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Introduction

The aspartate/ glutamate carrier from the inner
mitochondrial membranc 1 al:l b of

and inhibitor scasitivity, were similar to those of the

In 1986 the aspartate/glutamate carrier was sub-
stantially purified {rom bovine heart mitochondria by a
relatively complicated procedure involving HPLC on

aspartate for gluumau and plays an important role in
several bolic s like urea thesis, gluco-
neogenesis and the malate-aspartate shuttle [1,2]. Since
aspartate is transported in the dissociated form and
glutamate i< co-transported with a proton, the aspar-
tate / glutamate exchange is electrogenic tud depends
on both the membrane potential and the pH gradient
[3]. Besides aspartate and glutamatc, this currier also
accepts cysteinesulfinate, which is transported, like as-
partate, as the anion [4]. It is inhibited by several SH
reagents including NEM {1,5], by pyridoxsl 5-phos-
phate and by dicthyl pyrocarbonate [6,7]. There is
some disagreement about the kinetic me:hanism in
intact mitochondria [8,9]. However, studies in proteo-
liposomes provided convincing evidence that the recon-
stituted aspartate/ glutamate carrier functions accord-
ing to a sequential type of mechanism [10].

Abbrer ons: CyEy. alkyl(x)-poly(y)oxyethylene ether: EDTA,

hydroxyapatitc and a scries of clution buffers and
gradiens [6}. In SDS-containing gel, the purified frac-
tion consisted of a prominent band with a M, of 68000
and traces of contaminants mainly of M, 31000, The
68 kDa protein band was attributed to the aspartate/
glutamate carrier and the 3i kDa band to the
ADP/ATP carricr.

All mitochondrial carrier proteins so far purified
have a siiilar M, of 28000-34000 [11-22). Further-
more, the four carricrs the sequence of which is known,
i.c. the ADP/ATP carrier, the uncoupling protein, the
phosphate carrier and the oxoglutarate carrier, have a
tripartite structure composed of related sequences of
about 100 amino acids in length [23-26). Since the
aspartate/ glutamate carrier activity has been at-
tributed to a protein with a considerably higher M, of
68000, we reinvestigated the question of the identity of
this important carrier proteis.

In this paper we describe the identification and the
purification of the aspartatc/glummatc carmr from
bovine heart mitochondria usmg I reconstitu-
uon as a m + of the wawrier activity during the

ethvienediaminetetraucetic  acid: Pipes, l4»p|pcr.12|m.du.\h.m
sulphonic acid: SDS. sodium dodecyl: NEM,
mide.
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¢. Upon SDS gel clectrophoresis the
punﬁed .xsparldn./ glutamate carrier protein appears
to be a single polypeptide with un apparent I

mass of 31.5 kDa. When incorporated into liposomes it




292

exhibits transport propertics which closely resemble
those described for the aspartate/ glutamate carrier in
intact mitochondria.

Materials and Methods

Materials. Hydroxyapatite (Bio-Gel HTP) and Dowex
AGI1-X8 were purchased from Bio-Rad; Celite 535
from Serva; Amberllle XAD-2, C,E, znd cgg yolk
phospholipids (ph from cggs) from
Fluka; Pipes, C;E . 1-glutamate and 1-aspartate from
Sigma; i.-{U-"Clglutamate and 1-{U-"*Claspartate from
Amersham  International (Amersham, UK); and
Scphadex G-75 from Pharmacia. All other chemicals
were of the highest purity commcru.illy available.

