were expressed and
the extracellular side of the cell. However, in neighboring localized to the surface of CHO cells (Fig. 1C). Site mutants of
untransfected cells, the fluorescence signal was absent. SNAT4 containing single cysteines, 18C (endogenous), T54C
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FIGURE 2. N terminus of SNAT4 is oriented at the extracellular side of the
cell determined by immunofluorescence and MTSEA-biotin chemical
labeling. A, SNAT4 protein was immunolabeled by an antibody against the N
terminus of SNAT4 expressed in HeplR cells in the absence of Triton X-100.
The SNAT4 signals were detected by FITC-conjugated goat anti-rabbit IgG
secondary antibody. Nucleus was counterstained with DAPI. Scale bar, 20 um.
B, using the Cys-null mutant as a template, cysteine was individually intro-
duced back to generate 18C and T54C mutants. MTSEA-biotin labeling was
performed in CHO cells expressing exogenous WT, Cys-null, 18C, and T54C
mutants of SNAT4. The lysates of the cell labeled with MTSEA-biotin were
loaded on NeutrAvidin beads. Biotinylated proteins (upper) and the pre-
loaded cell lysates (lower) were immunoblotted with affinity-purified anti-
SNAT4 antibody or anti-GAPDH antibody.

Cell lysate

and N543C expressed in CHO cells were reactive with MTSEA-
biotin and retained by NeutrAvidin (Figs. 2B and 3B). GAPDH,
an intracellular protein, was only detected in cell lysates, but not
in biotinylated samples, suggesting that MTSEA-biotin is not
assessable to intracellular proteins (Figs. 2B and 3B). Immuno-
fluorescence and chemical labeling results demonstrated the
extracellular orientation of both N and C termini.

Membrane Topological Structure of SNAT4 Determined by
MTSEA-biotin Chemical Labeling—Using Cys-null as a tem-
plate, cysteines were introduced individually to all hypothetical
loop domains predicted by computational prediction (Fig. 1, A
and B). CHO cells expressing these mutants were labeled with
MTSEA-biotin. Among all mutants containing single cysteines,
positive biotinylation results in cells expressing 249C and 321C
mutants suggest that the largest loop domain faces the extra-
cellular side of the cell (Fig. 44). 345C is predicted to be located
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FIGURE 3. C terminus of SNAT4 faces the extracellular side of the cell. A,
CHO cells expressing exogenous c-myc-tagged SNAT4 were immunolabeled
with anti-c-myc antibody in the absence of Triton X-100. Nuclei were counter-
stained with DAPI. Scale bar, 20 um. B, Cys-null mutant was generated by
replacing all endogenous cysteines with alanines. The N543C mutant was
generated using the Cys-null mutant as a template. Cells expressing WT,
N543C, and vector control were labeled with MTSEA-biotin. The isolated
biotinylated proteins (upper) and the preloaded cell lysates (lower) were
immunoblotted with anti-SNAT4 antibody or anti-GAPDH antibody.

in the fifth TMH, and as expected, it was not labeled with
MTSEA-biotin.

Based on the Cys-null template, three mutants, A129C,
A183C, and L219C located on the first three loop domains,
respectively, were generated. MTSEA-biotin labeling suggests
that only the second loop domain containing Ala-183, but not
the first and third loop domains containing Ala-129 and Leu-
219, respectively, faces outside (Fig. 4A). Five other mutants
containing single cysteines, T366C, A401C, T440C, 1474C, and
L507C, were generated to determine the orientation of the last
five hypothetical loop domains. Only the loop domain contain-
ing A401C was labeled by MTSEA-biotin, suggesting its extra-
cellular orientation (Fig. 4B). Biotinylated samples were also
probed by anti-GAPDH antibody, and the results showed the
inaccessibility of MTSEA-biotin labeling on intracellular
GAPDH protein (Fig. 4). We showed that only in membrane-
permeabilized cells treated with Triton X-100, GAPDH and
B-actin were labeled by MTSEA-biotin (Fig. 54). These control
experiments with intracellular proteins further confirm that

