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Recent studies have shown that human solute carrier
SLC19A3 (hSLC19A3) can transport pyridoxine (vitamin B6) in
addition to thiamine (vitamin B1), its originally identified
substrate, whereas rat and mouse orthologs of hSLC19A3 can
transport thiamine but not pyridoxine. This finding implies
that some amino acid residues required for pyridoxine trans-
port, but not for thiamine transport, are specific to hSLC19A3.
Here, we sought to identify these residues to help clarify the
unique operational mechanism of SLC19A3 through analyses
comparing hSLC19A3 and mouse Slc19a3 (mSlc19a3). For our
analyses, hSLC19A3 mutants were prepared by replacing
selected amino acid residues with their counterparts in
mSlc19a3, and mSlc19a3 mutants were prepared by substitut-
ing selected residues with their hSLC19A3 counterparts. We
assessed pyridoxine and thiamine transport by these mutants in
transiently transfected human embryonic kidney 293 cells. Our
analyses indicated that the hSLC19A3-specific amino acid
residues of GIn®®, Gly87, 1le®t, Thr®3, Trp%, Ser'®®, and Asn'”?
are critical for pyridoxine transport. These seven amino acid
residues were found to be mostly conserved in the SLC19A3
orthologs that can transport pyridoxine but not in orthologs
that are unable to transport pyridoxine. In addition, these
residues were also found to be conserved in several SLC19A2
orthologs, including rat, mouse, and human orthologs, which
were all found to effectively transport both pyridoxine and
thiamine, exhibiting no species-dependent differences.
Together, these findings provide a molecular basis for the
unique functional characteristics of SLC19A3 and also of
SLC19A2.

Recent work has shown that the human orthologs of
SLC19A2 (hSLC19A2) and SLC19A3 (hSLC19A3) can trans-
port pyridoxine (vitamin B6) in addition to their originally
identified substrate, thiamine (vitamin B1) (1). Based on this
finding, these transporters, known as thiamine transporter 1
and thiamine transporter 2, respectively, can now be recog-
nized as pyridoxine/thiamine transporters. Because pyridoxine
and thiamine are both basic compounds (Fig. 1), their cationic
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characteristics may contribute to their being recognized as
substrates by these transporters. Notably, these transporters
are the first pyridoxine transporters identified in humans. The
physiological functions of SLC19A2 and SLC19A3 are indi-
cated to be involved in the intestinal absorption of thiamine by
operating for basolateral efflux and brush border uptake,
respectively, in epithelial cells (2-5). Hence, they could also
play a role in pyridoxine absorption.

However, other work has shown that SLC19A3s, which
operate in brush border uptake, of rat and mouse lack the
pyridoxine transport function (6). Consistent with this finding,
pyridoxine uptake was low without any carrier-mediated
characteristics in the everted tissue sacs of the rat small in-
testine (6), whereas involvement of hSLC19A3 in pyridoxine
uptake was demonstrated in the Caco-2 cell line, a human
intestinal epithelial cell model (1, 7). The SLC19A3s in those
rodents can, on the other hand, transport thiamine, like
hSLC19A3 (6). The inability to transport pyridoxine in those
rodent orthologs suggests that they lack some amino acid
residues present in hSLC19A3 required for pyridoxine but not
thiamine, transport.

In the present study, we sought to identify hSLC19A3-
specific amino acid residues required for the pyridoxine
transport through analyses based on comparison of hSLC19A3
and mouse Slc19a3 (mSlc19a3). Physiological or pathological
events that affect specific amino acid residues could potentially
alter pyridoxine transport without affecting thiamine trans-
port. Identifying such amino acid residues could help clarify
the unique molecular and functional characteristics of
hSLC19A3 and probe into related physiological and patho-
logical issues.

Genetic defects in hSLC19A3 have been implicated in
biotin—thiamine-responsive basal ganglia disease and Leigh
syndrome (8—-10), both serious neurological disorders. How-
ever, the pathological mechanisms involving hSLC19A3 have
remained unclear, and thiamine supplementation has not al-
ways been an effective treatment for these disorders. There-
fore, the newly found pyridoxine transport function of
hSLC19A3 could be of interest as it may play a pathological
role in these disorders. Similarly, the pyridoxine transport
function of hSLC19A2 could be of interest because of its
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Molecular basis for species differences in SLC19A3

Vitamin B1 Vitamin B6
NH, OH
N %49\ OH
| S HO X
~ = |
N Z
N
Pyridoxine
L OH
Thiamine NH, /0
OH OH
HO | S HO | S
S S
N N
Pyridoxamine Pyridoxa

Figure 1. Chemical structures of thiamine (vitamin B1) and pyridoxine
(vitamin B6). The structures of pyridoxamine and pyridoxal, the other two
compounds that belong to vitamin B6, are also shown for reference.

potential pathological role in thiamine-responsive megalo-
blastic anemia syndrome, a neurological disorder linked to
genetic defects in hSLC19A2 (11-13). Notably, pyridoxine and
thiamine deficiency have both been suggested to play a role in
the development of neurological disorders. Pyridoxine plays an
important role, typically in the form of its derived pyridoxal
phosphate, as a cofactor in amino acid metabolism, and pyri-
doxine deficiency can cause various abnormalities, including
microcytic anemia, dermatitis, and neurological disorders

TMD1

(14, 15). Similarly, thiamine serves, in the form of thiamine
pyrophosphate, as a coenzyme in carbohydrate metabolism,
and thiamine deficiency can cause various abnormalities
including neurological and cardiovascular disorders (5).

