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ABSTRACT. The phosphate transport protein (PTP) catalyzes the proton cotransport of phosphate into the
mitochondrial matrix. It functions as a homodimer, and thus residues of the phosphate and proton pores
are somewhat scattered throughout the primary sequence. With 71 new single mutation per subunit PTPs,
all its hydroxyl, basic, and acidic residues have now been replaced to identify these essential residues.
We assayed the initial rate of pH gradient-dependent unidirectional phosphate transport activity and the
liposome incorporation efficiency (LIE) of these mutants. Single mutations of Thr79, Tyr83, Lys90, Tyr94,
and Lys98 inactivate transport. The spacings between these residues imply that they are located along the
same face of transmembrane (TM) helix B, requiring an extension of its current model C-terminal domain
by 10 residues. This extension superposes very well onto the shorter bovine PTP helix B, leaving a 15-
residue hydrophobic extension of the yeast helix B N-terminus. This is similar to the helix D and F
regions of the yeast PTP. Only one transport-inhibiting mutation is located within loops: Serl158Thr in
the matrix loop between helices C and D. All other transport-inhibiting mutations are located within the
TM helices. Mutations that yield LIEs of6% are all, except for four, within helices. The four exceptions

are Tyrl2Ala near the PTP N-terminus and Arg159Ala, Glu163GIn, and Glu164GlIn in the loop between
helices C and D. The PTP C-terminal segment beyond Thr214 at the N-terminus of helix E has 11 mutations
with LIEs >20% and none with LIE<6%. Mutations with LIES>20% are located near the ends of all

the TM helices except TM helix D. Only a few mutations alter PTP structure (LIE) and also affect PTP
transport activity. A novel observation is that Ser4Ala blocks the formation of PTP bacterial inclusion
bodies.

The PTP belongs to a family of 35 mitochondrial transport  for preparing these constructs is that, contrary to multimeric
proteins (). These proteins have significant sequence channels that are built on a “barrel-stave” plan with the ion-
similarities, yet the substrates that the 16 function-identified conducting pore formed by repetition of a transmembrane
members of this MTP family transport are of different sypunit around an axis of 4-, 5-, or 6-fold symmetey, the
structures. One of the challenges is to be able to predictomodimeric structure of PTRY requires the amino acids
which transport protein catalyzes the transport of which that line the phosphate and proton pores to be somewhat

substrate. With this challenge in mind, it will be important scattered throughout the primary sequence and their locations
to understand the mechanism of transport of at least one of

the transporters quite well in order to facilitate an under- to be not quite so predictable. Our new constructs complete

standing of the mechanism of catalysis and of the basis of € Single amino acid replacements of all hydroxyl, basic,
substrate specificity of the others. and acidic residues of PTP. This is the first time that this
We report now the construction of 71 new single amino has been done to any member of the mitochondrial transport
acid replacement per subunit mutants of PTP. The rationaleprotein family (). We chose to replace these particular types
of residues since a high-resolution structure of the bacterial
T Supported in part by a grant (GM 57563) from the National periplasmic phosphate binding protein (PBP) demonstrated
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Our results show that helix B should be extended by 10 phatidylcholine, and 0.2 mg of egg calcium phosphatidate
residues toward the C-terminus of PTP, that 19 of 20 were mixed, dried, sonicated in 20 of C; medium, and
function-sensitive residues are located within the transmem-stored under argon at C.

brane helices, that the replaced C-terminal residues (residues TE (264,L) was added to an inclusion body mutant PTP
between the N-terminus of helix E and the PTP C-terminus) pellet and vortexed until well dispersed. Then 66 of

show only normal (6%20%, 18 residues) or high-@0%, sodiumN-lauroylsarcosinate (Fluka) (17 mg/mL) was added
11 residues) LIE, and that the mutation Ser4Ala prevents 5nd the mixture vortexed thoroughly. Then 5860f water
the formation of bacterial PTP inclusion bodies. was added and the mixture centrifuged for 2.5 min at 13000

