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Abstract

A positive selection scheme is described that selects for thiamine transporter clones. The scheme is based on the rescue of
lethality, under non-permissive conditions, of Saccharomyces cerevisiae strains that are conditional for thiamine biosynthesis and
are defective in thiamine transport. Transport defective strains were generated by selection for resistance to the lethal thiamine
analog, pyrithiamine. Pyrithiamine resistance was shown to be a recessive, single gene trait that resulted from the mutation of the
thiamine transporter gene, as suggested by previous work. Conditional thiamine biosynthesis was generated by cloning THH4, a
thiamine biosynthetic gene, into a URA3 containing plasmid and transforming a strain disrupted in THI4. Thus, plating on
S-fluoroorotic acid causes the loss of thiamine synthesis ability. The gene for the yeast thiamine transporter, THI7, was cloned
using this scheme. The predicted 598 amino acid transporter is a member of the major facilitator superfamily of transporters and
thus possesses 12 transmembrane spanning segments with amino and carboxy termini intracellularly located. Several alterations
in the coding region were characterized that result in greatly reduced ability to transport thiamine. The level of transporter mRNA
was found to be rapidly and dramatically reduced by the addition of thiamine to the growth medium. © 1997 Elsevier Science B.V.
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1. Introduction

Even in affluent countries, thiamine deficiency remains
a clinically significant problem in individuals with
chronic alcoholism or disorders that interfere with
normal ingestion of food (Roe, 1979; Wilson, 1991;
Tallaksen et al., 1992; Tanphaichitr, 1994). For example,
thiamine deficiency has been reported in up to 80% of
alcoholic patients (Hoyumpa, 1980; Tallaksen et al.,
1992), with findings present at an autopsy of
Wernicke—Korsakoff syndrome (13%) and cerebellar
degeneration (30%), both consequences of severe thia-
mine deficiency ( Torvik et al., 1982; Harper et al., 1988).
Recent studies have indicated that variation in uptake
and transport of thiamine may contribute to the
differential vulnerabilities of tissues and cell types to
thiamine deficiency and to inter-individual differences in
susceptibility to thiamine deficiency-related disorders
(Rindi et al., 1994; Bettendorff, 1995; Pekovich et al.,
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1995; Pekovich et al., 1997). Whereas a number of
biochemical studies have been performed on thiamine
transport (Iwashima et al., 1992b; Rindi, 1992;
Bettendorft, 1995), nothing is known concerning thia-
mine transporter genes or transporter protein structure.

In order to redress this lack of knowledge and begin
to examine the role of transport in differential suscepti-
bility, both among tissues and individuals, a positive
selection scheme for identifying thiamine transporter
genes was established and is described herein. The
scheme is based on complementation of a strain of
Saccharomyces cerevisiae that is mutated in the thiamine
transporter gene and that is conditionally defective in
thiamine synthesis. The utility of the selection procedure
is demonstrated by the cloning of the yeast thiamine
transporter gene and the characterization of several
mutations that greatly reduce thiamine transport ability.

2. Materials and methods
2.1. Yeast strains and culture conditions

The haploid strain, KBY5, was obtained from U.
Prackelt and contained a disruption of the THI4 gene
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(a, thi4::URA3, ade2-1, trpl-1, leu2-3,112, his3—11,
ura3—52) (Praekelt and Meacock, 1992; Prackelt et al.,
1994). S5-fluoroorotic acid (5FOA) selection was used
to remove the inserted URA3 gene, generating BS1 and
BS2. Uracil prototrophs were isolated by transformation
(Schiestl and Gietz, 1989) with pTHI4URA3 (see
below). Cells derived from two independent trans-
formants (BS3, BS4) were spread on to plates containing
pyrithiamine, and a number of resistant colonies were
isolated from each. Eight of the pyrithiamine resistant
strains were further characterized and named BS5
through BS12 (a, thi4, ade2-1, trpl-1, leu2-3,112, his3-11,
ura3-52, pTHI4URA3, pyr®).

Medium lacking thiamine was made as described for
synthetic minimal medium but without the addition of
thiamine (Sherman, 1991). Minimal medium containing
thiamine was derived from yeast nitrogen base without
amino acids and ammonium sulfate (Difco). A carbon
source and required supplements were added to all
media as described by Sherman (1991). Pyrithiamine
(Sigma), when present, was at a concentration of 10 pM.
Medium containing pyrithiamine lacked thiamine as its
presence is inhibitory to pyrithiamine uptake (Iwashima
et al., 1975, 1992a).