Results

Identification of the transmembrane domains specifically
involved in pyridoxine transport by hSLC19A3

We first conducted an alignment analysis of amino acid
sequences, comparing hSLC19A3, which can transport pyri-
doxine, with mSlc19a3, which cannot, to search for amino acid
residues specifically required for pyridoxine transport by
hSLC19A3. We identified amino acid residues specific to
hSLC19A3 that are differed from their mSlc19a3 counterparts.
As shown in Figure 2, our alignment analysis indicated that
hSLC19A3, which is 69% identical to mSlc19a3, has as many as
160 hSLC19A3-specific amino acid residues. To narrow down
candidate amino acid residues involved in pyridoxine trans-
port, we focused on transmembrane domains (TMDs), which
generally play important roles in substrate recognition and
translocation. We examined the effect on pyridoxine transport
by introducing each TMD in mSlc19a3 (mTMD) into
hSLC19A3 (hTMD). Replacement involved replacement of all
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Figure 2. Alignment of the amino acid sequence of hSLC19A3 with that of mSlc19a3. The amino acid sequence of hSLC19A3 was aligned with that of
mSlc19a3 using ClustalW program and visualized using BOXSHADE program. Conservatively different amino acid residues are indicated by shading. TMDs
are indicated by rectangles. hSLC19A3, human solute carrier SLC19A3; mSlc19a3, mouse Slc19a3; TMD, transmembrane domain.
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hSLC19A3-specific amino acid residues in the designated
TMD with their mSlc19a3 counterparts.

Throughout the remaining analyses, assessments of pyri-
doxine uptake were conducted for an initial 2-min period at its
trace concentration of 5 nM and pH 5.5 after transient
transfection of a designated transporter or mutant into human
embryonic kidney 293 (HEK293) cells. The uptake conditions
were previously demonstrated to allow efficient pyridoxine
transport in several SLC19A2 and SLC19A3 orthologs (1, 6).
Assessments of thiamine uptake were also performed for
comparison with the initial 2-min period at 5 nM and pH 7.4.
This pH condition was selected because SLC19A2/3 orthologs
favor near neutral conditions rather than acidic conditions for
thiamine transport (1, 6). The specific uptake of each substrate
was evaluated by subtracting the uptake in mock cells from
that in transfected cells.

Among the 12 mTMDs, mTMDs 2, 3, 4, 6, and 12 caused
significant reductions in the specific uptake of pyridoxine
when introduced into hSLC19A3, compared with pyridoxine
uptake by the wildtype hSLC19A3 (Fig. 34). The specific up-
take of thiamine was, on the other hand, maintained at levels
greater than 50% by hSLC19A3 in all the mutants, with a
significant reduction caused only by introduction of mTMD10
(Fig. 3B). Based on these data, we calculated the ratio of pyr-
idoxine uptake to thiamine uptake (pyridoxine/thiamine up-
take ratio) to correct for the modest variation in thiamine
uptake and used the ratio as a measure for the evaluation of
the pyridoxine uptake activity. The uptake ratio was, as shown
in Figure 3C, significantly reduced only in the hSLC19A3
mutants that had mTMD 3, 4, or 6 replacements. These results
indicate that hTMDs 3, 4, and 6 could be specifically involved
in the pyridoxine transport function of hSLC19A3.

Genetically modifying a transporter may cause an alteration
in its protein expression level at the plasma membrane, which
could in turn affect apparent uptake activity. However, the
uptake ratio is independent of protein expression level, as the
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ratio represents relative activity for pyridoxine uptake
normalized to thiamine uptake for the same transporter or
modulated protein and, hence, for the same protein expression
level. Therefore, analysis of pyridoxine uptake activity is
possible without considering protein expression level, using
the relative activity. Notably, the TMD replacements had no
major impacts on thiamine uptake. This result may suggest
that, as the thiamine uptake activity of mSlc19a3 was com-
parable to that of hSLC19A3, the intrinsic activity for thiamine
uptake was mostly unchanged, together with protein expres-
sion. It is possible that the modest changes observed in thia-
mine uptake represent variation at the protein expression level
mostly caused by technical variation in transfection effi-
ciencies. Under the assumption, the changes in relative activity
could reflect changes in intrinsic activity for pyridoxine uptake
quite well. We also used relative activity, while confirming that
thiamine uptake activity was mostly unaffected, for evaluating
pyridoxine uptake in subsequent analyses.

