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Structure - function characterization of the human mitochondrial
thiamin pyrophosphate transporter (hMTPPT; SLC25A19):
important roles for lles33, Ser34, Asp37, His13” and Lys?29

Subrata Sabui, Veedamali S. Subramanian, Rubina Kapadia, and Hamid M. Said
Department of Medical Research, VA Medical Center, Long Beach, CA 90822; Departments of
Medicine and Physiology/Biophysics, University of California, Irvine, CA 92697

Abstract

Thiamin plays a critical role in cellular energy metabolism. Mammalian cells obtain the vitamin
from their surroundings, converted it to thiamin pyrophosphate (TPP) in the cytoplasm, followed
by uptake of TPP by mitochondria via a carrier-mediated process that involves the MTPPT
(product of the SLC25A19 gene). Previous studies have characterized different physiological/
biological aspects of the human MTPPT (hMTPPT), but less is known about structural features
that are important for its function. Here, we used a protein-docking model (“Phyre2” and
“DockingServer”) to predict residues that may be important for function (substrate recognition) of
the hAMTPPT; we also examined the role of conserved positively-charged residues predicted
(“PRALINE?”) to be in the trans-membrane domains (TMDs) in uptake of the negatively-charged
TPP. Among the six residues predicted by the docking model (i.e., Thr2%, Arg30, 1133, Ser34,
Asp3” and Phe298), only 11e33, Ser34 and Asp3” were found to be critical for function. While no
change in translational efficiency/protein stability of the Ser34 mutant was observed, both the 11e33
and Asp3” mutants showed a decrease in this parameter(s); there was also a decrease in the
expression of the latter two mutants in mitochondria. A need for a polar residue at position 34 of
the hAMTPPT was evident. Our findings with the positively-charged residues (i.e., His®2, His137,
Lys?31 and Lys29) predicted in the TMD showed that His'37 and Lys2°! are important for function
(via a role in proper delivery of the protein to mitochondria). These investigations provide
important information about the structure-function relationship of the hMTPPT
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1. Introduction

Thiamin (vitamin B1) is essential for normal cellular functions due to its involvement (as a
co-factor, mainly in the form of thiamin pyrophosphate, TPP) in critical cellular metabolic
reactions related to oxidative energy metabolism, ATP production, and reduction of cellular
oxidative stress [1—6]. The vitamin also plays a critical role in maintaining normal structure
and function of the mitochondria [7]. All mammalian cells cannot synthesize thiamin
endogenously; rather they obtain the vitamin from their surroundings via transport across the
cell membrane. The latter process is carrier-mediated and involves the well-characterized
thiamin transporter-1 & -2 (THTR-1 and THTR-2; products of SLC19A2and SLC19A3
genes, respectively) [8—10]. Internalized thiamin is then converted enzymatically to the di-
(pyro) phosphate form (TPP) in the cytoplasm [5, 11, 12], followed by uptake of the
majority of the TPP by the mitochondria [13—16]. The latter process is carrier-mediated and
involves the mitochondrial thiamin pyrophosphate transporter (MTPPT; product of the
SLC25A19gene [17]). Mutations in the SLC25A19gene lead to a drastic depletion in
mitochondrial TPP level and to the development of Amish congenital lethal microcephaly
(an autosomal recessive disorder) [17, 18], as well as to the development of neuropathy and
bilateral striatal necrosis [19].

