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ABSTRACT: Sodium-dependent vitamin C transporters, SVCT1 and SVCT2, are the only two known proteins
for the uptake of ascorbate, the active form of vitamin C. Little structural information is available for
SVCTs, although a transport activity increase from pH 5.5 to 7.5 suggests a functional role of one or
more conserved histidines (pKa ≈ 6.5). Confocal fluorescence microscopy and uptake kinetic analyses
were used here to characterize cells transfected with mutants of EGFP-tagged hSVCTs. Mutating any of
the four conserved histidine residues (His51, 147, 210, or 354) in hSVCT1 to alanine did not affect the
apical membrane localization in polarized MDCK cells. His51Ala (in putative transmembrane segment 1,
TM1) was the only mutation that resulted in a significant loss of ascorbate transport and an increase in
apparent Km with no significant effect on Vmax. The corresponding mutation in hSVCT2, His109Ala,
also led to a loss of transport activity. Among eight other mutations of His51 in hSVCT1, significant
sodium-dependent ascorbate transport activity was only observed with asparagine or tyrosine replacement.
Thus, our results suggest that uncharged His51, directly or indirectly, contributes to substrate binding
through the hydrogen bond. His51 cannot account for the observed pH dependence as neutral amino acid
substitutions failed to abolish the pH-dependent activity increase. The importance of TM1 is further
strengthened by the comparable loss of sodium-dependent ascorbate transport activity upon the mutation
of adjacent conserved Gln50 and the apparent change in substrate specificity in the hSVCT1-His51Gln
mutation, which showed a specific increase in sodium-independent dehydroascorbate transport.

Scurvy, as a life-threatening clinical manifestation of
vitamin C deficiency, first demonstrated the essential role
of vitamin C in human health. Sodium-dependent vitamin
C transporters, SVCT1 and SVCT2, were found to be the
only two functional proteins in humans for transporting the
active form of vitamin C, ascorbic acid, into the cells (for a
review, see ref 1). The more hydrophobic oxidized form of
vitamin C, dehydroascorbate (reviewed in ref 1) is believed
to be transported by facilitated glucose transporters (reviewed
in ref 2). Although there are no animal models of SVCT1
deficiency, SVCT2 knockout mice exhibit perinatal lethality
(3), demonstrating the importance of this latter protein for
viability. Also, a recent population study suggested that
genetic polymorphisms in both SVCT1 and SVCT2 are risk
factors for preterm delivery (4). In contrast to the extensive
physiological information on vitamin C transport, there is
little information on the amino acid residues that are crucial
for the structure/function of SVCTs. Our research presented
here defines the importance of two evolutionarily conserved

amino acid residues in the first putative transmembrane
segment (TM1) of SVCTs.

Human SVCT1 and SVCT2 are 66% identical, and their
homology is higher in the putative 12 TM regions than in
the putative intracellular and extracellular domains. Both
transporters exhibit physiologically relevant affinity for
L-ascorbic acid (Km in the 10-5 to 10-4 M range) (reviewed
in refs 1 and 5). The proteins are unlikely to be functionally
redundant, on the basis of the lethality of SVCT2 null
mutations in mice (3), as well as the observation that SVCT1
and SVCT2 appear to have different tissue and subcellular
distributions (1, 6, 7). SVCT2 is ubiquitously expressed,
while SVCT1 is primarily restricted to intestine, kidney, and
other epithelial cells (1, 8). Exogeneously expressed
hSVCT1-EGFP and hSVCT2-EGFP localize to the apical
and basolateral membranes of polarized kidney or intestinal
epithelial cells, respectively (6, 7).

Histidine residues have been shown to influence the
substrate affinity (9–11) and pH-dependent activity change
(11–14) of membrane proteins. Higher sodium-dependent
accumulation of vitamin C was observed at buffer pH 7.5
than at pH 5.5 in human intestinal brush border membrane
vesicles (15). Similarly, exogenously introduced SVCTs
exhibit higher activities and apparent ascorbate affinities as
pH increases from 5.5 to 7.5 (1, 16). This pH-dependence
profile has led to the suggestion that one or more conserved
histidine residues may be involved in the transport activity
of SVCTs (16) since the imidazolium group of histidine has
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a pKa ≈ 6.5. To address the potential role of histidine residues
in substrate binding and pH dependence of transport, we
utilized two vectors encoding EGFP-tagged hSVCT1 and
hSVCT2, originally constructed and characterized in this
laboratory (6). EGFP-tagging has been used in studies of
membrane transporters previously (14, 17–19). Because a
similar pH dependence of transport activity was observed for
both hSVCT1 and hSVCT2, we focused our single amino acid
mutation analysis on the four conserved histidines present in
both proteins across several mammalian species (16).