Next, we prepared hSLC19A3 mutants in which each
hSLC19A3-specific amino acid residue in hTMDs 3, 4, and 6
was replaced with its mSlc19a3 counterpart in order to identify
the residues involved in pyridoxine transport (Fig. 4). We
found that the mutations G87V, T93S, W94Y, Y113F, and
N173F lead to significant reductions in the pyridoxine/thia-
mine uptake ratio (Fig. 4C). These results suggest the
involvement of Gly87, Thr3, Trp94, Tyru?’, and Asn'”® in
pyridoxine transport. In almost all mutants, the thiamine up-
take activity was maintained without any significant alteration,
with the exceptions of a slight decrease in thiamine uptake by
I91A and a slight increase in thiamine uptake by T93S
(Fig. 4B). However, introduction of all five hSLC19A3-specific
residues together, replacing their mSlcl9a3 counterparts,
could not confer the pyridoxine transport function to
mSlcl9a3 (Fig. 5A), indicated by the undetectable pyridoxine
uptake activity of the new mSlc19a3 mutant (mSlc19a3-hA3-
5AA) while thiamine uptake activity was unchanged (Fig. 5B).
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Figure 3. Uptake of pyridoxine and thiamine by hSLC19A3 mutants in transiently transfected HEK293 cells: the effect of the introduction of
mTMDs. All the transporters and mutants were tagged with EGFP at the N terminus. A, the specific uptake of [*H]pyridoxine (5 nM) was evaluated for 2 min
at pH 5.5 and 37 °C. B, the specific uptake of [*H]thiamine (5 nM) was evaluated for 2 min at pH 7.4 and 37 °C. C, the uptake ratio was calculated by dividing
pyridoxine uptake by thiamine uptake, using uptake values in percent of control. The uptake of pyridoxine and thiamine by hSLC19A3 as a control was 47.5
and 40.8 fmol/min/mg protein, respectively. Data are presented as means + SD (n = 3). *p < 0.05 compared with control. EGFP, enhanced GFP; HEK293,
human embryonic kidney 293 cell line; hSLC19A3, human solute carrier SLC19A3; mTMD, TMD in mSlc19a3; ND, not detected; TMD, transmembrane
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Figure 4. Uptake of pyridoxine and thiamine by hSLC19A3 mutants in transiently transfected HEK293 cells: the effect of replacing hSLC19A3-
specific amino acid residues in hTMDs 3, 4, and 6 with mSlc19a3 counterparts. All the transporters and mutants were tagged with EGFP at the
N terminus. A, the specific uptake of [*H]pyridoxine (5 nM) was evaluated for 2 min at pH 5.5 and 37 °C. B, the specific uptake of [H]thiamine (5 nM) was
evaluated for 2 min at pH 7.4 and 37 °C. C, the uptake ratio was calculated by dividing pyridoxine uptake by thiamine uptake, using uptake values in percent
of control. The uptake of pyridoxine and thiamine by hSLC19A3 as a control was 36.6 and 50.0 fmol/min/mg protein, respectively. Data are presented as
means + SD (n = 3). ¥p < 0.05 compared with control. EGFP, enhanced GFP; HEK293, human embryonic kidney 293 cell line; hSLC19A3, human solute carrier
SLC19A3; hTMD, TMD in hSLC19A3; mSlc19a3, mouse Slc19a3; ND, not detected; TMD, transmembrane domain.

Therefore, additional residues may be required for mSlc19a3
to acquire the pyridoxine transport function.

To explore alternative strategies to determine
quirements for pyridoxine transport, we examined whether
the introduction of hTMDs 3, 4, and 6 into mSlc19a3,
replacing their counterpart mTMDs, could confer the pyri-
doxine transport function (Fig. 6A4). As shown in Figure 6,
B-D, introduction of all three hTMDs together conferred the
pyridoxine transport function to mSIc19a3 at an uptake ac-
tivity comparable to that of hSLC19A3, as indicated by uptake

re-

of both pyridoxine and thiamine by the mSlc19a3 mutant
(mSlc19a3-hTMD3+4+6) at levels comparable to respective
uptake levels by hSLC19A3 and, accordingly, a pyridoxine/
thiamine uptake ratio of almost one. Therefore, this mSlc19a3
mutant, which was similar to hSLC19A3 in that it had all
three hTMDs implicated in pyridoxine transport, acquired
the pyridoxine transport function. Pyridoxine transport was
absent in the mSlc19a3 mutants in which hTMDs 3 and 4
were introduced together (mSlc19a3-hTMD3+4) and in
which hTMDs 4 and 6 were introduced together (mSlc19a3-
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Figure 5. Uptake of pyridoxine and thiamine by mSlc19a3-hA3-5AA in transiently transfected HEK293 cells. The mSlc19a3 mutant of mSlc19a3-hA3-
5AA was prepared by introducing the five hSLC19A3-specific amino acid residues suggested to be involved in the pyridoxine transport function (Fig. 4) in
place of their mSlc19a3 counterparts. All the transporters and mutants were tagged with EGFP at the N terminus. A, the specific uptake of [*H]pyridoxine
(5 nM) was evaluated for 2 min at pH 5.5 and 37 °C. B, the specific uptake of [*H]thiamine (5 nM) was evaluated for 2 min at pH 7.4 and 37 °C. The uptake of
pyridoxine and thiamine by hSLC19A3 as a control was 46.6 and 58.8 fmol/min/mg protein, respectively. Data are presented as means + SD (n = 3). EGFP,
enhanced GFP; HEK293, human embryonic kidney 293 cell line; hSLC19A3, human solute carrier SLC19A3; mSlc19a3, mouse Slc19a3; ND, not detected.
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Figure 6. Uptake of pyridoxine and thiamine by mSic19a3 mutants in transiently transfected HEK293 cells: the effect of the introduction of
hTMDs. A, schematic representation of mSlc19a3 mutants that have single or multiple hTMDs in place of their mTMD counterparts. All the transporters and

mutants were tagged with EGFP at the N terminus. B, the specific uptake of [*
uptake of [*Hlthiamine (5 nM) was evaluated for 2 min at pH 7.4 and 37 °C.