(4 °C). To the pellet was added 9Q of TE, and the pellet
MATERIALS AND METHODS was thoroughly dispersed by vortexing. Then 2410 of

Preparation of Mutant PTP Gene Plasmididutant yeast sodium N-lauroylsarcosinate was added and the _mixture
PTP genes were constructed with the Stratagene QuikChang&ortexed. Water (532:L) was added and the mixture
mutagenesis kit using PCR primers purified by PAGE. The centrifuged for 50 min (4C) at 180000. The supernatant
entire mutant gene in each plasmid was sequenced (ABI373AWas saved and stored on ice. A desalting column (4c#
automated DNA sequencer equipped with Stretch upgrade)Mm diameter) (Bio-Gel P-6DG, Bio-Rad) was equilibrated
to confirm the presence of only the single mutation and no With 2 mL of GXD medium [G medium, 0.48% Triton
other mutations in the wild-type PTP gene. Since we obtained X-100 (Anatrace) (v/v), 5 mM DTT]. The supernatant (200
no inclusion bodies with the PTP mutant Ser4Ala, the PTP L) was passed though the column and collected. To 200
gene fragment betweeddd and Kpnl, which includes the ~ #L of the pass-through was added«® of the phosphati-
Ser4Ala mutation, was subcloned into the wild-type PTP dylcholine dispersion, and the mix was added to 42 mg of
pNYns plasmid to eliminate possible random mutations Washed Bio-Beads SM2 that had been wetted with (Ci
introduced during the mutagenesis step and that might havemedium, 5 mM DTT). The mixture was shaken for 45 min
been responsible for the inhibition of the protein expression. in @ labquake at 4C. The mix (ABB) was separated from

Replacement Residues in Mutant PTRest amino acid the Bio-Beads by gravity and the supernatant stored overnight

replacements were made with Ala. However, the following ©" 'C€-

Glu were replaced with GIn: Glu48, Glu67, Glu95, Glu126, Reconstitution was completed the next day by mixing 110
Glul37, Glul63, Glul64, Glu192, Glu196, and Glu305. The uL of the optically clear phospholipid mixture with 8iL
following Asp were replaced with Asn: Asp39, Asp108, of CGiD medium and 4L of ABB. This mixture, under argon,
Asp130, and Asp236. Ser158 was replaced (Figures 1 andwas frozen in liquid nitrogen during vigorous agitation and
3) with Thr. Arg44 was not identified in Figures-# since then stored at-70 °C as a frozen reconstitution mixture.
the Arg44Ala mutant PTP bacterial inclusion bodies did not  Transport Assays of Reconstituted Mutant PTg0zen
solubilize under our standard sarkosyl proced@le This  reconstitution mixture was thawed at room temperature for
mutant most likely should be in the figures since the yeast 10 min and then gently vortexed for 6 s. The sample was
(Saccharomyces cerisia€) PTP null mutant was not able  then centrifuged for 15 min at 1009q4 °C). The super-

to grow on glycerol plates (1% yeast extract, 2% peptone, natant (15QuL) was transferred to a test tube, andd8of

2% agar, 3% glycerol) after transformation with the mutant ¢; (15 mM DTT) was added. This final mix (proteolipo-

Arg44Ala gene in the pAP-W3 yeast shuttle vect8). somes) was stored on ice for 25 min. The anion-exchange
Expression of Mutant PTPS he yeast PTP gen®)(in column [11.5 cmx 8 mm diameter, AG 1-X8 (56100
the plasmid pNYnsX0) was expressed iBscherichia coli mesh, formate form, Bio-Rad)] was at°€. To 20 mL of

