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A functional model for the aspartate/#utamate cartier of the inner mitnehonddal rac-.-.ff,~ane was estab- 
lished based on t kinetk ev~ea t i~  of this tranSlerter. Antlport klnetiet were nneasm, d in proteol|pasoeus 
that coatained partially purified carrier protein M definite transmemb~ne or ien~ioa fDierlts, T, and 
Kr~m~r, R. (19~8) 6iochlm. Biephys. Acta 937, 122--126). Bireactant inilial velocity analyses of the 
eotmtere~ehenge reaction were era'tied out varying substmte eenoentrattoas both in the internal and the 
external t'~npartmenL ~ klaet~c patterns ob4ahled w=e incaeshtent with n lmng-l~mg mechanism; rather 
they demonst~ed ~ formation of a ternary tmmldeX as a eomeOmm, e of sequential binding of one 
internal and one external mtbstrate m e l e c ~  to the carrier. S t u f f  on transport ~tivlty in the preseaee e~ 
aspm-tate and giutmtmtc in the SSWde ¢~lt-n,artnu~ ( forma~ treated as ~bstrate inhibition) clearly indicated 
that ~ r lng  exchange only one form of the carrier at either tnemlzrane smfface exposes its binding sites, fer 
which the two differe~ subsWates coeq3ete. In the deemrgized state (pH 6,b') both substrates were 
mmdocated at about the same rate. Aslmrmte/gl~unate amlpert became a s y ~  if a 
~tential  was imposed, due to the eleetrogentc nature ef the heteroexchenp resulting from pmtoa 
eatrmsport together with glutamate. Investismton M the eleetrt~l properties o4' aspar ta te /aspma~ 
homoexchange led to the conclusion that the ~ earrier-substrate htlem~liate exhlblt~ a enm~ 
membrane symmetry with respect t~ the (negative) charge, which egain onb" b concelvalde assmuing a 
ternary complex. Thus, an amiport model is outlined that shews the flmOiomal eoml~.~ off the carrier with 
two suhstrate molecules b o m ~  one at either side of the memlwane. The eodotmat ioul  dmage asstmi#ted 
with the transition of both substrate moleeales across the membrane then occurs in a singte step. 
Furthenuere the medel implicates a dislinct l~Oton binding site, whkh is derived frmu the different lnfhten~e 
of H ÷ comentration observed on transpost aWmlty and trm~port velocity, reslmetively, when #utsmate is 
used as a substrate, 

Abbrevlatioxxs: Asp, aspartate; Asp/Glu cartier, ~petrtate/ 
glutamate carrier. Cz2E v dmtec~l octaoxyethylene ether: Gh, 
glutamate; Mops, 4-morpholinepropam~ulfonic acid; Si,, S~, 
internal rx e.~ternel substrate, respectively (Asp 6r Gin). 

Correb'pon~'Jn~e: R. Kr~lm~, Institut ~r Bi0techno]ogie 1, 
Kernfol~hun6sanlage JUlich, P.O. Bcm 1913, D-~170 JI)lich, 
F.R.G. 

Introduction 

Among the ensemble of different carrier pro- 
reins located in the inner mitochondrial membrane 
(for review, see Refs. 1 and 2) the Asp/Glu carrier 
is one of the most interesting systems, b~;au3e it is 
the only one to be regulated both by membrane 
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potential and pH gradi6at [37. While aspartate is 
h-anslocated as a monovalent anion, the negative 
charge of glutamate is compensated by a cotrans- 
ported proton. As a COnsequence, in energized 
mitochondria export of aspartme into the eytosol 
and import of glutamate into the matrix space is 
strongly favored. Since this countertransport rep- 
resents a c,¢ntral component in the malate/ 
aspartate shuttle, which transfers reducing equiv- 
alents from the cytosol to the mitochondriM ro- 
spiratory chain, NADH/qqAD ratios in the two 
compartments are modulated by this transport 
system. Furthermore, the Asp/Gin carrier con- 
nects ~tra- and intramitochondfiM steps i ,  gluco- 
nexJgeuesis from lactate and urea synthesis [4]. 

Mainly two groups have studies the Asp/Glu 
carrier in mitochondria trying to elucidate its com- 
plex mechanism in kinetic terms [5.6]. The re- 
ported models derived from classical bireactant 
initial velocity studies (bisubstrate analyses) as 
well a~ from suhstrate competition experiments 
show a fundamental contradiction. On the one 
hand results of bisubstrate kinetics using soni- 
cated particles from rat heart mltochondria were 
found to be in favor of a ping-pong mechanism [5] 
indicating the exposure of only one binding site 
alternating between opposing membrane surfaces. 
On the other hand using intact rat liver mitochon- 
dria, the kinetic pattern obtained was consistent 
with a sequential type of mt:chanism, which in- 
volves • c bin#:.'~g of ,~'o gt~h'-~te molecules dur- 
ing ~ p ' d r t  [6]. This would lead to the formation 
of a ternary complex with the carrier, before one 
of the substratcs is released from the protein. 
However, no conehisiv¢ ¢~iden¢~ ,;,'as reported 
concerning the sequence of binding steps neces- 
sary to form thJs ternary complex or whether it 
could represent the translocating intermediate. 

Moreover, both a competitive [5] and a non. 
competitive inhibition mechanism [7] was ob- 
served in inhibition studies investigating the in- 
fluence of the second substrate (aspartate or 
glutam~:e) i~ tk¢ ~me cvmp~"tmeot. Likewise the 
mode of proton cotr~nsport is controversial. 
LaNou¢ ©t al. [5] outlined a model involving a 
distinct proton binding site, whereas Murphy eta!. 
[6] came to the conclusion that H + is bound in 
association with glutamate. An additional finding 
that is not web understood is the reported ftme- 

tional asymmetry of Asp/Glu exchange observed 
in deenergized mitochondria [7]. 

In the present paper we address these unre- 
solved issues related to the transport mcchauism 
by examining Asp/O]u antiport in a reconstituted 
system. Enriched Asp/Gin carrier [8] was recon- 
stituted into liposomal membranes by chromatog- 
raphy on hydrophobie ion exchange resins [9,10]. 
This system has prcvions]y been used to establish 
a complete set of K m vaine.~ for both substratcs at 
either membrane side [10]. Thereby it turned out 
that almost all (g0-100~g) functionally active pro- 
tcoliposomes contain Asp/Glu carrier molecules 
insmcd with definit.~ protein orientation. This 
well suited model ~ystcm was used in the present 
paper to eJucidat¢ the mechanism of transport. 
The reconstituted system has several advantages 
as compared to e x p e r i m ~ t s  in intaot mitoehon- 
dria, since no complications have to be consid- 
ered, which may be caused by inteffer¢nc¢ of 
mitochondrial metabolism or microcompartmen. 
ration of internal substrate, Microoomparan~ta. 
tion was postulated to exist in int¢ct mitochoadria 
[5,11] mad would severely restrict the interpreta- 
tion of kinetic data. In the case of complex studies 
like bisubstrate analyses, the proteoliposomal sys- 
tem also offers more versatility, because both the 
external and internal compartments are earily 
accessible to exp¢rimental variation. 