The MTPPT is a 35 kDa protein of 320 amino acid residues, and like all other members of
the mitochondrial carrier family (MCF) of proteins, consists of three tandem repeats (i.e.,
three modules) of approx. 100 amino acids each, and is predicted to have six trans-
membrane domains (TMDs). Members of the MCF show high level of specificity for their
substrate(s), a capability facilitated by the existence of specific sites within their structure
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that recognize the particular substrate(s). There is little currently known about the sites in the
MTPPT protein that are important for substrate recognition/function. Our aim in this study
was to shed light into this issue. Thus, we used programs that can predict potential substrate
recognition/interaction sites in membrane transporters to identify potential sites in the
MTPPT protein that may be involved in TPP recognition/interaction. For this, we first
predicted the structure of MTPPT [by mean of homology modeling (“Phyre2”) using the
“mitochondrial ADP/ATP carrier” (PDB ID: 10KC) as template; 20-22], then submitted the
MTPPT structure to the program “DockingServer” (http://www.dockingserver.com/web)
[23, 24] using TPP as the substrate. We also examined (using “PRALINE”) possible role of
conserved (among mammals) positively-charged residues predicted by homology modeling
to be located at potentially strategic sites in the TMD of the MTPPT polypeptide [21] on
transport function of the negatively charged TPP, since previous studies with other
membrane transporters have shown a role for such sites in transporting negatively charged
substrates [25-28]. Our results showed an important role for 11633, Ser34, Asp37, His37 and
Lys?91 residues in function of the h(MTPPT and provided insight into how their roles are
played.

2. Materials and Methods

2.1. Materials

A living color GFP monoclonal antibody was from Clontech (Mountain view, CA), and the
pyruvate dehydrogenase (PDH) monoclonal antibody was from Abcam (Cambridge, MA).
HepG2 cells were purchased from ATCC (Manassas, VA). Mutated oligonucleotides were
bought from Sigma Genosys (Woodlands, TX). 3H-thiamin pyrophosphate (TPP) (specific
activity ~1.3Ci/mmol) was obtained from Moravek Biochemicals (Brea, CA) and all other
chemicals used in this study were either of analytical or of molecular biology grades.

2.2. Generation of hMTPPT mutants: Site-directed mutagenesis

All the mutations were introduced in the open reading frame (ORF) of hnMTPPT
(SLC25A19gene; i.e, in a phMTPPT-EGFP) using the Quick change™ |1 site-directed
mutagenesis kit (Santa Clara, CA) and primers (Table-1) as described previously [29]. All
mutations were made to alanine (unless otherwise stated) since such a substitution is
predicted to have the minimal effect on secondary structure of proteins [30—32]. All the
mutated constructs were verified by DNA sequencing (Laragen, Los Angeles, CA).

2.3. Cell culture and transfection

HepG2 cells, grown in T75 flasks (Corning, NY) in Dulbecco’s modified Eagle’s medium
supplemented with 10% (v/v) fetal bovine serum, 100 U/ml penicillin, and 100 pg/ml
streptomycin were transiently transfected with 10 ug of wild-type (WT) hMTPPT and
mutated plasmid construct at 80-90% confluency using 10 ul of Lipofectamine2000
(Invitrogen, CA). For stable selection, HepG2 cells were selected using G418 (0.5 mg/ml;
Invitrogen) for 6-8 weeks and the over expression of the WT hMTPPT and mutant
constructs were confirmed by Western blot analysis.
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2.4. Isolation of mitochondria and uptake measurement

Mitochondria were isolated from HepG2 cells stably expressing WT hMTPPT and mutant
constructs using mitochondria isolation kit (Thermo Scientific, Rockford, IL). The 3H-TPP
uptake on isolated mitochondria was performed as previously described [29]. Briefly, the
freshly prepared mitochondrial fraction was suspended in uptake buffer [L40mM KClI,
0.3mM EDTA, 5mM MgCl,, 10mM MES, 10mM HEPES and 10mM succinate (to maintain
the function of mitochondria), pH 7.4] and uptake was performed as described before [29]
using rapid filtration method [33]. The mitochondrial suspension (20 pl; containing ~15-20
Hg/pl of protein) was then added to 80 ul of uptake buffer containing 0.38 uM of 3H-TPP
and incubated at 37°C for 5 min. The uptake was stoped by the addition of 1 ml of ice-cold
stop buffer [100mM KCI, 200mM mannitol, and 10mM KH,POy, pH 7.4] followed by rapid
filtration. After washing the filter with ice-cold stop buffer, the radioactivity was measured
using Beckman liquid scintillation counter. The mitochondrial suspension (20 pl) was used
to determine the protein concentration and uptake normalized with this protein
concentration.

