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Abstract—2-Alkylmalonates and O-acyl-L-malates have been found to competitively inhibit the dicarboxylate transporter
of Saccharomyces cerevisiae cells, and the substrate derivatives chosen did not penetrate across the plasmalemma under the
experiment conditions. Probing of the active site of this transporter has revealed a large lipophilic area stretching between
the 0.72 to 2.5 nm from the substrate-binding site. Itaconate inhibited the transport fivefold more effectively than L-malate.
This suggests the existence of a hydrophobic region immediately near the dicarboxylate-binding site (to 0.72 nm). The yeast
plasmalemmal transporter was different from the rat liver mitochondrial dicarboxylate transporter. An area with variable
lipophilicity adjoining the substrate-binding site has been revealed in the latter by a similar method. This area is mainly
hydrophobic at distances up to 1.76 nm from the binding site and is separated by a hydrophilic region from 0.38 to 0.88 nm.
Fumarate but not maleate competitively inhibited succinate transport into the S. cerevisiae cells. It is suggested that the plas-
malemmal transporter binds the substrate in the frans-conformation. The prospects of the proposed approach for scanning

lipophilic profiles of channels of different transporters are discussed.
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Many C,-dicarboxylate transporters have been
rather well studied. These transporters are found in vari-
ous biological membranes. The transporters are present in
the inner mitochondrial membrane [1], in the membrane
of bacteria (in particular, serovar typhimurium |[2],
Treponema pallidum (3], Bradyrhizobium japonicum [4]),
and in the plasma membranes of higher (e.g. rabbit kidney
[5]) and lower eukaryotes (Saccharomyces cerevisiae (6],
Schizosaccharomyces pombe 7], Kluyveromyces lactis [8]).
Molecules of plasma membrane transporters are twofold
larger than molecules of mitochondrial transporters [9].

Abbreviations: AAG) change in the isobaric-isothermic poten-
tial; FCCP) carbonyl cyanide p-(trifluoromethoxy)phenylhy-
drazone; R,) distribution coefficient of a compound with # car-
bon atoms in the aliphatic chain of the substituent; R) universal
gas constant; SF-4867) 3,5-di-tert-butyl-4-oxybenzylidene-
malononitrile; v,) rate of endogenous respiration.

* To whom correspondence should be addressed.

Na*/dicarboxylate symporters of higher eukaryotes con-
tain ~600 amino acid residues [5, 9], whereas H*/dicar-
boxylate symporters of yeast contain ~440 residues [7, 8,
10] (Sch. pombe contains 438 amino acid residues [7]),
which is nearer to the size of bacterial transporters (about
400 residues [2-4]). Mitochondrial transporters have six
hydrophobic transmembrane a-helical segments [1, 11],
whereas the plasma membrane transporters have 11 [5,
12] or 12 such segments [7, 8]. In primary structure, these
hydrophobic areas are separated by hydrophilic regions
exposed into solution [1, 13]. In the case of adenylate
transporter, all six segments form a channel [11], and it is
reasonable to suggest that mitochondrial transporters of
C,-dicarboxylates may have the same structure [14]. The
a-helical transmembrane regions of the plasma mem-
brane transporter molecules encircle the channel by near-
ly two layers [15, 16]. It is known that four of 12 segments
determine the K, value for succinate of the rabbit liver
Na*/dicarboxylate symporter [12]. Only four of 12 seg-
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ments form the inner surface of the human glucose trans-
porter channel [15] and of many other plasma membrane
transporters [16]. Hydrophobic segments of nearly all
known C,-dicarboxylate transporters have unit polar
amino acid residues, but it is unclear whether they are
exposed into the channel. The tertiary structure has been
established for some transporters of hydrophilic sub-
strates. The channels of these transporters are shown to
have both a hydrophilic and hydrophobic inner surface
(similarly to the glucose transporter [15] and the potassi-
um channel of bacteria [17], respectively). Three-dimen-
sional structures of dicarboxylate transporters are still
unstudied. For such transporters the probing of the chan-
nel near the substrate-binding site using inhibitors
(amphiphilic derivatives of these hydrophilic substrates)
is very informative [18].