MateH'.fl~ and ~{athods 

The isolation of the Asp/Glu ~,'rqer from 
bovine heart mitochondria was 8 previ- 
ously [8]. The protein fraction obt~,~,L, .ffter the 
second purification step, i.¢. chromato~aphy on 
Sephadex G-25, was used for reconstltution (about 
17-fold enriched transport activity). For investiga- 
tions of the influence of the membrane potential, 
the size exclusion chromatography was earP, ed out 
using 100 mM sodium phosphate (pH 6.5) as 
elution buffer instead of 300 mM ammonium 
acctat¢ (pH 6.5) in order to avoid interference of 
NH4 + ions. 

Incorporation of cartier protein into liposomes 
• was carried out by hydrophobic chromatography 
on amb¢rlitc beads [9]. Mixed micelles of carrier 
protein, phospholipid and detergent (Cl2Es) were 
repeatedly applied on ~m~,2.l columns of Ambcrlit¢ 
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XAD2. Thereby the solubilizing detergent was 
slowly removed under formation of liposomes, 
which carry functionally active Asp/Glu carrier of 
asymmetric protdn orientation. Exact conditions 
were as described recently [!0l. 

Determination of the reconstituted transport 
activity was done by flux measurement of radio- 
labelled substrate. For that purpose an inhibitor- 
stop technique was applied, which uses pyridoxal 
phosphate as tim stop inhibitor. A detailed 
description of exchange measurement both in the 
forward and the backward direction is given in 
Ref. 10. For the backward exchange experiments 
reported here the internal substrat¢ pool was fast 
prelabelled in the forward exchange mode (5 rain) 
by adding 0.5 p.M substrate of high spefific radio- 
activity. 

Forward exchange activities were calculated by 
a computer fitting program (el. Ref. 10). As indi- 
cated in some experiments, for comprehensive bi- 
sttbstrate or competition analyses only sing]e time 
kinetics (20 s values) could be measured in order 
to obtain a sufficient number of data points. In 
control experiments it was proven that the initial 
30 s of the isotope equilibration kinetics are within 
the linear range. Statistical certainty is warranted 
as long as enough activity data are available for a 
reliable linear reggession in reciprocal plots, which 
are necessary for the evaluation of kinetic con- 
stunts. 

Transport activities are expressed as volume 
activities (tool/1 vesicles per mln) and not as 
specific activities, since protein determination in 
reconstituted liposomes is very inaccurate. If dif. 
ferent preparations of liposomes were used within 
one experiment, the measured transport activities 
were normalized on the basis of phospholipid 
determinations [12], thereby cancelling out differ- 
ent dilution factors due to the various column 
paesages (el. Ref, 10), In ~,ontrast to activities 
determined in the forward exchange mode, back- 
ward exchange velocities have to be considered as 
relative rates (v'), since they are calculated on the 
basis of internal substrate concentrations and not 
of substrate pool sizes, the determination of which 
is somewhat inaccurate (see Ref. 10 for farther 
explanation). 

In order to diminate ¢fflux of internal sub- 
strate from the liposomes, which occurs to some 

extent during generation of substrate gradients by 
gel chromatography [I0], 200 ~M 5,5'-dithio- 
bis(2-nitrobenzoic acid) was added to the lipo- 
seines before applying them to the Sephadex 0-75 
column. This reagent blocks efflnoc completely. 
After the column passage the carrier activity was 
restituted by adding 4 mM dithJoerythr/,',e! 30 s 
before the exchange assay was starled (el. P~" 
10). 

Adjustment of z1~6. In most experiments 
valinomycin (500 ng/mg phospholipid) and 
aigedcin (20 rig/rag phosphollpid) were added to 
the proteoliposomes in order to provide deen- 
ergized conditions. For investigations concerning 
the influence of the membrane potential, K*-dif- 
fusion potentials were generated using valinomy- 
tin (500 ng/mg phospholipid) and potassium 
gradients (100 mM internal/1 mM external or 
vice versa). Potassium gradients were established 
by substituting Mops-NaOH for Mops-KOH dur- 
ing gel chromatography of liposomes (internal 
Mops-KOH) or (for opposite polarity) by addition 
of 50 mM KzSO 4 (internal Mops-NaOH). 

The chemicals and their sources were as fol- 
lows: labelled compounds (Amersham Buchler, 
ClzEs ~g~ouyoh Trading Company, Tokyo), turkey 
egg yolk phospholipid and 5,5"-dithiobis(2-nitro- 
benzoic acid) (Sigma), valinomycin (Boehringer 
Mannbeim), pyridoxal phosphate (Merck) and 
Amberlite XAD2 (Sen, a). All other chemicals were 
of analytical grade. 

Results 

B~reactant bzitial vetocfty studies 
The counterexehange of suhstrates across mem- 

branes eatalyzgd by an antiport carrier can be 
described in terms of a bisubstrate reaction. In 
order to gain insight into the sequence of binding 
and release of substrates during the catalytic cycle 
of the exchange reaction the method of choice is 
the determination of antiport velocity as a func- 
tion of substrate conce,',atlons in both the exter- 
nal and the internal compartment. From the re- 
sulting kinedc pattern a clear ~4eeision between the 
two basic types of bisubstrat¢ mechanisms, namely 
ping-pong or sequential type, should be possible 
[131. 
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]~i~r I. Elis,bstratc analysis of the hetcroexc, hang¢ teat[ion ( G l u t d A s l ~ )  mediated by the rt~onstiluted Asp /G lu  carrier. Transport 
kinetics were me&sured raider dcenerglzed conditions (pH 6.5). (A,C) Lineweaver-Burk plots showing the dependence of c x c h a . ~  
a~tivity on internal glulamate or external =spar, ate. respectively, The concentrations , f  the countersubstrate wa~e as follows. A: 25 
(•), 35 (,=), 50 0=), 70 ( ) ) ,  100 ( x )  and 250 laM (v) exieraal aspa~ate; C: 1 ( t ) ,  1.5 (*)) 2.5 (m), 5 (O) =,d  2O nO~ (,) internal 
glutamate. Arttiporl velodtie~ were caloulated from the amount of labelled aspartate taken up by ff.e lipo~omes within 20 s (forward 
exchange). (B~D) Slope (O) and int~rcz:pt (.L) replots of pltmary plots A and C, respectively, 'ltie ctmccaatration independm'tt Km 
values (see te~t) given m the inset can be extracted grapkif, ally from the intercepts of the ~nd~y plots as indicated in B. The 
meaning of E~s values, L=. KiA and KLO. h explaiazed in the tfxt (Eqn, l). I/max valueS extrapolated for infinite co~oentration of 

internal and external substrate are 26 ~ M / m i a  (B) and 25 ~ M/ra in  (D), reSl.~:ti'cely. 