BL21(DE3) cells (Novagen). The transforméd coli cells C. (0.66) transport medium (10 mM Tris base, 10 mM
were grown to an OD (600 nm) of 0.8, IPTG was added to PIPES, 0.66 mM sodium phosphate, pH 6.8) was added 20
1.0 mM, and the cells were grown for another 3 h. The cells uL (0.2 mCi) of carrier-free P]P. (Amersham), and the
were harvested and the pellets stored-&0 °C. The cell mixture was stored overnight at room temperature to decrease
pellet from a 250 mL culture was thawed in TE medium the amount of ?P]R, label that does not bind to the anion-
(10 mM TrisHCI, 0.1 mM EDTA, 1 mM DTT, pH 7.0), exchange column. The transport-blocking mersalyl solution
and the suspension was passed twice through a French preds prepared fresh immediately before use by adding 64 mg
at 16000 psi (4C). The mix was centrifuged, and the pellet of mersalylic acid (Aldrich) to 1 mL of water, and then 10
was dispersed in TE and separated into four aliquots. TheseN NaOH (about 13.%L) is added for almost all mersalylic
were centrifuged at 11@or 2.5 min. Each supernatantwas acid to go into solution. The GNN medium consists of 5%
centrifuged at 120Gpfor 2.5 min, and the pellets were stored  (v/v) glycerol and 0.1 mM sodium azide. A typical transport
at—70°C. experiment is as follows: 50@L of C. (0.66) transport
Reconstitution of Mutant PTP®urified lipids (Avanti medium with F?P]R, is added to the column, followed by 1
Polar Lipids) in chloroform were stored af70 °C. Soybean mL of GNN and then 3 mL of GNN. The 3 mL of medium
L-o-phosphatidylcholine (4 mg) was dried in a glass ampule leaving the column, while the 3 mL of GNN is entering the
under a stream of argon and placed under a high vacuumcolumn, is collected in a scintillation vial. It reflects the
for 2 h. G medium (250uL) (10 mM Tris base, 10 mM  amount of f2P]R, not retained by the column in the absence
PIPES, adjusted with KOH to pH 8.0) was added and the of proteoliposomes. Then bL of the transport-blocking
lipid dispersed by vortexing. The mix was transferred to a mersalyl solution is added to 5@ of C. (0.66) transport
small polystyrene test tube, sonicated until optically clear, medium with B?P]R, followed by 25uL of the proteolipo-
and then stored on ice for later use. Soybearphosphati- somes. About 10 s after having added the proteoliposomes,
dylethanolamine (6.3 mg), 5.0 mg of soybea-phos- the mix is vortexed to simulate addition of mersalyl for
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Ficure 1. Phosphate transport catalyzed by single amino acid replacement mutants of yeast PTP. Negative vertical bars indicate the
position of residues which were not used to construct mutants. The amino acids axis reflects the primary sequence of the yeast PTP from
the N-terminal Metl to the C-terminal His311. Transport activity is the initial ratenl of B min~! (mg of PTP)* of pH gradient-
dependent net phosphate uptake by the proteoliposomes (see Materials and Methods).
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Ficure 2: Diagram of yeast PTP showing amino acids whose replacement yields single mutation PTPs with blocked or severely inhibited
transport activity. Single letter code is used for amino acids. Heavy circles identify residues whose replacement yields PTP transport activity
with less than 0.6:mol of R min~— (mg of PTP)?; light circles with residues indicate mutants with transport activity-6f6 and<6.0

umol of B min~t (mg of PTP) L. Light solid circles without amino acid labels indicate other single amino acid replacement mutants that
were constructed and assayed.