On the basis of our results from membrane localization
and uptake kinetic analyses, we propose a substrate-binding
role of the conserved histidine in the first TM of hSVCTs.
In addition, the adjacent conserved glutamine in TM1 is also
critical for the function of hSVCT1.

EXPERIMENTAL PROCEDURES

Materials. L-[Carboxyl-14C]ascorbic acid (13 mCi/mmol)
was purchased from Amersham Biosciences (Buckingshire,
England). [14C(U)]-L-phenylalanine (360 mCi/mmol) and
[14C(U)]-2-deoxy-D-glucose (303 mCi/mmol) were from
Moravek Biochemicals Inc. (Brea, CA) L-ascorbic acid
(SigmaUltra) was from Sigma Aldrich (St. Louis, MO).
Dehydroascorbic acid was from Fluka (Milwaukee, WI). All
cell culture reagents were from Invitrogen Corp. (Carlsbad,
CA) except for characterized fetal bovine serum, which was
purchased from Hyclone, USA (Logan, UT). All other
chemicals used were of reagent grade. Primers used for the
site-directed mutagenesis and for the sequencing were from
Operon Biotechnologies, Inc. (Huntsville, AL) (Table 1).

Plasmid Preparation and the Generation of Mutant-
Expressing Stable Cell Lines. QuikChange Site-Directed
Mutagenesis Kit from Stratagene (La Jolla, CA) was used
to create point mutations in the hSVCT1-EGFP and
hSVCT2-EGFP plasmids previously generated in this labora-
tory (6). Plasmids were purified using Perfectprep Plasmid
kits (Eppendorf, Hamburg, Germany) and sequenced. A
calcium phosphate-mediated transfection protocol was used
to introduce the mutant plasmids into MDCK and CHO cells
(6). CHO cells are a model of nonpolarizing epithelial cells;
therefore, we can measure the uptake of hSVCT2 in 6-well
plates in contrast to the Transwell apparatus for MDCK cells.

Stable cell lines were generated using G418 selection and
maintained in high-glucose Dulbcco’s modified Eagle media
(Invitrogen) supplemented with 200 µg/mL G418 as de-
scribed previously (6). To confirm the fidelity of the
mutations within the transfectants, genomic DNA was
extracted from stable cell lines (MasterPure DNA Purification
Kit, Epicenter, Madison, WI) and subjected to PCR to
amplify the mutated region. PCR products were gel purified
(QIAquick Gel Extraction Kit, Qiagen, Inc. Valendia, CA)
and sequenced. All sequencing was performed by the facility
at Roswell Park Cancer Institute (Buffalo, NY). The mutant
cell lines are named on the basis of the standard nomenclature
of mutant proteins. All experiments were performed on
12–16 day cultures of early passages of cell lines stably
expressing the various plasmids.

Uptake Assays and Data Analysis. Ascorbate uptake assays
were performed on cells grown in 6-well plates incubated
in HEPES and penicillin-streptomycin-supplemented Hanks’
balanced salt solution (Invitrogen) containing L-[carboxyl-
14C]ascorbic acid. Assays were carried out at 37 °C at pH 7
following our previously described protocol (6, 20, 21).
Briefly, a reducing agent, 0.1 mM dithiothreitol (DTT), was
included in the uptake buffer to prevent the oxidation of
ascorbate (22). N-Methylglucamine (NMG) at 135 mM was
substituted for sodium in the preparation of Hanks’ balanced
salt solution without sodium. The pH adjustment of Hanks’
solution was carried out with 1 N KOH or HCl solutions.
On the basis of spectra absorption analyses, ascorbate is
stable within the pH range of 6.5 to 8 in our experimental
buffer with no loss of absorbance peak at 266 nm after a
15-min incubation at 37 °C. Higher pH values led to the
loss of the 266 nm peak under otherwise identical experi-
mental conditions. Thus, the transport activity was tested
within the pH range of 6.5 to 8. With the exception of the
kinetic analysis experiments, the concentration of ascorbate
in the uptake solution was 10 µM or 40 µM (physiologically
relevant concentrations) as indicated in the figure legends,
with total radioactivity in each well ∼0.03 µCi. Because the
sodium-dependent vitamin C transport activity was not
affected by the presence of DTT (see Results section Figures
4 and 6), kinetic analyses were performed at pH 7 in the
absence of DTT. Km and Vmax values were calculated from