2.2. Complementation analysis of pyrithiamine-resistant
strains

To determine whether the pyrithiamine-resistant phe-
notype was dominant or recessive to the wild-type
sensitive phenotype, BS5 through BS12 were mated with
SEY6210 (a, [leu2-3,2-112, wra3-52, Ilys2-801,
his3-d200, trp1-d901, sucd-d9, GAL™), and diploids were
selected by requiring lysine and adenine prototrophy.
Diploids from each cross were patched on to plates
containing pyrithiamine and examined for growth.
Haploids derived from the diploids resulting from the
crosses of SEY6210 with BS5 and with BS10 were
isolated with mating type o, adenine prototrophy, and
lysine auxotrophy. These were mated with BS5 through
BS12 to examine complementation of the pyrithiamine
resistant strains, and diploids were selected by requiring
lysine and adenine prototrophy. Diploids from each
cross were patched on to plates containing pyrithiamine
and examined for growth.

2.3. Construction of pTHI4URA3

A 2.9-kb HindIII-BamHI fragment containing the
THI4 gene and its promoter (Prackelt and Meacock,
1992), isolated from pKB12 (generous gift from U.
Praekelt), was ligated into pRS416 (Sikorski and Hieter,
1989), which had been digested with the same two
enzymes. The resulting construct, pTHI4URA3, con-
tained the THI4 gene and its promoter, the URA3 and
AMPR genes, and CEN6 and ARSH4.

2.4. Isolation of the thiamine transporter

A yeast genomic library, ATCC 77162, was obtained
from the American Type Culture Collection. The library
possessed the selectable marker gene LEU2 and inserts
of 9-12kb derived from Sau3A partial digestion of
yeast genomic DNA. The library was transformed into
either BS5 or BS8, and leucine prototrophic trans-
formants were obtained. These were replica-plated on
to plates containing 0.8 g/1 5-fluoroorotic acid (5FOA)
and either 0.012 uM (BS5) or 0.12 uM (BES8) thiamine.
SFOA-resistant colonies were isolated. DNA from these
colonies was isolated (Strathern and Higgins, 1991),
amplified by electroporation (Miller et al., 1988) into
and subjected to miniprep (Holmes and Quigley, 1981)
from E. coli. The isolated plasmids were transformed
once again into BS5 or BS8. Transformants were
patched on to plates containing SFOA or pyrithiamine
and examined for growth. Sequencing of the ends of the
insert in plasmids of interest was performed by the
dideoxy termination method (Sanger et al., 1977). The
sequence obtained was used to search the Saccharomyces
genome database.

2.5. Constructs derived from the isolated genomic clones

The coding region of the THI7 gene was amplified
using one of the isolated genomic clones as template in
a PCR reaction with primers corresponding to the
beginning and end of the coding region and possessing
EcoRI sites at their 5’ ends. The ¢. 1800 bp fragment
was inserted into the EcoRI site of pGEM1 (Promega)
to give pYTTR-2. This construct was used to generate
the cRNA probe for Northern analysis. An 1150-bp
fragment of the coding region was removed by digestion
with Bsgl and Hpal and replaced with the HIS3 gene
and its promoter derived from BamHI digestion of
pJJ215 (Jones and Prakash, 1990). The resulting con-
struct, pYTTR-5, possessed ¢. 150 bp of the 5’ end and
450 bp of the 3’ end of the THI7 coding regions flanking
the HIS3 gene, and this was used to disrupt the THI7
gene. The orientation of the HIS3 gene was the opposite
of that of the THI7 gene. pYTTR-4 provided a plasmid-
born copy of the THI7 gene and its promoter. It was
constructed by inserting a 2890-bp Spel fragment, con-
taining 840 bp of upstream sequence, the coding region,
and 450 bp of downstream sequence, into the Spel site
of pRS416 (Sikorski and Hieter, 1989).

2.6. PCR confirmation of TH17 disruption

SEY6210 cells were transformed with pYTTR-5 that
had been digested with Pyull to release the fused
THI7::HIS3 disrupting gene. Transformants were
selected by requiring histidine prototrophy. DNA was
isolated from several independent transformants as well
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as from SEY6210 and was used as templates in PCR
reactions. Two sets of primers were used to confirm the
disruption. One set employed a primer corresponding
to the first 21 codons of the HIS3 gene with the second
primer corresponding to sequences centered 160 bp
downstream of the 3’ end of the THI7 gene and thus
not found in the disruption construct. A band of 1000 bp
was expected only if the disruption construct replaced
the endogenous THI7 coding region. The second set of
primers used the same THI7 3’ flanking primer as used
in the first set, whereas the HIS3 primer was replaced
with a THI7 primer corresponding to coding sequences
that were replaced in the disruption construct by HIS3.
A band of 680 bp was expected only if the endogenous
THI7 gene remained intact.

