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scM*IcIRy Fumarate permeat ion in isolated rat I iver mi tochondria was demonstrated by 
measuring malate and phosphate efflux caused by fumarate added externally to the 
mitochondrial suspension. The existence of two specific fumarate translocators, 
fumarate/mal ate and fumarate/phosphate, is shown here. These carriers are 
distinguished in the light of different kinetic parameters (Km values are 50 FM and 
150 pM, and Cmax values are 17 and 40 nmoles/min x mg mitochondrial protein, 
respectively) and of differing sensitivity to non-penetrant canpounds. Fumarate was 
found to cause oxaloacetate efflux from mitochondria by means of an indirect process 
which involves the cooperation of both fumarate/malate and malate/oxaloacetate 
translocators. 
Results are discussed in the light of the physiological role played by fumarate 
translocation in both ureogenesis and aminoacid metabolism. Q 1985 Academic Press, Inc. 

The overall pathway of urea formation involves enzyme reactions in both cytosol and 

mitochondria, thus necessitating transport of intermediates across the mitochondrial 

membrane (Scheme 1). Ornithine and citrulline transiocation has been sham previously 

(l-3). Fumarate was initially reported to be a non penetrant anion (4) not inhibiting 

malonate, citrate and oxoglutarate uptake into RLM in vitro (5). Neither was mention 

made of fumarate permeation in subsequent investigations concerning the role of anion 

translocation in urea synthesis as well as interrelationships between gluconeogenesis 

and ureogenesi s in isolated hepatocytes (6,7). Nonetheless, our own studies, which 

demonstrate the occurrence of carrierinediated translocation for fumarate in Rttl, RI&l 

and RBH (B-10) along with the recent finding that only 20% of the total fumarase 
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MDH, malate dehydrogenase; NM, N-ethylmaleimide; OCICI, oxaloacetate; Offl, ornithine; 
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activity in rat liver is present in the cytosol (ii), prompted us to reinvestigate 

fumarate permeation in RLll. The existence is shcrrrn in this paper of two separate 

carriers for fumarate in RLM, fumarate/malate and fumarate/phosphate translocators. 

MClTERIClLS & METHODS CIII reagents used were from SI8t% (St. Louis, U.S.A.), except 
Ii%]-fumarate which was from Radiochemical Center (kaersham, England). 
Rat liver mitochondria were isolated according to (12) with mitochondrial protein 
determined by the Waddel and Hill method (13). 
Phosphate efflux was monitored by measuring intramitochondrial inorganic phosphate 
according to (14) (E zes was 21 ti-‘cm-i at 20%. 
The percentage exchange was calculated according to the equation: percentage exchange 
= 100 (Pa-Pp)/Pa, where Pa and Pp respectively represent the nmoles of phosphate 
measured in the absence and presence of external anion. 
Measurements of fiXI-fumarate were carried out by using the inhibitor stop 
method, essentially according to (15); radioactivity in the mitochondrial pellet was 
measured as described (16). 
Malate efflux induced by extramitochondrially added anions was monitored as previously 
reported (17), by adding malic enzyme and NFIDP+ outside mitochondria and folluuing 
IrYIDP+ reduction. Changes in the redox state of EY\DP+ were followed either 
photanetrically or fluorimetrically using a Beckmam DU-7 HS spectrophotaneter and a 
PerKin-Elmer LS-5 luminometer respectively. In the latter case, in order to obtain 
quantitative measurements of t&DP+ reduction rate, calibration was made of the 
fluorimetric response, according to (18). Modification was made of the cuvette holder 
to allow continuous stirring of each sample and addition of substrates without opening 
the cover. 
Fumarate/OCIA and malate/&%% exchanges were monitored essentially according to (19) by 
adding MDH and k&DH outside mitochondria and following N+DH oxidation caused by 
externally added anion. 
The rates of change of fluorescence and absorbance were obtained as tangent at the 
initial part of the experimental curve and expressed as nmoles mDP+ reduced (or 
k&DH oxidized)/min x mg mitochondrial protein. 

