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Upon modification of the reconstituted aspartate/#utamale carrier by various amino acid-reactive chemicals a 
functional lysiue residue at the exofaelal binding site was identified. The inactivation of transport functimt by the 
lysine-specific reagents I~'idoxal phosphate (PLP, ICse 400 ~M) and 4-acetamide.4'.isothioc3~anosttlbeae.2,2'-di- 
sulfonate (SITS, ICse 300/aM) could specifically he suppressed by the substrates aspartate and glutamate;, a fdl% 
substrate protection was observed at half.saturation of the external binding site. The same Item tree for 
l-ethyl-3-(3-dimeth.vlaminopmpyl)carbodiimkle (EDC, lest £44l ~M)  and diethyl I)yrocarboute (DEPE, ICm 20 
pM), two reagents known to modify carboxylie or histidinyi side.baths, respectively. El)C. however, turned out to 
catalyze an ac~latien of the active site lysine by activating carboxyls that had to be present i•  the 
medium. This special mechanism, which was proven by iwetetn labelling •sing EDE/lt4Clmecinate, ~ a 
lysine side-chain of high reactivity and low pg ,  since the modi41~tio• kad to occur at pH ~ 6,5, i.e. not too fat" from 
the pK of the carbe~l to he activated. All reagents applied, additionally including 4,4'-diisolhiecyaaeslllk, ae-2,2'- 
disulfonate (DID& iCso 10 ttM), were effective at this pH. Ceml~qitien ¢~perimeats revealed interactkm ef EDE, 
PLP, SITS and probably DIDS at the same active site lyslue. For DEI~ • lysiae mediflcation could net be nded mr. 
Yet, a medal comprising a histidine juxtaposed to the lysine seems to be appropriate. 

Introduction 

Among the various specialized transport proteins 
found in the inner mitochondrial membrane (for re- 
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views see Refs. 1-3) the Asp/Glu carrier in functional 
respect is one of the best characterized systems. The 
isolated carrier [4] was reconstituted with right-side out 
orientation into liposomal membranes [5,6], thus allow- 
ing to investigate the kinetic mechanism of Asp/Glu 
antiport under defined conditions [7,8]. We found an 
antiport mechanism of the sequential type implicating 
the occurence of a ternary complex of the protein with 
two substrata bgands during trans!ocation. Two inde- 
pendent substrata binding sites, one on each mem- 
brane side, are involved in the formation of this cat- 
alytic complex, as had to be concluded from the kinetic 
patterns obtained witit proteolilxr, omes and, in paral- 
lel, also with intact mitochondria [6,7]. This so-called 
rapid-equilibrium random mechanism turned out to be 
valid also for the oxoglutarate carrier ~s was sbown 
both in mitochond~a [9] and in proteot,posomes [I0]. 
Considering furthermore recent data in favor of such a 
mechanism for the ADP/ATP carrier [11] it becomes 



cvident that the s~milarity of the members of thc struc- 
tural family of mitochondriaI carrier proteins [12-14] is 
expressed also by common functional principles [6,1{I]. 

The elucidation of the molecular translocation 
mechanism, nevertheless, is far from being solved for 
any biological transport system due to the lack of the 
3D-structure of carrier proteins. Since with membrane 
proteins olily in exceptional cases spectroscopic or 
diffraction studies can bc carried out, the chemical 
modification, besides mutagcncsis, is the method of 
choice to reveal elementary structural aspects underly- 
ing transh~cation. Such structure-function relationships 
already were described previously for the reconstituted 
Asp/Glu carrier (and ADP/ATP carrier) [15,16]. By 
using q,'steinc-modifying reagents a basic change in the 
transport function could be induced transforming the 
,;bligatory antiport carriers reversibly into unidirec- 
tional transport systems (efflux carriers). For antiport- 
efflux intcrconversion two reactive cysteines had to be 
modified by mercury compounds. The pore-like char- 
acteristics observed fi~r the efflux activity were taken as 
evidence for a protein-immanent channel structure as a 
prerequisite not only flw efflux but also for the physio- 
logical substrate translocation (antiport)[16]. 

In order to gain further insight into the structural 
basi:: for this dual function in the present paper we 
examined the influence of additional amino acid-reac- 
tive modifiers on the antiport and as well on the 
SH-induced efflux state of the Asp/GIq carrier. By 
elucidating the chemical reaction mechanisms of the 
applied reagents and the mutual interaction of reagent 
and substrate with the carrier protein informations 
could be obtained about functional amino acid side- 
chains along the transport path~,,ay and/or at the 
active binding site of the carrier. With the intention to 
selectively label the affected protein further experi- 
ments were carried out using radioactive reagents. 

Materials and Methods 

Materials and their sources 
AMPLIFY, L-[U-n'~C]aspartatc, [8-t4C]ATP, L-[U- 

t4C]glutamate, ~'~C-methylated Rainbow protein molec- 
ular weight markers and [1,4-~4C]succinate were ob- 
tained from Amersham-Buchlcr. Sigma supplied the 
following chemicals: DL-a-aminoadipic acid, carb,"pxya- 
tractyioside, DEPC, [carbonyi-ItC]DEPC (3.8 mCi/ 
retool). DTE, 5,5'-dithiobis(2-nitrobenzoic acid), EDC, 
fluorescein-5-isothiocyanatc, GME, lysinc methyl ester, 
mersalyl acid, Mops. p-(chioromercuri)benzoate and 
turkey egg-yolk phospholipid. Amberlite XAD-2, ~- 
bromophenacyl bromide. Dowex I-X8, phenylisothio- 
cyanate and SITS were purchased from Fluka, 
hydroxyapatite (Bio-Gei HTP) from Bio-Rad. Sephadex 
from Pharmacia, PLP from Merck and DIDS from 
Pierce. Bongkrekic acid was isolated by Prof. Berends 

(Delft), DNDS was a gift of Dr. L. Zaki {Frankfurt). 
All further chemicals were of :~nalytical grade. 

Preparation of proteoliposome.~ 
The preparation of the Asp/Glu carrier from bovine 

heart mitochondria was described previously [4]. The 
protein fraction obtained ~fter hydroxyapatite centrif- 
ugation chromatography and dcsalting on Sephadex 
G-25 was used for rcconstitution. This fraction con- 
tained both Asp/Glu and ADP/ATP carrier protein. 