transport stop at 10 s. The mix is added to the anion-exchangepresent in the proteoliposome fraction used to assay transport.
column, and again the 3 mL eluate is collected. This sample The PTP protein (ABB), before addition to the reconstitution
reflects the traces of{P]R taken up by the proteoliposomes mix, was quantitated, using human carbonic anhydrase
when PTP is blocked by mersalyl. This mersalyl-before- (Sigma) as standard, in Coomassie Blue-stained polyacryl-
proteoliposome experiment is repeated, followed by two amide gels after SDSPAGE. The PTP protein in the
experiments when mersalyl is added 10 s after the proteo-proteoliposomes was quantitated as follows: ;200f the
liposome addition. Finally, the mersalyl-before-proteolipo- proteoliposomes, immediately after the transport assays, was
some experiment is repeated; i.e., the blockediflake added to 50QuL of C. (0.66) transport medium (without
before and after the actual ptake experiments should be [32P]R) at room temperature, and the mixture was centrifuged
closely the same. at 24000@ for 30 min (4°C). To each pellet was added
LIE Determination of the PTP MutantdIE is the 22.5ul of SDS—PAGE sample buffer, and the sample was
percentage of PTP protein in the reconstitution mix that is submitted to SDSPAGE. The gel was Coomassie Blue-
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Ficure 3: LIE of PTP mutants with single amino acid replacements. The amino acids axis identifies the location of the replaced residue
with respect to the Metl to His311 primary sequence of yeast PTP. Amino acids that were not used to construct mutants are indicated by
negative vertical bars.

and then silver-stained and the protein quantitated by opticalhave a greater affinity for each other. Thus we expect the

scanning using human carbonic anhydrase as a standard. LIE results to yield information on the subunit/subunit
interface of the homodimeric PTP.

RESULTS Figure 3 shows the LIE of the single replacement per

Transport Actiity of Mutant PTPsFigure 1 shows the subunit PTP mutants. The PTP pro'gein was quantitated_ in
results of the transport assays of all the new mutants as wellthe proteoliposomes that were used in the transport studies.
as relevant mutants from earlier studi&s 10, 11). All of The LIE values range from about 2% to 40%. Figure 4
the data reflect the results of at least two initial rate transport identifies residues that upon replacement yield PTPs with
assays using the same PTP proteoliposome preparation. IIYerY lIow LIE (<6%) with a heavy circle and single letter
many cases they also reflect the results from several code amino a}md. Those residues that upon rep!acement yield
independently prepared PTP proteoliposome preparations”TPS with high LIE £20%) are shown with single letter
These initial rate transport activities vary from 0.0 to about ¢0de and within a light circle. The result that stands out is
380umol of P, taken up into the proteoliposomes per minute that none of the residues in the most C-terminal third of PTP
per milligram of PTP protein. The wild-type yeast PTP Yi€ld, upon replacement, a PTP with very low LIE.
catalyzes an initial uptake rate of about 800l of P, min—1 Lack (_)f Inclusion Bodies with the Ser4Ala Mutant PTP.
(mg of PTP)! in this proteoliposome assay system. Expre_ssmn qf the Se_r4AIa mutant PTP resulted_ in no

Figure 2 shows a diagram of the most recent PTP model inclusion bodies. We did reclone the mutant gene into the

(10). It indicates those residues that upon replacement wild-type plasmid (see Materials and Methods) to make sure
catalyze Puptake at<0.6 umol of B, min~% (mg of PTPY? that the lack of inclusion bodies was not due to a random