We studied earlier the topography of the active site
channel of the rat liver mitochondrial dicarboxylate
transporter [18]. The studies were performed using com-
petitive inhibitors, 2-monoalkylmalonates. Changes in
the inhibition constants of these compounds (AK; =
K,y — Ki,.1)) on lengthening by one methylene link char-
acterized the degree of lipophilicity in the region of the
terminal methyl group binding [19]. It has been estab-
lished that near the substrate-binding site and at the
channel exit a small and large lipophilic area, respective-
ly, is located, with a clearly expressed polar region
between them. The sizes of these regions were 0.38, no
less than 0.88, and 0.50 nm, respectively. Consequently,
the outer semi-channel was of no less than 1.76 nm in
length. Therefore, it was suggested that the substrate-
binding site of the active site should be located in the mid-
dle of the membrane [19], because the thickness of its
hydrophobic matrix was taken as 4.0 nm. Such symmetry
is likely to characterize mitochondrial transporters,
antiporters.

In the present work, O-acyl-L-malates and 2-alkyl-
malonates were used for probing of the active site of the S.
cerevisiae plasma membrane dicarboxylate transporter.
The activity of this transporter did not depend on the
plasma membrane uncoupling, manifested itself in the
presence of sodium ions (at pH 5.5), and nearly disap-
peared in mono-potassium medium [6].

Under certain conditions, amphiphilic inhibitors
used by us can be inducers of permeability [20]. The pri-
mary structure has been established for H* /dicarboxylate
symporters of K. lactis [8] and Sch. pombe [7], but they
can display an additional, noncompetitive to substrate,
sensitivity to amphiphiles when those behave as
protonophores. This brought us to choose a less studied
object.

On S. cerevisiae cells and preparations of rat liver
mitochondria conditions were chosen to determine the
rate of succinate transport into the cells [6] and mito-
chondria [18], using the corresponding endogenous cou-
pled systems of substrate oxidation. This allowed us to
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avoid artifacts associated with use of radiolabeled sub-
strates-metabolites on intact cells [21, 22] and changes in
the K, associated with the reconstruction of transporters
into liposomes, which was observed in the case of tricar-
boxylate [23] and adenylate [24] transporters.

MATERIALS AND METHODS

The S. cerevisiae strain Y-503 (Collection of the
State Venture GNII Genetika, Russia) obtained at the
Caspian Institute of Biological Resources, Dagestan
Research Center, Russian Academy of Sciences, was used
[25]. The tetraploid strain Y-503 has enhanced respirato-
ry activity compared with S. cerevisiae haploid and
diploid strains [26]. The cells of this strain grown in medi-
um with a low content of glucose have considerably high-
er number of mitochondria [27]. Moreover, under these
conditions of growth, the mitochondrial succinate/
fumarate antiporter was not induced [28], and this
allowed us to use fumarate as a competitive inhibitor of
the transport across the plasmalemma. The yeast cells
were grown for 10 h. Specific features of the growth,
preparation, and measurement of respiration have been
described [6]. Sodium succinate was added upon the sta-
bilization of the cell endogenous respiration rate, and its
value (v,) was subtracted from the total rate of oxidation
[6, 29]. Rat liver mitochondria were isolated by a modifi-
cation of Weinbach’s method [30]. The rat liver mito-
chondrial protein was determined by Goa’s method [31].

The rate of sodium succinate oxidation by the cells
was determined at 30°C in 50 mM potassium phosphate
buffer (pH 5.5) under stationary conditions. Under these
conditions, the succinate transporter activity was slightly
decreased, but this allowed us to retain limiting condi-
tions of “succinate oxidase” transport across the plas-
malemma for the yeast “preparation” during 12-14 h of
preincubation [6]. Moreover, the presence of potassium
in the incubation medium promotes maintaining of con-
stant pH value in the cytoplasm of the respiring S. cere-
visiae cells [32]. However, phosphate does not affect the
affinity of succinate to the transporter [6]. In specially
mentioned cases, 50 mM sodium phosphate buffer
(pH 5.5) was used. The respiration of rat liver mitochon-
dria was measured at 25°C in medium which contained
125 mM sucrose, 20 mM Tris-HCI1 (pH 7.2), 2 mM
EDTA, 20 mM KCIl, 2.5 mM MgCl,, and 10 mM
KH,PO, [18]. Rotenone (1 uM) was added immediately
before the addition of the mitochondria, and the concen-
tration of the protonophore 3,5-di-tert-butyl-4-oxyben-
zylidenemalononitrile (SF-4867) [33] was changed in
dependence on the mitochondria concentration, taking
into account its distribution coefficient [30]. Yeast respi-
ration was measured without the protonophore [6].