The protein was incorporated into liposomcs by 
hydrophobic chromatography of mixed micelles on 
Amberlite beads in a recycling procedure [17]. Thc 
exact reconstitution conditions wcrc described by 
Dierks and Kriimer [5]. As internal substrates the pro- 
tcoliposomes contained 16 mM aspartatc or, for sub- 
strate protection experiments, 8 mM aspartatc/8 mM 
glutamate, and, for comparative investigations of the 
ADP/ATP carrier, additionally 10 mM ATP. 

Chemical modification of the carri,,r protein 
The various modifying reagents applied, except 

HgCi2, mersalyi, 5,5'-dithiobis(2-nitrobenzoate) and 
l~4chloromercuri)benzoate, were prepared freshly for 
each experiment. As solvents were used: absolute 
ethanol (DEPC), 50% ethanol {SITS, DIDS), aceto- 
nitrile (4-bromophenacyl bromide), dimethyl sulfoxide 
(fluorescein 5-isothiocyanate), 50 mM phosphate buffer 
(pH 7) (5,5'-dithiohis(2-nitrobenzoic acid)), the respec- 
tive gel filtration buffer (ItX) mM Mops, 50-80 mM 
sucrose, pH 6.5) (PLP) or water, 

The modification of the Asp/Glu carrier (and 
ADP/ATP carrier) in all cases was carried out by 
incubating reconstituted protein with these reagents at 
room temperature and at pH 6.5 (EDC: pH 6.2). Previ- 
ously, however, the external suhstrate was removed by 
gel filtration of proteoliposomes on Sephadex G-75 
{scc below), in those experiments concerning substrate 
protection the substrate (or the protector) was added 
in the appropriate concentration prior to the r~agcnt. 
This also applies to the carbonic acids needed for 
modification by EDC (see Results). The reagents al- 
ways were added from a 50-fold concentrated stock 
solution, while adding the respective solvent to the 
controls (final concentration < 2%). in competition ex- 
periments the second reagent was added after a short 
preincubation with the first reagent. The exact condi- 
lions are given in the legends of the respective experi- 
ments. The modification reactions usually were stopped 
by adding GME (EDC), DTE {SITS, DIDS) or histi- 
dine (DEPC) or. in any case, by finally removing the 
reagents on a second gel filtration column. 

For testing the influence of the different reagents 
on efflux activity the proteoliposomes had to be loaded 
with [14C]aspartatc (or [IJC]ATP) (see below) before 
incubating them with the reagent in the presence of 



the radioactivity (approx. (1.5 #M aspartate or ATP, 
respectively). In the corresponding controls the effect. 
on antiport activity was determined by the backward 
exchange method which is experimentally related to 
the efflux measurements (see below). 

Transpori mea.szlremolt 
The reconstituted transport activities (antiport and 

effiux) of the Asp/Glu and ADP/ATP carrier were 
determined by measuring the flux of n4C-labellcd sub- 
strate, as was described previoulsy [15]. For monitoring 
the antiport activity two different techniques were ap- 
plied, in forward exchange experiments (aptake of 
label) the assay was started by the addition of labelled 
aspartate (or ATP, respectively) to proteoliposomes 
containing unlabeIled countcrsubstrate inside. In back- 
ward e. schangc experiments (export of label) unlabelled 
substrate was added to proteoliposomes containing 
prelabeiled internal substrate pools. In both modes of 
antiport measurement the reaction was stopped using 
40 mM pyridoxal phosphate (or 33 p.M carboxyatracty- 
Ioside/5 IzM bongkrekic acid, respectively). 

The procedure for measuring unidirectional trans- 
port (efflux) activity res,,'mbled the backward exchange 
method. The export of label, however, was started by 
adding 100 p.M mersalyl (in the absence of external 
substrate) and stopped by adding 5 mM dithioeryth- 
ritol/40 mM pyridoxal phosphate, as was done both ie 
the case of aspartate and ATP efflux assays. For prela- 
belling the internal substrate pool in effiux or back- 
ward exchange experiments, protcolipo,,,omes, after th,- 
first gel filtration, were loaded with labelled substrate 
by antiport activity in the forward exchange mode (8 
min) adding 0.5/LM aspartate (or ATP) of high specific 
radioactivity. 

The transport activity (forward exchange, backward 
exchange or efflux) usually was measured after removal 
of all reagents, i.e. after the second gel filtration. Only 
when determining the total inhibition caused by PLP 
the measurements were carried out in the presence of 
the reagent (see Results). Further experimental details 
concerning gel filtration chromatography, removal of 
external radioactivity on anion exchange material r.nd 
evaluation of transport activities by computer fitting 
are given in Refs. 15 and 5. 

Protein labelling 
The EDC-mediated m4C-succinylation was carried 

out according to the above instructions using, however, 
0.1-0.5 mM [n4C]succinate as a carboxyi component 
(specific radioactivity ___ 100 dpm/pmoi). More de- 
tailed incubation conditions are given in the IegenO of 
Fig. 3. The incorporation of radioactivity into the pro- 
teoliposomes was checked by fractionating the eluate 
of the gel filtration column. The labelling of the pro. 
tein could be quantitated during preparation of sam- 

p!cs for clectrophorcsis by prcciphating the protein 
with dcoxycholate and trichloroacetic acid [15] and 
extracting detergent and lipid with organic .solvents 
[15]. Normally < 5 /zg of protein containing < 2(ll 
pmol of label were appricd on a SDS.polyacrylamide 
gel. "['he gels contained 10% acrylam!de/0.3% bisacryl- 
amide and were prepared, run and stained according 
to the protocol of Sch/igger and Von Jagow [18]. For 
fluorographic detection of radio,tctivity the stained gels 
were treated with AMPLIFY (Amersham) for ~) rain 
and dried on filter paper in vacuo (70°C, 90 rain). The 
tluorographic exposure of a non pre-fiashcd X-ray film 
(Fuji RX) took 1-6 weeks at - 7|)°C. 