(heavy circles with single letter code amino acid) and those Mutation generated in the expression plasmid during the
with uptake rates of-0.6 but<6.0 umol of P min~! (mg preparation of the mutatlo_n in the PTP gene. The resulting
of PTPY (light circles with single letter code amino acid). construct also yielded no inclusion bodies.
These transport activity ranges were chosen_ to keep theDISCUSSION
number of function-significant residues to a minimum. All
the transport blocking mutations:p.0«mol of B min~* (mg One of the physiologically essential members of the MTP
of PTP)?] fall into sequence regions associated with TM family is the PTP, which catalyzes the transport of inorganic
helices, except Serl58Thr. The spacing between Tyr94Alaphosphate into the mitochondrial matrix where the phosphate
and Lys98Ala along the PTP sequence suggests that theyis used primarily in the oxidative phosphorylation of ADP
together with Thr79Ala, Tyr83Ala, and Lys90Ala, are on to ATP. In this investigation we report the characteristics of
the same face of a helix, which in this case is helix B. single residue replacement per subunit mutants of all
Liposome Incorporation Efficiency of Mutant PTR&e hydroxyl, basic, and acidic residues to identify the regions
observed some time ago that in our reconstitution processof the PTP that are essential for the transport function. We
the fraction of mutant PTP molecules that incorporates into conclude that there are 20 residues that upon replacement
the proteoliposomes depends clearly on the location within by an alanine or a residue similar to the replaced residue
the PTP sequence of the replaced amino acid. While we (conservative replacement) yield PTPs with completely
observed that PTP mutants with high LIE required about 30% blocked or severely inhibited transport activity (Figure 1).
more Triton X-100 to stay in solution than those with low A more detailed analysis of the results points to the effect
LIE (10), we have acquired some evidence that those mutantsof Tyr94Ala and Lys98Ala. Comparing the location of these
with high LIE have a dimeric structure in which the subunits two residues with the other three residues of helix B that
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Ficure 4: Diagram of yeast PTP showing amino acids that upon replacement yield single mutation PTPs with LIE dramatically different
from wild-type PTP LIE. Single letter amino acid code is used. Heavy circles indicate residues whose single mutation PTP has a LIE of
<6%. Residues with light circles yield PTP mutants with a LIE-&0%. Light solid circles without amino acid labels refer to other single

site mutants that have been constructed and assayed.

PTP (Thr77, Tyr81, Lys88, Tyr92, Lys969)(with those of
helix B of yeast PTP (Figure 5), we find that the beef heart
PTP residues are located quite nicely in a hydrophobic region
appropriate for a TM helix, i.e., 28 overwhelmingly hydro-
phobic locations bordered at both ends by hydrophilic
locations. The five residues of the yeast PTP are located
within a much more mixed hydrophilic/hydrophobic region
bordered, as expected, on the most likely helix B C-terminal
end by a very hydrophilic region. However, near the
N-terminal end, where the beef heart PTP sequence shows
high hydrophilicity, the yeast PTP region is still highly
hydrophobic. On the basis of this comparison, Tyr94 and
Lys98 fit well into a yeast PTP TM helix B structure. We
are left with the question of why helix B of yeast has an
additional 15 residues of high hydrophobicity at its N-
terminus. This kind of hydrophobic N-terminal extension is
also present in the yeast TM helices F (Figure 6) and D
(Figure 5 in ref9). Since PTP [like all members of the MTP
family (1)] does have a triplicate repeat of about 100 residues
each, it is not too surprising that helices B, D, and F show
similar hydrophilicity profiles. It should also be noted that

: : : : : s all members of the MTP family do have hydrophobic regions
5 6 70 8 9 100 110 for helices A, C, and E that are much better defined than

[

Hydrophilicity
[~

-1

60 70 80 20 100 110

Hydrophilicity

Amino Acids those for helices B, D, and H)
Ficure 5: Hydrophilicity plots of the TM helix B region for (A) Our results demonstrate (Figure 2) that function-sensitive

%?&Strzggegg atrz)d t(r?e) bNOXQfanETl(r?'SQT;n%faiﬁenl;,n;gersrﬁzzry regions are almost exclusively restricted to the TM helices.

sequences. The two sequences were aligned on the basis of th&erl58Thr is located in a loop and does inhibit transport.
me(ét‘ilon-S&gEifngéltf residueS;)_FEiguae_rZH i-7€7., $hr£, Iyr%%, Ii_ysgg, However, Serl58 is not essential since Ser158Ala does not
yro4, and Lys98 for yeast and Thr77, Tyr81, Lys88, Tyr92, i nhini
and Lys96 for bovine PTP. inhibit transport 1_0)' . s .
We are most interested in identifying those function-