Fig. I shows the results of a bireactant initial 
v e l o c i t y  s t u d y  ( b i s u b s t r a t e  a n a l y s i s )  o f  t h e  h o t e r o -  
exchange reaction of glutamate (iaternal) a n d  

asp~lale (extem~) under deenergized condifion.~. 

Internal glutamate was varied from 1 to 20 mM 
and external aspartate from 25 to 250 p.M. Anti- 
port velociti~ were calculat¢,~ from measurements 
of aspartate uptaXe within 20 s (see Methods). 
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When the kinetic data were analyzed in Line- 
weaver-Burk plots (Figs. 1 A and C) straight lines 
were obtaL-,ed. Th.e.~e lines are not parallel, but 
form a pattern with a common point of intersec- 
tion. It becomes even more obvious that the lines 
are not parallel, when the data are further analyzed 
in secondary plots (Figs. 1 B and D), which dem- 
onstrate that a replot of the slope of the primary 
curves (shown in Figs. 1 A and C) vs. reciprocal 
concentration of the non-varied substrate is by no 
means horizontal. The slope in Linewea-.'er-Burk 
plots equals the ratio Km~app//Vn~m,app: Thus~ when 
changing the substrate ¢oncantration in one com- 
partment differmt efforts on (apparent) maximum 
exchange velocity and transport affinity of the 
substrate in the opposite compartment are ob- 
served. This result can only bc o.xplained by a 
sequential mechanism [13], the characteristic fea- 
ture of which is the formation of a ternary corn- 
plea of the carrier protein with (in the case of 
heterocxchange) one aspaxtate and one glutamate 
molecule during the catalytic cycle, 

The fact that the same kinetic pattern is o~- 
tained whether the internal or the external sub- 
strafe is chosen as the varied or the non-varied one 
(Figs. 1 A and C), respectively, indicates the valid- 
ity of the following bisubstrate rate equation, 
which in algebraic terms is symmetric with respect 
to both substrates. The equation was adopted 
from the more general form [13] and is written 
indicating external aspartate as the varied sub. 
strate. 

I/o =I/Vm~ + KA,/{ Ifma~'A } + Ko../( Y~'GI 

+ Kv,. Ko/( V~.A. G) (1) 

A and G represent concentrations of external 
aspartate and internal glutamate, respectively. The 
Michaeli, constants K are indexed accordingly. 
KiA is the dissociation constant for the binary 
carrier-aspartate complex. Kip can be introduced 
by simply transcribing the equation for glutamate 
as the variable substrate. The value of these par. 
ticular constants in ping-pong mechanisms would 
be zero, since no ternary complex is involved. 
Howe~'er, as dearly seen in Fibs. 1 B and D, all 
parameters used in this equation have finite val. 
ues, which can be calculated from the intercepts of 

the secondary plots [13]. Different from K,, val- 
ues determined under pseudo-firsborder condi- 
tions (i.e. keeping :h~ second ~ubstrate at a fixed 
saturating level), the Michaelis constants obtained 
in Fig. 1 are extrapolated to an infinite concentra- 
tion of the non-varied substrate. These so-called 
'concentration-independent' transport affinities of 
46-50 pM for external aspa~ate and 2.7-2.9 mM 
for internal glutamate are almost id~mical with 
those values determined at finite substrate con- 
centrations (eL It.eL 10). 

Bisubstrate analysis of Asp /Asp  or Gin /Gin  
homoexchange led to very similar kinetic patterns 
as obtained for the heteroexchange reaction (re- 
suits not shown). Consequently, homo- and het- 
~rocxchange mu~t be assumed to follow the same 
basic mechanism. The observed point~ of intersec- 
tion were always located near the abscissa indicat- 
ing that the corresponding K= &~d K,, (i.e. K~, 
or Kip) constants have siufilar valu~ (see Figs. 1 
B and D). Thus, the. binding affirdty of both 
internal and external substrate to the carrier mole- 
cule is similar, whether the carrier is available in 
the free or single-substrate occupied form. 

Symmetry of the exchange reaclion in the de- 
energized slate 

Tis~-hier et at. [7] r~ned functional asymme- 
try of Asp /Gin  antiport in uncoupled mitochon- 
dria. Although respiration was inhibited, the 
A s p t J O l u  ~ exchange was found to be favored 
about five times as compared to the reverse direc- 
tion (i.e. Asp~jGlui~).  Since such phenomena are 
important in respect to the transport mechanism 
and its regulation, a comparison of transport 
velocities of both suhStrates wag carried out in our 
reconstituted system. 

Table [ compiles homo- as well as heteroex- 
change activities of the reconstituted Asp/Glu  
carrier under de~nergized conditions at oH 6.5. 
All data were determined in one experiment using 
two preparations of proteolipo~omes that were 
identical in their composition except for the inter- 
aM suhsttate. In order :o el;.mlnate substrate limb 
ration, forward exchange rates were measured at 
different external substrate concenlrations thus 
allowing extrapolation of Vmlx values; internal 
substrate was saturating (24 raM), As can be seen 
from Table I, all maximum exchange activities 
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TABLE [ 

MA.XIMUM ANTIPORT VELOCITIF.,S OF THE KECON- 
S'TITUTED Asp/Glu CARRIER UNDER DEENERGIZED 
CONDITIONS (pH 6-5) 

Y,,~ values ~t different substrate distr/hutitm~ are cot 1pared. 
They were obtained by extrapolating e~chlmge activities de- 
term/ned at variou.q, external snbstrat¢ concentrations in tI~¢ 
forward exe.hange mode (20 a value.s), lntem~ substrate was 
saturating (24 raM). Eteetroehemleal equilibration of the lipo. 
*omal membrane was pro~ided by adding valinomycin and 
nlgeficin (see Methods}. AI~ data ¢~me from the same experi- 
mea l  

Sub~stmT.e Vm~ 

internal external 0 tM/min)  

ASlpartate aspartate 13.S 
Aspar~te glutamate t2.9 
Glutamate asp~rtate tl ,6 
Glutamate g~utamat= 11.9 

determined are very similar. This comparison 
demonstrates, that in the absenCe of a transmem- 
brahe driving force, the antiporter exchanges 
aspartate and glutamate symmetrically in either 
direction. 

Influence o.[ the secand substrate when present in the 
same compartment 

The transport mechanism was also investigated 
by means of  inhibition kinetics, measured when 
hoth substraies were present on the same side of 
the membrane. Such kinetics can predict the dif- 
ferent numbers of  carrier.forms involved and /o r  
the existence of rapid intereonversion between 
these forms. In this kind of experiment only one 
suhstrate is ]abeIled. "l'he corresponding unlabelled 
substrate can be treated as an inhibitor, since not 
its own trans]ocation is monitored but its effect on 
the transport of the labelled substrate. 