For labelling with [*4C]DEPC (8 dpm/pmol) much 
higher concentrations ( ~ ] raM) had to be chosen than 
applied for inactivation studies in order to achieve 
sufficient incorporation of label. Due to the incomplete 
blocking efficiency of added histidine at this high DEPC 
concentration (see Results) the final gel filtration pas- 
sage had to be as fast as possible to stop the modifica- 
tion reaction. During preparation of protein .samples 
and electrophoresis high Io~es of label were observed, 
as is explained by the low stability of the modification 
product [19]. 

Results 

Modification by pyridoxal phosphate 
it has been shown several years ago [5,20] that the 

Asp/Glu carrier, like other mitochondrial anion carri- 
ers, is inhibited by pyridoxal phosphate (PLP). This 
reagent modifies proteins specifically at lysine residues 
[21,22]. Due to this high specificity (see also references 
in Ref. 23) PLP in our investigations served as a 
reference reagent, which in competition experiments 
was applied to test whether other reagents also act on 
lysine residue(s) of the protein. For this purpose an- 
other favorable property of PLP was taken advantage 
of, Since the condensation reaction of PLP and lysine 
side-chains under Schiff base formation is reversible 
[22,24], particularly at non-alkaline pH, bound reagent 
may be removed again by passing the reconstituted 
protein through a gel filtration column. As shown in 
Table I the inactivation of the Asp/Glu carrier could 
in fact be reverted to a large extent by this method, i.e. 
40-60% of the activity was restored even after treat- 
ment of proteoliposomes with 20 mM PLP, a concen- 
tration high above the K~ (see below). The degree of 
reversibility depends on tile protein under study [25]. 

We found that the Asp/Glu carrier was protected 
from inhibition by the presence of external substrate. 
Since PLP acted as a reversibly binding ligand, compe- 
tition experiments between substrate and PLP could be 
carried out (cf. Ref. 26). Fig. I demonstrates that 
saturating concentrations of aspartate (> 300 p.M) 



TABLE i 

lnactiration of the reconstitmed Asp / Gin carrier after chemica! modi- 
]ication by various reagents 

Relative antiporl and effiux activities arc compared. In addition, the 
effects o f  the reagents on the coreconst i tu led A D P / A T P  carr ier  are 
given. Prnleoliposome~ preloaded with labelled substratc (see Meth- 
ods), were incubated with the respective reagent at the indicated 
concentration for 10 rain (PLP), 7.5 rain (EDC, inactivation of 
antilmrt)= 15 rain (EDC inactivation of efflux; DEPC, SITS) or 5 rain 
(DIDS). Unle~ otherwise indicated ( ~ e  footnote), non-reacted 
reagent was removed by gel filtration of lipommes prior to ihe 
activity a.~.~ay. Backward exchange and effiux were initiated by adding 
I mM external substrate (asparlale or ATP) or ifl0 gM mersalyl, 
respectively. 

Rea- Cohen. Asp/Gin carrier ADP/ATP carrier 

gent (raM) rel. antiporl tel. efflux rcl. antil~rt rel. efflux 
act iv i ty ( ~ )  ac t i v i t y (%)  act iv i ty (%)  act iv i ty (%)  

PLP 20 52 51 n.d." n.d. 
PLP = 20 4 7 I 5 
EDC 3 10 34 48 g3 
SITS 0.5 32 87 n.d. n.d. 
DIDS 0.08 5 108 n.d. n.d. 
DEPC 0.08 5 2"; 88 87 

= Act iv i ty  a ~ a y  w i thout  previous removal  o f  reagent. 
h Not determined. 

completely blocked the action of PLP (2 or 4 mM, 
respectively). This competitive behavior provides evi- 
dence for an interaction of the inhibitior at the sub- 
strate binding site. The K, for PLP was about 0.4 mM. 
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Fig. I .  Compet i t i ve  in teract ion o f  PLP and asparlate wi th  the recon. 
st i tuted A s p / G i n  carr ier. The act iv i ty o f  aspa, ' la te/aspartate ex- 
change (16 mM internal/4O-300 #M external) was determined in 
the absence (111) and in the presence o f  PLP ( A .  2 m M  o r  o.  4 m M )  
by tl~ forward exchange t,'.-',hod. The results are shown in a 
Lineweaver-Burk plot. Apparer,( K m values for asparlale were ob- 
tained as follows: 63 ( I ) ,  293 ( ,, ; : ' ,  624 tzM (el, From these dala a 

K i for PLP of 0.44 mM was caiodated. 

This is consistent with the apparent IC~, (concentra- 
tion leading to half.maximum inhibition) of 0.9 mM 
determined in the presence of 50 #M aspartate, i.e. at 
half saturation (not shown). A significant reaction of 
PLP with the a-amino group of aspartate at pH 6.5 can 
be ruled out due to the high pK (9.8) of this group. 
Considering, moreover, the excess of PLP this putative 
reaction cannot be responsible for the protective effect 
observed. 

Carbodiimide.catalyzed acylation 
When proteoliposomes in Mops/acetate buffer (pH 

6.5 or below) were incubated with the hydrophilic 
carbodiimide l-ethyl-3-(3-dimethylaminopropyl)carbo. 
diimide (EDC) (10 mM) for 20 rain, a complete inhibi- 
tion of the Asp/Olu carrier was observed. This inhibi- 
tion, like that caused by PLP, also applied to the 
uniport (effiux) activity of the carrier (see Introduction), 
albeit with less efficiency (Table i). The inactivation by 
EDC was essentially dependent on the presence of 
acetate in the incubation medium (Fig. 2). At least 
equimolar acetate concentrations were needed to ob. 
rain maximum inhibition. This observation is in clear 
contrast to the classical reaction of carbodiimides de- 
scribed in the literature [27], i.e. carbodiimides reacting 
with intrinsic COOH-groups of the protein (Eqn. 1). 
According to this reaction mechanism added (extrinsic) 
carboxylates should counteract tile effect of EDC, since 
they compete with the intrinsic carboxyls. 
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Therefore the inactivation of the Asp/Glu carrier 
by EDC had to occur according to a different mecha- 
nism of action. We supposed an O-acetylisourea 
derivative as a reactive intermediate (Eqn. 2). 