Oxygen concentration was determined amperomet-
rically in a thermostatted cell with closed electrodes [34].
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Because the observable parameters of inhibition (/5,) of
the most hydrophobic compounds depended on the con-
centration of mitochondria or cells (B), the true /5, was
determined by extrapolation to zero concentration of
organelles in {/5,; B} coordinates, as proposed by
Heirwegh [35, 36]. This approach was used for higher 2-
alkylmalonates, beginning from 2-dodecylmalonate, and
higher O-acyl-L-malates, beginning from O-myristoyl-
malate. A linear type of dependence was the reason for us
to use this approach [18, 36]. For low-molecular-weight
itaconate and fumarate, which (possibly) penetrate across
the plasmalemma, the K value was determined by varying
the concentration of succinate (according to Lineweaver—
Burk) and of the inhibitor itself (according to Dixon).
The coincidence of the constants indicated the absence of
the effector side influence on the components of the S.
cerevisiae endogenous coupled system used to measure
the concentration of the transported succinate in the
cytoplasm.

The interaction of L-malate and malonate deriva-
tives with the plasma membrane dicarboxylate transporter
was studied under conditions when the rate of succinate
transport across the plasmalemma limited the rate of its
oxidation by the cells. Similarly, the interaction with the
rat liver mitochondrial dicarboxylate transporter was
studied when the oxidation rate was limited by the trans-
port of this substrate into the matrix of the organelles. Just
such conditions emerged upon the aerobic preincubation
of the cells for 10-22 h at 0°C (10 mM potassium phos-
phate buffer, pH 5.5) [6] and preincubation from 0 to 15 h
at 0°C (4 mM Tris-HCI, pH 7.4, 250 mM sucrose) of a
preparation of tightly coupled mitochondria [18]. During
the calculations, a slight influence of the inhibitors on the
rate of endogenous respiration of the cells was taken into
account [6]. The distribution coefficients of O-acyl-L-
malates (R,) in the system of octanol/water (10 mM
phosphate buffer, pH 6.5 and 7.2) were determined by
measuring the inhibitor concentrations in the aqueous
phase containing Methylene Blue [37]. The distance from
the plane formed by the lines connecting oxygen atoms in
the carboxyl groups to the last carbon atom in the sub-
stituent of the malate and malonate derivatives in confor-
mation with the minimum free energy was calculated
using the Chemoffice MM2 program. This value was
taken as the length of the molecular probe.

Reagents. L-Malic acid (Sigma, USA), BSA
(Calbiochem, USA), Tris and rotenone (Serva,
Germany), yeast extract (Difco Laboratories, USA),
protonophores SF-4867 (Sumimoto Chem. Co., Japan)
and FCCP (carbonyl cyanide p-(trifluoromethoxy)phe-
nylhydrazone) (Aldrich, USA), sodium malonate (ICN,
USA), and domestic preparations of KCI, KH,PO,, and
KOH of special purity were used. MgCl,, EDTA, sucrose,
succinic, itaconic, maleic, and fumaric acids, and sodium
succinate and pyruvate were recrystallized twice. 2-
Alkylmalonates and O-acyl-L-malates were synthesized
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in our laboratory [18]. Water-insoluble reagents were dis-
solved in dimethylsulfoxide.

RESULTS

The rate of succinate transport into the S. cerevisiae
cell was measured using an endogenous coupled system of
succinate oxidation (further called cellular “succinate
oxidase™). This system consists of the plasma membrane
transporter, the yeast cell mitochondrial succinate oxi-
dase. The rate of succinate transport in the rat liver intact
mitochondria was also measured using an endogenous
coupled system of succinate oxidation (further called
mitochondrial “succinate oxidase”) consisting of the
mitochondrial dicarboxylate transporter, succinate dehy-
drogenase, and “ubiquinol oxidase”. Under the condi-
tions chosen, the rate was limited by the plasma mem-
brane transporter in the S. cerevisiae cells [6] and by the
mitochondrial transporter in the mitochondria [18].