Table 1: Sequences of Forward Primers Used for the Mutagenesis of SVCTa

mutant forward primer

SVCT1
H51A(QA) 5′-CATCCTGCTGGGCTTCCAGGCTTACCTGACATGCTTC-3′
H147A 5′-GCCCCTGAACACCTCTGCTATTTGGCACCCACGGATAC-3′
H210A 5′-GCGACCGAGCTGGCTCCGCCTGGGGCATCTCAG-3′
H354A 5′-GCACCACCCCCTCCAGTAGCCGCTATCAACAGG-3′
H51C(QC) 5′-CATCCTGCTGGGCTTCCAGTGCTACCTGACATGCTTCA-3′
H51D(QD) 5′-CATCCTGCTGGGCTTCCAAGACTACCTGACATGCTTCA-3′
H51E(QE) 5′-CATCCTGCTGGGCTTCCAAGAATACCTGACATGCTTCA-3′
H51K(QK) 5′-CATCCTGCTGGGCTTCCAGAAATACCTGACATGCTTCA-3′
H51N(QN) 5′-CATCCTGCTGGGCTTCCAGAACTACCTGACATGCTTCA-3′
H51Q(QQ) 5′-CATCCTGCTGGGCTTCCAGCAATACCTGACATGCTTCA-3′
H51R(QR) 5′-CATCCTGCTGGGCTTCCAGCGTTACCTGACATGCTTCA-3′
H51Y(QY) 5′-CATCCTGCTGGGCTTCCAATACTACCTGACATGCTTCA-3′
Q50A(AH) 5′-CATCCTGCTGGGCTTCGCTCACTACCTGACATGCTTCA-3′
Q50H,H51Q(HQ) 5′-CATCCTGCTGGGCTTCCACCAATACCTGACATGCTTCA-3′
SVCT2
H109A 5′-CTGGGGCTACAGGCGTACCTGACATGCTTCAGCGG-3′

a Underlined letters represent the nucleotides that have been changed to achieve the desired mutations. Complementary sequences were used as the
reverse primers.
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intercepts obtained from the linear regression of 1/V versus
1/[S] plots. Transwell uptake assays were also performed as
described previously (6) to determine the uptake of vitamin
C from the basolateral membrane by SVCT2. Uptake of 14C-
dehydroascorbate was determined following the published
protocol from this laboratory (23). The stability of dehy-
droascorbate was determined by measuring the 2,4-dinitro-
phenylhydrazine derivative (24) after a 15 min incubation
at 37 °C, mimicking the uptake experimental conditions.

Total protein content was determined by a modified Lowry
assay with SDS using bovine serum albumin as the standard
(25). All transport activity measurements were done in
triplicate wells, and the means and standard deviations of
the three independent wells are shown. Most experiments
were repeated at least once. Data were analyzed by one-
way ANOVA using StatView 4.01 as indicated in the figure
legends. Posthoc Student–Newman–Keuls or Bonferroni/
Dunn (compared to the control) multiple comparison was
performed only if a significant main effect was detected.

