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Abstract--l. The effect of maiate, succinate and malonate on citrulline synthesis in rat liver mitochon- 
dria was studied. 

2. When NH,CI was used as the source of ammonia, malate as well as succinate and malonate 
inhibited the citrulline formation by about 4&50% in mitochondria incubated with glutamate in State 4 
as well as in uncoupled (+oligomycin) mitochondria with exogenous ATP as an energy source. The 
addition of either arginine to mitochondria incubated in State 4 or N-acetylglutamate to uncoupled 
mitochondria only slightly decreased the inhibition of citrulline formation by malate. 

3. The inhibitory effect of malate on citrulline formation was not observed in both toluene-treated and 
sonicated mitochondria as well as on the addition of n-butylmalonate into the suspension of mitochon- 
dria. 

4. When carbamoyl phosphate and ornithine were used as substrates for ornithine carbamoyltrans- 
ferase the inhibitory effect of malate on citrulline production was observed. 

5. Malate decreased significantly the ornithine uptake by mitochondria incubated in the absence and 
presence of citrulline or N-acetylglutamate. 

6. The data presented indicate that with glutamate as substrate the inhibition of citrulline formation 
by malate may be not only due to a decline of N-acetylglutamate level as postulated by MeiJer & Van 
Woerkom (1978) but also due to a decrease of mitochondrial ornithine uptake. 

INTRODUCTION 

It has been shown for some time that the capacity of 
rat liver mitochondria to synthesize citrulline is 
higher with glutamate than with succinate as the res- 
piratory substrate (Glasgow & Chase, 1976; Hensgens 
PT (I/., 1980). According to Meijer & Van Woerkom 
(1978) and Hensgens rf al. (1980) the higher rate of 
citrulline formation in the presence of glutamate is 
presumably caused by an increased level of intramito- 
chondrial N-acetylglutamate, an essential cofactor 
of the carbamoyl phosphate synthase (EC 2.7.2.5, 
Grisolia & Cohen, 1953). The inhibitory effect of 
malate on citrulline formation in mitochondria incu- 
bated with glutamate was attributed to a decrease of 
mitochondrial N-acetylglutamate content probably 
due to removal of acetyl-CoA under these conditions 
(Meijer & Van Woerkom, 1978). Since it was reported 
(Glasgow & Chase, 1976) that malonate may also in- 
hibit the rate of citrulline formation in the presence of 
glutamate we have decided to reinvestigate the effect 
of dicarboxylates on citrulline synthesis. 

The results presented in this communication indi- 
cate that the inhibitory effect of malate and presum- 
ably of other dicarboxylates (succinate, malonate) on 
citrulline production might be not only due to a de- 
cline of mitochondrial N-acetylglutamate level, as 
postulated by Meijer & Van Woerkom (1978), but 
also due to a decrease of mitochondrial ornithine 
uptake. 

* To whom all correspondence should be addressed. 

MATERIAL AND METHODS 

Mitochondriul preparutions 

Liver mitochondria were isolated from the fed male Wis- 
tar rats (20%25Og in weight) as described by Harris rf al. 
(1971) but the final wash and suspension of mitochondria 
were made with 0.3 M mannitol replacing sucrose. Treat- 
ment of isolated mitochondria with toluene was done 
according to Matlib et al. (1977). Sonication of mitochon- 
drial suspension (approx 20mg of protein/ml at 0.1 M 
Tris-HCl buffer pH 7.4) was carried out for 3 successive 
periods of 30 set at 20 kHz using MSE ultrasonic desinte- 
grator. 

Measurement of citrulline synthesis 

Mitochondria (about 4 mg protein/ml) were incubated at 
30°C under 95% O2 + 5% CO, in a basic medium con- 
taining: 15 mM KCl, 2 mM EGTA, 50 mM Tris+HCl pH 
7.4, 5 mM phosphate buffer (pH 7.4), 10 mM glutamate, 
0.2 mM aminooxyacetate, 30 mM KHCO,, 10 mM NH,Cl 
and 10 mM ornithine. The final protein concentration was 
&5mg/ml. The reactions were started by the addition of 
mitochondrial suspension to the reaction mixture. At indi- 
cated periods of incubation 1 ml samples were withdrawn 
from the suspension, deproteinized with l/l0 volume of 
35% HC104 (v/v) and centrifuged. Citrulline was deter- 
mined in deproteinized samples according to Archibald 
(1944) as modified by Bryla & Harris (1976). 

Measurement of mitochondrial ornithine uptake 

Uptake of ornithine was measured using the silicone 
layer technique (Harris & Van Dam, 1968) as described by 
Bryia & Harris (1976), L-l-[‘4C]ornithine monochloride 
was applied. 
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Fig. I. Etiect of dicarboxghc acids on citrulline synthesis in mitochondria incubated in State 4 and 
uncoupled (+ oligomycin) conditions. Mitochondria (4 mgiml) were incubated in the standard medium 
in either State 4 or in the presence of 2nM FCCP, oligomycin (1 icg/mg protein), 4nM rotenone nnd 

4 mM ATP. Malate (B). malonate (A) and succinate (0) were added at 10 mM concentrations. 

Prnrelrl 

Mitochondrial protein was measured by a biuret reac- 
tion as described by Clebnd Sr Slater (1953), with bovine 
serum albumin 8s standard. 

N-Acetylglutamic acid was obtained from Sigma Chemi- 
cal Co. (St. Louis, MO, U.S.A.). Aminooxyacetate was from 
Eastman Kodak Co. (Rochester. NY, U.S.A.). L-I-[‘~C]- 

Ornithine monochloride (50 mWmmo1) was from Amer- 
sham. England. Carbonyl cyanide p-triflu~~romethoxy- 
phenylhydr~~zonc (FCCP) was il gcncrous gift of Dr P. 
Heytler while rotenone was kindly provided by Dr J. L. 
Howland. All other chemicals were of anatyticat grade. 