H]pyridoxine (5 nM) was evaluated for 2 min at pH 5.5 and 37 °C. C, the specific

D, the uptake ratio was calculated by dividing pyridoxine uptake by thiamine

uptake, using uptake values in percent of control. The uptake of pyridoxine and thiamine by hSLC19A3 as a control was 58.5 and 50.2 fmol/min/mg protein,
respectively. Data are presented as means + SD (n = 3). EGFP, enhanced GFP; HEK293, human embryonic kidney 293 cell line; hTMD, TMD in hSLC19A3;
mSlc19a3, mouse Slc19a3; mTMD, TMD in mSlc19a3; ND, not detected; TMD, transmembrane domain.

hTMD4+6). In the former, mTMD6 was present in place of
hTMD6 in mSlc19a3-hTMD3+4+6 and, in the latter,
mTMD3 was present in place of hTMD3. These results were
in agreement with the nearly complete lack of pyridoxine
transport after introduction of each of mTMDs 3 and 6 into
hSLC19A3 (Fig. 3C). However, the mSlc19a3 mutant in which
hTMDs 3 and 6 were introduced together (mSlc19a3-
hTMD3+6), mTMD4 being present in place of hTMD4 in
mSlc19a3-hTMD3+4+6, exhibited a pyridoxine uptake ac-
tivity comparable to those of hSLCI19A3 and mSlc19a3-
hTMD3+4+6, suggesting that hTMD4 does not play a role
in conferring the pyridoxine transport function to mSlc19a3,
although the introduction of mTMD4 into hSLC19A3,
replacing hTMD4, prevented pyridoxine transport (Fig. 3C).
In addition, the introduction of h\TMD 3, 4, or 6 alone did not
confer the pyridoxine transport function to mSlc19a3. Taken
together, these results suggest that hTMDs 3 and 6 are
required for pyridoxine transport. In addition, while hTMD4
may not be essential for pyridoxine transport, mTMD4 can
disturb pyridoxine transport when introduced into
hSLC19A3 in place of hTMD4. Notably, thiamine uptake
activity was not altered by any of the modulations (Fig. 6C).

SASBMB

Identification of the amino acid residues required for
pyridoxine transport in hSLC19A3

We proceeded to identify the amino acid residues required
for pyridoxine transport using the mSlc19a3-hTMD3+6
mutant and its derived mutants, in which each hSLC19A3-
specific amino acid residue in hTMDs 3 and 6 was replaced
with its mSlc19a3 counterpart (Fig. 7A). As shown in Figure 7,
B-D, the mutations Q87H, G88V, 192A, T94S, W9I5Y, S169P,
and N174F led to significant reductions in pyridoxine uptake
activity, suggesting that GIn®®, Gly*’, 1le!, Thr*?, Trp”*, Ser'®?,
and Asn'”?, which are the hSLC19A3 residues corresponding
to the mutated ones, could be critical for the pyridoxine
transport function in hSLC19A3. Compared with the five res-
idues initially suggested in Figure 4, GIn® and Ile”* in hTMD3
and Ser168 in hTMD6 were also suggested to be required,
whereas Tyr'"® in hTMD4 was not required. The thiamine
uptake activity was maintained without any significant changes
in all mutants (Fig. 7C).

To confirm the role of the seven hSLC19A3-specific amino
acid residues in pyridoxine transport, we prepared an
mSlc19a3 mutant that had all seven residues in place of their
mSlcl9a3 counterparts (mSlc19a3-hA3-7AA) (Fig. 8A4). As
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Figure 7. Uptake of pyridoxine and thiamine by various mutants derived from mSic19a3-hTMD3+6 in transiently transfected HEK293 cells.
A, schematic representation of various mutants derived from mSlc19a3-hTMD3+6, the mSlc19a3 mutant that has hTMDs 3 and 6 together in place of their
respective mTMD counterparts. All the transporters and mutants were tagged with EGFP at the N terminus. B, the specific uptake of [*H]pyridoxine (5 nM)
was evaluated for 2 min at pH 5.5 and 37 °C. C, the specific uptake of [*H]thiamine (5 nM) was evaluated for 2 min at pH 7.4 and 37 °C. D, the uptake ratio
was calculated by dividing pyridoxine uptake by thiamine uptake, using uptake values in percent of control. The uptake of pyridoxine and thiamine by
hSLC19A3 as a control was 46.3 and 62.6 fmol/min/mg protein, respectively. Data are presented as means + SD (n = 3). *p < 0.05 compared with control.
EGFP, enhanced GFP; HEK293, human embryonic kidney 293 cell line; hSLC19A3, human solute carrier SLC19A3; hTMD, TMD in hSLC19A3; mSlc19a3, mouse
Slc19a3; mTMD, TMD in mSlc19a3; ND, not detected; TMD, transmembrane domain.

shown in Figure 8B, the specific uptake of pyridoxine by the
mutant was comparable to uptake by hSLC19A3, indicating
that the mutant fully gained the ability to transport pyridoxine
because of the presence of the seven amino acid residues. We
confirmed that thiamine uptake activity was unchanged in the
mutant (Fig. 8C).