RESULTS 

In the phase outside mitochondria, malate concentration can be considered negligible, 

since no change in fluorescence occurs following malic enzyme (0.2 e.u.) addition to 

RLll in the presence of EIFIDP+ (0.25 i&l). Further addition of fumarate (0.2 idI), 

which has no effect when added alone, produces an extensive reduction of the pyridine 

nucleotide (Fig. 1). Thiocyanate (10 rdl), a fumarase non-competitive inhibitor (20) 

able to enter mitochondria (21), completely inhibits E14DPf reduction rate. 32 % 

and 54 % inhibition was found when fumarate was added in the presence of either 0.2 idl 

butylmalonate, inhibitor of the dicarboxylate carrier, or 0.1 mM N-ethylmaleimide, 

inhibitor of Pi carrier respectively (for ref. see 22). 

One possible explanation for these findings could be that fumarate enters mitochondria 

in exchange with endogenous malate or phosphate (see below). Once inside the matrix, 

fumarate is hydrated to malate which in turn leaves mitochondria in exchange for 

further fumarate (Fig. a). However, the possible cooperation of two different 
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Fia. L Appearance of malate in the incubation medium induced by the addition of 
fumarate to rat liver mitochondria. 
RUI (1.4 mg protein) were preincubated at 2O’C for 1 min in 2.0 ml of standard medium 
containing 0.2 H sucrose, 10 IWI KCl, I i&l MgCle, 20 u&l HEPES-Tris pH 7.20 plus 2 
UQ rotenone. Where indicated, additions were as follows: 0.25 n&l t&W+, 0.2 units 
‘of malic enzyme (M.E.) (previously dialyzed against 100 ti Tris-HCI buffer at pli 7.0), 
0.2 &I funrrate (FBI), 10 n31 thiocyanate GCN-), 0.1 mil N-ethyllnaleimide (NM), 
0.2 irks butylmalonate (BLt% and 0.5 % Triton X-100 (T X-100). 
i4&Dp+ reduction was followed fluorimetrically. 

carriers, namely a carrier able to mediate fumarate/Pi exchange and the dicarboxylate 

carrier, in causing malate efflux cannot be excluded at this stage (Fig. 29). 

The addition of Triton X-100 (0.5 %I (see inset Fig. 1) to mitochondria during 

IMP+ reduction, following a rapid change of fluorescence due to mitochondria 

dissolution, increases the tGDP+ reduction rate about 4 times, thus showing that 

the rate of fumarate transport in mitochondria is the limiting step in the measured 

rate of fluorescence increase. Controls indicate that Triton does not change the 

activity of either malic enzyme or intramitochondrial fumarase. 

A further experiment (Table 1) carried out under the same experimental conditions 

shows the ability of externally added fumarate (0.1 nM) to cause direct Pi efflux from 

the mitochondrial matrix (Fig. 20. Thiocranate, malic enzm and MWP+ were 

present in each sample to inhibit fumarase and remove any possible malate l ffluxed 

from mitochondria in l xchanp with fumarate, thus ruling out the possibility that Pi 

l fflux could occur br means of both fumarate/malate and dicarboxrlate carriers (Fig. 

2D). Neither butrlmalonate (0.2 ti) nor the thiol reagents, aersalyl (0.18 +rW and 

N-ethylmaleimide (0.1 u&l), powerful inhibitors of the Pi carrier (see 22), effect Pi 

l fflux, whereas the substrate analogue rethylfumarate (10 e&l) strongly prevented Pi 

efflux. As a control, the ability of malate to cause Pi efflux via dicarboxylate 
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w IlQchanism of fumaratr transport into rat 1 ivrr mi tochondria. 
I FumaratQ/mal ate carr i Qr ; II Dicarboxylatc carriQrI III FumaratQ/phosphatQ carrirr; 
IV F’hosphatQ CarriQr. 
t and- indicate the prrscncc or abwncc of inhibition by the tQStQd Compounds; whQn + 
or - arQ squared thQ rrrult was Qxptriirmntaiix found; on the othQr hand, they indicatr 
thr inhibition to bc thcorrtically found in thr cast of OccurrQnCQ of the proporcd 
mechanism, when thQy arc circuited. 

carrier was measured in the same experiment in the absence or presence of the same 

inhibi torr. Malate/Pi exchange was found to be insensitive to both methrlfumarrte and 

NEM, but inhibited by both butylmalonrte and nersrlrl. 