2.5. Western Blot

Mitochondria were isolated from HepG2 stable cells and the total protein was isolated by
using RIPA buffer (Sigma) followed by sonication. The total protein and mitochondrial
protein (~60 pg) were resolved in NUPAGE 4-12% Bis-Tris gradient minigels (Invitrogen)
followed by transfer onto PVDF membrane (Fisher Scientific), and subsequently membranes
were incubated with anti-GFP monoclonal antibody (Clontech, CA) and anti-pyruvate
dehydrogenase (PDH) monoclonal antibodies (Abcam, MA). The detection of specific
protein bands were performed by incubating with anti-mouse IRDye-800 and anti-mouse
IRDye-680 secondary antibodies (LI-COR Bioscience, Lincoln, NE) at 1:30,000 dilutions
sequentially. Finally, the bands were visualized using the Odyssey infrared imaging system
(L1-COR Bioscience) [30]. The density of individual band was determined by using odyssey
application software (version 3.0).

2.6. Real-Time PCR

Total RNA isolated from the HepG2 cells stably expressing the different hAMTPPT constructs
using TRIzol reagent was treated with DNase | and subjected to reverse transcription using
iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). The mRNA expression level was
quantified in a CFX96 real-time PCR system (Bio-Rad), using iQ SYBR Green Super mix
(Bio-Rad) and primers specific h(MTPPT (forward: 5-AGCATGAGCGCCTGTCGC-3 and
reverse: 5-TGAGCTGGGACTGTCCTTTCCA-3') and human B-actin (forward: 5’-
CATCCTGCGTCTGGACCT-3 and reverse: 5-TAATGTCACGCACGATTTCC-3’). Real-
time PCR conditions were used as previously described [34]. Data were normalized to -
actin and calculated using a relative relationship method [35] supplied by the iCycler
manufacturer (Bio-Rad).

2.7. Comparative protein modeling and computational analysis

We subjected the hMTPPT polypeptide sequence to Phyre2 fold recognition program (http://
www.shg.bio.ic.ac.uk/phyre2) and obtained several homology models as described before
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[20]. Among these models, we validated and chose only one by comparing the score of the
energy value to the experimentally determined energy value of native protein of similar
length in “ProSA-Web” (https://prosa.services.came.sbg.ac.at/prosa.php) [22]. The selected
model was designed based on “Mitochondrial ADP/ATP carrier” (PDB ID: 10KC) as the
most suitable template [21]. The template gives 93% coverage for h(MTPPT with 100%
confidence. The generated three dimensional (3D) structure of hAMTPPT was visualized by
“RasMol” (www.rasmol.org) and docking calculations were carried out on hMTPPT model
using “DockingServer” (http://www.dockingserver.com) [23, 24, 36, 37].

The topology of hnMTPPT determined from secondary structure prediction by “TMpred”
program (http://www.ch.embnet.org/software/TMPRED _form.html) [38] matches the
relative orientation of amino acids as determined by comparative 3D modeling. Conserved
amino acids residues were identified by multiple sequence alignment using “PRALINE”
software (www.ibi.vu.nl/programs/pralinewww/) [39].

2.8. Statistical Analysis

3. Results

All the data are presented as mean * SE of at least 3 independent determinations. The uptake
was expressed in terms of femtomoles per milligram of protein per 5 min. Statistical analysis
of each experiment was performed by Student’s #test and significance was set at P < 0.05.