2.7. Sequence analysis of pyrithiamine-resistant strains

An 1890-bp fragment possessing the THI7 coding
region, along with about 50 bp of 5 and 3’ flanking
sequences, was amplified from genomic DNA isolated
from the pyrithiamine resistant strains. A no-DNA
control was always performed to ensure that there was
no contamination of reagents with previously cloned
regions of the THI7 gene. After removal of the oligonu-
cleotides used as primers, the PCR products were
sequenced directly without cloning using the Fidelity
DNA sequencing system (Oncor). Primers used for
sequencing were a series of oligonucleotides from the
THI7 gene that were spaced every 300 bp.

2.8. Assay of thiamine transport

The appropriate strains were grown in supplemented
minimal medium lacking thiamine so as to cause a
maximal expression of the transporter gene. The cells
were resuspended in fresh medium at 3 x 10° cells per ml,
and the cultures were shaken at 30°C until a titer of 0.9
to 1.1x107 perml was reached. At this titer,
[8-*H]thiamine (1 Ci/mmol; Moravek Biochemicals)
was added to give a thiamine concentration of 1 pM.
Samples (0.5 ml) were removed at various times, and
the cells were collected on to filters (type A/E glass
fiber; Gelman Sciences). Collected cells were washed
with 5 ml of 50 pM NaAcetate, pH 5.0, and after drying,
liquid scintillation counting was used to determine the
number of cell-associated counts per minute. Back-
ground or non-specific thiamine uptake was determined
by adding cold thiamine to 200 pM 1 min prior to the
addition of labeled thiamine.

2.9. RNA isolation and Northern analysis
SEY6210 cells were grown to late log phase in supple-

mented minimal medium lacking thiamine. The cells
were harvested and split into three cultures containing

no, 0.12 uM, or 1.2 uM thiamine. RNA was isolated
after no, one, two and four doublings. RNA isolation
was as described (Chomczynski and Sacchi, 1987),
except that cell lysis was carried out in the presence of
an equal volume of glass beads. Probe generation and
Northern analysis was as described (Singleton et al.,
1987). The probe for the control (ENO2) was generated
by end-labeling, with polynucleotide kinase, an oligonu-
cleotide (a kind gift of T. Weil) corresponding to 45 bp
encompassing the start codon for this gene.

3. Results
3.1. Pyrithiamine resistance is a single locus trait

Yeast can obtain thiamine through biosynthesis or
via uptake from the growth medium. Exposure to the
thiamine analog, pyrithiamine, is lethal to yeast
(Iwashima et al., 1975). Although pyrithiamine reduces
the thiamine transport capacity, a sufficient amount
enters the cells to inhibit thiamine diphosphokinase.
This enzyme is required for the synthesis of thiamine
diphosphate from both biosynthesized thiamine and
from thiamine taken up from the medium. As thiamine
diphosphate is a necessary cofactor for several critical
enzymes, lack of its production is lethal (Nosaka
et al., 1993).

Pyrithiamine-resistant mutants have been previously
described for Saccharomyces (Iwashima et al., 1975)
and Schizosaccharomyces pombe (Schweingruber et al.,
1991) and, in each case, were shown to be severely
deficient in thiamine transport. However, the genetics
of the resistant phenotype for Saccharomyces was not
described (Iwashima et al.,, 1975, 1992a). Herein, a
number of independent pyrithiamine resistant strains
were isolated and used to characterize the locus or loci
involved. The parental strain was BS3, a derivative of
BS1 (Materials and methods), possessing a chromosom-
ally disrupted THI4 gene and carrying a plasmid borne
THI4 gene. The THI4 gene encodes one of the enzymes
required for the biosynthesis of thiamine (Praekelt et al.,
1994). Eight of the pyrithiamine resistant strains, BS5
through BS12, were selected for further analysis. Each
strain was mated with SEY 6210, a strain that is pyrithia-
mine-sensitive. The resulting diploids from each cross
were all found to be sensitive to pyrithiamine. Thus, the
resistant phenotype was recessive to the unmutated,
sensitive phenotype.