Confocal Fluorescence Microscopy and Total Fluores-
cence Measurement. Postconfluent MDCK cells (12–16 days
after seeding) used for imaging experiments were grown in
Laboratory-Tek II chambered cover glasses (Nalge Nunc
International Naperville, IL) as described previously (6).
Images were captured in the Confocal and 3-D Imaging Core
Facility of University at Buffalo. Because these analyses were
carried out over a period of three years as different mutants
were generated, some variations existed in the instrument
parameters among different imaging sessions. Initially, a
Nikon Diaphot fluorescence microscope was used as a part
of the Bio-Rad MRC-1024 laser confocal microscope system.
The confocal images were acquired within an enclosed 37
°C chamber with a Nikon 60× NA 1.4 objective, and a 488
nm laser line for excitation was used with an emission band-
pass filter of 522 ( 16 nm. In later experiments, a Zeiss
LSM510 Meta system was used in conjunction with a Pecon
37 °C Heating Insert, Zeiss 63× NA1.4 objective with 488
nm excitation laser line and band-pass emission filter of
500–550 nm. Nikon images were processed with Velocity
LE 2.6 (Improvision, Inc. Lexington, MA), and Zeiss images
were processed with Velocity LE 2.6 or LE 3.7. Multiple
confocal images were collected from different areas of the
slide chamber for each cell line, and representative images
are shown. No adjustments of brightness, contrast, sharpness,
and so forth were made to any of the acquired images. Total
fluorescence emission from various lines of cells grown in
the 96-well plates was measured using Biotek Synergy HT
Multi-Detection Microplate Reader with excitation at 485/
20 nm and emission at 528/20 nm in the presence of Ca,Mg-
containing PBS.

RESULTS

Analyses of hSVCT Histidine Mutants. Through the
sequence alignment of SVCT1 and SVCT2 from human, rat,
and mouse (16), we identified four conserved histidine
residues that are also present in the predicted canine
sequences (GenBank XP_535207 and XP_534357). The
published computer-assisted topology predictions of 12 TMs
have consistently positioned the first and third histidines
within TM1 and TM5 of SVCTs, respectively, while the
predicted position of the second and fourth histidines differed

between two publications (16, 26). Figure 1 illustrates the
predicted location of these four histidines on the basis of
the alignment of six sequences (SVCT1 and SVCT2 from
human, rat, and mouse (16)). There are no other conserved
histidines in the SVCTs. In hSVCT1, the mutation of these
four histidines individually to alanine does not affect the
predominantly apical membrane localization in MDCK cells
(Figure 2A comparing SVCT1-EGFP to the mutants). We
conclude from this result that none of the four histidines are
essential for either membrane localization or specific apical
membrane targeting of hSVCT1.

We then determined the sodium-dependent vitamin C
transport activity of cell lines expressing these mutant
proteins and their apparent Km and Vmax values. The results
are shown in Figure 2B. Transport activities similar to the
wild type hSVCT1-EGFP were observed in cells expressing
hSVCT1-EGFP with His147Ala, His210Ala, or His354Ala
mutation. In contrast, cells expressing the His51Ala mutant
protein showed a 6-fold reduction in activity, a 6-fold
increase in the apparent Km for ascorbate, and insignificant
change in Vmax under the experimental conditions (Figure
2B). While variations in the expression efficiency of mutants
can affect the net transport activities and hence apparent
Vmax values, as a kinetic parameter, Km, is independent of
protein concentration. We thus continued our study with a
focus on His51 in TM1.

Since this TM1 histidine is also conserved in the SVCT2
protein, we measured the effect of mutating the correspond-
ing residue (His109) in hSVCT2. Similar to wild type
hSVCT2 (6), hSVCT2-H109A localized to the basolateral
membrane of polarizing MDCK cells and the cell membrane
of nonpolarizing CHO cells (Figure 3A). For both cell types,
mutation led to a complete loss of sodium-dependent
ascorbate transport activity (Figure 3B and C). The conserved
histidine in TM1 thus appears to be equally crucial for
hSVCT2.

After establishing the importance of TM1 histidine in
sodium-dependent ascorbate transport activity (Figures 2 and
3), we conducted additional experiments to explore the
possible function of this histidine. As the adjacent Gln50 is
equally conserved on the basis of multiple protein sequence
alignment (16), Gln50 has also been targeted in this study
(see below) and is included as part of our mutant nomen-
clature. Figure 4 summarizes localization and activity
measurements of eight additional hSVCT1 His51 mutants

FIGURE 1: Predicted location of the four conserved histidine residues
in the 12 TM of sodium-dependent vitamin C transporters (16).
(b) conserved histidine. The residue numbering of histidines is
based on hSVCT1. H109 in hSVCT2 corresponds to H51 in
hSVCT1.
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with QH being the wild type SVCT1. None of the histidine
replacements, including those that introduced a negative (QD,
QE) or positive (QK, QR) charge, disturbed the predomi-

nantly apical membrane expression of the protein (Figure
4A). Gross perturbation of protein structure or localization
thus cannot account for the >80% activity loss observed in
many of the mutants as shown in Figure 4B with untrans-
fected MDCK cells (-) included as a negative control. Since
DTT had no significant effect on the apparent transport
activity of any mutant (Figure 4B), the stability of ascorbate
in the buffer is thus not a factor for the activity difference
among mutants.