3.1.1. The hLMTPPT-TPP docking model and prediction of the TPP recognition/interaction

site(s)

The hMTPPT is a 35 kDa protein (320 amino acids) and is predicted to have six TMDs with
both the amino and carboxy terminals oriented towards the cytosolic compartment. From the
available AMTPPT amino acid sequence, we generated a comparative homology model
(“Methods™), which was then docked with TPP as the substrate (using “DockingServer”
program [23, 24, 36, 37]) to predict the substrate recognition/interaction site(s). This /n
silico docking model predicted residues Thr29, Arg30, 1133, Ser34, Asp37, and Phe?98 of the
hMTPPT (Fig. 1A) as having a potential role(s) in substrate (TPP) recognition/interacting.
Of these residues, Thr2?, Arg30, 11e33, Ser34 and Asp3’ appear to be located in the 15t TMD,
while Phe28 is located in the 6" TMD, as predicted by “TMpred” program [38]. Also, all
the predicted residues were found to be conserved among the mammals (human, sumatran
orangutan, chimpanzee, crab-eating macaque, bovine, sheep, wild boar, mouse and rat; data
not shown). Figure 1B shows a schematic diagram of the secondary structures of hAMTPPT
with location of the above-mentioned potential recognition/interaction residues.

3.1.2. Role of the predicted putative recognition/interaction sites in hMTPPT function

Using the approach of site-directed mutagenesis, we mutated the individual putative
recognition/interaction site Thr2®, Arg30, 1133, Ser34, Asp37 and Phe2%8 and examined the
effect of each mutation on function of the hAMTPPT in TPP transport. For this, WT and
mutated hMTPPT constructs were stably expressed in HepG2 cells followed by isolation of
mitochondria and assaying for 3H-TPP uptake (“Methods™). The results showed that
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mutating 11e33, Ser34 and Asp37 to lead to a significant (P < 0.01 for all) decrease in 3H-TPP
uptake, while mutating Thr2®, Arg30 and Phe2% to have no effect (Fig. 2 A).

To determine whether the reduction in TPP uptake by the Ile33, Ser34 and Asp3” hMTPPT
mutants was due to an alteration in mRNA level of the different constructs, we examined (by
mean of RT-PCR) mRNA levels of these mutants in HepG2 cells stably expressing these
constructs compared the finding to level of mMRNA expression of the WT hMTPPT. The
results showed no effect of these mutations on expression of the h(MTPPT mRNA (Fig. 2B).
We then examined whether the 11e33, Ser3# and Asp3” mutations lead to changes in
translation efficiency/stability of the hMTPPT protein. For that, we performed Western
blotting using whole cell homogenate from HepG2 cells expressing these mutants and the
WT hMTPPT. The results showed that while the level of expression of the Ser3* hMTPPT
mutant was similar to that of the WT, the level of expression of the Ile33 and Asp37 mutants
was significantly (P < 0.05 for both) lower than that of WT (Fig. 2C). The latter findings
suggest that the 11e33 and Asp3” mutations affect translational efficiency/protein stability of
hMTPPT.

In another study, we examined the effect of mutating 11e33, Ser34 and Asp3” in the h(MTPPT
protein on expression of the mutant proteins in mitochondria, i.e., determine whether these
mutations affect targeting/delivery of the protein to mitochondria. This was again done by
mean of Western blotting, where an identical amount of purified mitochondria (~60 ug)
isolated from HepG2 cells stably expressing the different mutants and the WT hMTPPT was
used. Data was normalized relative to the internal control PDH, a mitochondrial protein. The
results showed a significantly lower level of expression of the 1133 (P < 0.01) and Asp37 (P
< 0.05) mutants in mitochondria compared to the WT hMTPPT; mitochondrial expression of
the Ser3* mutant was similar to that of the WT protein (Fig. 2D). Focusing on the Ser34
hMTPPT mutant (which did not show changes in mRNA synthesis and in translational
efficiency/protein stability), we sought to determine whether the inhibition in functionality
was due to a loss of a polar residue at that position. For this we examined the effect of
replacing the polar Ser at position 34 with another polar residue (threonine; Thr) or with a
non-polar residue (valine; Val) on transport function of hMTPPT. The results showed that
substituting Ser with Thr resulted in normal hMTPPT transport function, while replacing it
with Val led to an impairment in functionality (Fig. 3A). There was no change in level of
MRNA (Fig. 3B) or protein (Fig. 3C & D) expression of the different mutants.