Haploid derivatives from the diploids of the crosses
of SEY6210 with BS5 and with BS10 were isolated with
properties that would allow them to be used in comple-
mentation analysis of the original resistant strains, i.e.,
pyrithiamine resistance, mating type «, adenine prototro-
phy, and lysine auxotrophy. The appropriately marked
haploids were crossed with each of the original eight
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resistant strains. In each case, the resulting diploids were
found to be resistant to pyrithiamine. As the resistance
phenotype of each starting haploid was recessive to the
sensitive phenotype, this finding indicates that resistance
for all eight independently isolated strains was due to
mutation at a single locus. These findings are consistent
with, and support, the interpretation that resistance is
due to an inactivated thiamine transporter (Iwashima
et al., 1975; Schweingruber et al., 1991).

3.2. Positive selection for thiamine transporter clones

In order to identify thiamine transporter genes, a
positive selection scheme was developed. The pyrithia-
mine resistant strains should have significantly reduced
thiamine transport capability (Iwashima et al., 1975,
1992a). Since their ability to synthesize thiamine is
dependent on the plasmid-born THI4 gene, and since
this plasmid also carries the URA3 gene, then plating
these strains on 5FOA should be lethal. Under such
conditions, cells would not be able to take up nor
synthesize thiamine. However, when the eight resistant
strains were patched on to SFOA plates containing
supplemented synthetic minimal medium, they grew only
slightly slower than the pyrithiamine sensitive parental
strains. The thiamine concentration of the medium is
1.2 uM, a concentration that, at least in mammalian
cells, is sufficient to allow some thiamine to enter the
cells by a non-saturable or passive diffusion mechanism
(Rindi, 1992). Such passive entry or residual transport
activity may explain why the SFOA exposure was not
lethal.

The pyrithiamine resistant strains were thus patched
on to SFOA plates containing reduced thiamine to 0.12
or 0.012 uM (Fig. 1). BS6 grew almost as well as the
parental strains at a concentration of 0.12 uM thiamine,
and even showed significant growth at 0.012 uM thia-
mine, suggesting a significant amount of transport activ-
ity remaining. BS5, BS7, BS10, and BSI11 showed
reduced growth at 0.12 uM thiamine and little or no
growth at 0.012 pM thiamine. BS8, BS9, and BS12 were
unable to grow at a thiamine concentration at or below
0.12 uM. Thus, the pyrithiamine resistant strains demon-
strated a variation in sensitivity to decreasing thiamine
concentrations in the medium when the cells were forced
to transport thiamine (i.e., in the presence of SFOA).
Presumably, this reflects the severity of the inhibition of
their thiamine transport capability, and suggests at least
three distinct mutations in the presumptive transporter
gene were represented by the collection of strains that
were characterized. None the less, at an appropriate
thiamine concentration for each strain, based on the
residual transport capacity, plating on SFOA was lethal.
The lethality should be rescued by transformation with
a thiamine transporter clone.

To test this, the BS8 strain was transformed with a

Fig. 1. Differential thiamine transport capabilities of the pyrithiamine
resistant strains. Eight independently isolated pyrithiamine resistant
strains along with two unmutated control strains (pyrithiamine sensi-
tive) were streaked on to plates containing SFOA and either 0.12 uM
(A) or 0.012 uyM (B) thiamine. Strains were as follows: a, BSI (con-
trol); b, BS2 (control); ¢, BS5; d, BS6; e, BS7;, f, BS8; g, BS9; h, BS10;
i, BS11; j, BS12.

yeast genomic library, and the resulting transformants
were replica-plated on to 5SFOA containing plates with
0.12 uM thiamine. Twenty-three SFOA-resistant colo-
nies were obtained. The transforming plasmid from each
was isolated and used to transform BS8 once again.
Three phenotypes resulted when the new transformants
were challenged with SFOA or 5FOA followed by
pyrithiamine. Three of the isolated plasmids did not
confer SFOA resistance upon transformation, suggesting
that the original SFOA resistance was due to reversion
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of the BS8 mutation and a regaining of pyrithiamine
sensitivity and full (or greater) thiamine transport abil-
ity. Four of the plasmids, when transformed back into
BS8, resulted in SFOA resistance. However, when the
transformants were subsequently plated on to pyrithia-
mine-containing plates, they continued to grow (resistant
to pyrithiamine). This result indicates that these cells
had regained the ability to synthesize thiamine, presuma-
bly by picking up a THI4 gene from the transforming
plasmid.