block transport (Figure 2), it becomes clear that all five are Significant residues that are unique to PTP. They are the ones
located on the same face of helix B and thus could readily that line the phosphate and the proton transport pathways
line the phosphate transport path. Helix B's hydrophilicity and that are responsible for coupling these two pathways.
plot (Figure 5) is not typical for a TM helix. However, when We have therefore aligned the 20 function-significant

we line up these five residues of helix B of the beef heart residues of PTP and their immediately adjacent residues with
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I : ‘ : , - of helix A is unique to PTP (Figure 7). The combination of
A § Thr79, Tyr83, Lys90, Tyr94, and Lys98 (on the same face
& of helix B) and the combination of residues on the same

0 y face of helix D (Lys179, Lys187, Ser195) are also unique

to PTP (Figure 7). Two proteins that transport tricarboxylates
(CTP1, Yhm2p) (Figure 7) do have basic residues at locations
equivalent to PTP’s Lys179 and Lys187. These two Arg’s
(Arg181, Arg189) of CTP1 have been replaced and found
to be essential for transpoft@). CTP1 has a Lys197 at PTP’s
Serl195 location (Figure 7). The function significance of this

Hydrophilicity

+
—~
T

-2 ' : ' ' ‘ residue has, however, not yet been determined.
250 260 270 280 290 300

It is also quite interesting that there are a number of
residues that are common to all members of the MTP family.
Their presence suggests common mechanics in transport as
catalyzed by the MTPs. Thus we recently documented five
residues that are perfectly conserved among function-
identified members of the MTP familyl] the functions of
four other members have recently been identified19)].
These absolutely conserved residues are a Pro and a Lys in
TM helix A, a Pro in TM helix E, and two Gly in TM helix
F (1). These residues must be critically important to have

: . : : : been retained through evolution. The Lys is indeed function-
250 260 270 280 290 300 ally essential for PTP (Lys428J (Figures 1 and 2) and for
Amino Acid AAC?2 (Lys48) (Figure 7) 14). We found that in PTP there
FiIGURE 6: Hydrophilicity plots of the TM helix F region for (A)  are three residues (Glu192 at the intermembrane space end

yeast PTP9) and (B) bovine PTP12). Amino acid numbers are  f pelix D; Asp39 at the matrix end of helix A; Glu137 at

with respect to the N-terminal residue of the primary PTP protein - . . .
sequences. The two sequences were aligned on the basis of thé'€ matrix end of helix C) with a very close functional

function-significant residue of Figure 2, i.e., Arg276 of yeast PTP relationship 10). These three residue locations are also
and Arg269 of bovine PTP. entities of a general MTP family transport mechanism since

o ' o B there appears to be a rule that restricts the types of residues
the similar regions of the other 15 function-identified at the Asp39 and Glu137 locations once a residue is chosen
members of the MTP family (Figure 7). for the Glu192 site in a functional transport proteid),

We should point out that the 20 function-significant  Figure 7 suggests that other members of the MTP family
residues of the yeast PTP are also present, with only minormay have function-significant residues at locations similar
conservative replacements, in both the beef healt4nd {5 those of PTP. However, such function significance has
the rat liver (3) PTP sequences. Both of these mammalian o1y peen established in a few cases. Lys28),(Asp149
sequences have a Cys instead of Thr43; they both have q15), Arg152 (14), and Asp24920, 21) (equivalent to Lys42,

Lys instead of Arg140; both have an Arg instead of Lys179; Glu137, Arg140, and Asp236 of PTP, respectively) of AAC2
both have a Thr (instead of Ser195) shifted by one residue 46 been shown to be function-significant.

toward the N-terminus to retain its location on the same side Ei - ible interheli “ie. Lysl8?
of helix D as the two other function-significant residues Igure 7 suggests possible interhelix contacts: i.e., Lys