3.2.1. Prediction of conserved positively-charged residues in the TMD of the hMTPPT
protein that may play a role in transport function

The hMTPPT protein is predicted (by the multiple sequence alignment “PRALINE”
prediction software) to have four positively-charged residues in its TMDs (His82, His!37,
Lys231 and Lys292) that are conserved among mammals (human, sumatran orangutan,
chimpanzee, crab-eating macaque, bovine, sheep, wild boar, mouse and rat) (Fig. 1C). Of
those, His82 and His!37 are predicted (“TMpred” program) to be located at the 2" and 37d
TMD respectively, while Lys23! and Lys29! are predicted to be located at the 51 and 6t
TMD, respectively.
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3.2.2. Role of His82, His137, Lys231 and Lys?%1 in transport function of hMTPPT

We used site-directed mutagenesis to introduce individual mutations in the predicted
conserved positively-charged residues i.e, His82, His137, Lys23! and Lys?91, then examined
the consequence of that mutation on functionality of h(MTPPT in transporting the negatively
charged TPP. For this, 3H-TPP uptake assay was performed using purified mitochondria
isolated from HepG2 cells stably expressing the WT and the mutated constructs
(“Methods”). The results showed that mutating His3’ and Lys?9! to lead to a significant (P
< 0.01 for both) decrease in 3H-TPP uptake, while mutating His®2 and Lys23! was without
an effect (Fig. 4A).

To define whether the reduction of TPP uptake by the His!37 and Lys2%1 hAMTPPT mutants
was due to reduction in mRNA level, we examined (by mean of RT-PCR) the mRNA
expression of the mutants stably expressed in HepG2 cells. The results showed similar level
of expression of the two mutants to that of the WT hMTPPT (Fig. 4B). We then examined
whether the His37 and Lys?%1 mutations led to changes in translational efficiency/stability
of the hAMTPPT protein. For that we performed Western blotting using whole cell
homogenate of HepG2 stably expressing these mutants. The results showed that the protein
levels of the His!37 and Lys291 mutants were similar to that of the WT hMTPPT (Fig. 4C).
We further tested if there was a change in the level of expression of the His37 and Lys?29!
mutant hMTPPT proteins in mitochondria. Again Western blotting was employed and equal
amount of purified mitochondria isolated from HepG2 cells expressing these mutants and
the WT hMTPPT were used; results were normalized relative to the internal control, PDH, a
mitochondrial protein. The results showed that the His37 and Lys29! mutations to be
associated with a significant (P < 0.01 for both) decrease in expression of the h(MTPPT
protein in mitochondria (Fig. 4D). It is interesting to mention here that replacing the
positively charged His at position 137 with the positively charged arginine (Arg) was found
to be sufficient to maintain normal hMTPPT function (TPP uptake of 422 + 33 and 539 + 20
fmol/mg protein/5min for WT and His37Arg, respectively). Whether the latter is an
indication for the importance of having a positively charged residue at position 137 for
normal hMTPPT function is not clear and needs of further investigations.