The inhibitor sensitivity, sunnrarized in Fig. 2, clearly show that mechanisms 

described in Cs and C are in line with experimental results, whereas other 

possibilities (B-D-E-F) are not consistent with experimental data. 

11 
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TABLE I 

EXCl#GE DF IWTRCIMITOCHONDRIAL PHOSPMTE WITH MTERE19LLY f%DDED CDMPDlNDS 

ADDITIONS 
INTWIMITDCHCNDRIISL 

PHGSPHC\TE 
(nmolcs/mg protein) 

EXCHCYJGE (%) CGNTROL (%) 

NLNE 26.5 0 

FU%IWTE 19.3 31 100 
FU%IWTE 4 HETRYLF~IWTE 23.6 11 35 
FL)YIRt+TE + BlJTYL!%L(EylfE 17.9 32 103 
FlWIlWTE + NM 18.6 30 97 
FLP%IWTE + MER%LYL 18.1 32 103 

l#9LCITE 12.1 54 100 
MCILCITE + P(ETHYLFU1FIIWTE 12.9 51 94 
HLATE + BUTYUICIL~TE 19.3 27 50 
MLATE t NEM 12.4 53 98 
i#lATE + FlERSClLYL 16.1 39 72 

Mitochondria (1.2 mg protein) were incubated at 20’C for 1 min in 1.0 ml of 
the standard medium. In the case of fumarate 0.25 IMI NCIDP+, 0.2 units of 
malic enzyme, 10 M thiocyanate were also present. 
The exchange reaction was started by rapid addition of the metaholites (100 
uI-0 and stopped 1 min later by rapid addition of methylfumarate (30 I#) (as 
regard fumarate) and butylmalonate (20 ti) (as regard malate), and by 
centrifuging with an Heraeus microcentrifuge. Where indicated the inhibitors, 
methylfumarate (10 ski), butylmalonate (10 II+~, N-ethylmaleinide (NEW) (0.1 idl) 
and mersalyl (0.18 M), were added along with fumarate or malate. 
% of exchange was calculated as reported in Methods. 

Fumarate permeation in isolated mitochondria has been also investigated by measuring 

mitochondrial swelling. In agreement with Chappel and Haarhoff (4), mitochondria were 

found to swell very slightly in isotonic aesaonium fumarate solutions. However uery low 

amplitude swelling can be measured which is more evident if caapared with the 

constancy of absorbance of mitochondria suspended in either isotonic sucrose or 

umronium chloride solutions (not shown). 

In order to confirm fumarate permeation in RLH, [i*Cl-fumarate uptaRe was 

investigated directly according to the stop inhibitor method, using 20 n31 

butylmalonate as an inhibitor (not shown). It should be noted that, truing to the 

activity of the intramitochondrial enzymes, pellet radioactivity could be due not only 

to fumarate, but also to malate and succinate and other derivated metabolites formed 

in the matrix. The effect of several caapounds (10 ti each) on fumarate (50 pll) 

permeation was also tested. While very strong inhibition of fumarate uptaKe and 

12 
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Fig. 3 Kinetic analysis of the inhibition of both fumaratc/malate and 
fumarate/phosphate exchanges by phenylsuccinate or butylmalonate and methylfumarate 
respectively, using the double reciprocal plot. 
RLM (1.5 and 1.2 mQ protein in A and B, respectively) were preincubated at 2O’C in 2.0 
ml and 1.0 ml of standard medium in the absence WI) or in presence of 0.25 Ml 
WDPf, 0.2 units of malic enzyme and 10 a#l thiocyanate (B), respectively. 
A. The experiment was carried out as described in Pig. 1. Fumarate was added at the 
indicated concentrations in the absence (0) or in presence of 1 &I phenylsuccinate (A) 
and 0.2 &I butylmaionate (X). The rate V is expressed as nmoles IWH oxidizetimin x mQ 
mitochondrial protein. 
B. The exchange reaction was started by rapid addition of fumarate, at the indicated 
concentrations, in the absence (m) or presence of 10 Ml methylfumarate CO), and 
terminated 15 set later by rapid addition of methylfumarate (30 &I) and by 
centrifuging with an Heraeus microcentrifupe. The rate V is expressed as nmoles 
phosphate effluxed/min x mQ mitochondrial protein. 