Among the eight additional His51 mutants, considerable
sodium-dependent ascorbate transport activity was observed
in His51Asn (QN) and His51Tyr (QY) (Figure 4B). Both
mutants, similar to His51Ala (QA), displayed increased
apparent Km compared to that of the wild type with no
significant changes in Vmax (Figure 4B). While the order
of apparent activity was QH > QY > QN > QA, the order
of apparent Km was QH < QY < QN < QA. Both Asn and
Tyr can hydrogen bond and are uncharged, while Tyr also
has a ring similarly planar to that of His.

pH Dependency of Sodium-Dependent Ascorbate Trans-
port ActiVity of SVCT1 Histidine Mutants. The results in
Figure 4 raised the question whether mutating His51 affected
the previously described pH dependency of SVCT1 (15, 16).
Increased sodium-dependent vitamin C transport activity was
observed with increasing pH in wild type hSVCT1 and
mutants (Figure 5A and B) including those with side chains
that do not undergo pH-dependent changes in protonation
(QA and QQ). QC, QQ, and QK mutants showed low
activities similar to the untransfected MDCK cells at all pH
values tested (Figure 5A). On the basis of the data in Figure
5A and B, His51 by itself is unlikely to play a critical role
in the observed pH dependence of hSVCT1.

TM1 Glutamine Mutants of SVCT1. Since both residues,
Gln50 and His51, are conserved across the species among
SVCT family members (16), two hSVCT1 mutants, AH and
HQ, were constructed to test the effect of mutating Gln50
on ascorbate transport activity. The results are shown in
Figure 6. Neither mutation affected the predominantly apical

FIGURE 2: Comparison between wildtype SVCT1 and four SVCT1 mutants with single histidine to alanine point mutations, H51A, H147A,
H210A, and H354A. (A) Apical membrane localization. (B) Sodium-dependent transport of ascorbate (at 40 µM ascorbate and 135 mM
sodium) and apparent Km and Vmax for ascorbate. The transport activity of each group/experimental condition was measured in three
independent wells of cells and is shown as mean ( SD.

FIGURE 3: Effect of H109A mutation in SVCT2. (A) Confocal
images showing the basolateral localization of wild type SVCT2
and SVCT2H109A mutant in MDCK cells and their cell membrane
localization in CHO cells. Transport activities (at 10 µM ascorbate
and 135 mM sodium) of nontransfected cells (-) and SVCT2- and
SVCT2H109A-expressing cells were measured in (B) MDCK cells
and (C) CHO cells. Three independent Transwells (uptake from
the basolateral chamber) were used for each line of MDCK cells,
and three independent wells of cells were used for CHO cells.
Transwell data for SVCT2 in MDCK were from ref 6. Data are
expressed as the means ( SD. Some error bars are too small to be
visible.
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localization of hSVCT1 (Figure 6A). The Gln50Ala (AH)
mutant showed a 7-fold reduction in transport activity, while
the HQ mutant with the order of the conserved residues
switched had a complete loss of sodium-dependent ascorbate
transport activity compared to that of the untransfected
MDCK cells (labeled as -) (Figure 6B). Reducing agent DTT,
again, has no effect on transport activities (Figure 6B,
comparing the open with the filled bars), indicating that
ascorbate oxidation cannot explain the activity loss of the
mutants. The conserved Gln50 also appears critical for the
sodium-dependent ascorbate transport of hSVCT1.

Sodium-Independent Dehydroascorbate Transport ActiVity
of SVCT1 Mutants. Sodium-independent transport of ascor-
bate and dehydroascorbate in various hSVCT1 mutants was
also measured to ask whether mutations in Gln50 or His51
affected the substrate specificity (Figure 7). Most mutants
showed limited sodium-independent transport activities of
ascorbate or dehydroascorbate similar to those of the
hSVCT1 wild type (QH) or nontransfected MDCK cells
(labeled as -) (Figure 7). The two mutants that have
substantial sodium-dependent ascorbate transport activity,
QN and QY, do not have substantially higher sodium-
independent ascorbate or dehydroascorbate transport activi-
ties (Figure 7), indicating no changes in substrate specificity.