4. Discussion

The hMTPPT is both physiologically and clinically important transporter as it is responsible
for uptake of the metabolically important TPP into mitochondria (there is no synthesis of
TPP inside this cellular organelle), and that mutations in this transporter cause Amish
congenital lethal microcephaly [17, 18, 40] and neuropathy and bilateral striatal necrosis
[19]. Previous studies have delineated different physiological and biological aspects of the
MTPPT system [29, 41], but little is known about the structure-function relationship of this
mitochondrial transporter. Thus, our aim in this study was to address this issue, and for that
we employed a comparative protein-docking modeling [36, 37] approach as well as a
multiple sequence alignment [39] approach to predict amino acid residues that may be
important for function of this transporter. We then experimentally tested the relevance of
these amino acid residues in hMTPPT functionality using site-directed mutagenesis and
other physiological/biological means.
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Our investigations with the protein-docking model have predicted Thr2®, Arg30, I1e33, Ser34,
Asp3” and Phe298 residues in the h(MTPPT as being putative substrate recognition/
interaction sites. Thus, we mutated each of these residues and examined the effect of such
mutations on TPP uptake by purified mitochondria isolated from HepG2 cells stably
expressing these mutants. The results showed an important role for 1133, Ser34 and Asp3’
(but not Thr2?, Arg30 and Phe2%8) in hAMTPPT function, as indicated by the significant
inhibition in TPP uptake observed with these mutants compared to the WT hMTPPT. This
inhibition in TPP uptake was not due to alteration in mRNA level of the mutated constructs
as no change was observed in mMRNA expression compared to the WT hMTPPT. There was,
however, a reduction in the level of protein expression of the 11e33 and Asp3” hMTPPT
mutants in whole cellular homogenates, suggesting a likely change(s) in translational
efficiency/protein stability. We also observed a decrease in the level of expression of the
l1e33 and Asp3” hMTPPT mutant proteins in mitochondria, suggesting a role for these two
residues in proper delivery of hMTPPT to the mitochondrial compartment.

The inhibition observed in TPP uptake as a result of mutating Ser34 of the AMTPPT protein
was the severest among the mutations predicted by the protein-docking model. Since this did
not appear to be due to changes in translation efficiency/trafficking to mitochondria of the
hMTPPT protein, we sought to further examine whether it was due to a requirement for a
polar residue at position 34. To test this possibility, we investigated the effect of replacing
that polar Ser at position 34 with another polar residue, Thr, or with the non-polar residue
Val on hMTPPT function. Substitution with Thr was found to be sufficient in maintaining
normal function for h(MTPPT, while substitution with Val impaired functionality. There was
no change in transcriptional/translational efficiency of all the latter A(MTPPT mutants or in
their level of expression in mitochondria. These findings suggest that a polar residue at the
position 34 of the hAMTPPT protein is necessary for normal function of the carrier protein.

Previous studies have reported that positively charged residues in TMD of membrane
transporters of negatively charged substrates may play a role in functionality of these
carriers [25—28]. For this reason we examined potential role of conserved positively charged
residues in the AMTPPT TMD in transport function of this carrier; four such residues (His®2,
His137, Lys?3! and Lys291) were predicted in TMD of hMTPPT [21]. The results, however,
showed that only His'37 and Lys?®! (but not His82 and Lys231) are important for function as
indicated by the significant inhibition in TPP uptake by mitochondria from HepG2 cells
stably expressing these mutants compared to WT hMTPPT. This inhibition in TPP uptake
was not due to alterations in level of mMRNA expression of the mutated constructs; it was also
not due to changes in translational efficiency/stability of the hMTPPT protein as indicated
by lack of change in hMTPPT protein level in whole cell homogenates compared to WT
hMTPPT. There was, however, a reduction in the level of protein expression of the His37
and Lys2%1 h(MTPPT mutants in mitochondria, suggesting a role for these residues in proper
delivery of the synthesized hMTPPT to that cellular organelle.

In summary, results of the current investigations provide valuable information regarding
structure-function relationship of the hMTPPT, a transporter that is important for normal cell
physiology and metabolism.
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Highlights

1. The 11e33, Ser3* and Asp? residues of hMTPPT are critical for functionality.

2. The lle33 and Asp37 are involved in h(MTPPT stability and delivery to
mitochondria.

3. Aneed for polar residue at position 34 of h(MTPPT was evident.

4. The His'37 and Lys2%1 in TMD of hMTPPT are also important for \(MTPPT
function.

5. Requirement for positively-charged residue at position 137 of hMTPPT is
revealed.
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Figure 1. Amino acid residues in the h(MTPPT protein predicted to have potential role in
recognition/function