Fig. 2 shows the inhibition of aspartate uptake 
cau~=~:d by the p[eserme of glutamate at the exter- 
nal side of the liposomes. When data were analyzed 
according to Eadie and Hofstee, straight lines 
were obtained which converge on the ordinate. 
This finding is consistent with a competitive in- 
hihition mechanism indicating that both sub- 
strafes bind to the same external site(s). The in- 
hibitinn constant K i determined in a secondary 
plot (inset of Fig. 2) was 180/~M, hence showing 
good coincidence with the external K= value ob- 

14 .-.-. 3 0 0 I /  

12 ~ 200 

10 ~ 100~ K.gaEp,~: S0~u 

@ 

2 

002 0,04 0.06 0.0B 0.10 0,12 0,14 

v/$ Cmin-~ 
Fig. 2. Influence of e~temal glutamate oa th© uptake of 
aspartat¢ into ]iposom~s carrying Asp/GIu earner. Transport 
kinetics were measured ~nd¢r deeacrgize.d conditions {pH 6.5). 
The calculation of exchange activities was carried out on the 
basis of 20 s values (forward exchange). "[he figure shows an 
Eadie-Hofslee presentation of inhibition kinetics for different 
external glutamate conCentrations: 0 (e), 100 (&), 200 (I),  4~1 
pM (~,), Fad, time external aspartate was va6ed £,om 25 to 
300 FM. ]aternal fiabstrate was 10 mM aspanate =rod 10 mM 
glutamate. The inset demonstrates the extrapolation of affinity 
constant (Kin) and competitive inhJbitinn constant (Ki) for 

external aspartat¢ and glutamate, respectively. 

tained for glutamate (about 200 pM |101). Similar 
inhibition studies with glutamate as the labelled 
substrate corroborated the competitive nature of  
substrate inhibition at the external membrane 
surface (data not shown). 

Further substrate competition studies wore car- 
ried out for the inner comp~rtment, since diver- 
gent inhibition types have been reported for the 
matrix and eytosolic surfaces of mitochondrial 
membranes [5,7,14], The number of kinetic data 
points which can be obtained for the interior of 
the liposomes is limited (Fig. 3), bccaus~ each 
substrate/Lqh/bitor combinatlozt needs a separate 
vesicle preparation. In order to provide external 
substrate saturation, inhibition kinetics were mea- 
sured using the backward exchange technique. 
which monitors export of labelled substrate from 
the liposomes. This more elaborate mode of flux 
measurement needs thorough registration of iso- 
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Fig.  3. lnf lueace  Of in ternal  s s p a t t a t e  o n  the  expor t  o f  gluta-  
ma te  from liposomes ~ /Up/Glu carrier. Transport 
kiltetics were measured under d g e n ~  ¢,oadilioatl (pH 6,5). 
The rate constant k o f  Glu/Glu e, xehange ~ din:ermined in 
the absence (e) or pr¢scnc¢ (a} of internal aspartale (5 raM) in 
Ihe baek'ward exchange ra~xl¢ [10]; in both ~ internal 
glute.mate was varied from 1.2.5 to 10 raM. External subslrate 
was 3 mM 8Iutamate. Relative velocities (v') were calculated 
aS de~tibed in Method~ For presentation of data and exa'al~- 

la t ion  of in ternal  K m ( ( ] l a  ) a n d  g l ( A s p )  ¢oz',stauts sex: Fi~. 2. 

tope equilibration curves [10,15]. The prelabdling 
of the internal glutamate pool is carried out in the 
forward exchange mode (see Methods). In this 
procedure, alterations in the ratio of (internal) 
substrato and inhibitor ¢oncemrafions, which are 
established by the rvconstimtion step, had to be 
avoided. Therefore only minute concentrations of 
labelled glutamate were added to the liposomm 
during ptelabelling. After passing the lipc~omes 
over Sephadex G-75 to remove external isotope, 
backward exchange was inimted by adding 
saturatins substrate concentrations (3 mM 
glutamate). The resulting inhibition pattern is 
shown in Fig. 3. Similar to Fig. 2, curves intersect 
on the ordinate, which is strongly in favor of a 
competitive behavior or aspartate and glutamate. 
A~ord~agly, the K i v~ue obtained for internal 
aspartate (2.8 raM) afrees web with the imernal 
affinity constant (about 3 raM, [10]). 

Influence of the membrane potential 
K.ramer and Klinsenberg [16] have shown that 

the influence of a transraembrane electrical grad.i- 
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ent (~tl,) on the transport activity of the recon- 
stituted A D P / A T P  carrier cannot be explained by 
changing the substrate affinity of the carrier, but 
r~rescoL~ an e l~tropho~t ic  modulation of the 
transport rate constant of a charged carrier-sub- 
strate complex. Thus, the charge distribution in. 
the translocating carrier-substrate intermediate can 
he evaluated from an investigation of the electrical 
Froperfies of the exchange reaction at different 
substrate combinations, in the case of nuclcotide 
antiport, the kinetic model, which was theoreti- 
cally derived and experimentally verified [16}, not 
only accounts for *,he influence on the decttogeni¢ 
A D P / A T P  heteroexchange, hut additionally ore- 
diets an inhibition of the non-electrogenie 
ATP / ATP  homoexchange by an imposed mem- 
brane potential of either polarity. This prediction 
applies to transtoeatiort intermediates showhlg 
asymmetrical charge distribution (with respect to 
the transmembrane plane), as is supposed to be 
true for the binary learrier3*-ATP4-] complex 
[17]. As a consequence, this complex is shifted to 
the positive side of the energized bUayer. The 
resuhin$ imbalance of  carrier conformations fac- 
ing the opposite compartments leads to a pro- 
notmced inhibition of the overall transport reac- 
tion, which indeed was observed for the 
A T p 4 - / A T P  4- but not for the A D P 3 - / A D P  3- 
homoexchange [16]. 