Notably, TMDs 3 and 6 of hSLCI9A2 are structurally
similar to those in hSLC19A3, in that they have the critical
seven amino acid residues at the corresponding positions
(Fig. 9A). Therefore, we prepared an hSLC19A2 mutant in
which all seven residues were replaced with their mSlc19a3
counterparts (hSLC19A2-ma3-7AA) and examined pyridoxine
transport by the mutant. As expected, the specific uptake of
pyridoxine was reduced to an undetectable level in the mutant,
indicating that pyridoxine transport was eliminated by intro-
duction of those mSlc19a3-derived residues (Fig. 9B). The
thiamine uptake activity was, on the other hand, unchanged in
the mutant (Fig. 9C). This finding further supports the
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proposed role of the seven amino acid residues in the pyri-
doxine transport function.

Comparative assessments of pyridoxine transport by the
SLC19A3s and SLC19A2s of selected animal species

Following the identification of the seven critical amino acid
residues required for pyridoxine transport in hSLC19A3 and
also in hSLC19A2, we assessed the SLC19A3s and SLC19A2s
of several animal species to determine conservation of those
amino acid residues as it relates to the pyridoxine transport
function. When introduced into HEK293 cells, the SLC19A3s
of monkey, dog, pig, rabbit, guinea pig, and frog, as well as
human, induced increases in pyridoxine uptake, compared
with uptake in mock cells, whereas the SLC19A3s of rat,
hamster, and mouse did not (Fig. 104). Thiamine uptake, on
the other hand, increased in all SLC19A3 orthologs (Fig. 10B).
Among SLC19A2 orthologs, monkey, dog, pig, rat, mouse, and
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Figure 8. Uptake of pyridoxine and thiamine by mSlc19a3-hA3-7AA in transiently transfected HEK293 cells. A, schematic representation of mSlc19a3-
hA3-7AA, the mSlc19a3 mutant that has the seven hSLC19A3-derived amino acid residues required for the pyridoxine transport function (Fig. 7) in place of
their mSlc19a3 counterparts. The residues are indicated by dots. All the transporters and mutants were tagged with EGFP at the N terminus. B, the specific
uptake of [*H]pyridoxine (5 nM) was evaluated for 2 min at pH 5.5 and 37 °C. C, the specific uptake of [*H]thiamine (5 nM) was evaluated for 2 min at pH 7.4
and 37 °C. The uptake of pyridoxine and thiamine by hSLC19A3 as a control was 69.8 and 65.1 fmol/min/mg protein, respectively. Data are presented as
means £ SD (n = 3). EGFP, enhanced GFP; HEK293, human embryonic kidney 293 cell line; hSLC19A3, human solute carrier SLC19A3; mSlc19a3, mouse

Slc19a3; ND, not detected.

frog all induced increases in pyridoxine uptake, in addition to
the human ortholog (Fig. 114). Thiamine uptake was also
increased by introduction of all SLC19A2 orthologs (Fig. 11B).
Together, these results indicate that only the SLC19A3s of rat,
hamster, and mouse specifically lack the pyridoxine transport
function.

Accordingly, all seven critical amino acid residues were
conserved in nearly all SLC19A2/3 orthologs with the pyri-
doxine transport function, with the exception of frog ortho-
logs (Fig. 12). In the frog SLC19A3 and SLC19A2, a single

amino acid residue of Thr”?, among the seven residues, was
not conserved and, instead, they had Val and Ser, respectively,
in place of this residue. This implies that Val and Ser can play
a role in the pyridoxine transport function in the absence of
Thr. In the rat ortholog of SLC19A3, none of the seven res-
idues were conserved, as in the mouse ortholog. In the
hamster ortholog, six residues were not conserved; the
exception was e’ Notably, there was an N-to-F substitution
at position 173 in both the rat and hamster orthologs, which
can almost completely deprive of the pyridoxine transport

A hTMD1 hTMD2 hTMD3 hTMD4 hTMDS5 hTMD6 hTMD7 hTMD8 hTMD9 hTMD10 hTMD11 hTMDI12
hSLC19A2 ez | A e I e e ) S
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mSlc19a3 82 |2l IR AFTATILFIRR Jelole 104 168 LEYSEHRYIRSIAMSZNaFFSLigd 191
hSLC19A2-ma3-7AA ENPVVLLHVLSLAVS YFMLLYAQGLIEVSE b LMWL FSLFVISLTCVSVAFAVAWFLIPUE]
. o

hSLC19A2 (control) o O l—o (o} |—o
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Figure 9. Uptake of pyridoxine and thiamine by hSLC19A2-ma3-7AA in transiently transfected HEK293 cells. A, schematic representation of
hSLC19A2-ma3-7AA, the hSLC19A2 mutant in which the seven amino acid residues corresponding to the hSLC19A3 residues required for the pyridoxine
transport function (Fig. 7) are replaced with their mSlc19a3 counterparts. The residues are indicated by dots. hSLC19A2 and the mutant were tagged with
EGFP at the N terminus. B, the specific uptake of [3H]pyridoxine (5 nM) was evaluated for 2 min at pH 5.5 and 37 °C. C, the specific uptake of BHIthiamine
(5 nM) was evaluated for 2 min at pH 7.4 and 37 °C. The uptake of pyridoxine and thiamine by hSLC19A2 as a control was 36.6 and 70.5 fmol/min/mg
protein, respectively. Data are presented as means + SD (n = 3). EGFP, enhanced GFP; HEK293, human embryonic kidney 293 cell line; hSLC19A2, human
solute carrier SLC19A3; mSlc19a3, mouse Slc19a3; ND, not detected.
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Figure 10. Uptake of pyridoxine and thiamine in transiently transfected HEK293 cells expressing the SLC19A3s of selected animal species. A, the
uptake of [*H]pyridoxine (5 nM) was evaluated for 2 min at pH 5.5 and 37 °C in cells expressing the SLC19A3s of selected animal species. B, the uptake of
BH]thiamine (5 nM) was similarly evaluated for 2 min at pH 7.4 and 37 °C. The uptake of pyridoxine and thiamine in mock cells as a control was 11.0 and
8.5 fmol/min/mg protein, respectively. No transporters had the EGFP tag. Data are presented as means + SD (n = 3). *p < 0.05 compared with control. EGFP,