VOLUME 286+NUMBER 44-NOVEMBER 4, 2011
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FIGURE 4. Identification of extracellular loop domains of SNAT4 using
MTSEA-biotin chemical labeling. DNA constructs containing single cys-
teine (T129C, A183C, L219C, 232C, 249C, 321C, 345C, T366C, A401C, T440C,
1474C, and L507C) on the Cys-null template of SNAT4 were generated and
transfected into CHO cells. The cells were labeled with MTSEA-biotin, and the
isolated biotinylated proteins (upper) and the preloaded cell lysates (lower)
were immunoblotted with anti-SNAT4 antibody or anti-GAPDH antibody. A,
amino acid residues at positions 183, 249, and 321 are located at the extracel-
lular loop domains. B, amino acid residue at 401 is located at an extracellular
loop domain.

MTSEA-biotin is membrane-impermeable, primarily reacting
with extracellular cysteine residues.

To exclude the possibility that the lack of the labeling is due
to the nonreactivity of certain cysteine residues, we permeabi-
lized the cells with Triton X-100 and found that MTSEA-biotin
labeled all mutants containing single cysteine residues as well as
wild type SNAT4 at comparable levels, whereas the Cys-null
mutant was not labeled (Fig. 5, B—D). These results suggest that
the lack of reactivity is not due to the problem associated with
MTSEA-biotin labeling, but instead, is representative of the
intracellular membrane orientation.

Identification of Two N-Glycosylation Sites at the Largest
Extracellular Loop Domain of SNAT4—Extracellular orienta-
tion of N-linked glycosylation modification provides a unique
way for determining topology of the membrane proteins.
N-Glycosylated sites of SNAT4 protein were predicted by the
NetNGlyc 1.0 server (Fig. 64) (43). Among six possible aspara-
gine residues, Asn-8 is located at the N terminus and Asn-83 is
at the predicted second TMH. Amino acid residues Asn-260

asEve\
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FIGURE 5. MTSEA-biotin reacts with all single cysteine mutants of SNAT4
in the presence of detergent. A, CHO cells expressing exogenous WT or
Cys-null mutant were pretreated with or without 0.25% Triton X-100 prior to
MTSEA-biotin labeling. The isolated biotinylated proteins or the preloaded
cell lysates were immunoblotted with anti-SNAT4 antibody (upper) or anti-$3-
actin/anti-GAPDH antibody (lower). B-D, CHO cells expressing exogenous
WT, single cysteine mutants generated based on the Cys-null template, the
Cys-null mutant or SNAT1, another member of SNAT family, were pretreated
with or without 0.25% Triton X-100 prior to MTSEA-biotin labeling. The iso-
lated biotinylated proteins were immunoblotted with anti-SNAT4 antibody
(upper) or anti-B-actin antibody as control (lower).

and Asn-264 are the two most likely N-glycosylated residues
located on the largest hypothetical loop domain. These two Asn
residues were mutated into Gln, and their expression in CHO
cells was confirmed by Western blotting (Fig. 6B). Compared
with the wild-type control, both N260Q and N264Q mutant
proteins showed a mobility shift from around 60 kDa to 53 kDa
(Fig. 6B). The double mutant containing both N260Q and
N264Q showed a dramatic band shift to around 35 kDa. Degly-
cosylation by PNGase-F further increased the mobility of
SNAT4 on SDS-PAGE. These results suggest that both Asn-
260 and Asn-264 sites are modified by N-glycosylation and fur-
ther confirm the extracellular orientation of the largest loop
domain.