Transferring tiffs model to our examJnations 
eonceming the mechanism of Asp /Gin  coumerex- 
change,, the binary [carrier-Asp-] complex ~hould 
be influenced by A~, and not the [carrier/H*- 
G i n - )  complex. Therefore the following analysis 
focussed on the Asp /Asp  homoexchange. The 
membrane potential (120 mV as calculated by the 
Nernst equation, negative inside or outside., re- 
spectively) was generated as a potassium diffusion 
potential using the K÷-ionophore valinomyein (see 
Methods). The results obtained at all possible 
substrate distributions are compiled in Table II. It 
has to be poimed out that these transport activi- 
ties were determined in two separate sets of 
experiments carded out at differem pH values, 
thereby taking into account that the charge of 
earrier-substrate intermediates might be very sen. 
sitive to changes of pH. Consequently, the absolute 
values can only be compared within one set of 
data. Table !! clearly shows that no sisnificant 
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TABLE ll 

INFLUENCE OF THE MEMBRANE POTENTIAL ON THE EXCHANGE ACTIVITY OF THE P,.ECONSTITUTED Asp/GIu 
CARRIER AT DIFFI~ILENT SUBSTRATE DISTRIBUTIONS 

Transport activities w¢¢¢ calculated from imtial velocity tneasaffrments in the iorwatd c~tcl~agc mode, (.~:c MeScals). Data g ¢  
~mpilcd from two expermaents carried out under different conditions: (a) external 50 ~M asparlate/intemal I6 mM aspartate or 
glutama~:, respectively (pFi 6.5): (b) estemal 100 /tM glutamate/internal 24 mM asportale or glutamate, respectively (pH 7.0). 
Preparation of protein and generation of A,k as K*-diffusion potentials see Metho&. The asymmelry factor denotes the ratio of 
¢~eha~ge ;~eti-daes ¢tt membrmae potentials of opposite polarity (inside positive : inside negative). 

Suhstrate Exchange activity 0xM/min) at K~ (mM)/K + (raM) A~mmet~ 

inlcrnal external 11100 a I/I 1001100 100/I a factor 

Asp Asp (a) 4.4 4.0 4,6 3.6 1.2 
Gtu Asp (a) 7,5 2,3 2,6 0.9 8.3 
Asp (31u (b) 0.8 n.d. b 23 3.1 0.26 
Gin GIn (b) 2.0 2.1 2.1 2,2 13 

a "l'h~0refic~lly corresponding to a value of t20 mY, inside positive or negative, respectively, if calculated according to the lqernst 
equation. 

b/qot dctermin¢~ 

inhibition of either Glu /Giu  or of Asp /Asp  
homoexchange was seen upon energ~zation of 
membranes, In contrast, the two possible hetero- 
exchange arrangements show pronounced asym- 
metry factors (g.3 and 0.26, respectively), i.e. the 
ratio of exchange activities varies at membrane 
potentials of opposite polarity. No fundamental 
difference was observed when the pH is changed 
from 6,5 to 7. 

lnfluence of pH 
The intrinsic mechanism of H ÷ ¢otransport to- 

gellier with glutamate is considered controversially 
[5,6]. On the one hand a distinct binding site for a 
proton is favored [5], whereas on the other hand 
glutamate is supposed to bind in the protonated, 
zwitterioaic form [61. Investigating the influence 
of the third substrate of the Asp /Gin  carrier, the 
proton, on anfiport activity is rather complicated, 
especially because reversible and irreversible pH 
effects on the carrier protein are difficult to dis- 
criminate. Experiments were carried out trying to 
elucidate which of the kinetic parameters are 
mainly affected upon changes of II + concentra- 
tion. In order to avoid further complication by pH 
gradients, the pH of internal and external com. 
pertinent was varied ~ually.  Because of the raub 
ual dependence of glutamate and H "  tzansport, 
the analysis was carried out in terms of bisub- 
strafe kinetics varying H* and external glutamate 

(or aspartate) concentrations, while keeping inter- 
nat substrate at a saturating level. In these studies 
the proton was treated as a substrato of the 
Asp / G l u  carrier. 

Table III demonstrates that increasing pH from 
6.2 to 6.9 reduced the affinity of the carrier to- 
wards glutamate by 5-fold, whereas the K= value 
for aspartate is only slightly affected in this pH 
range. In contrast to affinity constants, which can 
be derived from relative transport activities, de- 
terminations of absolute Vma x values deposed on 
the amount of active carrier protein (Vm= = k j .  
C,~tiw) and hence can not be compared directly if 
determined at different pH values. In Table Il l  it 
is shown that aport variation of pH the apparent 
Vm~ values do not vary to the same extent as is 
observed for the K m constant [or external gluta- 
mate. last,~ad, the data fit into an optimum curve. 
Thus the r educ~  maximum transport velocities at 
pH 6.2 and 7.4 may primarily be caused by pro- 
tein inactivation during titration of protein and 
protcolipcc, omes to lower or higher pH. This view 
was substantiated when the activity data were 
normalized on the basis of er..hange equilibrium 
determinations. This corxection is based on the 
assumption that the exchange equilibrium, i.e. the 
steady state of uptake and efflux of label, more 
directly resembles the number of active pro- 
teoliposomes [8]. Applying this normalization, the 
differences of Vr, ~ values become much smaller 
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TABLE Ill 
INFLUENCE OF" I~H ON KINETIC CONSTANTS OF THE 
RECONSTITU'IED Asp/GIu CARRIER 
Asp/A~p and Glu/~lu hom~-~,z'~c~an~ were m)al~,~ "n t-~'=~ 
of bisubstrat¢ kinetics v~fing external substrat¢ and proton 
eoncenuatlon (pH~ = pH,~)~ ha~¢~'nal subsrxme was saturating 
(30 raM). Like in mini other cxpea'im~mts I.h¢ ionophores 
~alinomy¢in and aiged¢in provided deenergized coodilions 
(sere Methods)~ Transport activities were calculated on the basis 
of 20 s kinetics (forward oa:hange). K= and apparent Vrm 
values wece extra~c~o[ated from rc¢iprc~I plots. Results are not 
shown in tl~ more mstt"aclive Lin~,¢av~-Ourk prcs~tation 
(eL Fig. 1). since a=/¢ity data deielmi.q~ at different pH 
cannot be compared dit~fly in the same ploL Fc~ the mine 
reason maximum v¢locltiss have to be eoasidca'~d as relative 
values. In older Io oorrect for ~ b l ¢  pH effects, a non'nat- 
ization of dala (Vm~aetm) was carried out on the basis of the 
cxchaase equilibrium at pH 6.5 (.s~ text). The $ignif~.ne..¢ or 
t~hange~ in transport affmitiss is not restricted, sL, aee d¢- 
cmninafion of K~, vagucs is not dependent on absolute num- 
ber of active carrier mol~ules (see text}. 

Transported pH Ea*emal V.u,~p V.~o~,~ 
substrat© Km (~tM) (FM/min) (FM/mia) 

Glutamate 6.2 120 8.3 t3 
6.5 18 "i ISA 15 
6.9 605 1'7.3 19 
7.4. 1810 7.3 t9 

6.2 80 6.S 9 
6.5 "/0 13.9 14 
6.9 95 20.2 19 
"/.4 170 16.8 21 

Aspartate 

(Table III). Taken together these results demon- 
strata that the affinity of the Asp /Gin  carrier 
towards glutamate is very sensitive to changes of 
pH, whereas the rate constant ka obviously r~- 
mains more or less constant. 