QH (wild type), QN, and QY had 16–20-fold more sodium-
dependent ascorbate transport activity than the sodium-
independent ascorbate transport activity. Other mutants with
little sodium-dependent ascorbate transport activities showed
a ratio of 1–4 for sodium-dependent versus sodium-
independent ascorbate transport activity (Figures 4B and 6B
vs 7B). Interestingly, although His51Gln (QQ) did not show
much sodium-dependent ascorbate transport activity (Figure
4B), it had elevated sodium-independent dehydroascorbate
transport activity compared to that of both wild type SVCT1
and other mutants (Figure 7). While wild type hSVCT1 had
10-fold higher sodium-dependent ascorbate transport activity
(Figure 4B) compared to that of the sodium-independent
dehydroascorbate transport activity (Figure 7), the mutant
had 6-fold higher sodium-independent dehydroascorbate
transport activity (Figure 7 vs Figure 4B). Gln51 in the
QQ mutant, by itself, is not sufficient for the observed
increase in dehydroascorbate transport activity as a further
mutation of Gln50 in QQ to His50 (HQ) abolished the
increase (Figure 7).

Dehydroascorbate was shown previously to be transported
by glucose transporters (2); therfore, the affinity of glucose
for the His51Gln (QQ) mutant was tested. The sodium-
independent transport of dehydroascorbate in QQ can be

FIGURE 4: Characterization of various SVCT1 His51 mutants. (A) Apical membrane localization. (B) Net sodium-dependent ascorbate
transport activity (at 10 µM ascorbate and 135 mM sodium) in the absence and presence of DTT and the Km and Vmax for ascorbate
measured in the absence of DTT. The net sodium-dependent ascorbate transport activity was calculated by subtracting the activity measured
in the absence of sodium from that measured in the presence of 135 mM sodium. -, nontransfected MDCK cells; QH, MDCK cells transfected
with wildtype SVCT1. Other lanes represent measurements from MDCK cells transfected with mutant SVCT1 with the corresponding
amino acid residue substituting for His51. The transport activity of each group was measured in three independent wells of cells and is
shown as the mean ( SD. Some error bars are too small to be visible. The Km and Vmax values for QH and QA are from the same
experiments as those for the SVCT1 and H51A in Figure 2B. The bar graphs and kinetic analyses represent the results from separate
experiments.
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competed significantly by unlabeled dehydroascorbate but
not by comparable concentrations of glucose (Figure 8A).
Because of the relatively low aqueous solubility of dehy-
droascorbate, we were not able to test concentrations that
would achieve greater than 30% competition of radiolabeled
dehydroascorbate uptake. The transport of 2-deoxy-D-glucose
and another hydrophobic compound, phenylalanine, was
similar between the wild type SVCT1 and QQ mutant
(Figures 1S and 2S, Supporting Information). Thus, the
specific increase in dehydroascorbate transport into QQ cells
suggests that it was likely mediated by the hSVCT1-QQ
mutant protein.

The pH dependence of the dehydroascorbate transport
activity in the His51Gln (QQ) mutant was determined in
Figure 8B. In contrast to the increased sodium-dependent
ascorbate transport activity at higher pH as shown in Figure
5, a decrease in the uptake of dehydroascorbate was observed
as the buffer pH increased from 6.5 to 8.0. There was no
observed precipitation of dehydroascorbate at higher pH
during the uptake experiment. Although the loss of activity
at higher pH may partly be explained by the instability of
dehydroascorbate at higher pH (Figure 8B), the magnitude
of the decrease in uptake is greater than that in stability
(Figure 8B white bars vs gray bars). The dehydroascorbate
transport activity of QQ cells was cation-independent as
replacing NMG with Na+, K+, or Li+ had no effect on the
activity (Figure 3S, Supporting Information).