A. Docking model of hAMTPPT with TPP created by the docking server and the protein
(hMTPPT) was shown as a multi-color cartoon representation and substrate (TPP) as orange
colored. The homology model of nMTPPT was generated based on the crystal structure of
the mitochondrial ADP/ATP carrier in complex with carboxyatractyloside (PDB ID: 10KC)
[21]. B. Predicted topology model of hMTPPT showing six TMDs with both NH, and
COOH- terminal oriented towards the cytosol. The location of predicted substrate
recognition site and conserved positively-charged residues are shown by yellow and pink
colored boxes, respectively. C. MTPPT protein sequence from human (NP_001119594),
sumatran orangutan (NP_001127123), chimpanzee (NP_001233547), crab-eating macaque
(NP_001306520), bovine (NP_001039352), sheep (NP_001136362), wild boar
(NP_001157986), mouse (NP_001239313) and rat (NP_001007675) were aligned by using
PRALINE software. Conserved and unconserved residues are indicated by red to blue color,
respectively and identities of conserved positively-charged residues (which are located in
potentially strategic position based on homology model) in TMD of hMTPPT are shown in
boxes.
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Figure 2. Effect of mutating residues in the AMTPPT protein predicted to play a role in substrate
recognition/interaction on °H-TPP uptake by mitochondria and on the level of expression of
hMTPPT mRNA and protein

A. Uptake of 3H-TPP (0.38 pM; 37 °C) by mitochondria isolated from HepG2 cells stably
expressing WT hMTPPT and the mutants Thr2%, Arg0, 1133, Ser34, Asp37 and Phe298,
Uptake was measured after 5 min incubation (buffer, pH 7.4, 37°C) and calculated as
described in “Method”. Data are mean + SE of at least three independent experiments, **P <
0.01. B. The level of mRNA expression of the WT hMTPPT and mutants (11e33, Ser3 and
Asp3’) determined by real-time PCR (RT-PCR) using total RNA isolated from HepG2 cells
stably expressing these constructs. Data are presented as mean + SE of three to four
independent experiments after normalization with B-actin. (C) & (D) show Western blot
analysis performed using equal amount of whole HepG2 cell homogenate protein and
purified isolated mitochondria, respectively (“Methods”). The blots were probed with anti-
GFP monoclonal antibody and anti-PDH monoclonal antibody; data was normalized relative
to the mitochondrial internal control, PDH. Representative blots are shown in inset. Data are
mean + SE from at least three different samples from three different batches of cells. *P <
0.05and ** P < 0.01.
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Figure 3. Effect of the (MTPPT Ser34Ala, Ser34Thr and Ser34Val mutants on 3H-TPP uptake
and on the level of expression of nMTPPT mRNA and protein

A. Uptake of 3H-TPP (0.38 pM) by mitochondria of HepG2 cells stably expressing WT
hMTPPT and the Ser3*Ala, Ser34Val and Ser3*Thr mutants. Uptake was measured after 5
min incubation (buffer, pH 7.4, 37 °C) and calculated as described in “Method”. Data are
mean + SE of at least three independent experiments. **P < 0.01 B. The level of mMRNA
expression of Ser3Ala, Ser34Thr and Ser3#Val mutants compared to WT hMTPPT. The RT-
PCR was performed using total RNA isolated from HepG2 cells expressing the WT
hMTPPT and mutants. Data are mean + SE of three to four independent experiments after
normalization with B-actin expression. Western blot analyses were performed with an equal
amount of whole cell homogenate (C), and purified mitochondria (D) from HepG2 cells
expressing WT hMTPPT or mutants (“Methods™). The blot was probed with anti-GFP
monoclonal antibody and anti-PDH monoclonal antibody; data was then normalized relative
to the mitochondrial internal control, PDH. Representative blots are shown in inset. | and 11
are indicates the Ser34Ala, Ser3#Val, Ser3*Thr and His3Ala, His37Arg, respectively. Data
are mean + SE from at least three different samples from three different batches of cells.
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Figure 4. Effect of mutating conserved positively-charged residues in hMTPPT TMDs on 3H-
TPP uptake by mitochondria and on the level of MRNA and protein expression of the
transporter