enhanced GFP; HEK293, human embryonic kidney 293 cell line; SLC19A3, solute carrier SLC19A3.

function, as demonstrated in Figure 7 (N174F in mSlc19a3-
hTMD3+6).

Discussion

We identified GIn*®, Gly*’, 1le’!, Thr”, Trp®*, Ser'®®, and
Asn'”? as the critical seven amino acid residues required for
pyridoxine, but not thiamine, transport in hSLC19A3. The role
of these residues in pyridoxine transport was further supported
by the finding that these residues are mostly conserved in the
SLC19A3 orthologs with the ability to transport pyridoxine but
not in the orthologs that lack this function. Furthermore, these
residues were found to be mostly conserved in all SLC19A2
orthologs examined in this study and, accordingly, they were
all found to be able to transport pyridoxine. Therefore, it
seems that SLC19A2/3 orthologs are generally capable of
transporting pyridoxine, with the exception of a limited group
of animal species SLC19A3s, including those of rat, mouse,
and hamster. In addition, the pyridoxine transport function is
absent specifically in SLC19A3, whereas it is retained in
SLC19A2, in rat, mouse, and hamster. Although these
SLC19As have quite similar transport functions and exhibit

A

similarly ubiquitous expression profiles, they exhibit different
subcellular localizations in polarized cells, with SLC19A3 be-
ing localized apically and SLC19A2 localized basolaterally
(1-5, 16). Among such polarized cells are intestinal epithelial
cells, in which the apically localized SLC19A3 could potentially
play an important role in the absorption of pyridoxine by
operating in its apical (brush border) uptake. It is intriguing
that the deprivation of the pyridoxine transport function of
SLC19A3 may have occurred in some particular animals in an
adaptative process to lower the pyridoxine intake out of some,
currently unknown biological or physiological necessity, while
retaining its function of thiamine uptake. The pyridoxine
transport function of SLC19A2 may be retained, as this
transporter is not involved in apical uptake. Those animals in
which SLC19A3-mediated pyridoxine transport is absent
would indeed have poor ability for intestinal pyridoxine ab-
sorption, as demonstrated in rats (6), and they may be less
dependent on pyridoxine from external sources. However,
these species are still likely to have some pyridoxine in plasma
owing to a low level of intestinal uptake by simple diffusion, as
shown in rats (6, 15). Therefore, SLC19A2 could still play a
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Figure 11. Uptake of pyridoxine and thiamine in transiently transfected HEK293 cells expressing the SLC19A2s of selected animal species. A, the
uptake of [*H]pyridoxine (5 nM) was evaluated for 2 min at pH 5.5 and 37 °C in cells expressing the SLC19A2s of selected animal species. B, the uptake of
[*H]thiamine (5 nM) was similarly evaluated for 2 min at pH 7.4 and 37 °C. The uptake of pyridoxine and thiamine in mock cells for control was 15.0 and
14.4 fmol/min/mg protein, respectively. No transporters had the EGFP tag. Data are presented as means + SD (n = 3). *p < 0.05 compared with control.
EGFP, enhanced GFP; HEK293, human embryonic kidney 293 cell line; SLC19A2, solute carrier SLC19A2.
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Figure 12. Analysis of alignment of the amino acid sequences in TMD3 and TMD6 of the SLC19A3s and SLC19A2s of selected animal species. A, the
amino acid sequences in the TMD3 and TMD6 of human SLC19A3 were aligned with those in the SLC19A3s of selected animal species using ClustalW
program and visualized using BOXSHADE program. The amino acid residues required for the pyridoxine transport function are marked in red. Conservatively
different amino acid residues are indicated by shading. B, the amino acid sequence in the TMD3 and TMD6 of human SLC19A2 was similarly aligned with
those of the SLC19A2s of selected animal species. SLC19A, solute carrier SLC19A; TMD, transmembrane domain.

role in pyridoxine disposition in those animals. There is also a
possibility that unidentified pyridoxine transporter(s) might
compensate for the absence of SLC19A3-mediated pyridoxine
transport in pyridoxine disposition after absorption.