D i s c u s s i o n  

The basic disagreement about the kinetic mech- 
anism of Asp /GIu  antiport was controversially 
discussed in the literature [5,6] to be possibly due 
to the different systems used for kinetic investiga- 
tion. On the one hand LaNou¢ et al. [5,18] argued 
that intact mitochondrla show microeompartmcm- 
ration of internal substrata and therefore used 
submitoehondrial particles, if internal substrate 
concentrations had to be varied. On the other 
hand William.son ~nd c~-workers [b,19] referred to 

the sonication process during'prelaaration of par- 
titles to ca,,so djvergc'n_t results. The rcc, onstitutod 
system avoids these complications related to the 
complexity of mitochondfia! metahc~llsm, trans- 
membrane transport and energy status, since for 
purpose of transpoR measurements it i~ abstracted 
to the essential components. By the reoonstitution 
method applied in '.he present paper, functionally 
active Asp /Glu  carrier molecules were inserted 
into a model membrane with highly preferential 
protein orientation [10]. These well-defined condi- 
tions allow unambiguous mt..,~'pre~on of ~_,,.ti- 
port kinetics. The inverted transmcmbrane 
arrangement of the cartier as compared to the 
physiological situation [101 is unlikely to change 
the imrinsic catalytic mechanism of transport. 

tfireacram mechanism of Asp/Glu antipon 
The theoretical basis of bisubstrate kinetics [13] 

can also be applied to antiport carriers, as was 
done in previous investigations of the A s p / G h  
cartier [5,6] and of the adenine nucleotide carrier 
[20,21]. In kinetic terms, bisubstrate reactions of 
catalytically active proteins can be divided into 
pins-pens and sequential mechanisms. Enzymes 
following the ping-pong type of mechanism ex- 
pose only one substtate binding site at the same 
time. Whea transferred to antiport carriers this 
single binding site has to be assumed to appear in 
alternating order at the internal or external mem- 
brane surface, thereby transloca[ing substrates into 
opposite directions. This basic mechanism was 
described for the rrdtochondrial adenine nuclec~ 
tide carrier by Klingenber8 [17] and also for the 
Asp/Glu  carrier by LaNoue et aL [5]. In a kinetic 
analysis of bisubstrate reactions, the ping-pong 
type can be identified by a parallel pattern of 
straight lines, if the transport data are plotted 
according to Ling'weaver and Bark [13]. The slope 
of the lines, i.e, the ratio Km.=m,/Va~,,.~pp, is not 
influenced by the second, so-called non-varied 
substrata, because an increase of Vm~ due to a rise 
of substrata concentration in one compartment is 
accompanied by a proportional deciv.as¢ of ap- 
parent transport affinity of the sulistrai¢ in the 
other compartment. This can be visualized consid- 
e, ring that an increased translocation of the sub- 
strata, the concentration of which has been raised, 
brings about a greater availability of carrier bind- 
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ing sites in that compartment the substrata is 
transported to. Such interrelation always is 
observed in mechanisms, which compdse no 
rever~i~le connection b : t w i n  association steps of 
the two substrates with the carrier. In case of the 
ping-pong type the first (transported) substrata 
leaves the protein before the second one is bound. 
The results presented in this paper clearly exclude 
a model of this kind for the Asp /Glu  carrier (Fig. 
1). Instead, the intersecting pattern obtained is 
eonslstent with a sequential type of mechanism. 
Characteristic fgr this mechanism is the formation 
of a ternary complex of the carrier with two 
substratc molecules, which both have to bind be- 
fore one of the transport "products' is released 
from the protein. Thus a rev,~rsible connection 
between the two consecutive binding steps exists 
as can be seen from a slope effect. The binary 
complex intermediates with only one occupied 
binding site can dia.s~ate before the second sub- 
strate is bound. The corresponding dissociation 
constant Ki~, which appears in the last terra of 
Eqn. 1, is an additional characteristic of a sequen- 
tial mechanism. The values found in Fig. 1, if 
compared to the respective affinity constants, 
indicate that external aspartate as well as internal 
glutamate hind to the free carrier or to the binary 
earrier-substrate complexes with similar affmlty. 
Thus it is conveivabl¢ that there is no obligatory 
order in the binding steps of internal and external 
substra(e (random mechanism). 

Comparing our re-suits with the bisubstrate 
analysis of LaNoue et al, [5] it shouM be noted 
that their measurements using submitochondrial 
particles were ~arried out at only two different 
internal glutamate concentrations (50 and 150 
mM), which both were chosen highly above the 
corresponding Km value (3 raM, [5,10]). For this 
reason the publishaM data [5], which moreover 
show considerable scattering, are insufficient to 
prove that the proposed parallel curves indicate a 
ping-pong mechanism. On the other hand, detailed 
bisubstrate kinetics published by Murphy et al. 
[6], who measured aspartale export from intact 
mitochoudria varying medium glutamate and ma- 
trix aspartate, basically agree with our results. 
This group also found a sequential kinetic pattern 
with the point of imexsectlon located near the 
abscissa. However, the K= value for matrix 

aspartate derived from this analysis was 100-times 
higher then the corresponding constant found in 
our liposomal system (cf. Ref. 10). 

Formation of the ternary complex 
When considering a sequential mode], the ques- 

tion arises as to how the ternary complex is formed. 
Several alternatives with respect to the order of 
substrata binding and to the distribution of bind- 
ing sites between the two membrane sides can be 
envisaged. One binding site at either membrane 
side may be exposed at the same time or two 
binding sites at one side or even two sites at both 
sides. All three possibilities have been formulated 
for the nueleotide carrier [20-22] in addition to 
the ping-pong model mentioned above. 

First the alternative.s involving two binding sites 
at one or both membrane sides shall be discussed. 
When analyzing transport kinetics by variation of 
aspartate or ghitamate concentrations in either 
compartment, two binding sites can only be idea- 
tiffed if they show different affinities towards the 
varied substrata. This would become apparent 
from biphasie reciprocal plots leading to a mixed 
type bisubstrate pattern. However, as can be seen 
from Fig. 1 only binding sites showing higher 
affinity could be detected on the outside of the 
liposomal membrane, whereas only low-affinity 
binding sites were found on the inside. The linear- 
ity of reciprocal plots was substantiated earlier in 
backward exchange experiments encompassing an 
even larger range of substrata conc~trat ions in 
both compartments [10]. 