The remaining 16 plasmids also resulted in SFOA
resistance when transformed back into BS8. In contrast
to those just described, the transformants were unable
to grow when patched on to pyrithiamine, indicating
the acquisition of the ability to transport this lethal
thiamine analog. This phenotype is consistent with the
acquisition of thiamine transport capability being con-
ferred by the transforming plasmid. Sequencing of the
ends of the yeast inserts in the remaining plasmids and
size analysis indicated that three different genomic clones
were represented. When the sequences were used to
search the Saccharomyces genome database, the three
clones were found to overlap with one another and
corresponded to a region centered near position 614 000
of chromosome 12. Within the overlap region were five
ORFs, one of which was TOP3 and another, an unde-
fined gene with high similarity to myosins. Two of the
remaining ORFs were small, with only about 100 amino
acids, and showed no significant identity to any known
protein.

3.3. Confirmation that YLR237W is the yeast thiamine
transporter

The remaining ORF, YLR237W, was previously iden-
tified as a transporter or permease of unknown function
that was similar to the uracil and allantoin permeases
(Wergifosse et al., 1994; Nelissen et al., 1995). This
ORF was subcloned, and the HIS3 gene and its pro-
moter were used to replace c¢. 1150 bp of its coding
region. The resulting construct, pYTTR-5, retained c.
150 bp of the 5’ end and c. 450 bp of the 3’ end of the
coding region flanking the HIS3 gene, and it was used
to disrupt the corresponding locus in SEY6210.
Disruption was confirmed by PCR (Fig. 2A). If the
YLR237W ORF was the thiamine transporter gene,
then disruption should result in pyrithiamine resistance.
As shown in Fig. 2B, the resistant phenotype was found
for the disrupted strain, BS20. Additionally, when this
ORF was disrupted in the BS3 strain, whose ability to
synthesize thiamine is conditional, plating of the result-
ing YLR237W disruptant (BS21) on to SFOA was
lethal (not shown). The lethality confirmed that disrup-
tion resulted in an inability to transport thiamine; on
5FOA, the disruption strain could not synthesize nor
transport thiamine and thus could not grow.

To confirm the lack of thiamine transport in the
disrupted strains, uptake of labeled thiamine was mea-
sured. In the BS3 parental strain, thiamine was rapidly
taken up (Fig. 3), and within 10 min, essentially all of
the labeled thiamine had been sequestered within the
cells. In contrast, no uptake in the BS20 and BS21
disruption strains was discernible above non-specific
association of labeled thiamine with the cells. Longer
incubations than those shown, up to 1h, revealed no
uptake by the null strains above background. Thus,
YLR237W nulls were resistant to pyrithiamine, could
not grow in the presence of thiamine when thiamine
biosynthesis was prevented, and possessed no detectable
thiamine transport activity. Based on these genetic and
biochemical findings for the YLR237W disruption
strains, this ORF was named the THI7 gene, and it
encodes the thiamine transporter of yeast.

3.4. Sequence of the thiamine transporter protein in the
wild type and pyrithiamine resistant strains

The amino acid sequence (598 residues) of the THI7
protein is shown in Fig. 4. The thiamine transporter of
yeast belongs to the major facilitator superfamily (MFS)
of transport proteins (Marger and Saier, 1993; Saier,
1994; Nelissen et al., 1995). Proteins of this superfamily
span the membrane 12 times and include a number of
proteins that function as sugar and other small organic
molecule facilitators, antiporters, and symporters. The
THI7 coding region derived from several of the pyrithia-
mine resistant strains was sequenced in order to examine
the effect of the mutation(s) in each on the transporter
protein. Two strains were chosen from the class of
resistant strains, which showed minimal residual trans-
port ability as judged by susceptibility to thiamine
depletion of the growth medium (described above). BS8
was found to have a C to A transversion that resulted
in the codon for serine 96 being converted to a termina-
tion codon (Fig. 5A). Similarly, BS12 possessed a C to
A transversion nearer the end of the THI7 coding
region, resulting in the conversion of the tyrosine 481
codon into a termination codon.

Two strains that demonstrated a slightly greater abil-
ity for residual transport were also sequenced. BSS was
found to have a G to A transition that resulted in the
alanine 49 codon being converted into a threonine
(Fig. SA). Interestingly, the THI7 gene in BS10 was
found to have undergone a replacement of between 238
and 242bp from the ORF, YORI192C. This ORF
encodes a protein that is 87% identical to the THI7
protein. The replacement resulted in an in-frame substi-
tution of the homologous region from YOR192C of 78
to 81 codons, of which 14 are different between the two
genes (Fig. 5B).