Glycine methyl ester (GME) in the classical reaction 
is used as an extrinsic nucleophile (HX in Eqn. 1) in 
order to be coupled to the EDC-activated carboxyl of 
the protein, thereby stably modifying aspartate or glu- 
tamate side-chains under amide formation. The inacti- 
vation of the Asp/Glu carrier, however, was not facili- 
tated by GME but, on the contrary, was prevented. 
This can be recognized in Fig. 4A from the fact tha~ at 
simultaneous addition of EDC and GME (0 rain inc,t- 
bation) the transport activity was not inhibited. Gr, IE 
obviously led to a reaction of the acetylisourea deriva- 
tive without participation of the protein. From these 
findings the chemical mechanism of a carbodiimide- 
activated acylation was derived, which leads to the 
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Fig. 2, Dependence of carrier inactivation by EDC on carbonic acids. 
Prui=uliposomes were incubated for 6 mm at different concentra- 
tions of acetate ( ~ ,  0-40 mM) or succinate (o .  0-10 raM) with 20 or 
10 mM EDC, re.,;pectively. After removal of non-reacted reagents by 
gel filtration the residual exchange activity of the Asp/Giu carrier 
was measured. In the absence of acetate or succinate EDC showed 
no effect, i.e. the transport activities determined differed not signifi- 
cantly from the controls measured without EDC (M, 40 mM acetate; 
v ,  0 mM acetate). Since the data were obtained from two separate 
experiments (with acetate or succinate), they were expressed as 
percentage of the activity measured in the absence of the respective 

carbonic acid. 

modification of nucleophilic groups (X l) of the 
Asp/Giu carrier protein (Eqn. 2). 

! ° ~.R, 
CH 3 -  COpH + RtN~-- C ~N:R 2 I t  CH.4I~o__~I ~,~ 
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TABLE II 

Influence of earboxylaws and nuc/eophiles on dw ina¢li~'arion c~f the 
reconstituwd Asp / Glu carrier by EDC 

The inhibition of antiport activity (forward exchange) was deter- 
mined after incubating proteotil~,omes with EIM." at pH 6.2 in the 
presence of carbonic acids apd amino acids or their derivatives as 
inrlica'.cd. Experiment A, incubation with 5 ,nM EDC for 15 mini 
experiment B, !ncubation with 2.5 mM EDC for 6 rain. 

Carboxylate pK Nuclcophilc tel. antiporl 
activity (%) 

A - - IIN) 
lO mM ammonium 

acetate 4.8 - 30 
10 mM sodium acetate 4.:t 33 
Ill mM propionate 4.g - 33 
I0 mM oxo~gutarate < 5" - 35 
tO mM succinate 5,7 ~ - 0 
I0 mM citrate 6.4 ~ - I 
IB mM ammonium 

acetate 4.8 5 mM lysine 100 

B 15 mM succinale - 23 
15 mM succinate 5 mM lysine 33 
15 mM succinate 5 mM ]ysine- 

OMe b 77 
15 mM succinate 5 mM glysinc- 

OMe L. gl 
15 mM succinate 5 mM N-acetyl- 

cy~teine 52 

" Last ionisalion step. 
b Lysinc methyl ester. 
c Glycine methyl ester. 

Testing the dependence of inactivation on the kind 
of the carboxyl compound, it turned out that dicarbox- 
ylates or tricarboxylates like succinate or citrate were 
much more efficient than acetate or propionate (Table 

1 2 3 4 2 3 4 5 1 

e q ." 

1 
FiB. 3. t4C-Saccinylaliou of lysine residues of the Asp/Gin and the ADP/ATP carrier. The EDC-catalyzed incorporation of ll4CJsuccinale into 
the Asp/Giu (68 kDa) and ADP/ATP carrier protein (30 kDa) i~ shov,'n, .',s was c,h~rved after incubating proteoliposomes (inlcmal 16 mM 
asparlat¢/10 mM ATP) at pH 6.2 with 10 mM EDC/O.25 mM [14C]succinate (A) or with I2 mM EDC/O.12 mM ['4C]succinate (13). In A the 
time of incubation was varied stopping the reaction by 40 mM GME: 0 rain (lane 2, simultaneous addition of EDC and GME), 8 rain (]am: 3) and 
]5 rain (lane 4). In B the time of labelling was 10 rain. Previously, however, the proleoliposomes were treated with 10 mM PLP (lane 2), water 
(lane 3), 25 ttM dietbyl pyrocarbonate (lane 4) or I mM SITS (lane 5) for 10 rain at pH 6.2. A, B: After removal of u,reacted reagents ET gel 
• tralion the proteins were extracted from the liposomes (see Methods, samples of B without precipitation) and about 3/~g were separated 
electrophoretically on a SDS-gel. The labelled bands were visualized fiuorographtcal]y on X-ray films (see Methods). In lane ! 14C-label[fd 

molecular weight marker proteins were applied (molecular mass in kDa). 



11 and Fig. 2). This finding can be explained by the 
higher pK values of succinic (pK., 5.7) and citric acid 
(pK 3 6.4) as compared to acetic acid (pK 4.8) leading 
to a more effective activation of the respective groups 
by EDC at pH 6.2. Consistently, a hydrogen bonding of 
the protonated carboxyl to the carbodiimidc system 
was put forward as a first step in the addition reaction 
[28]. Using succinic acid an ICon of 0.5 mM was deter- 
mined (Fig. 2). 

As a proof for the suggested mechanism Fig. 3A 
shows the EDC-catalyzcd incorporation of [=4C]suc- 
cinate into the carrier protein. Proteoliposomes were 
incubated with 10 mM EDC/0.25 mM [14C]succinate 
for 7.5 and 15 rain, i.e. under conditions leading to 
specific inhibition of the Asp/Glu carrier (IC.~, (L5 
mM) but not of the corcconstituted ADP/ATP carrier 
(ICsn 5 mM, data not shown). Nevertheless, both pro- 
teins (the 68 and 30 kDa band, respectively) were 
labelled. In either case the 14C-suceinylation was com- 
pletely suppressed by the presence of extrinsic nucle- 
ophiles like GME. 