Isolation of the asy carrier. Bovine
heart mitochondria (20 mg protein), prepared as de-
scribed in Ref. 27, were preextracted with 1% C;E,,
(w/v), 1| mM EDTA and 100 mM NaH,PO, (pH 6.5)
for 10 min at 0°C in a final volume of 1 ml. After 20
min centrifugation at 140000 X g, the pelict was solubi-
lized with 2.4% C;E, (w/v), | mM EDTA and 100
mM NaH , PO, (pH 6.5) in a final volume of 0.8 ml and
at a concentration of about 16 mg protein/ml. After 10
min at 0°C the mixture (0.8 mb) was centrifuged at
100000 X ¢ for 20 min to obtain a supernatant referred
10 as extract. 0.6 ml of the extract (8-9 mg protcin)
supplemented with 0.2 mi ammonium acctate (1 M
final concentration) were applicd 10 a 10 g dry hydroxy-
apatite column (2 cm diameter) and eluted with 1.2%
C,,Ey, 0.5 mM EDTA, 1 M zmmonium acetate and 50
mM NaH, PO, (pH 6.5). The first 1.2 ml of the cluate
from the hyaisryapatite column were collected, 0.8 ml
of which were applicd onto a dry celite column (pasteur
pipette containing (.5 g of dry material). Elution was
performed with 0.3% C,E, 0.125 mM EDTA, 0.5 M
ammonium acctate and 12.5 mM NaH,PO, (pH 6.5).
Fractions of 0.6 ml were collected. Pure aspartate/
glutamate carrier was present in fraction 3. All the
operations were performed at 4°C, unless otherwise
specified.

Reconstitution of the aspartate / glutamate carrier in
liposomes. Liposomes were preparcd as described pre-
viously [16] by sonication of 100 mg/ml egg yolk phos-
pholipids in water for 60 min. Protein cluates were
reconstituted by removing the detergent with a hy-
drophobic column 28] In this procedure, the mixed
micclles containing detergent, protein and phospho-
lipids were repeatedly passed through Amberlite
XAD-2 columns. The composition of the initial mix-
ture used for reconstitution was: 200 g1 of ihe hydroxy-
apatite or celite cluate or 45 ul of the extract, 30 u1 of
10% C,,E,. 100 p1 of 10% phospholipids in the form
of sonicated liposomes. 14 ul of 1 M sodium v-aspar-
tate or sodium v-gl 50 pl acetate
(to reach the final concentration of 1 M) in a final

volume of 700 ul. After vortexing, this mixture was
passed 15 times through the same Amberlite column
(0.5 x 3.2 cm) preequilibrated with a buffer containing
10 mM NaH, PO, (pH 7.0) and 20 mM of the substrate
present in the starting mixture. Al the operations werc
performed at 4°C, except for the passage through Am-
berlite, which was carried out at room temperature,

Transport measurements. In order to remove the
external substrate, 650 ul of proteoliposomes were
passed through a Sephadex G-75 column (0.7 X 15 cm)
preequilibrated with 50 mM NaCl and 10 mM Pipes
(pH 6.5). The first 600 u! of the turbid clusute from the
Sephadex column were collected, transferred to reac-
tion vessels (150 pl each). incubated at 25°C (for 4
min), and then used for transport measurements by the
inhibitor stop method [29]. Transport was started by
adding 0.1 mM 1" Claspartate (10 gl, about 180000
cpm) or .1 mM 1-{"Clglutamate (10 xl, about 180000
cpm) and stopped after the desired time interval by
addition of 0.5 mM NEM. In control samples, the
inhibitor was added together with the labelled sub-
strate. The assay temperature was 25°C. In order to
remove the external radioactivity, 150 ul of cach sam-
ple were passed through a Dowex AG1-X8 column,
50~ 100 mesh, acetate form (0.5 X 4 cm). The liposomes
cluted with 1 ml of 50 mM sucrose were collected in 4
mi of scintillation mixture, vortexed and counied. The
transport activity was calculated by subtracting the
control from the cxperimental values.

Other methods.  Polyacrylamide  slab-gel clectro-
phoresis of acetone-precipitated samples was per-
formed in the presence of 0.19% SDS according to
Lacmmli [30]. The stacking gel contained 5% acryl-
amide and the separation gel contained 17.5% acryl-
amide and an acrylamide /bisacrylamide ratio of 37.5.
Staining was performed by the silver nitrate method
{31]. The molecular weights were d.iermined by com-
parison to standards obtained from Bio-Rad. Protein
was determined by the method of Lowry et al. [32]. All
the samples used for protein determination were sub-
jected to ¢ ¢ precipitation and redissolved in 1%
SDS [22]. The activity of other transport systems was
assayed by the inhibitor stop method as previously
described: phosphate carrier [13), oxoglutarate carrier
[16). dicarboxylate carrier [17), tricarboxylate carrier
18], pyruvate carrier [21], carnitine carrier [22] and
ADP/ATP carrier {28].