metabolism was caused by phosphate and by the impermeable inhibitors butylmalonate 

and maleate, no significant change in radioactivity taken up was found to be caused by 

either &#I or citrate. 

In order to gain further insight into fumarate uptake and metabolism, use was made in 

this paper of both photaaetric or fluorimetric techniques. 

The dependence of both fumarate/malate and fumarate/Pi exchange rate on increasing 

fumarate concentrations was tested both in the absence and presence of either 0.2 nM 

butylmalonate or 1 tdl phenylsuccinate, and 10 d methylfumarate, respectively. 

Saturation characteristics were found in typical experiments (Fig. 3). In the first 

case (Fig. 30 the Nn, i.e. fumarate concentration giving half maximum tWP+ 

reduction rate, and Ihnax values were found to be 50 ull and 17 nmoles NCIDP+ 

reduced/min x mg protein. Both butylmalonate and phenylsuccinate, non-penetrant 

inhibitors of both dicarboxylate and oxodicarboxylate carriers in RLH, RWl and Rkll 

(5,15,17,23,24), and OCYI and GABA carriers in RBM (19,25) give competitive inhibition, 

13 
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with Ki values respectively equal to 0.08 asI and 1.2 IT&I (Fig. 3cI). On the contrary, 

these canpounds have no effect on the rate of fumarate/Pi exchange (Km and kax values 

were 150 pll and 40 nmoles Pi effluxed/min x tag mitochondrial protein), which was 

competitively inhibited by methylfumarate (Ki = 14.5 &i) (Fig. 38). In the latter 

case, the initial rate of funarate/Pi exchange was measured by stopping the reaction 

with 30 mfl methylfumarate. 

Possible fumarate transl ocat ion via the dicarboxylate, tr i carboxylate and 

oxodicarboxylate carriers had been previously excluded Wing to the IacK of fumarate 

and methylfumarate inhibition on malonate, citrate, oxoglutarate and oxaloacetate 

uptaKe into RLM (5,26). 

In another experiment, fumarate and malate were compared in terms of their ability to 

cause intramitochondrial a4cI efflux, measured according to (19). The Triton experiment 

shaved that the measured rate of fluorescence increase depends on the rate of 

translocation across the mitochondrial membrane in the cases of fumarate/acYI and 

malate/fW as well. The double reciprocal plot for fumarate/W and malate/CiW 

exchanges showed the occurrence of saturation characteristics with the same value of 

Max statistically evaluated and different Km values Sax = 14.8 nmoles NCIDH 

oxidizeWmin x mg protein in the reported experiment! i6s = 1.2 and 2.2 mH for fumarate 

and malate respectively) (Fig. 4). Thus, malate and fumarate apparently share the same 

1 
0 025 050 075 1 

l/[SUBSTRATE] (mM1) 
Fia. 4 Thr dcpcndcncc of the rate of the malate/W and fumaratc/CW exchanges on the 
cxtcrnal substrate concentration using the double reciprocal plot. 
Mitochondria (2 mg protein) wrre prrincubatcd in 2.0 ml of standard medium and 0.2 &I 
NCIDH. After incubation for 1 lain, 2 units of nalatc dchydrogrnasc were added followed 
30 set Iatcr by malate (4 or fumaratr W at the indicated concentrations. Thr rate V 
is axpressed as nmolcs MDH oxidizcd/min x mg nitochondrial protein. 