Figure la shows that low concentrations of the
protonophore FCCP suppressed the activity of “pyruvate
oxidase”, which under the chosen conditions is limited by
the monocarboxylate transporter of the S. cerevisiae cell
plasmalemma [6]. High concentrations of the protono-
phore activated “glucose oxidase”. The products of glu-
cose metabolism are more intensively oxidized upon the
uncoupling of the mitochondrial inner membrane of the
yeast cells [6, 29], and the glucose transport across the .
cerevisiae plasmalemma is insensitive to the
protonophore. O-Palmitoyl-L-malate (an amphiphilic
inhibitor of the dicarboxylate transporter [6, 36, 37])
unable to penetrate into the cell at pH 5.5 does not inhib-
it “pyruvate oxidase” (Fig. 1b, the seventh effector),
while the latter was effectively suppressed by the
protonophore penetrating into the cell (Fig. 1b, the sixth
effector). Thus, the lack of inhibition of the pyruvate
symporter of the plasmalemma correlated with its imper-
meability for the amphiphilic dicarboxylic acid. Effectors
2-5in Fig. 1b (the extreme members of the series of mal-
onate and L-malate derivatives with a variable aliphatic
substituent) had virtually no effect on “pyruvate oxidase”
of these cells. These active inhibitors of mitochondrial
“succinate oxidase” [18, 36] seemed not to penetrate into
the cell, to mitochondria. Permeabilization of the rat liver
mitochondrial inner membrane does not lead to inhibi-
tion of succinate dehydrogenase and “ubiquinol oxidase”
by these derivatives of the rat liver dicarboxylate trans-
porter substrates [18]. The inhibitors are promising for
studies on the dicarboxylate transport, because they
either fail to penetrate into the rat liver mitochondrial
matrix, or do not inhibit the activities of the coupled sys-
tem components [38].

Typical aliphatic derivatives of the cell plasmalem-
mal transporter substrates, O-palmitoyl-L-malate and 2-
undecylmalonate, increased the K, of the yeast cellular
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Fig. 1. a) Dependence of the relative oxidation rate of 10 mM glucose (/) and 20 mM sodium pyruvate (2) on FCCP concentration. S. cere-
visiae cells (1.7 mg wet weight per ml) were aerobically preincubated at 0°C for 2-4 h. The substrate was added after the addition of the
protonophore. In the presence of FCCP, pyruvate, and glucose the rates stabilized, respectively, 3, 4, and 2 min after the addition of the
effector (time dependences not shown). b) The “pyruvate oxidase” activity with 20 mM pyruvate in the absence of the effector (/) and in
the presence of 8 mM 2-pentylmalonate (2), 4 uM 2-pentadecylmalonate (3), 600 uM O-lauroyl-L-malate (4), 40 uM O-stearoyl-L-
malate (5), 1 uM FCCP (6), and O-palmitoyl-L-malate (7). The S. cerevisiae cells (1.7 mg wet weight per ml) were aerobically preincu-

bated at 0°C for 2-4 h.

“succinate oxidase” (Fig. 2a), not affecting the maximal
rate of the process. The competitive type of action of
these inhibitors indicates that both groups of compounds
(for most of substances data not shown) interact with the
same substrate-binding site in the active site of the trans-
porter. Similarly, typical aliphatic derivatives of the rat
mitochondrial transporter substrates, O-stearoyl-L-
malate and 2-octylmalonate, increase the K, of the mito-
chondrial “succinate oxidase” (Fig. 2b), not affecting the
maximal rate of the process (for the other substances data
not shown). The competition relative to the same sub-
strate suggests that O-acyl-L-malates and 2-alkyl-
malonates interact with the same substrate-binding site in
the active site of each transporter under study.

The linear dependence of inhibition in Dixon’s coor-
dinates indicates that the transport across the plasma
membrane is still limiting the endogenous coupled system
[29] in the presence of the effector and that the inhibitor
binds with the transporter at the same site. Such depen-
dences were obtained for every derivative of the S. cere-
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visiae plasmalemmal dicarboxylate transporter substrates.
Figures 3a and 4a present the dependences for the
extreme members of the series of 2-alkylmalonates: 2-
pentylmalonate and 2-pentadecylmalonate, and in Figs.
3b and 4b such dependences are given for L-malate and
O-stearoyl-L-malate. Similar dependences for the rat
liver intact mitochondrial transporter were obtained by us
earlier [19, 20]. These findings in total allowed us to com-
pare the topography of the active sites (the substrate-bind-
ing site + the channel) of two transporters using the results
of probing using two groups of substrate derivatives.

Not all compounds were suitable for probing the S.
cerevisiae plasmalemmal transporter. For 2-methyl- and
2-propylmalonate, the dependence in Dixon coordinates
was biphasic. A relatively low activity of the cellular “suc-
cinate oxidase” compared to that of the mitochondrial
“succinate oxidase” prevented obtaining the inhibition
parameters for 2-heptadecylmalonate. The I, values at
the subzero cell concentration required to calculate the
true I, by extrapolation could be determined with wide



268

V/(v = ve)

ALIVERDIEVA et al.