A. Uptake of 3H-TPP (0.38uM) by mitochondria of HepG2 cells stably expressing WT
hMTPPT and the mutants His®2, His37, Lys231 and Lys 29. Freshly isolated mitochondria
were incubated in uptake buffer, pH 7.4 at 37°C and 3H-TPP (0.38uM) was added to the
incubation buffer to start the uptake assay. Uptake was measured after 5 min incubation and
calculated as described in “Method”. Data are mean + SE of at least three independent
experiments. **P < 0.01. B. The level of mRNA expression of the WT hMTPPT and
mutants (His137 and Lys?°1) determined by real-time PCR (RT-PCR) using total RNA
isolated from HepG2 cells stably expressing these constructs. Data are presented as mean +
SE of three to four independent experiments after normalization with p-actin. (C) & (D)
show Western blot analysis performed using equal amount of whole HepG2 cell homogenate
protein and purified isolated mitochondria, respectively (“Methods”). The blots were probed
with anti-GFP monoclonal antibody and anti-PDH monoclonal antibody; data was
normalized relative to the mitochondrial internal control, PDH. Representative blots are
shown in inset. Data are mean + SE of at least three different samples from three different
batches of cells. ** P < 0.01.
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Table 1

Primers used to generate the specified mutation sites in AMTPPT

Mutation Sites

Forward and Reverse Primer sequences

Thr2®Ala 5-GGTCTGTGTCTGGACTTGTTGCTCGGGCGCTG-3/;
5-CAGCGCCCGAGCAACAAGTCCAGACACAGACC-3

Arg3%Ala 5-GGTCTGTGTCTGGACTTGTTACTGCGGCGCTGATCAG-3;
5-CTGATCAGCGCCGCAGTAACAAGTCCAGACACAGACC-3

1le®3Ala 5-GTTACTCGGGCGCTGGCCAGTCCCTTCGACGT-3;
5-ACGTCGAAGGGACTGGCCAGCGCCCGAGTAAC-3

Ser3*Ala 5-CTCGGGCGCTGATCGCTCCCTTCGACGTCA-3;
5-TGACGTCGAAGGGAGCGATCAGCGCCCGAG-3

Asp¥Ala 5-CTGATCAGTCCCTTCGCCGTCATCAAGATCCGT-3;
5-ACGGATCTTGATGACGGCGAAGGGACTGATCAG-3

Phe?%8Ala 5-CTGCCCTCTCCACAGGCGCCATGTTCTTCTCGTATG-3/;
5/-CATACGAGAAGAACATGGCGCCTGTGGAGAGGGCAG-3

His®2Ala 5-CGACAGCTTTCTGGAAAGGAGCCGTCCCAGCTC-3;
5-GAGCTGGGACGGCTCCTTTCCAGAAAGCTGTCG-3

His!%"Ala 5-CCACCCTCACTGTGGCCCCCGTGGATGTTC-3/;
5-GAACATCCACGGGGGCCACAGTGAGGGTGG-3

Lys®IAla 5-GAGCTGGTGTCATCAGCGCGACCCTGACATATCCGC-3';
5-GCGGATATGTCAGGGTCGCGCTGATGACACCAGCTC-3

Lys®1Ala 5-CCCCAGCTTGCTGGCGGCTGCCCTCTCC-3/;
5-GGAGAGGGCAGCCGCCAGCAAGCTGGGG-3

Serval 5-TACTCGGGCGCTGATCGTTCCCTTCGACGTCATC-3;
5-GATGACGTCGAAGGGAACGATCAGCGCCCGAGTA-3/

Ser34Thr 5-CTCGGGCGCTGATCACTCCCTTCGAC-3/;
5-GTCGAAGGGAGTGATCAGCGCCCGAG-3

His37Arg 5-CACCCTCACTGTGCGCCCCGTGGATGTTC-3;

5-GAACATCCACGGGGCGCACAGTGAGGGTG-3

Mutated sites of each primer are shown in bold italic text.
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