Results and Discussion

Solubilization ond purification of the aspartate /
glutamate cairier

Bovine heart mitochondria were preextracted with
C3Eyy and then solubilized with C;Ey, essentially as
reported by Kramer et al. {6]. Inclusion of ammonium
acetate in the solubilization buffer was found to be not
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Fig. 1. Purification of the aspartate /glutamate carrier in dependence

Total activity

of the amount of SDS gel is of the
cluates (first 1.2 mi) obtained from columns containing 0.6 g (B), 2.5
2 (0), 6 g (D), 10 g (E) or 12.5 g (F) hydroxyapatite. M, marker
proteins (phosphorylase b, 97400; bovine serum albumin, 66200;
ovalbumin, 45000; carbonic anhydrase, 31000; soybean irypsin in-
hibitor, 21500; and lysozyme, 14400) A, mitochondrial extract (5
) and B-F, hydroxyapatite ¢luates (50 ul). The numbers reported
in the figure represent the specific activities in gmol/30 min per g
protein and the total activitics in pmol/3) min of the aspartate/
aspartate exchange measured in each eluate as described in Materi-
als and Methods,

when acetatc was
added to the mitochondrial extract before reconstitu-
tion the activity of the aspartate/aspartate exchange
was i sed 1.8-fold. A ium acetate was there-
fore always included in the reconstitution mixture at a
concentrition of 1 M,

In general, mitochondrial carrier proteins are not
oound to hydroxyapatite (see Ref. 33 for a review). In
the case of the aspartate/ glutamate carrier, however,
the transport protein is retained unless the ionic
strength is increased [6]. We found that elution of the
aspartate/ glutamate carrier apphcd onto hydroxy-
apatite sed with i g the of
ammonium acetate up to 1 M. The aspartate/
glutamate carrier could also be cluted from hydroxy-
apatite by addition of other saits (NaCl, Na,SO, and
Na,HPOQ,), but in this case more contaminating pro-
teins and less aspartate exchange activity was eluted.

‘When using the 0.6 g hydroxyapatite column, similar
as described for the purification of several other car-
nier proteins [13,15,16,19-21), and the clution buffer
including 1 M ammonium acetate (see Methods), the
specific activity of the aspartate/gluiamate carrier in
the eluate was i d 15-fold as d to that of
the mitochondrial extract (Fig. 1, lane B). I compari-
son to the results obtained with other carriers, the
purification of the aspartate/ glutamate carricr
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achieved by this procedure was much less satisfactory.
This was probabl of the prese of
the high salt concentration and of the detergent C,,E,
(instcad of Triton) during the hydroxyapatite chro-
matography.

For improving the purification procedurc a main
factor was found to be a significant increase in the
amount of hydroxyapatite used. In experiments investi-
gating these conditions, the amount of protein applied
to the column was kept constant so that the protein/
hyd ite ratio d d As shown
m Fig. 1, lanes B-F, the number of polypcptldes pre-
sent in the | patite cluate de d on ing!
ing the amount of hydroxyapatitc. Using 10 g hydroxy-
apatite the SDS gel electrophoresis revealed the pres-
ence of only two protein bands (Fig. 1, lanc E). Despite
a substantial decrease in the protein content, the total
activity of the aspartate/ aspartate exchange remained
nearly the same on increasing the amount of hydroxy-
apatite from 0.6 to 10 g (Fig. 1, lanes B-E). This
resulted in a 4-fold increase of the specific activity of
the aspartate/ glutamate carrier with respect to that of
the cluate d from ch aphy on 0.6 g
hydroxyapatite.

For further purification, we have applied the hy-
droxyapatite eluate onto various resins which already
have been successfully used for other mitochondrial
carriers (see Ref. 33 for a review and Refs. 18-20).
Only celite, a resin capable of binding proteins inde-
pendently of the ionic strength, was effective for purifi-
cation of the aspartate/glutamate carrier protein in
functionally active form.