(Lys179, Lys187). Thus the 20 function-significant yeast PTP (PTP) has been replaced by Tyr in the ADP/ATP transporters

residues are evolutionarily conserved and as such indeedAACL, AAC2, AAC3), and for Tyr94 (PTP) there is Lys
functionally important. in the ADP/ATP transporters. This could imply that helices

His32 and Glul126 are two residues unique to PTP (Figure B am.j D are next to each oth_er and .that their position is

- . : stabilized with a noncovalent interaction between Lys187
7) and probably intimately involved in proton cotransport o S

. . . and Tyr94. If this interaction is purely structural, these two
(12). Another residue nearly as unique to PTP is Thr43 (on .
the same face of helix A as PTP’s His32 and Asp39). While regdues shquld be exchang.egble to Tyrl87 and Lys94
AAC2 and four other transport proteins do have a basic without affecting transport activity.
residue (Lys or Arg) and an acidic residue (Glu or Asp) at  The yeast protein coded for by the gene YERO053C is
locations similar to the His32 and Asp39 of PTP, none of highly sequence-similar to PTRL)( However, when ex-
them have a residue similar to Thr at a location similar to pressed as bacterial inclusion bodies and reconstituted, it
PTP’s Thr43 (Figure 7). From among the His32 and Asp39 shows no phosphate transport activity (H. Wohlrab and A.
equivalent residues of these five proteins, only Lys38 and Tzagoloff, unpublished observations). A comparison of the
Glu45 of AAC2 have been replaced to characterize their sequences of these two proteins now shows that YER053C
function significance. Lys38, but not Glu45, was found to lacks the function-significant residue Serl195, and other
be essential for AAC2 transpoit4, 15). Interestingly, Asp39  residues in the loop neighboring this residue are missing or
is also not essential for PTP since we have shown earlierdiffer significantly from those in PTP. Thus our newly
that the inactive Asp39Asn PTP mutant can be reactivatedidentified function-significant PTP residues provide a reason-
by the second site Glu192Asp mutatidiO). Nevertheless,  able explanation for the lack of Bansport function of the
the set of residues (His32, Asp39, Thr43) on the same faceYER053C-encoded protein.

Hydrophilicity
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protein

gene

helix A

helix B

PTP
ARC1
AAC2
AAC3
Antlp
CTP1
Yhn2p
Sfclp
Diclp
Qaclp
Odclp
Odc2p
CaGluAsp
Crclp
ARG11
Flxlp

YJRO77C
YMRO56C
YBLO30C
YBROB5W
YPR128C
YBR291C
YMR241W
YJROS5W
YLR348C
YKL120W
YPL134C
YOR222W
YNLO83W
YOR100C
YOR130C
YIL134W

THp32S
AKo2sT
AKo3sT
AKp27 T
ANg1sI
ERp2C
VTo35T
EAp2sL
ATo28M
AVy37T
ELozsL
ELo27T
GKo2sV
TTozsaL

IDg39VVKos2Tos3R
IE(35RVKo3sLosoLs
IE(43RVKoggLiosoL
IE(34RVKo37I03sL
LDo25LSKo28To29 1
FEo34FAKo37To3sR
LE42VVKoa5T046T
LDo32TIKp35Vo3sR
LDo35LAKo38V039R
TEoqqLIKog7I048R
LD033VVKo36To37R
LD034VVKO37TO38R
FD249RLKz52V2s3F
FDos57LIKoeoVos1R
FDo35TVKo38Vo39R
LDo33 LLKg34Vo3sR

PT7sLLGYpe3S
ANpgsVLRY og7 F
ANj93VIRY o7 F
ANpgoVIRY og6F
VTeg0TVATge4F
AFO7GI IGNoaoT
STogsKGAV 9oL
BAVg75VIGIggeI
ARo74VLRQ075C
ARogoYIYQosal
SPpg7ILMEgg A
SPogsMLME ggshA
LN311VIKV3sF
PP)osLLGV19eT
ASg75PLVGo7A
INggoLFGNggsA