Notably, there are two other vitamin B6 compounds, pyri-
doxamine and pyridoxal (Fig. 1). Based on their inhibitory
effects on hSLC19A3-mediated pyridoxine transport, it has
been suggested that pyridoxamine has a higher affinity for
hSLC19A3 over pyridoxine, but pyridoxal is poorly recognized
by hSLC19A3 (1). Therefore, pyridoxamine could be an
additional substrate transported by the same mechanism that
transports pyridoxine and, hence, would not be absorbed by
the SLC19A3-mediated mechanism in animals lacking pyri-
doxine transport by their SLC19A3 ortholog. Pyridoxal is, on
the other hand, unlikely to be transported efficiently by
SLC19A3. Therefore, it is possible that an unidentified trans-
porter performs pyridoxal uptake in the intestine, and those
animals might rely mainly on pyridoxal as a vitamin B6
compound supplied externally. Apart from that, animals in
which the SLC19A3 ortholog lacks the pyridoxine transport
function are not suitable as model animals for studies on the
disposition of pyridoxine and related issues. Understanding the
critical seven amino acid residues required for pyridoxine
transport by SLC19A3 and also by SLC19A2 should help
identify such animals.

Although the specific roles of the critical seven amino acid
residues required for the pyridoxine transport function of
SLC19A2/3 remain unknown, all residues are, according to
the structure of hSLC19A3 available from the AlphaFold
Protein Structure Database (17) generated by AlphaFold
version 2.0 Al system of DeepMind (18), located by a space
adjunct to a large cavity that could be the putative substrate-
binding site (Fig. 13A). Since mSlc19a3 appears similar to
hSLC19A3 in structure (Fig. 13B), the differences in the
amino acid residues may only impact interaction with
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substrates and not configuration of the space. The seven
residues may also be involved in the uniquely different
characteristics observed for pyridoxine transport compared
with thiamine transport. As reported previously (1, 6), pyri-
doxine transport is highly dependent on pH, favoring acidic
conditions, and likely to be coupled with H*, whereas thia-
mine transport is optimal under near neutral conditions,
depending only moderately on pH. In addition, whereas
thiamine inhibits pyridoxine transport competitively, pyri-
doxine inhibits thiamine transport noncompetitively (1). The
critical residues may include those responsible for the pref-
erence for acidic pH in pyridoxine transport. Some or all the
seven critical residues may also be involved in the recognition
of pyridoxine but not of thiamine, and the presence of these
extra residues for pyridoxine recognition may manifest in the
noncompetitive inhibition of thiamine transport by pyridox-
ine. The amino acid residues required for the recognition of
thiamine may be shared by those required for the recognition
of pyridoxine, manifesting in the competitive inhibition of
pyridoxine transport by thiamine. We also note the possibility
that specific changes to the critical residues may lead to
malfunctions of SLC19A2/3 only in their ability to transport
pyridoxine, without affecting their ability to transport thia-
mine. Further studies are warranted in order to clarify the
precise roles of these residues. In addition, future work
should explore the possibility that the residues may constitute
or include a consensus sequence that could have a similar
function in analogous transporters.

hSLC19A2 and hSLC19A3 have been of interest because of
their involvement in some genetic neurological disorders.
Genetic dysfunction of hSLC19A2 has been linked to
thiamine-responsive megaloblastic anemia (11-13), whereas
genetic dysfunction of hSLC19A3 has been linked to biotin—
thiamine-responsive basal ganglia disease and Leigh syndrome
(8—10). Previous studies have explored links between the
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Figure 13. Predicted structure of hSLC19A3. The structures of hSLC19A3 (A) and mSlc19a3 (B) from AlphaFold Protein Structure Database (17) were
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needed for the pyridoxine transport function (5°GIn, ¥Gly, °'lle,

Thr, and *Trp in TMD3 and '%®Ser and '73Asn in TMD6) in hSLC19A3 and their coun-

terparts in mSlc19a3 are indicated. hSLC19A3, human solute carrier SLC19A3; mSlc19a3, mouse Slc19a3; TMD, transmembrane domain.

thiamine transport function of those hSLC19As and disease
states, and thiamine supplementation has been a treatment for
potential thiamine deficiency (19). Now that those hSLC19As
have been found to operate dual-functionally in both pyri-
doxine transport and thiamine transport, potential alterations
in the pyridoxine transport function should also be considered.
Since the present study identified amino acid residues involved
only in the pyridoxine transport function in those hSLC19As,
genetic mutations could potentially have different impacts on
pyridoxine transport and thiamine transport. Thus, genetic
disorders linked to those hSLC19As may involve defects in the
pyridoxine transport function in addition to, or rather than,
defects in thiamine transport and, resultingly, pyridoxine
deficiency. If that is indeed the case, pyridoxine supplemen-
tation could be considered as an additional or alternative
treatment for these diseases.

10 J Biol. Chem. (2022) 298(8) 102161

In summary, we have successfully identified seven critical
amino acid residues required for pyridoxine transport by
SLC19A3. These residues were found to be well conserved in
the SLC19A3 orthologs that have the pyridoxine transport
function but not in those that do not. These residues were also
found to be present and generally conserved in SLC19A2
orthologs, which do not exhibit animal species differences in
that function. We further note that these residues could be
involved in the uniquely different characteristics of SLC19A2/
3 operation of pyridoxine transport and thiamine transport. In
studies on the disposition of pyridoxine and related issues,
model animals in which the SLCI9A3 ortholog lacks the
pyridoxine transport function or those in which the SLC19A2
lacks the function, if any, would not be suitable for use. The
knowledge of these critical residues should be of help in
identifying such animals.
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Experimental procedures
Materials

[3H]Pyridoxine (20 Ci/mmol) and [*H]thiamine (20 Ci/
mmol) were obtained from American Radiolabeled Chemicals.
Dulbecco’s modified Eagle’s medium was obtained from Wako
Pure Chemical Industries, and fetal bovine serum was obtained
from Sigma—Aldrich. All other reagents were of analytical
grade and commercially obtained.