GME could thus bc used as a reagent stopping the 
modification reaction. This facilitated to investigate the 
kinetics of carrier inactivation in more detail. At no-- 
limiting concentration of the earbaxyl compound (50 
mM acetate) k~pp, the apparent first-order inactivation 
constant (with respect to the protein), is a function of 
the inhibitor concentration. Eqn.3 is valid for low EDC 
concentrations: 

k,,pp =: ¢[EDC]" 

log k;,.p = log <' + n IoglED(.'] (3) 

where n is the mean reaction order with respect to 
EDC and c is a proportionality factor (cf. Ref, 29l The 
kap p values could be derived from the slope of the 
inactivation kinetics that were plotted semi-logarithmi- 
cally in Fig. 4A. The data obtained showed a linear 
dependence of k:,pp on the EDC concentration at least 
up to I mM (not shown). Thus, the rate-limiting inacti- 
vation step followed a first-order reaction also with 
respect to EDC (n = I). By a double-logarithmic sec- 
ondary plot (cf. Eqn. 3) n could be determined (Fig. 
4B) [29,3(}]. We obtained a value of about 0.7 for the 
inactivation of antiport and likewise for the inactiva- 
tion tff ~fflux, which is consistent with the modificatiot: 
of a single amino acid residue leading to inactivation of 
the functional carrier molecule. In total a second-order 
reaction was monitored with inactivation coastants k: 
of 26(1 rain-~ M-~ (antiport) and 4(1 rain- t M- ~ (el- 
flux), respectively. 

The most important question concerned the nature 
of the functional group modified (X in Eqn. 2). This 
group in the protein environment must show a rela- 
tively low pK in order to react, at pH 6.2, in the 
deprotonated form a:; a nucleophile, as is illustrated in 
Table !1 B. Various nucleophiles, when added ',o the 
incubation mixture, showed different effectiveness in 
competing w;th the intrinsic nucleophilc to be modi- 
fied. Adding 5 mM lysine (pK' i0.5-t0.9) only pro- 
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tected from inactivation when less effective carboxyls 
were used in moderate excess to EDC. On the con- 
trary, lysine methyl ester led to a protection under 
almost all conditions. Hence the free COOH-group of 
lysine was activated by EDC, which could result either 
in a lysylation of the protein or in the synthesis of 
polylysine (without participation of the protein). The 
protective effects of GME and also of N-acetylcysteine 
(Table II B) reflects the lower pK values of the t~- 
amino group (pK 7.8 for glycine ethyl ester) and the 
SH-group (pK 8.4 for cysteine). Thus, the results shown 
are in agreement with those of model reactions reveal- 
ing that a modification of SH- and even of amino 
groups is absolutely feasible. 

Since the Asp/Glu carrier has highly reactive cys- 
teines [ 15,16], we had to test as to whether SH-rcagents 
could protect from modificahon by EDC/suceinate. 
However, pretreatment with HgCI z, p-(chloromercuri)- 
benzoate or 5,5'-dithiobis(2-nitrobenzoate) did not sub- 
stantially change the observed inhibition by EDC, as 
was measured after finally removing bound SH-reagent 
by dithioerythrito[ (data not shown). 

The question of lysine modification was addressed 
by investigating the mutual interaction of the reversibly 
binding PLP (see above) and EDC with the Asp/{31u 
earri,~r. In functional experiments it turned out that 
after pretreatment with 10 mM PLP an inhibition by 10 
mM EDC/2.5 mM suceinate was hardly detectable 
(Table liD. Likewise 4-acetamido-4'-isothiocyanostil- 
bene..2,2'-disulfonate (SITS), another lysine-reagent 

TABI.E Iil 

l-]]i','t of El){'~ sin. t'iti/llt'. .~17"S. bIDS ,rod DEPt" on the rcctmslitulrd 
.4.~p / (;ht carrier after mt~dilh.tUm hy PI.P 

Protcotiposomes first wcrc prclrcalc,d fl~r 2 min with ~ll mM PLP (or 
with incubation bufferl at pll 6.5 and suhscqucnlly ineub.'tled for 3-5 
rain (S![5 t5 mini wi~h the indicated reagents. After get filtration 
the residual anlip,Jrl activity was determined by fl,rward exchange 
measurcmem.,,. The results oblainctl from multiple experiments 
lmcan values + S.D.| ate given in percentage of the P|.P-trealcd or of 
lhe untreated ctmtr,):, rcspcctivciy. l n c  inhibition caused by Pl.P 
was reverted b~ 4fir/, after gel filtration (of. T:kblc I). 

Addition Antil~rt activity after gel filtralkm 
(before gel filtration) ~% ~dcoatrt~l) 

PI.P prescm PLP ah.~nt 

I0 mM EDC/  
2.5 mM suecinate 83 5- 16 14 + 9 (rt = 3) 

161)/,tM SITS l i b  g.t 
g~} ~M 5iTS |,it| 2,4 

Ill/.tM DIDS 675- 13 57+ 13(n = 31 
50 ~M DEPC q6+ 6 16+ I I (n -- 5) 

(see bclowL competcd with PLP (Table iii I and, as will 
bc shown, with EDC/succinatc. The mutual displacc- 
mcnt of PLP and EDC at the same reactive lysinc was 
proven by labelling experiments (Fig. 3B). Pretrcating 
the proteoliposomes with ]0 mM PLP completely sup- 
pressed the labelling by 12 mM EDC/0.12 mM 
[14C]suceinate both in the Asp/Glu (68 kDr~ and in 
the ADP/ATP carrier protein (30 kDa). A pretreat- 
meat with ! mM SITS likewise '-howcd an effective 
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control. In B succinate (5 mM) was used as the earla)~l component instead of acetate and the inhibition caused hy 2 mM EDC {4 rain 
incubation) in the presence of aspartatc {eL glutamate ( • ) or i)l.~-aminoadipinate ( * ; ((I- I raM) was examined. The residual antilxlrt activities 
this time are expressed as pro.teoed activities, i.e. in percentage of the total inhibitable activity measured with,u| substrate protection (maximum 
inhibition: 28~ residual activity = {)% protected activity). The dependence of this protected activity on the concentratian of the protector in the 
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reduction of [t4C]succinate incorporation, which, how- 
ever, led to some residual (and selective) labelling of 
the A~p/GIu carrier band. Further inhibitors of the 
Asp/Glu carrier like diethyl pyrocarbonate (see below), 
not at all prevented the reaction of EDC/succinate 
with the protein (Fig. 3B). 