DISCUSSION

In this paper, we determined the membrane topological
structure of SNAT4 protein using biochemical approaches in
conjunction with computational means. Based on two models
predicted by various prediction and molecular modeling meth-
ods, we generated a Cys-null mutant and other mutants con-
taining only a single cysteine. MTSEA-biotin used here specif-
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FIGURE 6. Asn-260 and Asn-264 located in the largest loop domain are
modified by N-linked glycosylation. A, the N-linked glycosylated sites of
SNAT4 protein were predicted by NetNGlyc 1.0 server. B, two predicted N-gly-
cosylated sites, Asn-260 and Asn-264, were mutated to GIn. WT and single
and double mutants of SNAT4 were expressed in CHO cells. Isolated mem-
brane samples were immunoblotted with anti-SNAT4 antibody. Membrane
protein samples isolated from the cell expressing WT SNAT4 were treated
with PNGase-F and immunoblotted with anti-SNAT4 antibody.

ically labels cysteines located on the extracellular side of the
membrane protein. Immunofluorescence was used to confirm
the orientation of N and C termini, and a deglycosylation assay
was employed to define the orientation of the largest loop
domain. Our data suggest that SNAT4 contains 10 TMHs with
both extracellular N and C termini, and a large, extracellular
N-glycosylated loop domain spanning from ~242 to ~335
amino acids.

Most of the integral membrane proteins consist of one or
more tightly packed transmembrane a-helices, which form
independently stable folding units in a membrane environ-
ment. Based on amino acid propensities of TMHs and hydro-
phobicity scales, several methods have been developed, which
are used to determine potential membrane-spanning segments
(23). Based on all of the prediction outcomes, two topological
models for SNAT4 were generated: 11 transmembrane seg-
ments with opposite orientation of C or N terminus (model 1)
and 10 TMHs with the identical orientations of C and N termini
(model 2). These two models differed primarily in the orienta-
tion of N terminus and the largest loop domain. The difference
in the N-terminal orientation results in changes in the number
of transmembrane segments and the orientation of the biggest
loop. To further confirm the topological prediction at detailed
molecular structural level, we utilized two homology modeling
approaches, HHpred and SWISS-MODEL. The HHpred
method uses de novo repeat identification in protein sequence
by building pairwise query-template alignments. SWISS-
MODEL modeling, on the other hand, requires at least one
experimentally determined three-dimensional structure of a
protein as a template. Although neither of these two homology
modeling programs is generally designed for study of the mem-
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brane proteins, the results from both modeling systems predict
that the three-dimensional structure of SNAT4 has a high
degree of homology with a major facilitator superfamily, APC
(amino acid/polyamine/organocation) family (AdiC; Protein
Data Bank code 3L1L) (15). This analysis is consistent with the
previous studies showing that SNAT family shares the
sequence homology with bacterial AdiC protein, a member of
APC family (31, 32). Here, homological modeling again sug-
gests that SNAT4 shares the same features of transmembrane
segments with AdiC protein with 10 TMHs and the same ori-
entation of N and C termini.

We used MTSEA-biotin surface chemical labeling to exper-
imentally define membrane topology of SNAT4. MTSEA-bio-
tin reagent, a derivative of methanethiosulfonate (MTS), forms
mixed disulfides with free sulthydryls, covalently linking the
-SCH,CH,X group to the cysteine sulthydryl. MTSEA is pre-
dominantly positively charged (33) and membrane-permeable
(34). Conjugation with biotin moiety renders MTSEA mem-
brane- impermeable under mild condition (34). To determine
the topology of membrane proteins by using MTS chemicals or
biotinylated derivatives, one must consider carefully the bulki-
ness of the compound and the accessibility of substituted resi-
dues to the compound. MTSEA-biotin has a relatively large size
(14.5 A), which could potentially make it less accessible to cer-
tain, buried cysteine residues. However, in our study, the
MTSEA-biotin was able to label all single cysteines, but not
cysteine-null mutant in Triton X-100-permeabilized cells,
demonstrating the effectiveness of this chemical labeling. We
first generated the Cys-null mutant by mutating all five endog-
enous cysteines to alanines. Using this mutant as a backbone,
we made single cysteine site mutants of SNAT4 on the pre-
dicted loop domains. The mutated amino acid residues were
relatively conserved nonpolar ones, including Leu, Thr, or Ile,
which presumably would not affect the overall structure of
SNAT4. By using immunofluorescence as well as MTSEA-bio-
tin labeling, we show that both N and C termini of SNAT4 are
extracellular.