The final purification of the aspartate/glutamate
carrier was achieved by elution with increasing concen-
trations of the detergent. Whereas in the presence of
0.1% C,E, in the elutica buffer all proteins remained
bound to celite, we found that the aspartate/ glutamate
carrier could be specifically eluted from celite in the
presence of 0.3% C,,E, in the elution buffer (Fig. 2).
The first and the second fractions (lanes C and D) of
the celite eluate were not active in reconstituted aspar-
tate transport and did not contain protein. Fraction
three (lane E) exhibited an aspartate/aspartate ex-
change activity of 1752 pmol/30 min per g protein
(at 0.1 mM aspartate) and upon SDS gel electrophore-
sis showed a single protein band of 31.5 kDa. Fraction
four (lane F) again was not active and did not contain
protein. Lane G of Fig. 2 shows elution of the residual
proteins from the celite column by applying 1% SDS.
The total reconstituted aspartate/glutamate carrier
activity present in the third fraction of the celite cluate
represented 48% of that applied to celite (0.06
umol /30 min per g protein).

The final purification factor (Table I) of the celite
fraction rontaining the aspartate / giutamate carrier was
620 with respect to the mitochen irial extract. Approxi-




Fig. 2. Purification of the aspartate /glutamate carrie

skumplum of fractions obtained by hydroxyapatite a

caromatography. M. marker proteins (see Fig. 15 A, eluate from a

column containing 0.6 g hydroxyapatite (30 uik B, eluate from a

column containing 10 g hydroxyapatite (ill aby C~F. first four

fractions of celite eluate (100 w1); and G, residual eluate of the celite
column eluted with 15 SDS (100 ).

mately 17.29% of the total transport activity was recov-
ered with a protein yield of 0.03%.

Properties of the rec ituted aspartate / gl car-
rier

The experiments described in this section have been
performed with the celite fraction (Fig. 2, lane E)
containing the purified aspartate/ glutamate carrier
protein,

Fig. 3 illustrates the time course of the NEM-sensi-
tive [“Claspartarc uptake by proteoliposomes which
were loaded with unlabelled aspartate, The upsake of
aspartate incicased lincarly with time for about § min
at a rate of 733 pmol/min per g protein at 25°C vat 0.1
mM uspanaic). In the absence of internal substrate,
aspartate uptake was negligible. There was virtually no
activity without incorporation of the carrier protein
into the fiposomes (not shown). The time course of
[“Claspartate / .lsp.lrldlc uch.mgc as shown in Fig. 3
T an proach to isotopic equilib-
rlum. which is demonstrated ty the straight tine ob-
rained by plotting the natural logarithm of the fraction

TABLE 1

Purification of the aspartare / glaamate carricr

Thc proteoliposaaies were foaded with 20 mM -aspastoe or 20 mM gltamace .md the exchange w;
Wy ! {Glu/Glu exchange), Other
Methads. Activity of the svconstituted exchange is expressed in pmol /30 min per g protein (specific a

(Asp/Asp exch or [
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=
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Fig. 3. Time course of aspartzte uptake in reconstituted liposomes.
0.1 mM [HClaspartate was added at time zero to reconstituted
fiposonies loaded with 20 mM aspartate () or with 20 mM NaCl (¢).
ithmic plot of In A, M4, - A4,)
wtite eachange per g protein and A, is
te oxchiange at time . according o Gie relation In
A A Ay = A, )= ke The value of 4, (17.88 mmol /g protein)
was extrapolated al infinite time by 4 computer non-liaear regression

of equilibrium aspartate ..,/ (aspartate,,,,, — aspartatc,)
against time {341 This means that the exchange of
aspartate in proteotip-.cmes follows first-order kinet-
ics. The first-order rate constant, k, extrapolated from
the slope of the logarithmic plot, was 0.041 min~*.
Similar results were ohmde when the uptake of
[HClalutaniate was d in pr iposomes. The
first-order constant for e slutamate / glutamate ex-
change was 0.034 min ', Furthermore, also in this case
there was virtually no uptake in the absence of intrali-
posomal substrate. Both the absolute dependence on
an appropriate counteranion und the inhibition by
NEM proved that the purificd aspartate/ glutamate
carrier has been reconstituted.