FRosoFGGY 09 EVEKoaoK
LNgsq4 FAFKo9sDKIK; 025
LN;04FAFK;0sDKIK; A
LNog3FAFK97DKIK; o1 L
VY001 FEWY 095 TFIRg90K
IRpg7FLGF09:DTIKggsD
AE(97AEYR; 01 FKSL105G
IRogsFSSY09sEFYRge? T
VRygsFGAY g9DLLKpg3E
SR101LGFY 1 0sEPIR; 058
IKp9sFSGN102DTFQ106T
TKo9s FACN100DQY Q104K
IK3:,FGSF326EVTK330K
VS116FWGY120DVGK) 24K
ATog6LEVS090YNQCo94S
VY091 FGLY 99sGVTKo99E
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helix F
TRy76L
AN2g,T
AN2s I
ANzgol
PQ2ssL
PRa76L
AQ291V
PTso0L
ANzgsLs

helix E
VS,32QPAD,36T
AS555YPLDoysoT
CSpesYPLD4sT
C8S234YPLD23sT
VT240QPLIzq4V
ST,3,MPLD3sT
WN232QPIE36V
SN232APLD36T
VM, 47NPWD,s, V
LN233TPFD237V
LN»29TPFD233V
VV472YPINy76L
AV,57FPIDy61 T
SI,5:FPAD,35T
LV244YPFQ24sL

helix C

LE137ATR140IR 1 42L
LD140YAR;43TRy 45L
LD149YAR;52TR154L
LD13sFAR141 TRy 43L
MA;146VVA149TR161Q
FE13;ATK;34TA 361
VE139ITR;42HK; 445
ME133VVK)36IR 351
LE140ARAK;43RR 45N
LF150LVK)53TRys5L
FE144LVK;47IR 4oL
FE140LIK;43IR 1 4sM
ID369TLK372FR374V
TE163RVK166VVigsL
VE;29LVK;32CKy34L
IW147VIK;s50TR1s21

helix D
AK;g7F
LYz07F
LY 96F
TY196A
VRyg5L
SRyl
AN; 5o F
SQuss5V
GY194F
LDygosL
LY., F
YF201 2

gene
YJRO77C
YMRO56C
YBLO30C
YBRO85W
YPR128C
YBR291C
YMR241W
YJRO95W
YLR348C
YKL120W
YPL134C
YOR222W
YNLO83W
YOR100C
YOR130C
YIL134W

AEq6F
AGiz7A
ARy35S
LT;,gM
GI;,,T
VVi2oN
SGi3sI
AGi33A
SAjs2I
AG118S
SGi3gL

FK1700
VGiool
VGigsl
MR151Q
IR181Q
AR;54Q
VR;77G
IF152K
WR1geH
WR1g2N
VGa161
AR03D

AS)95E
FKz06P
LK215P
LK204P
KE207V
IK;97T
VE197D
LK;00E
FKi93N
AligsL
IR202K
VRigsN
LK;32K
SKz19N
VKj94K
KQ209R

Ficure 7: Function-significant amino acids (bold, single letter amino acid code) of PTP within the other 15 function-identified members

of the MTP family @, 17—19). The sequences were aligned with DNAStar (version 3.0R)ahd the amino acids at the same location of

all 16 proteins are shown. The subscript number refers to the residue position with respect to the N-terminal residue of the protein. The
yeast gene reference number is shown as well as the abbreviated name of the encoded protein. Primary substrates transported by the
proteins: phosphate (PTP); ADP/ATP (AAC1, AAC2, AAC3); ADP/ATP/AMP (Antlp, peroxisomal); tricarboxylate (CTP1, Yhm2p);
dicarboxylate (Sfclp, Diclp); oxodicarboxylates (Oaclp, Odclp, Odc2p); glutamate/aspartate (CaGléAsgg@ated); carnitine (Crclp);

ornithine (ARG11); flavin (FIx1p).
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ditional investigations are required. There is as yet no obvious
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