Thus, the lysine residue at the binding center should 
be the crucial one for inactivation by EDC, as was 
observed in the case of PLP. Cxmsistently, the inhibi- 
tion by EDC was considerably reduced, if aspartate or 
glutamate (_  1 raM) was present during incubation 
(Fig. 5). This protective effect was substrate-specific. 
Neither a-aminoadipinate, the next homologue of glu- 
tamate, showed a comparable effect nor did as- 
paragine, a-aminobutyrate, a-oxoglutarate or other 
similar chemicals, in order to achieve an almost com- 
plete substrate protection the more effective carboxyl 
component succinate had to be used (Fig. 5B); when 
using acetate (Fig. 5A) residual inhibition was observed 
that obviously was due to activation by EDC of the 
p-('y-)carboxyl of aspartate (glutamate). With succinate 
a 50% protection was obtained at a substrate concen- 
tration (Sn_O of 61/~M aspartate or 100/~M glutamate, 
respectively. These values correspond exactly to the 
transport affinities (K,, valuc~) of !he carrier for the 
respective substrates, i.e. 50 pM (aspartate) and 120 
~M (glutamate) at pH 6.2 [7]. 

Modification by isothiocyanostiibenedisulfonates 
in order to substantiate the existence of a functional 

lysine at the active site of the Asp/Glu carrier we 
selected isothiocyanates as iysine-specifie probes. These 

reactive compounds lead to products that are stable 
against hydroiyzation only when reacting with amino 
groups to form thiourea derivatives [32,33]. For several 
anion carriers in particular the isothiocyanostil. 
benedisulfonatcs 4-acutamidc-4' ise~hiocyanostilbene- 
2,2'-disulfonate (SITS) and 4,4'-diisothiocyanostilbene- 
2,2'-disulfonate (DIDS) have prov.en as effective and 
specific modifiers [34-37] (see also references in Ref. 
3g), the former having one, the latter having two reac- 
tive NCS-groups. 

Also in the case of the Asp/GIu carrier DIDS 
turned out to be a potent, rapidly reacting inhibitor 
(IC~n 10 p M, pH 6.5). At neutral pH DIDS was by far 
more effective ghan phenylisothiocyanate (IC.~, 3 raM), 
fluorescein 5-isothiocyana~.e (ICs0 450 p.M) and even 
than SITS (IC~ 0 300 p.M), the monofunctional ana- 
logue of DIDS (Table I). Likewise 4,4'-dinitrostilbene- 
2,2'-disulfonate (DNDS), though carrying no isothio- 
cyanate group, showed a clear inhibitory effect on the 
reconstituted transport activity (IC~o 200 p.M) which, 
however, turned out to be solely caused by competition 
of DNDS with the substrate. This suggests that stil- 
benedisulfonates have a certain affinity for the sub- 
strate binding site. The reversible interaction of DNDS, 
however, did not protect from the irreversible inactiva- 
tion caused by DIDS or EDC/succinate (not shown). 

In order to characterize the lysine(s) modified by the 
isothiocyanates the competition with PLP and EDC 
was investigated in detail. For a clear interpretation of 
these experiments it was favorable to know whether 
also in the case of SITS and DIDS only one lysine had 
to be modified to inhibit the carrier. Therefore we 
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studied the inactivation kinetics in experiments similar 
to those shown in Fig. 4 for EDC. As a reagent capabIe 
to block the action of isothiocyanates dithioerythritol 
(DTE) proved to be well-suited (cf. Ref. 39). Applying 
this stopping reagent first-order inactivation kinetics 
(with respect to the protein) could be demonstrated in 
the case of SITS (Fig. 6A), whereas inactivation by 
DIDS showed two kinetic components (not shown). In 
Fig. 6B the mean reaction order n with respect to SITS 
was determined yielding a value of about 0.8. Thus the 
modification of one lysine residue, Iike in the case of 
EDC, is sufficient to inactivate the carrier protein. The 
second-order rate constant k 2 for inactivation by SITS 
was 91 rain- t M -  i. 

On the basis of this information the finding that 
pretreatment of the carrier protein by SITS protects 
from EDC-c~ttalyzed t4C-succinylation (Fig. 3B) means 
that SITS (like PLP) and EDC modify the same ;ysine 
residue. These structural data were corroborated by 
functional data (Table I!!) demonstrating that, after 
modification by PLP, SITS does not inactivate the 
Asp/Glu carrier. On the contrary, in the case of DIDS 
a reduction of its effectivene~ by P].P could not at all 
be noticed (Table 111), although DIDS (!00 tiM) like 
SITS suppressed the protein labelling by El)C/  
[=4C]su~inate (not shown). These findings argue for a 
different reaction mechanism of DIDS. 

The difference between the interaction of SITS and 
DIDS with the protein also was reflected by substrate 
protection experiments. Adding aspartate or glutamate 
to the incubation medium led to no protection from 
inactivation by DIDS (not shown), whereas complete 
protection was observed in the case of SITS, as can be 
recognized from Fig. 7. Other compounds chemically 
related to aspartate or glutamate showed no influence 
on the extent of modification (not shown). From Fig. 7 
So.5 values were derived, namely 90 #M for aspartate 
and 260 ~M for glutamate, respectively, reflecting the 
transport affinities (K m values) of the carrier for the 
two different substrates (see Fig. 7). In this respect it 
has to be noted that the carrier is characterized by a 
higher apparent K,, for glutamate at pH 6.5 (Fig. 7) 
than at pH 6.2 (Fig. 5) [7]. 

Modification by diethyl pyrocarbonate (DEPC) 
DEPC ethoxyformylates the imidazole nitrogen 

atoms of histidines with remarkable selectivity [19,40]. 
In proteins side-reactions with lysines and, in some 
cases, with tyrosines were found when using higher 
DEPC concentrations (usually ~_ 1 mM). 