The specificity of [ Claspartate and [Clglutamate
exchange with rupt.ct to intraliposomal counteranions
was further i d in liposomes loaded with

started by uddmg 0.1 mM external
as described in Materiols and
vity) and gmol /30 min (total activity),

Protein Asp/Asp exchange Glu/ Gl exehange Purificatinn (fold)
() specilic total specific otal Asp/Asp Glu/Glu
il activity activity activity exchange exchange
Mitachondrial extract RERM i 0363 st U4 H t
Hydroxyapatite cluate T8 1065 U085 639 uos1 56 56
Celite eluate 24 11667 o0 TOR3 a7 615 620




a variety of substrates. The intraliposomal concentra-
tion of the anions uscd was 20 mM and the exchange
time was 30 min. The data reported in Table IT show
that labelled aspartate and glutamate could be trans-
ported net only against r-aspartate and L-glutamate
but also against internal 1-cysteincsulfinate. Some ac-
tivity was also observed with the p-stereoisomers of
aspartate, glutamate and cysteincsulfinate. On the
uther haad, theve way n0 significant exchange of aspar-
tate and glstamate when substrates of other mitochon-
drial carriers (phosphate, malate, 2-oxoglutarate, cit-
rate and ADP) were present inside the li This
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TABLE Il

ct of inhibitors and externaily added substrates on the reconstinuted
aspartare / aspartate exchange

somes were loadea with 20 mM aspartate and the
arted by adding 0.1 mM [MClaspariate, Al the
inhibitors (Experiment 1) were added 2 min before the fabelled
sustrite at lcunu.mmunn of I mM (SH reagents) 10 mM (pyn

dexal §%ph | and dicthyl p g 2mM
a t hnlyl matonate and phenyl
seccinate) and 0.1 mM ). The sut (Ex-

prriment 2) were added together with [MClaspurtate
tion of 1 mM. The control values of uninhibited a
were l()47l) and 9930 pmol /30 min per g protein i

i coneentra-
tate exchange
Land 2,

result is in agreement with the narrow specificity of the
aspartate / gl carrier as characterized in mito-
chondria [1].

Table 111, experiment 1 shows the cffect of various
inhibitors on the itutcd aspartate/ aspartatc cx-
change. The reconstituted activity was nearly com-
plctely inhibited by lhc SH reagents NEM, mersalyl
and p-hyd c at a ation of 1
mM. Likewise, pyridoxal 5'-phosphate, phenylglyoxal
and dicthyl pyrocarbonate, which arc known to be
rather specific reagents for lysine, arginine and histi-
dine, respectively, were found to decrease the reconsti-
tuted aspartate/aspartate cxchange activity strongly.
In contrast, carb loside, 1.2,3-b icar-

Similar

fy. The diata are trom representative experiment:
results were obtained in three different experiments.

boxylate. hal, butyl mal and phenyl suc-
cinate, which inhibit other mitochondrial transport sys-
tems, were not effective. In Table 131, experiment 2,
the scnsitivity of the aspartate/ aspartate exch w

externally-added substrates was investigated. The as-
partatc exchange was strongly inhibited by 1-aspartate,

TABLE 1

Dependence of [1Cl aspartate and [PCl gluamate transport in
reconstituted liposomes on internal substrate

The prowoliposomes were loaded with 20 mM of the indicated
Transport was initiated by the addition of 0.1 mM
ate or 0.1 mM [MCletutamate. The duta are from a
ntative experiment. Similar results were obtained in four
different experiments,

Internal substrate Substrate uptake
QomM) (a0l /30 min per g protein)
(MCaspartate HClgluamate

None (C1™ present) 290 320
1-Aspartate 10470 5850
1-Glutamate 6110 6280
1-Cysteinesuifinate 5900 5260
n-Aspartate 1290 990
»-Glutamate 820 1130
b-Cysteinesulfinate 970 1160
Phosphate 270 230
Malate o 240
2-Oxogiutarate 270 KI[4)
Citrate 330 150
ADP 200 . 280

Addition e Inhibition
Sxperiment |

N-Ethylmuleimide 160
Mersalyl o
p-Hydroxymercuribenzoate Y0
Pyridoxal S"-phosphate 95
Phenylglyoxal 91
Dicthyl pyrocarbonide 96
Carboxyatractyloside Y
1.2.3-Benzenetricarboxylate 14
Phihalonate 8
Butyl malonate 13
Phenyl succinate 7
L-Aspartate 8o
1-Glutamate 84
1-Cysteinesulfinute ”
n-Aspartate 25
5 pi
23

9

4

13

1-Glutamine 10
Phosphae 8
Malate 6
12

10

s

1-glutamate and 1-cysteinesulfinate, and, to a much
lower extent, by the p-stereoisomers of the same amino
acids. In contrast, the aspartatc/aspartate exchange
was not significantly affected by the substrate ana-
logues N it tate, N { aspara-
gine and and by es of other mito-
chondrial carriers like phosphate, 2-oxoglutarate,
malate. citrate and ADP. The same inhibition p.mum
was observed in mitochondria or in liposomes

tuted with partially purified aspartate/glutamate car-
rier {1,4-7).