14 
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Scheme 1 : Urea cycle and mitochondrial carriers. 
I = furarate/malrte carrier; II = dicrrboxylrte carrier; III = fumarate/phosphatr 
carrier; IV = phosphate carrier; V = citrulline/ornithinc carrier; VI = ornithine 
carrier; VII = glutamate/OH carrier; VIII pyruvate/OH carrier; IX malate/oxaloacetate 
carrier; X = glutamate/arpartate carrier. 

carrier to cause OcIcl efflux. Although apparently at odds with the above mentioned 

results, there is a possibiliy that CM efflux induced by funarate occurs by means of 

the cooperation of both FlMW (I) and WOW (IX) translocators, as described in 

Scheme 1. To confirm this, tests were made that no OclA efflux occurs caused by 

fumarate addition to mitochondria loaded with both thiocyanate and sulphite, penetrant 

inhibitors of fumarase and malate dehydrogenase respectiuely, and with aspartate and 

oxoglutarate, whose uptake into RLM provides the substrate pair for the activity of 

mitochondrial aspartate aminotransferase and subsequent aCrr formation. Triton was 

15 
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added as a control to show the presence of Dcrr in the mitochondrial matrix (not 

reported). 

p1 SCUSSI ON 

The ability of fumarate to enter isolated RUI is demonstrated by means of both 

isotopic and, in more detail, by optical measurements. Fumarate uptake is found to be 

a carrier mediated process. The existence of two specific fumarate translocators in 

RUI is shown according to criteria camnonly used to state the occurrence of a carrier 

mediated process, i .e. saturation kinetic, sensitivity of this process to the 

impermeable inhibitors, and ability of the substrate to cause intramitochondrial anion 

efflux. 

Results reported in this paper, along with others which show the lack of fumarate 

inhibition on dicarboxylate, tricarboxylate and oxodicarboxylate uptake (5,26) lead to 

the conclusion that fumarate enters mitochondria via two separate carriers of its own, 

namely fumarate/malate and fumarate/phosphate trimslocators. These are distinguished 

fraa each other in view of the different values of Vmax and their differing 

sensitivity to butylmalonate, NEH and methylfumarate ruesaarired in Fig. 2. 

The low Km value for fumarate caapared to intracellular concentration (27) suggests 

that the fumarate translocators operate at a rate similar to the *ax under 

physiological conditions in ureogenesis (Scheme 1). Thus, owing to the ICQJ activity of 

extramitochondrial fumarase (If), fumarate translocation into mitochondria seemes 

likely to occur to yield aspartate by means of the coupled activity of the 

mitochondrial fumarase and of the isoenzymes of malate dehydrogenase and aspartate 

aminotransferase. Accordingly, the activity of the fumarate/malate translocator is 

roughly similar to that calculated for the urea cycle under similar experimental 

conditions (6). It should k noted that the high sensitivity of the fumarate/malate 

carrier to butylmalonate shown here may also account for much of the inhibition of 

ureogenesis by butylmalonate, suggested to be due only to the inhibition of the 

dicarboxylate carrier (6). 

At this point, the &% efflux induced by fumarate merits sane explanation in terms of 

its role in both gluconeogenesis and cytosolic amino acid catabolism in hepatic cells. 

When taken up by mitochondria, fumarate derived frua aminoacid catabolism might cause 

16 
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OErl efflux in cytosol where PEPcK is located. Phosphoenol-pyruvate formation could 

subsequently start gluconeogenesis or else pyruvate may be successively formed via 

pyruvate kinase, in which case pyruvate uptake and oxidation into RLM could occur. 

r%ccordingly, carbon skeleton of aminoacids may be used both in the gluconeogenesis 

pathway and, in what is likely to be a less important way as an energy source in 

liver. 

Finally, this paper also shows the ability of RLM to allow malate/oxaloacetate shuttle 

at a significant rate. Considering that the transfer rate of cytosolic reducing 

equivalents into mitochondria may be calculated as 32 nmoles Nf+DH oxidized/min x mg 

protein in rat liver at 37 “C (281, the malate/OCIA shuttle appears to play a 

significant role in this process. 
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