The pt)ssibility, however, remains that at each 
m~mbrane surface two types of binding sites exist, 
one being specific for aspartate, the other for 
glutamate. This mode[ can be tested in a study of 
transport inhibition by the second substrata in the 
same compartment. The kinetic inhibition pat- 
terns obtained in th~ present paper demonstrate 
competitive behavior of  aspartate and glutamate 
as well ou the inside as on the outside of the 
liposomes (Figs. 2 and 3) indicating that both 
substrates bind to the same carrier form. These 
observations agree with results published by 
LaN0ue ot at. [5], which were measured at the 
outer surface of submitochonddal particles pre- 
pared from rat heart mitochondria. A similar anal- 
ysis was carried out previously on the outside of 
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intact rat heart mitochondria and published in 
farm of a Dixon plot [14]. These data were inter- 
preted to be representative both for a non-compe- 
titive [14] attd also for a competitive meeha.,aism of 
inhibition (of. Ref. 5). in fact primary Dixon plots 
are not suitable to discriminate between competi- 
tive and non-competitive inhibition. Additionally, 
a non-competitive aspartat¢ inhibition of gluta- 
mate uptake into rat liver mitochondria was re- 
ported by the same authors [7]. However, neither 
of the models in question [5,6] adopted this latter 
finding. Ouz results demonstrating direct substrate 
competition in both compartments most easily can 
be explained, if the ternary complex is formed as a 
transmembran¢ unit by substrat¢ occupation of 
one binding site at either membrane surface. 

Concerted transport of internal and external sub~ 
straw in a single step 

The involvement of only.one single conforma- 
tional form of the c0xtSer cannot be derived unam- 
biguously from the observed substrate competi- 
tion. Competitive inhibition would also be ex- 
pected if two carrier forms showing specificity for 
aspartate or glutamate, respective|y, were in equi- 
librium with each other. Thus two alternative 
models with completely different ways of forma- 
tion of the ternary complex have to be considered. 
On the one hand an exchange cycle can be en- 
visaged starting with the binding of one substrate 
molecule at either side of the membrane. It would 
require a conformational change of this trans- 
membrane ternary complex to ~annel  both sub- 
stratus tkrough the membrane in a concerted 
manner, On the other hand the single-substrate 
occupied carrier may trauslocate aspartate or 
glutamate. In this ease the ternary complex has to 
be formed at one side of the membrane-inserted 
carrier. This means that for removal of the first 
substrate followin$ translocation, the second sub- 
strate must bind. The model proposed by Murphy 
et al. [6] in principle fits into such a scheme. 

The experimental strategy for a decision be- 
tween these lwo reaction mechanisms is based on 
model calculations concerning the electrical prop- 
erties of the reconstituted nadeotide carrier [16]. 
The influence of the mernbrane potential on this 
second electrog©nic carrier of the inner mitochoa- 
drial membrane tmuld be described in terms of 

rate equations assuming elecfrophoretic attraction 
or repulsion of charged earrier-substrate inter- 
mediates during transiocati~n. For transferring this 
so-called "velocity-type model' of eleetrophoreti¢ 
control to the Asp/GIu carrier, one important 
control experiment had to be carried out. Accord- 
Lug to the energetic principle of secondary aeti-ce 
transport no substrate gradient can be generaled 
in the absence of membrane energization (facili- 
tated diffusion). However, TiscMcr et all. [7] found 
a considerable (about 5-fold) stimulation of the 
(physiological) Ghi=JAspt, eounterexchange as 
compared to the opposite direction even in 
rotenone-inhibited and in uncoupled mitoehgn- 
dria. Our data obtained in proteoliposomes d,J not 
agree with this observation. Table I clearly dem- 
onstrates that under dvenergized condioons the 
reconstituted Asp/Glu carrier tra~slocates both 
substrates with compaxable velocity. Most im- 
portant ,  the two heteroexchange rates 
(AsPin/Olue,, Ghiin/ASpe~) ale about the same, 
which disproves an intrinsic functional asymme- 
try. The contrast of our resdts to those obtained 
in mitochondria [71 cannot be ~plaiaed by a 
randomization of carrier orientation upon reeon- 
siltation ~see above, Ref. 10), but may in fact 
reflect the difficulty of complete uncoupling of 
mitcchondria. Furthermore, some kinetic limita- 
tions may contribute to the observed difference in 
the transport of the two subsUate species (hish 
pH, non-saturatLag substrate concentrations, 
asymmetric lipid and protein composition of the 
inner mitochondrial membrane). 

It may be concluded from these studies in the 
dccaergized state that the Asp/Glu carrier tends 
to equilibrate transmembrane gradients of the 
chemieat potentials of transported substrates. 
According to the kinetic model established for the 
nacleotide carrier [16] this equilibration is 
influenced by the el~.h'~cal potential affecting 
charged transloeation intea'mediat~. The kinetic 
data shown in Table II confirm the electrophoretie 
control of the heteroexchange reaction. Membrane 
potential, when applied in opposite polarity, has a 
qualitatively reciprocal effect, which is in accord 
with the conception outlined above. On the con- 
trary, neither Glu/G|u nor Asp/Asp homoex- 
change is significantly influenced upon energiza- 
tion of the" l[po~omaJ membrane. This means that 
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flutamate must be transported together with a 
prolon in either direction conferring electroneu- 
trali~'ty to GIn /GIn  amiport. Furthcrmoreo the ob- 
servation that the A s p / A s p  homoexchang¢ is not 
affected by A6 helps to discriminate between the 
two functionaf mechanisms discussed abe',c. "lhe 
'velocity type model' predicts aa inhibit;on of 
A s p / A s p  anfipori, if binary [carrier-Asp-] com- 
plexes represent the translocafion intermediates, 
due to an  unsymmetrical distribution of carrier 
binding sites between the two membrane aides. As 
a consequence, any stimulating influence on the 
translocation rate constant (kO for Asp -  should 
be accompanied by a decreased ptobabi!~y to 
occupy binding sites at the positive membrane 
surface. This was .,~hown t.3 be the case for the 
nucleotide carrier ( A T P / A T P  homoexehange) in 
terms of a higher apparent K m value for ATP at 
the positive side of the membrane [16], which can 
simply be explaineat by a rise of  k3 (Km ffi (k  2 + 
k 3 ) / k l ) .  However, contrary to one ob~a~ratioa 
made in mitochond ~ia [7], no influence of 3,~ on 
A s p / A s p  homoexchange was found for the recon- 
stituted A s p / G l u  cartier (Table IlL which argues 
against binary complexes as translocation inter- 
mediates. The only conceivable alternative, that 
would account for the obviously symmetrical dis- 
tribution of binding sites between the two com- 
partments, is a model in which the ternary com- 
plex itself is the cataiyfic intermediate of  the 
transport cycle responsible for the translocation 
step. Electrophoretic modulation of this integral 
unit only is possibie in the case of heteroexclmnge, 
where the charge contributed by aspartate neces- 
sarily is localized asymmetrically, thus providing a 
target for the membrane potential. However, a 
ternary [Asp--cart ier-Asp-] comple× can be as- 
sumed to show approximately symmetrical charge 
distribution. This model implies that the two sub- 
strate molecutes are translocated in a single step. 