0.4 0.8 1.2

[Sodium succinate]™!, mM~!

Fig. 2. a) Dependence of the oxidation rate on succinate concentration in Lineweaver—Burk coordinates in the presence of 80 uM O-
stearoyl-L-malate (7), 50 uM 2-undecylmalonate (2), and without the inhibitor (3). The S. cerevisiae cells (5 mg wet weight per ml) were
aerobically preincubated at 0°C for 18 h. b) The dependence of the oxidation rate on the succinate concentration in Lineweaver—Burk coor-
dinates in the presence of 8 uM O-stearoyl-L-malate (7), 0.1 mM 2-octylmalonate (2), and without the inhibitor (3). Rat liver mitochon-

dria (0.5 mg protein per ml).

scattering. Higher O-acyl-L-malates were promising as
the longer probes than 2-alkylmalonates with the same
number of carbon atoms in the substituent. Poor solubil-
ity (low constant of micelle production) prevented study
of the effect on the yeast cellular transporter of the deriv-
atives from O-butyroyl-L-malate to O-capryloyl-L-
malate in the range of concentrations which we were
interested in.

As shown in Fig. 5a, in the case of the S. cerevisiae
cellular “succinate oxidase”, the K; dependences on the
number # of carbon atoms in the aliphatic chain are lin-
ear and parallel for O-acyl-L-malates and 2-alkyl-
malonates. The K] value of the O-acyl-L-malate effect on
the cellular dicarboxylate transporter is nearly an order
higher than the K value of the effect of 2-alkylmalonates
with the aliphatic chain of same length (AlogK; = 0.92).
The dependences follow linear equations (logK; =
—0.427n + 1.323 and log K; = —0.396n — 0.115, respec-
tively). With an increase in the hydrophobicity of the
compound, its affinity for the active site increases.

In the case of the mitochondrial “succinate oxi-
dase”, the K, dependences on # for O-acyl-L-malates and

2-alkylmalonates are also very similar (Fig. 5b). Both
curves have a plateau for n values from 4 to 8 (the binding
with the polar zone) and the region of K; decrease for n
values from 8 to 15 (the binding with the “large lipophilic
area”). It seems that similar areas of the O-acyl-malate
and 2-monoalkylmalonate aliphatic chains are bound by
the same parts of the transporter’s channel. In total, O-
acyl-L-malates display higher affinity for the mitochon-
drial transporter than for the plasma membrane trans-
porter. We have earlier shown that the affinities of these
transporters for L-malate differ by approximately one and
a half orders of magnitude (0.5 mM [18] and 17 mM [29],
respectively). This difference seems to be determined by
the affinity of the inhibitor “heads” for the substrate-
binding site. However, the tangent of the slope angle of
the 2-alkylmalonate and O-acyl-L-malate dependences
on the “large lipophilic area” of the mitochondrial trans-
porter active site (logK; = —0.38n + 1.41) and tangents of
the slope angles of the plasmalemmal transporter depen-
dences were similar (—0.396 and —0.38, respectively).
Figure 6 presents the dependences of the distribution
coefficients (R,) of O-acyl-L-malates in the system of

BIOCHEMISTRY (Moscow) Vol. 72 No. 3 2007
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Fig. 3. Dependence of the oxidation rate of 8§ mM succinate on the concentration of 2-pentylmalonate (a) and the dependence of the oxi-
dation rate of 20 mM sodium succinate on the concentration of potassium L-malate in Dixon coordinates (b). The S. cerevisiae cells (10 mg
wet weight per ml) were aerobically preincubated at 0°C for 18 h. The oxidation rate stabilized 10 min after the addition of 2-pentyl-

malonate.