DISCUSSION

Stably transfected mutants of EGFP-tagged SVCTs were
used to determine the functional significance of conserved

histidines in SVCTs. Three potential roles of histidines were
examined in this article: membrane localization of SVCTs;
the pH dependence of SVCT activity; and ascorbate substrate
binding. The first area of interest is whether any of these
histidines are absolutely required for the correct membrane
localization of SVCTs in MDCK cells. As demonstrated in
Figures 2A, 3A, 4A, and 6A, replacing histidines with alanine
or other amino acid residues did not affect the predominantly
apical or basolateral localization of hSVCT1 or hSVCT2,
respectively, compared to that in the wild type. Thus, the
data do not support an essential role of these histidines in
membrane localization. These data also indicate that overall
protein structure was unlikely to be significantly affected in
any of the mutants we tested. It has been noted that
hydrophobicity generally promotes membrane insertion (27,
28), and His51 in hSVCT1 and His109 in hSVCT2 are
consistently predicted to be embedded in TM1 (Figure 1)
among mostly hydrophobic residues. Thus, even the mutation
of His51 to Arg, Lys, Glu, and Asp might not be expected
to inhibit membrane insertion since these amino acid residues
only have moderately higher biological ∆Gaa

app relative to
His (biological ∆Gaa

app was calculated by placing the amino
acid of interest in the middle of the 19-residue hydrophobic
stretch) (27). Furthermore, protein–protein interaction is
found to promote the partitioning of amino acid side chains
into biological lipid bilayers beyond hydrophobicity consid-
erations (29).

The second area that we have addressed concerns the role
of His51 on the observed pH dependence of sodium-
dependent ascorbate transport activity. On the basis of the
results in Figure 5, the presence of a histidine residue at
position 51 cannot account for the pH dependence of SVCT1.
The pH-dependent change in transport activity persisted even
after amino acid residues with nonionizable side chains such
as A, Q, and N (that cannot sense the pH change) were used
to replace histidine. We also found that the conversion of
three other conserved histidines to alanines (H147A, H210A,
and H354A as characterized in Figure 2) failed to affect the
pH dependence of hSVCT1 (Figure 4S, Supporting Informa-
tion). However, we cannot at present exclude the possibility
that multiple histidines may simultaneously contribute to pH
sensitivity as has been shown in other proteins (14).
Alternatively, pH dependence may be governed by nonhis-
tidine residues as the pKa of an amino acid residue can shift
in its protein environment (30).

The third area that we investigated relates to the impor-
tance of the conserved histidines, specifically His51 in TM1,
in ascorbate substrate binding. Proper membrane insertion
and polarized sorting of the various mutant proteins (Figures
2A, 3A, 4A, and 6A) indicate that gross perturbations in
protein structure have not occurred and thus cannot account
for the behavior of the mutant hSVCTs. Although some
variations among mutants in the level of expression are
expected, the confocal fluorescence images (Figures 2, 3, 4,
and 6) and the measurements of total fluorescence emission
from the entire monolayer (Table 1S, Supporting Informa-
tion) do not support a significant reduction in the expression
level of nonfunctional mutants. Instead, our data suggest that
a decrease in ascorbate binding affinity is the likely cause,
directly or indirectly, of the functional loss observed for
hSVCT mutants. The increase in the apparent Km of our
His51 mutants appears to parallel the loss in activity (Figure

FIGURE 5: pH dependence of sodium-dependent ascorbate uptake
by MDCK cells expressing SVCT1 and mutants. (A) Total
uptake activity (at 10 µM ascorbate and 135 mM sodium). (B)
Uptake activity of each cell type with significant activity normalized
by its observed activity at pH 7. -, nontransfected MDCK cells;
QH, MDCK cells transfected with wild type SVCT1. Other MDCK
cells transfected with mutant SVCT1 are identified by the respective
amino acid residue used to substitute for His51. The results are the
means ( SD of three independent wells of cells. Some error bars
are too small to be visible.
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4B). The effect of mutation on Vmax, however, is minimal.
The two amino acids, Asn and Tyr, that were able to support
partial activities can hydrogen bond and are uncharged while
Tyr also has a ring similarly planar to that of His. The
importance of the hydrogen bond is further supported by the
observed low activity in His51Ala (QA). The low activity
of His51Asp (QD) relative to QN (Figure 4B) could be the
result of the charge. A deleterious effect of charge is
supported by the observation of three other mutants with little
transport activities, His51Glu (QE), His51Arg (QR), and
His51Lys (QK) (Figure 4B). Our His51Gln (QQ) mutant also
had little sodium-dependent vitamin C transport activity
(Figure 4B). Although the side chain of Gln is uncharged
and can hydrogen bond, compared to the side chains of
His, Asn and Tyr, it appears to be more flexible and thus
bulky. Changes in the amino acid side chains in various

mutants are likely to induce minor protein structure change
locally and thus perturb the sodium-dependent vitamin C
transport.