In further experiments (not shown), we found that
the fraction shown in Fig. 2, lanc E, consisting of a
single pmtcm hand \vuh an apparent M, of 31504,
when r d into | did not catalyze the
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exchange reactions ADP/ADP (adenine nucleotide

carrier), phosphate/ (phospt carrier),
malate/ phosphate (dicarboxylate carrier), citrate/
citrate (tricarboxylate carrier), 2 futarate. / 2-0xo-

glutarate (oxoglutarate carrier), pyruvate/ pyruvate
(pyruvate carrier) and carnitine/ carnitine (carnitine
carrier). Only occasionally, depending on the particular
batch of hydroxyapatite used in the first step of purifi-
cation, somec ADP/ADP exchange activity, corre-
sponding to 10-15% of that of the aspartate / aspartate
exchange, was also present. Thus, the purified aspar-
latc/ glutamate carrier is not contaminaied by other

drial including those which
are normally not adsorbed by hydroxyapatite.
The data rep d above d rate that the

polypeptide of 31.5 kD, which represents the

2 Meijer, AL and Van Dam, K. (1981} in bicmbrane Transport
(Benting, S.L. and De Pont, JLHHM., eds). pp. 235-256,
Elsevier. Amsterdam.

3 LalMioue, KF., Meijer, AL and Brouwer, A. (1974) Arch.
Bioch Biophys. 161, 544-550.

4 Palm F.. Stipani, 1. ond lacobuzzi, V. (1979) Biochim. Bin-
phys. Acta 555, 531546,

% Diesks, T.. Salentin, A., Heberger, €. and Kramer, R. (1990}
Biochim. Biophys. Acta 1028, 268-280.

6 Kramer, R.. Kurzinger. G. and Heberger, C. (1986} Arch.
Biachem. Biophy:. 251; 166-174.

7 Cierks. T.. Stapsen. R.. Salentin,
Biochim. Biophys. Acta 1103, 13-24.

8 Mumphy, E.. Coll. KE. Viale, RO. Tischier, ME. and
Witliamson, J.R. (1979) 1. Biol. Chem. 254, 8369-8376.

9 LuNoue, K.F.. Duszinsky, J., Watts, J.A. and McKee, E. (1979}

Arch. Biochem. Biophys. 195, 578-5%1).

10 Dierks, T., Riemer, E. and Kramer, R. (1988) Biochim. Biophys.
Acta 943, 231-244.

A. and Kramer, R. (1992)

protein band presert in the SDS gel electropl
the preparation described in this paper, is the aspar-
tate/ glutamate carricr of the inner mitochunarial
membrane. In a previous paper [6] the aspartate/
glutamate carrier was identified as a 68 kDa polypep-
tide. 1t is possible that in that preparation the aspar-
tate/ glutamate carrier was present as a highly active
contaminant. Another possibility is that the 68 kDa
polypeptide was a dimer of the carrier protein formed
during the puiification procedurs and/or during the
gel electrophoresis. In this respect it should be noted
that the mitochondrial carrier proteins have a tend

to dimerize when the gel electrophoresis samples con-
tain a considerable amount of cardiolipin as in the case
of Ref. 6. The M, of 31500 assigned to the aspartate/
glutamate carrier in this report falls into the very
narrow range of molecular masses shown by all mito-
chondrial metabolite carriers isolated so far [11-22]
and suggests that the aspartate / glutamate carrier may
also hclong to the mitochondrial carrier protein tamily
{24-2€). It is hoped that the simple and rapid purifica-
tion procedure described here will provide a useful
basis for further characterization of the aspartate/
glutamate carrier at a molecular level,
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