octanol/water determined under the same conditions as
the affinities of the plasma membrane transporter
(pH 5.5) and mitochondrial transporter (pH 7.2). The
dependences are described by linear equations: logR, =
0.416n — 3.46 and logR,, = 0.406n — 5.42, respectively. The
influence of pH on the logR, value for the zero member of
the series seems to be associated with differences in the
malate residue ionization. Modules of the coefficient val-
ues at # in the equations for the dependences logK; () and
logR, (n) are similar. Consequently, the energy of interac-
tion of the methyl link of the inhibitor aliphatic chain
(AAG = RTAlogK,) with amino acid residues “lining” the
channel in the active site of the transporters is due only to
lipophilic interactions (AAG = RTAlogR,). Concurrently,
this indicates that steric obstacles did not distort the con-
formation of the aliphatic “tail” of the inhibitor molecule
in the state with the energy minimum, because steric
obstacles to the binding would lower the interaction ener-
gy. Such a molecular probe (a set of inhibitors with differ-
ent length) can be used as a “ruler”. Note that O-acyl-L-
malate “ruler” is longer by the length of the ester bond.
We have at our disposal two “rulers” (2-alkyl-
malonates and O-acyl-L-malates) for measuring the
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length of the lipophilic region of the yeast transporter
channel, and it is desirable to elucidate whether they are
“applied” to the reference point of the active site by the
dicarboxylate head or by the “fatty tail” beginning. The
polar area, which is present in the mitochondrial trans-
porter profile (Fig. 5b), suggests the second variant. The
ester group of O-acyl-L-malates seems to have no contact
with the lipophilic zone of the active site [18]. We have
studied the effect on the S. cerevisiae respiration of ita-
conate and L-malate, which possess, respectively, the
hydrophobic methylene and hydrophilic hydroxyl group
in the second position of the substrate molecule. Both
substances failed to activate the endogenous respiration
(L-malate because of its saturating concentration in the
cytoplasm [6, 29]). Data presented in Fig. 7b show that
the more hydrophobic competitive inhibitor (Fig. 7a) of
the cellular “succinate oxidase” has the higher affinity
(respectively, K, corresponds to 4.15 + 0.35 and 17.5 £
1.1 mM). Thus, it seems that in the plasmalemmal trans-
porter, the zone of the active center, which is adjacent to
the binding sites of carboxyls of substrate, does not inter-
act with the polar ester group of O-acyl-L-malates.
Therefore, it is reasonable to expect that 2-alkyl-
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Fig. 4. Dependence of the oxidation rate of 8 mM succinate on the concentration of 2-pentadecylmalonate (a) and the dependence of the
oxidation rate of 24 mM sodium succinate on the concentration of O-stearoyl-L-malate in Dixon coordinates (b). The S. cerevisiae cells

(10 mg wet weight per ml) were aerobically preincubated at 0°C for 18 h.
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Fig. 5. a) Dependence of the inhibition constant (K;) of the S. cerevisiae cellular “succinate oxidase” by O-acyl-L-malates (/) and 2-alkyl-
malonates (2) on the number (1) of carbon atoms in their aliphatic chains. b) The dependence of the inhibition constant (K;) of the rat liver
mitochondrial “succinate oxidase” by O-acyl-L-malates (/) and 2-alkylmalonates (2) on the number (#) of carbon atoms in their aliphat-

ic chains.
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malonates would have an order higher affinity than O-
acyl-L-malates with the same length of the aliphatic
chain, and just this is obvious.

It is known that the rat liver mitochondrial dicar-
boxylate transporter can bind maleate but not fumarate
[1, 39]. Fumarate is shown (Fig. 8b) to effectively inhibit
the transport of succinate across the yeast plasmalemma
(K; = 1.0 £ 0.1 mM) and competitively with succinate
(Fig. 8a). Dicarboxylates seem to bind with the substrate-
binding site of the frans-conformation of this S. cerevi-
siae transporter. The configuration influence on the inhi-
bition efficiency is consistent with our earlier data on the
pH dependence of the affinity, which has shown that suc-
cinate is transported as a dianion [6].

DISCUSSION

The effects of O-acyl-L-malates and 2-alkyl-
malonates on the rate of succinate oxidation by S. cere-
visiae cells have been studied. Because this rate is limited
by the cell plasma membrane transporter [29], the
monophasic dependences in Dixon coordinates (Figs. 3a,
4a, and 5a) indicate that compounds of both groups inter-
act with the same protein, the dicarboxylate transporter.