Asp/Glu antiport was effectively inhibited by DEPC 
at pH values between 6.2 and 7.0. DEPC proved to be 
the most selective reagent with respect to its action on 
the As;)/G:u carrier (ICs0 20/tM, pH 6.5) and on the 
coreconstituted ADP/ATP carrier (IC50 ~ 200 /tM, 
pH 6.5). This differential effectiveness applied also r.o 
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of Fig. 5B, 

the effiux activities of the two carriers, although fig 
inhibition ,of aspartate efflux even at higher DEPC 
concentrations was les.,~ complete than the inhibition of 
aspartate antiport (Table !). 

Upon additon of histidine to the incubation medium 
the inactivation by DEPC was stopped only at ~ 200- 
fold excess of histidine over reagent..Thus, under ki- 
netic control the reaction of DEPC with the protein 
involved functional groups of higher reactivity than 
that ot free histidine. By using histidili,: in miUimolar 
concentrations as a blocking reagent the kinetics of 
transport inactivation caused by 10-75 #M DEPC 
could be resolved in the time range of 0.5 to 8 rain. In 
the same way as elucidated in Figs. 4 and 6 the mean 
reaction order n with respect to DEPC was deter- 
mined (data not shown). The value of 0.8 obtained is 
consistent with a reaction of one DEPC per functional 
carrier molecule that is sufficient for transport inacti- 
vation. For the total reaction a second-order inactiva- 
tion constant k z of about 6800 rain- ] M- ' was deter- 
mined. 

After modification by 20/~M DEPC the inhibited 
carrier could not be reactivated by treatment with 100 
mM hydroxylamine (45 min, pH 7) (not shown). This 
result, on the one hand, elucidates that no essential 
tyrosine residue was modified [19]. Since, however, on 
the other hand also (mono-) ethoxyforn~iated his- 
tidines should be attacked by NH2OH [41], this finding 
can be taken as evidence that not histidine but lysine 
residues were modified by DEPC. Support to this 
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suggestion came from functional studies investigating 
the effect of carrier pretreatment by the lysine reagent 
PLP. As shown in Table ill, PLP caused a pronounced 
protection of the carrier from inhibition by DEPC. An 
effect of PLP to this extent likewise was observed in 
the case of EDC and SITS. On the contrary, Fig. 3B 
demonstrates that when reagents were added in the 
opposite order, i.e. DEPC (25 p.M) first, there was no 
interference at all with the subsequent labelling of 
lysines by EDC/[ ~4C]succinate. Experiments to resolve 
the question of the DEPC target using labelled DEPC 
were ~ol successful due to the low specific radioactivity 
of [t4C]DEPC tha'. is commercially available. 

One observation made when using high concentra- 
tions of ['4C]DEPC (1 raM), nevertheless, was that 10 
mM aspartate (but not 10 mM ATP) protected from 
labelling mainly of the 68 kDa band assigned to the 
Asp/Glu carrier (not shown). Thus, another point in 
common with PLP. EDC and SITS obviously was the 
reaction of DEPC at the external binding center of the 
reconstituted carrier protein. This conclusion more di- 
rectly had to be drawn from substrate protection exper- 
iments (Fig. 8). In fact, specii'ichy and concentration 
dependence of the protection observed corresponded 
to that of the transport (S~L.daspartate)=63 p.M, 
So..dglutamate) = 227 p.M). 

Discussion 

The negatively charged substrates of the Asp/Glu 
carrier suggest laastc groups at th~ two binding centers 
of the transhy,:ator. Considering membrane proteins 

positively charged side-chains often are found at the 
interface of transmcmbrane helices and connecting 
loops [42], as was proposed also for the ADP/ATP 
carrier [43]. This could be of importance for the trans- 
port event assuming that these charges line the en- 
trance of the postulated transmembranc channel of the 
carrier thereby increasing its affinity for the substrate. 
in the case of the ADP/ATP carrier at least three 
lysine side-chains were connected with substrate bind- 
ing and translocation0 since their chemical reactivity 
was correlated to the state of transport function [44]. 
The binding sites, however, could not definitely be 
localized in the amino acid sequence of any mitochon- 
drial carrier, in this respect first results were obtained 
by photoaffinity labelling experi!;~cnts [45,46]. 

As shown in the present paper lysine- and 
histidine-moditying reagents caused complete inhibi- 
tion of the Asp/Glu carrier (Table l). Substrate pro- 
tcction experiments (Figs. 5, 7 and 8) led to the conclu- 
sion that the affected residues are located at the exofa- 
cial binding site. Further support to these results came 
from the mutual competition of the different binding 
site inhibitors applied, as was reflected by experiments 
based on transport function (Table l id  as well as by 
labelling experiments (Fig. 3B). 

An alternate mechanism of chemical modification by 
carbodiimides 

Carbodiimides are well-known modifiers of ear- 
box~,lic side-chains which, after activating the COOH- 
group at slightly acidic pH, normally lead to amide 
formation with available amino group-nuclcophiles [27]. 
Actually, the same basic reaction was observed in the 
experiments described here, as becomes apparent when 
comparing Eqns. I and 2. The difference, however, was 
that an (intrinsic) nucleophile was modified instead of 
the carbo~l by coupling to this group an (cxtrinsic) 
carboxyl instead of the nucleophile. The result is an 
acylation of an amino group (Eqn. 2), namely that of a 
lysine side-chain, as had to be concluded from the 
coincident data provided by functional (Table l id  and 
labelling experiments (Fig. 3B). The unusual with this 
reaction occurring at a ph of 6.2 certainly is the 
extraordinary high reactivity of the affected e-amino 
group which, though present in a very low concentra- 
tion, is not completely prevented from modification 
when adding extrinsic nueleophiles in large excess (Ta- 
ble lIB). This necessitates a pK unexpectedly low for a 
iysine. In the microenvironment of a protein, however, 
pK values and t:hemical reactivities can change consid- 
erably [31]. In the literature only recently a citrylation 
of a lysine re~;idue of the anion exchanger from 
erythrocytes was described that was catalyzed (at pH 
6.8) by the very similar carbodiimide l-ethyl-3-(3.tri- 
methylaminopropyl)carbodiimide (ETC) [47]. The reac- 
tion mechanism of ETC was formulated according to 



Eqn. 2. The affected lysine could bc addressed to be 
[ys a, which was known to be selectively modified by 
DIDS at neutral pH (pK 7-8 [48]). 