Cells and culture

HEK293, Madin—Darby canine kidney II, and Lilly Labora-
tories cell-porcine kidney 1 cells were obtained from the Cell
Resource Center for Biomedical Research. Cells were main-
tained at 37 °C and 5% CO, in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 100
units/ml penicillin, and 100 pg/ml streptomycin, as described
previously (20).

Preparation of plasmids

The complementary DNAs (cDNAs) of hSLC19A2 and
hSLC19A3 (GenBank accession numbers: NM_006996.3 and
NM_025243.4, respectively) were prepared as described pre-
viously (1). The ¢cDNA of pig SLC19A2 (GenBank accession
number: NM_001142667.1) and cDNAs of SLC19A3s of rab-
bit, guinea pig, and hamster (GenBank accession numbers:
XM_008259270.2, XM_013157741.2, and XM_005082525.4,
respectively) were obtained as synthetic products from Inte-
grated DNA Technologies.

The cDNA of monkey SLC19A2 was cloned using an RT—
PCR method, as described previously (20). Briefly, an RT
reaction was carried out to obtain a ¢cDNA mixture from
monkey small intestine total RNA (UNITEC) using 1 pg of
total RNA, an oligo(dT) primer, and ReverTra Ace (Toyobo)
as a reverse transcriptase. The cDNA of SLCI19A2 was
amplified by PCR using KOD One Polymerase (Toyobo).
Then, a second PCR was performed using the amplified
product as a template to incorporate restriction sites. The
GenBank accession number for the cDNA and the primers for
PCR are shown in Table S1.

The ¢cDNAs of the other SLC19A2 and SLC19A3 orthologs
were cloned similarly, using the total RNA samples and PCR
primers shown in Table S1. Their GenBank accession
numbers are shown in Table S1. The total RNA samples of
dog, pig, and rat were prepared from Madin—Darby canine
kidney II cells, Lilly Laboratories cell-porcine kidney 1 cells,
and the rat small intestine, respectively, by a guanidine iso-
thiocyanate extraction method (21). The rat small intestine
total RNA was prepared using male Wistar rats with the
approval of the Animal Experimental Ethics Committee of
Nagoya City University Graduate School of Pharmaceutical
Sciences. The total RNA samples of mouse and frog were
obtained from BioChain.

The ¢cDNAs for the mutants, in which single or multiple
amino acid residues were replaced in hSLC19A2, hSLC19A3,
and mSlc19a3, were generated by a site-directed mutagenesis
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method (PrimeSTAR Mutagenesis Basal Kit; Takara Bio), us-
ing KOD One Polymerase. The primers for PCR are shown in
Table S2.

All final ¢cDNA products for the SLC19A2 and SLCI19A3
orthologs were incorporated into pCl-neo vector (Promega) to
prepare plasmids for transfection, and their sequences were
determined with an automated sequencer (ABI PRISM 3130;
Applied Biosystems), as described previously (22). For
hSLC19A2, hSLC19A3, mSlc19a3, and mutants, plasmids us-
ing pEGFP-C1 vector (Promega) were prepared similarly. The
enhanced GFP (EGFP)-tagged transporters were used for
routinely inspecting expression levels in transiently transfected
HEK293 cells using fluorescence microscopy.

Preparation of transiently transfected HEK293 cells

HEK293 cells (2.0 x 10° cells/ml, 1 ml/well) were grown on
24-well plates coated with poly-L-lysine for 12 h, transfected
with 1 pg/well of the plasmid carrying the cDNA of the
designated transporter or mutant using 2 pg/well of poly-
ethylenimine “MAX” (Polyscience), and cultured for 48 h for
transient expression, as described previously (22). Mock cells
were prepared similarly using empty pCl-neo or pEGFP-C1
vector.

Uptake assays

Uptake assays were conducted as described previously
(1, 20), using transiently transfected HEK293 cells cultured
on 24-well plates. Briefly, uptake solutions were prepared
using Hanks’ solution modified by supplementation with
10 mM Mes (pH 5.5) for [3H]pyridoxine as a substrate or
10 mM Hepes (pH 7.4) for [*H]thiamine as a substrate. Cells
in each well were preincubated for 5 min in 1 ml of substrate-
free uptake solution. Uptake assays were started by replacing
the substrate-free uptake solution with 0.25 ml of uptake
solution containing a substrate. All procedures were con-
ducted at 37 °C. After termination of substrate uptake into
the cells, the cells were solubilized, and the associated
radioactivity was determined by liquid scintillation counting
for the evaluation of the uptake. The uptake was normalized
to cellular protein content, which was determined by the
bicinchoninic acid method (BCA Protein Assay Reagent Kit;
Thermo Fisher Scientific) using bovine serum albumin as the
standard. Uptake assays were also conducted in mock cells
transfected with empty pCI-neo or pEGFP-C1 vector to es-
timate nonspecific uptake. The specific uptake was estimated
by subtracting the nonspecific uptake from the uptake in
transfected cells.

Statistical analysis

Data are presented as means + SD, with the number of
experiments conducted using different preparations of cells.
Each experiment was conducted in duplicate as biological
repeats. Statistical analysis was performed by using ANOVA
followed by Dunnet’s test, with p < 0.05 considered
significant.
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