2.5
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Fig. 7. a) Dependence of the oxidation rate on the succinate concentration in Lineweaver—Burk coordinates in the presence of 10 mM sodium
itaconate (/) and without the inhibitor (2) in 50 mM sodium phosphate buffer. The S. cerevisiae cells (5 mg wet weight per ml) were aerobically
preincubated at 0°C for 18 h. b) The dependence of the oxidation rate of 10 mM sodium succinate on the concentration of sodium itaconate (/)
and potassium L-malate (2) in Dixon coordinates. The S. cerevisiae cells (10 mg wet weight per ml) were aerobically preincubated at 0°C for 18 h.
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Fig. 8. a) Dependence of oxidation rate on the succinate concentration in Lineweaver—Burk coordinates in the presence of 10 mM sodium
fumarate (/) and without the inhibitor (2) in 50 mM sodium phosphate buffer. The S. cerevisiae cells (5 mg wet weight per ml) were aero-
bically preincubated at 0°C for 20 h. b) The dependence of the oxidation rate of 10 mM sodium succinate on the concentration of sodium
fumarate (/) and sodium maleate (2) in Dixon coordinates. The S. cerevisiae cells (10 mg wet weight per ml) were aerobically preincubat-

ed at 0°C for 20 h.

Comparison of the results of the active site probing using
these competitive inhibitors (Fig. 2a) allowed us to inves-
tigate specific features of the substrate-binding site and its
environment. Similar findings [18, 19] allowed us to probe
the rat liver mitochondrial dicarboxylate antiporter.
Based on the data presented in Fig. 5a, it was sug-
gested that the plasma membrane transporter channel
should be hydrophobic along nearly its whole length and
have no polar region at the distance of 0.47-0.97 nm from
the malonate-binding site. The data shown in Fig. 5b indi-
cate that the mitochondrial dicarboxylate channel has a
polar region in this area and manifests variable lipophilic-
ity. Thus, the substrate (C,-dicarboxylate) hydrophilicity
fails to inevitably determine the shape of the lipophilic
profile of the transporter active site. These findings can be
compared with data on other mitochondrial antiporters of
hydrophilic substrates. Note that variable lipophilicity has
been shown to characterize the exposed into the channel
surface of the third transmembrane segment of the S. cere-
visiae mitochondrial citrate/malate antiporter [40]. The
structure of this transporter resembles the tertiary struc-
ture of the adenylate transporter [14], which also has the
substrate-binding site exposed into the channel [11]. All
these data are consistent with the results of scanning of the

lipophilic profile of the channel (more exactly, of the outer
semi-channel) of the rat liver mitochondrial dicarboxylate
transporter presented in Fig. 5b. However, the scanning of
the transmembrane segment surface using successive sub-
stitutions of the amino acid residues by cysteine and the
following study of its availability for hydrophilic SH-
agents prevents the positioning of the polar residues on the
third segment of the citrate/malate antiporter [40] with
respect to the malate-binding site on the fourth segment
[41]. Mitochondrial transporters are significantly different
from the plasma membrane transporters in size, number
of transmembrane segments, and functioning mecha-
nisms; only the channel presence in the structure is their
common feature. It is reasonable to suggest that this chan-
nel is the only place in the transporter’s structure where
the aliphatic chain of the competitive inhibitor can have a
conformation with the minimum energy, according to the
slope angles of the logarithm K; dependences on the length
of this chain. Thus, the applicability of the proposed
approach has been shown for scanning the lipophilic pro-
file of the channel in both groups of transporters.

In the mitochondrial citrate [42] and a-ketoglu-
tarate [43] transporters, point substitution of the invariant
arginine residues in the depth of the fourth transmem-
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brane segment resulted in irreversible loss of activity. Both
residues (Argl81 and Argl89) of the citrate transporter are
exposed into the channel [11, 41]. However, the rat liver
mitochondrial dicarboxylate transporter binds maleate
[39]. Thus, as differentiated from the S. cerevisiae plas-
malemmal dicarboxylate transporter (Fig. 8b), arginyls of
all three transporters carrying L-malate in the mitochon-
dria bind this substrate in the cis-position [39, 42, 43].

According to many data, conservative arginyls can
act as cations binding carboxyls in the active site of dicar-
boxylate transporters. The neuron plasmalemmal
Na*/glutamate symporter contains the conservative
Argd79 residue responsible for specificity to glutamate
and aspartate in the eighth transmembrane segment [44].
Four transmembrane segments near the C-end of the
Na*/dicarboxylate rabbit symporter are responsible for
succinate binding [12, 45], and segment VII of them
includes the conservative Arg349, which is also present in
the transporters of the human, rat, rabbit, and X. laevis
kidneys [46]. Substitution of Arg349 by isoleucine by a
point mutation causes a nearly complete loss of activity
(although the inactive protein is present in the mem-
brane). However, the substitution by the lysine residue has
virtually no effect on the transporter activity, but increas-
es sixfold its K, to succinate [47].