Another finding that is consistent with a role of His51 in
ascorbate substrate binding is the specific increase in sodium-
independent dehydroascorbate permeability and thus a
change in the substrate specificity of the QQ mutant of
hSVCT1 (Figure 7). The nearly complete loss of activity
when the adjacent Gln50 residue was mutated as in the case
of AH and HQ (Figure 6B), although it cannot specifically
support the substrate binding role of His51, provides ancillary
information on the essential nature of His51 and more
broadly, TM1, in sodium-dependent vitamin C transport. The
predicted location of His51 in the middle of the lipid bilayer
(Figure 1) would not contradict its proposed importance in
substrate binding as substrate binding sites have been found,
through crystal structure analysis, within the membrane
bilayer in the bacterial protein LeuT, a bacterial homologue
of the mammalian Na+/Cl--dependent neurotransmitter
transporters (31).

Our data also provide limited information on the possible
biochemical role of His51. The imidazole nitrogen of His205
in Lac permease was proposed to play a critical role in
hydrogen bond formation (32). On the basis of the activity
profile of the mutants that we tested (Figure 4B), His51 in
hSVCT1 is likely to play a similar role. The two mutants
that have substantial activities, QY and QN, have polar but
uncharged side chains, while the two mutants that bore
positively charged side chains, QK and QR, similar to the
His205Arg mutation in Lac permease (32), have no transport
activity. A tyrosine mutation was also found to have partial
function when replacing histidine in another membrane
transporter (14). Indeed, tyrosine and asparagine have been
found to be two most common substitutions for histidine
residues in homologous proteins (BLOSUM62 matrix
www.NCBI.nlm.nih.gov/Class/Structure/aa/aa_explorer.cgi).
As was seen in hSVCT1, Gln was shown to be a poor His
substitute compared to that of Asn in an unrelated protein

FIGURE 6: Characterization of SVCT1 Gln50 mutants. (A) Apical membrane localization. (B) Net sodium-dependent ascorbate transport
activity (at 10 µM ascorbate and 135 mM sodium) in the absence and presence of DTT. -, untransfected MDCK cells; QH, the wild type
SVCT1 with Gln50 and His51; AH, substituting Gln50 in SVCT1 with alanine; HQ, reversing QH in SVCT1. Transport activities were
measured in three independent wells of cells and are expressed as the means ( SD. Data for MDCK cells and SVCT1 cells were from
Figure 4B. Some error bars are too small to be visible.

FIGURE 7: Comparison of sodium-independent ascorbate (AsA) and
dehydroascorbate (DHA) transport activities in various SVCT1 H51
mutants. The transport activity was measured in sodium-free buffer
containing 10 µM substrate and 135 mM NMG in place of sodium.
-, nontransfected MDCK cells; QH, MDCK cells transfected with
wild type SVCT1. Other bars represent measurements derived from
MDCK cells transfected with mutant SVCT1 with the corresponding
amino acid substitution. The results are the means ( SD of three
independent wells of cells. Some error bars are too small to be
visible. All experiments were carried out in the same passage of
cells as those in the data shown in Figures 4B and 6B.
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(33). In that case, the utilization of π-N in His for the
hydrogen bond partner was proposed as an explanation of
the disparity.

In conclusion, kinetic and substrate specificity analyses
from this article suggest a direct or indirect role of the
conserved histidine in TM1 of hSVCT1 in the ascorbate
substrate binding and transport activity. The overall impor-
tance of TM1 in hSVCTs is further supported by a loss of
function of the corresponding His109Ala mutation in hSVCT2
and the loss of activity of mutations that targeted adjacent
Gln50. Our data provide some new insight in predicting the
structure–function relationships of this group of membrane
proteins.
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