The extracellular orientation of C termini of SNAT family
proteins have previously been determined both experimentally
(35) and by computer simulation (9, 17, 36), which is consistent
with our results. However, based primarily on theoretical pre-
diction, but not on experimental data, previous published stud-
ies, including those from our laboratory, suggest an intracellu-
lar orientation of N termini for SNAT family proteins (10, 11,
17,36, 37). Based on the prediction by HHpred, we noticed that
SNAT family proteins share a certain degree of sequential
homologies with plant auxin permease, auxinl, and bacterial
transporters, AdiC and Mhpl. In addition, Broer et al. (38)
shows a similar predicted hydropathicity plot profile between
SNAT3 and Mhp1, suggesting the same number of transmem-
brane segments between Mhpl and SNATS3, and the identical
membrane orientation of N and C termini. Despite the unre-
lated amino acid sequences, above mentioned transporters
have been shown to have similar core membrane topological
structures, with identical orientation of both N and C termini.
However, contrary to that of SNAT4, the intracellular orienta-
tion of N terminus of a plant auxin permease, auxinl, which
shares low degree of sequential similarity with SNAT family
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FIGURE 7. Schematic illustration of SNAT4 topological structure and the location of mutation sites used. Based on the data we obtained, the diagram of
topological structure of SNAT4 was generated using the TOPO2 server and modified by Photoshop software (Adobe Systems, San Jose, CA). Five endogenous
cysteines are labeled in black up arrows; other single cysteine mutation sites are represented as down arrows; two glycosylation sites, Asn-260 and Asn-264, are
indicated in hexagons.

members, is reported determined by immunofluorescence
method (39). The crystal structure of AdiC shows identical
intracellular orientation of both C and N termini, with trans-
membrane segments similar to those of SNAT4 (15). These
results are consistent with our model showing the identical ori-
entation of both termini, but disagree with the N and C termini
being extracellular. This could be an example of topology inver-
sion during evolution for homologous proteins with the same
number of transmembrane segments (40).

SNAT4 contains a total of six potential N-linked glycosyla-
tion sites. Because N-glycosylation normally occurs at the
extracellular side of the membrane proteins, determination of
N-glycosylation sites offers an alternative approach for the
determination of membrane topology (41, 42). The mutant
with an ablation of the two glycosylation sites located in the
largest loop domain increased mobility on SDS-PAGE com-
pared with wild-type SNAT4, suggesting extracellular orienta-
tion of this big loop domain. In addition to these two glycosyl-
ation sites, a slight slower mobility of this mutant compared
with deglycosylated SNAT4 implies the existence of additional
N-glycosylation site(s). The most likely one is the Asn-8 residue
at the N terminus, which is consistent with extracellular orien-
tation of the N terminus.

pCEEY S
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Other extracellular and intracellular loop domains were sim-
ilarly determined by MTSEA-biotin labeling. For the last five
loop domains, only the one containing Ala-401 is an extracel-
lular loop domain, and all the others are intracellular. These
results suggest that the model 2 closely represents the topolog-
ical structure of SNAT4 with one modification; the fourth loop
harboring Ile-474 is not extracellular. Interestingly, the fifth
extracellular loop domain contains four amino acid residues.
Due to its size, this domain is likely to be buried in the mem-
brane instead of being exposed at the cell surface, thereby mak-
ing it inaccessible to MTSEA-biotin chemical labeling. Based
on all of our experimental data, the membrane topology of a
SNAT amino acid transporter, for the first time, has been
resolved experimentally (Fig. 7). Determination of the mem-
brane topological structure will help to dissect the structure-
function of SNAT amino acid transporters.
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