Some bacterial permeases and transporters, which
carry succinate and malate in the yeast plasma mem-
brane, are shown to contain conservative arginine
residues inside the transmembrane lipophilic o-helical
segments. The Dcu C transporter of S. typhimurium has
Arg74 in the third segment and Arg209 in the sixth seg-
ment [2]. The dct M transporter of T. pallidum contains
Argl43 in the fourth segment [3]. The dct P transporter of
B. japonicum has Arg258 in the sixth segment [4]. The
dicarboxylate transporter of K. lactis has Argl27 in the
second segment and Argl74 in the fourth segment [8].
The transporter of Sch. pombe contains Arg219 in the
fourth segment and Arg264 in the seventh segment [7].

The well studied plasma membrane transporters with
known tertiary structure [15, 16, 48] are shown to have a
single substrate-binding site (the selectivity determining
region) per molecule. Based on the presence of unit argi-
nine residues in the transmembrane segments, all trans-
porters of C,-dicarboxylates are supposed to have a single
substrate-binding site exposed into the channel. In mole-
cules of the plasma membrane transporters with known
three-dimensional structure the lipophilic segments cal-
culated by hydropathic profiles do not begin in the same
plane of the molecule and are not perpendicular to the
membrane plane [16], as it is usually designated in
schemes [4, 8, 16]. Therefore, it is impossible to predict
the position of the substrate-binding site relative to the
origin or end of the channel based on analysis of the
arginyl locations in the primary structure. A distortion of
the linear lipophilic profile of the channel (an emergence
of the plateau, as in Fig. 5b) can be a result of a point
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mutation (substitution of a hydrophobic amino acid
residue by a hydrophilic one) in the transporter and, thus,
can be informative. Such an approach is promising for
positioning this point on the transmembrane segment sur-
face, which is exposed into the channel, relative to
arginyls of the substrate-binding site. Although trans-
membrane segments of the rat liver mitochondrial dicar-
boxylate transporter contain unit serine residues [49], the
plateau on the lipophilic profile is clearly expressed (Fig.
5b). However, citrate transporters of yeast mitochondria
with point substitution of a unit residue in the third trans-
membrane segment are known to retain the functional
activity of the unmodified transporter upon reconstruc-
tion into liposomes [41]. Thus, the probing by the sub-
strate amphiphilic substrate of mutants with the locally
modified channel of the transporter seems very promising.

It should be noted that results of transporter channel
scanning by a labor-consuming “cysteine mutagenesis”
under native conditions can supplement crystallographic
data obtained at high resolution [15, 16]. If the crystallo-
graphic data contradicted the results of cation-induced
modulation of the volt-dependent potassium channel
conductivity [50, 51], the authors supposed that the
structure should be distorted during the lipid-free crystal-
lization. Therefore, development of new approaches for
“scanning” of molecules under native conditions is
promising. The development of easy approaches for stud-
ies on the three-dimensional structure will reduce a gap
between numerous transporters with the established pri-
mary structure [9, 16] and a relatively low number of
transporters with the known tertiary structure.

If the malate and malonate heads of the inhibitor of
the S. cerevisiae plasmalemmal transporter are bound in
the same site, that is indirectly confirmed by our data on
the comparative efficiency of inhibition by itaconate and
L-malate, the plasma membrane channel remains
lipophilic at the distance of 2.5 nm from the substrate-
binding site, which is equal to the length of O-stearoyl-L-
malate. It seems that the channel is hydrophobic also at
the greater distance from this site. The dependence pre-
sented in Fig. 5a has no tendency for deflection from the
linearity at the greater values of # (Fig. 5b). The length of
the hydrophobic part of the lipophilic profile was estimat-
ed as the difference between the lengths of O-stearoyl-L-
malate (2.52 nm) and 2-pentylmalonate (0.75 nm), i.e.
the longest and the shortest molecular probes. This differ-
ence was 1.74 nm. The lipophilic channel of the S. cere-
visiae plasmalemmal dicarboxylate transporter resembles
the channel of the potassium transporter of bacteria [17]
and is different from the hydrophilic channel of the plas-
ma membrane glucose transporter of human cells [15].
The length of the hydrophobic region of the potassium
channel calculated by its three-dimensional structure is
2.4 nm [17]. At present, the dicarboxylate transporter
under our study seems to be the only one for which the
lipophilicity of the inner surface has been characterized.
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