Similar to these published results the Asp/Glu and 
the ADP/ATP carrier were protected from n4C-suc- 
cinylation mediated by EDC, if the proteins were 
preincubated with other lysine-reagents, namely PLP, 
SITS or DIDS. A selective labelling of the 68 kDa 
band assigned to the Asp/Glu carrier could be 
achieved when choosing an appropriate SITS concen- 
tration that predominantly suppressed the subsequent 
labeliing by EDC/[laC]succinate of the ADP/ATP 
carrier band (Fig. 3B). The specific protection from 
iv, activation by f, he substrate (Fig. 5), however, did not 
lead to a selective suppression of the labelling of any 
band (not shown). Consequently, additional succinyla- 
tion sites must exist, the modification of which does 
not cause inhibition of the Asp/Glu carrier, it should 
be noted that for inactivation only one residue of the 
functional carrier molecule had to be modified by 
EDC, as shown by inactivation kinetics (Fig. 4). 

One or two positiz'e charges at the exofacial binding 
center? 

Our studies on modification by DEPC (Fig. 8, Table 
Ill) demonstrate that also this reagent modifies a func- 
tional group at the exofacial binding site. According to 
the remarkable list of reports on the specificity of 
DEPC [19,40,41,49-52] the affected group should be a 
histidine, in particular when taking into account the 
pH of 6.5 in these experiments and the very low ICs, 
ob~rved. This would lead to the conclusion that a 
histidine contributes a second positive charge at the 
active site, Further support te this model is provided by 
the observation that 4-bromophenacs, I bromide, an- 
other hist,.'dine-modifying reagent [53,54], inactivates 
the Asp/Gin carrier very efficiently (IC~0--3 /~M, 
data not shown). 

On the contrary, tlnere is y)rovoking evidence in 
favor of the highly reactive ly~,/ae to be modified not 
only by PLP, EDC and SITS t~ut also by DEPC, thus 
leading to a binding site model with only one reactive 
basic group. First, the observed non-reversibility of 
DEPC-mediated inactivation by hydroxyIamine and, 
second, the protection from inactivation by pretreat- 
ment of the carrier with PLP (Table I11) are strong 
arguments for iysine modification. New:rtheless, there 
are alternative explanations. The missing reactivation 
by NH2OH, on the one hand, could b,. ~ the result of 
irreversible damage of the histidine side-chain. NH 2OH 
can open the imidazole ring when previously ethoxy- 
formylated at both nitrogen atoms [19,55]. The protec- 
tive effect of PLP, on the other hand, could be either 
due to reaction of DEPC with the free OH-group of 
PLP or due to sterical hinderance at juxtaposed lysin¢ 
and histidine residues. Vice versa, DEPC did not re- 
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strict the labelling of lysine by EOc/[n'~C~uccinate 
(Fig. 3B). But also this result is no unequivocal proof 
against a reaction with a lysine, since in a labelling 
experiment the ~nodification by EDC of additional, not 
essential and not DEPC-reactivc groups may be regis- 
tered. 

For a final decision whether the lysine or a histidinc 
was modified by DEPC more conclusive competition 
experiments would be necessary using labelled DEPC. 
As explained above, our experiments carried out with 
[LaC]DEPC, due to low specific radioactivity, were not 
suitable for clear interpretation, if this histidinc exists 
at the binding site it would be very interesting to find 
out as to whether this group is involved in the regula- 
tion of the carrier's substrate affinity by pH. For the 
H+-bin0ing site of the Asp/Glu carrier, prerequisite 
for glutamate/H + cotransport, we previously esti- 
mated from kinetic analy~s a pK of 6.5, which might 
reflect the participation of a histidine side-chain [7,8]. 
However, in our investigations of the DEPC-modified 
carrier so far no indication could be obtained of a 
kinetic parameter that specifically was altered concern- 
ing the transport of glutamate and not of aspartate 
(data not shown). 

Further topographical relationships 
Most of the binding site modifiers applied (except 

SITS and DIDS) inhibited not only the antiport but 
also the uniport (efflux) activity of the Asp/Glu carrier 
(Table I). Obviously, after modification of the lysine 
and the putative histidine the inducibility of efflux by 
SH-reagents [15] was restricted. This suggests that at 
least one of the two functional cysteines characterized 
previously [15,16] is structurally related to the basic 
residue(s) at the acth,e site. Actually, it was found in 
these earlier studies that the second SH-group relevant 
for efflux induction was exposed only in the absence of 
external substrate [16]. This SH-group clearly is not 
directly modified by the applied lysine and histidine 
reagents, since inactivation by EDC, SITS, DIPS or 
DEPC could not be suppressed by more than 35% 
upon carrier pretreatment with several SH-reagents 
(see Results). Vice versa, when treating the protein 
first with EDC, PLP or DEFC, strong (but again not 
complete!) effects on effiux activity, i.e. cysteine modi- 
fication, were observed (Table i). These obviously ster- 
ical effects can be explained assuming a structural 
vicinity of the respective groups. 

The data shown in the present paper emphasize that 
the prefound change in the transport mechanism 
caused by effiux induction is due to an interference 
with the so-called 'intrinsic binding' of the substrate 
during translocation, as was discu.~scd previously [16]. 
This intrinsic binding, which is tigl~tly connected with 
antiport coupling, obviously is cGrrelated with the cor- 
rect position of cysteines at or close to the exofacial 
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binding center  characterized by a lysinc and possibly by 
a histidine re~idue of functional importance. In order  
to find a topographic model describing the statical 
relationships of  the mentioned functional groups, that 
specifically can be addressed by the different reagents, 
more information is needed concerning the two cys- 
teines. Fur ther  structural insights into this important 

domain of  the carrier may be gained when succeoding 

to explain the rather different effects of  the two ana- 
logue reagents SITS and DIDS, which are likely to be 
due to the second NCS-group of  DIDS. These  ques- 
tions are currently under investigation. 
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