A minimal model for this synchronous autiport 
of the two substrates is outlined in Fig. 4.. Only 
the formation and translocation of the ternary 
complex is shown omitting free or single-substrate 
occupied cartier intermediates. The model is sym- 
metrical, first with respect to the binding of 
aspartate and glutamate, which both caa bind to 
the same carrier form at either side of the mem- 
brane, and second with respect to the translo- 

t "  .t:" 

%- 
Fig. 4. Functional model of Asp/'Glu antiporL "['h¢ carrier 
molecule is r, ehemafically depicted as an integral unil in the 
mitochondrial membrane. Two I'uactional "subunit¢ are lenin- 
lively indicated. Either "subunit' has one binding site for 
asparlat© (A-) or glutamate (G-) and one for a proton. Four 
states of a complete heterol~.chang¢ ¢y¢.1¢ are shown ¢ol~negted 
either by tramlocation steps (1 gad 3) or by substrate release/ 
binding steps (2 and 4). "fhc free carrier intermediat¢~ ¢¢suhing 
after dissociation of transported substrales are omitted for 
simplieily. The translogafion steps take place in a concerted 
manner I~etween 'subunits' and are under eleotrophorztie r.on- 

Ira1 of the mem'~rane potential 

cation of the two substrata species, as is predicted 
by data obtained from substratc inhibition studies 
(Figs. 2 and 3 in combination with Table I), 

In view of the concerted action of the carrier 
one might expect a positive cooperafivity between 
binding of internal and external substrata to en- 
sure efficient antiport function. Yet no sigmoidal 
dependence of transport activity on substrata con- 
centration could be observed in either compart- 
ment. Even without an allostcrio influence on 
transport affinities, however, a confonnational 
coupling of inward and outward directed translo- 
cation may be envisaged, that is analogous to the 
enzymatic turnover of  two ~ubstrate~ in a sequen- 
tial bisubstral~ reaction. In the line of tliese argu- 
meres conce,'nin 8 the lack of ¢ooperativity, one 
must  alse take into consideration the occurrence 
of subs,rate e/flux (nniport) from lipnsomes in the 
absence of external substrata (see Methods). 

I-1 +, a third substrata 
Countere×change of  aspartat¢ and glutamate 

together with a proton is not only regulated by the 
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electrical component of the proton motive force, 
but also the pH gradient may modulate the het- 
eroc;~change activity [3], F~pcriments carried out 
varying the pH in both ccanpartmems (ApH = 03 
led to the conclusion that the absolute H + con- 
centrafion in the two compartments plays a regu- 
latory role. The affinity of the carrier for gluta- 
mate in¢reased drastically at higher H ÷ concentra- 
tions (Table liD, as was previously reported l sl. 
However, under saturating glutamate concentra- 
tions the influence of pH on carrier activity was 
comparatively low, confirming results obtained in 
mitochondria [6], In the case of the experimants 
presented here the observed alterations may par- 
tially he attributed to carrier inactivation during 
adjustment of pH. This becomes apparent when 
Vm~ values are normalized on the basis of ex- 
change equilibrium determinations (Table Ill). In- 
deed from these corrected data a dependence of 
Olu=/H ÷ cotransport on H + concentration 
according to Michaelis-Menten can be found. In 
Lineweaver-Burk plots straight lines are obtained, 
which with increasing glutaraate concentration 
tend to become parallel to the abscissa, indicating 
that the influence of pH vanishes ~ad~r glutamate 
saturation (results not shown). This kinetic pattern 
suggests a rapid-equilibrium-ordered mechanism 
of H + and glutamate binding [13] implicating a 
protonation/deprotenation of the free carrier, that 
is much faster than the overall transport reaction. 

Ka 
carrier + H + ¢:~carricr/H ÷ o1=- ,[garri©r/H%Glu- ] 

- -  (iranslocalion) (2) 

The dissociation constant of the carrier-proton 
complex was estimated from secondary plots (cf. 
analysis of the bireactant mechanism) yielding a 
pK a equivalent of about 6.5. These findings 
strongly argue ha favor of a distinct proton bind- 
ing site possibly involving a histidine residue of 
the carrier protein. According to the rapid-equi- 
librium mechanism, the binding of glutamate to 
the protonatcd carrier shifts the promnar;on equi- 
librium to the protonated form (F_.qn. 2). Thus, 
infinite glutamate concentration would transfer all 
carrier molecules to the ternary [carricr/H%Glu-] 

comple,x (rega:dlng only one membrane s~d¢) in- 
dependent of pH. 

BindL'~$ of aspartate and glutamate, respec- 
tively, to two different carrier forms was already 
proposed by Tischler e t a l .  [71. However, this 
conc|usion was drawn from a non-compelitive be- 
havior of the two suhstrate species, which ~ould 
not be confirmed in our studies. In contrast, a 
rapid equilibration o[ two carrier forms, i.e. proto- 
natcd and uuprotooated carrier molecules, conse* 
quemty ¢×plains the observed competitive nature 
of substrate inhibitio=,. "this interpretation of sub- 
strate competition based on glutamate/proton 
cotransport measurements is an alternative to that 
of LaNoue e t a l .  [5], who assumed that both 
substrates can bind to both the protenatcd and 
unprotonated carrier. This, however, was in- 
tegrated into a p~ng-pong model. Using a com- 
pletely different point of view, Murphy et al. 16] 
pogtulalfd that the proton binds associated to the 
substrate glutamate, although this seems highly 
improbable., since the corresponding pK a of 
glutamate is very low (about 4.2). 

it has to be pointed out that the suggested 
proton ¢otransport as described in this publication 
(~'ln. 2) is partly based on data that had to be 
corrected for irreversible pH effects. However, this 
view perfectly fits into the functional model out- 
lined above (Fig. 4) explaining substrate competi- 
tion, though different carrier forms are involved in 
the transport of the two substrates. Glutamate/H* 
cotransport depends on glutamate and H + con- 
centration, thus providing a means to regulate 
translocation of glutamate and not of espartate. 
The modulation of transport affinity of the carrier 
towards glutamate is not due to variation of the 
ratio of protonatcd to unprotonated carrier (Eqn. 
2), since in view of the rapid-equilibrium mecha- 
nism of substrate binding the concentration of 
cartier/H + can be neglected in comparison to that 
of the functional [carfier/H+-Ghi - ] complex. The 
physiological significance of this regulation may 
lie in the possibility of discriminating between 
aspartate and glutamate in order to avoid futile 
homoexehange cycles. Glutamate binding would, 
be favored at th~ (acidic) cytoso!ic surface, but 
impeded at the (alkaline) matrix side. Detailed 
measurements of mitochondriai and cytosolic pH 
values in dependence of physiological conditions 
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[231 h ~ ¢ ~ e  tha t  the  mat r ix  r ,H m a y  va:~; b ' l  
a b o u t  0.5 units ,  which  wou ld  be  suff ic ient  fo r  a 
m a r k e d  r ~ u l a t i o n  b y  p H  alone.  
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