RE:SL LTS AND DISC‘LSSION 

Isolated liver mitochondria synthesize ~itrulline 
when incubated with ornithine, bicarbonate, NH.&1 
and a source of ATP (Charles et ~1.. 1967). Figure 1 
shows that the rate of citrulline synthesis is higher in 
mitochondria incubated with glutamate in State 4 
than in uncoupled ( f oligomycin) mitochondria when 
exogenous ATP is used as an energy source. This ob- 
servation is in ~~greement with the results obtained by 
McGivan rt ~1. (1976). According to these authors the 
rate of citrulline synthesis in the presence of exogen- 

ous ATP is lower than when ATP is generated by 
oxidative phosphorylation. The higher rate of citrul- 
line synthesis with glutamate as respiratory substrate 
in comparison with that measured in uncoupled mito- 
chondria can also be caused by an increased synthesis 
of .~-~~cetylglutamate in the presence of glutamate 
(Meijer & Van Woerkom, 1978; Hensgens rt A., 
1980). 

With saturating concentrations of substrates it is in 
principle possible for the synthesis of citrulline from 
N&Cl to be rate limited either by the activity of 
c~~r~rno~l phosphate synthase and of ornithin~ car- 
~dmoyltr~lnsferase or by the transport of both ornith- 
ine and citrulline across the mitochondrial membrane 
(McGivan t’t ctl.. 1976). In agreement with Meijer & 
Van Woerkom (1978) malate results in about SOY.; 
decrease of the rate of citrulline formation in mito- 
chondria incubated in State 4 (Fig. 1). The inhibitory 

effect of malate on this process is also observed in 
uncoupled (+ oligomycin) conditions when exogenous 
ATP is used as an energy source. Moreover, other 
dicarboxylates such as malonate or succinate inhibit 
also the citrulline formation by about 40”<) under both 
conditions studied. 

As shown in Table 1 a significant inhibitory effect 
of malate on citrulline synthesis was observed at as 
low as 1 mM malate concentration. This phenomenon 
may have a physiological significance since the cyto- 
solic malate level may vary from 0.03 to 2.59 mM 
depending upon metabolic conditions (Siess rr ul., 
1976). 

Since according to Meijer & Van Woerkom (1978) 
the inhibition of citrulline production by malate is 
due to removal of acetyl-CoA required for N-acetyl- 
glutamate synthesis, we have checked the effect of 
malate on citrulline formati in the presence of N- 
acetylglutamate known to penetrate into uncoupled 
mitochondria (Meijer & Van Woerkom, 1979). As is 
shown in Table 2, N-acetylglutamate stimulates the 
citrulline synthesis by about 30”,;,. However, on the 
addition of either malate or malonate into the reac- 
tion medium the rate of citrulline formation is by 
about 309,: lower than that measured with N-acetyl- 
glutamate alone. Furthermore. when mitochondria 
are incubated in State 4 in the presence of argininc, an 
activator of N-acetylglutamate synthase (EC 2.3.1.1, 
Shigesada & Tatibana. 1971; Shigesada & Tatibnna, 

Table 1. Effect of matate concentrat~olls on citruiline syn- 
thesis in rat liver mitochondria 

Malate 
concentration 

(mM) 

Citrulline synthesis 
nmoljmg protein <t 

0 

0 213 100 
1 164 77 
5 122 57 

10 65 31 

Mitochondria (3.4 mg proteini’ml) were incubated in 
State 4 for IS min in a basic medium containing 2.5 mM 
phosphate. 
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Table 2. Effect of malate and malonate on the citrulline formation in the absence and presence of N-acetylglutamate or 
arginine 

Conditions Additions 
Citrulline synthesis (nmollmg protein) 

Control + Malate + Malonate 

Uncoupled None 250 i 20(4) 158 f 18(4)* 162 f 20 (4)* 
( + oligomycin) 10 mM N-acetylglutamate 364 + 20(3) 281 f 21 (3)t 234 + 21 (3)* 
State 4 None 338 f 29 (7) 142 & 17(6)* 160 k 9 (4)* 

I mM arginine 441 k 22(3) 264 f 22 (3)* 

Mitochondria (about 4 mg/ml) were incubated for 20 min in a basic medium in either State 4 or in the presence of 2 nM 
FCCP, oligomycin (1 pg/mg protein), 4pM rotenone and 4 mM ATP. Malate and malonate were added at IO mM 
concentrations, where indicated. Data shown are means + SEM for number of experiments indicated in parentheses. 
P (against corresponding controls): * P < 0.01. t P -c 0.05. 

1978), the addition of malate results in an inhibition 
of the rate of citrulline synthesis by about 40%, i.e. for 
about lCL20”/, less than in the absence of arginine. On 
the basis of these observations it seems that a de- 
crease of the intramitochondrial N-acetylglutamate 
concentration, is not the only factor limiting the rate 
of citrulline synthesis on the addition of dicarboxylic 
acids into the reaction medium. The following obser- 
vations throw some light on the nature of the inhibi- 
tory effect of malate on citrulline formation: (i) As 
shown in Fig. 2 the addition of malate results in a 
decrease of citrulline production, when carbamoyl 
phosphate and ornithine are used as substrates for 
ornithine carbamoyl-transferase (EC 2.1.3.3, Natale & 
Tremblay, 1974: McGivan er (I/., 1976); (ii) An inhi- 
bition of citrulline synthesis by either malate or malo- 
nate is abolished by n-butylmalonate (Table 3), an 
inhibitor of mitochondrial dicarboxylate carrier 
(Robinson & Chappell, 1967) and (iii) In both soni- 
cated- and toluene-treated mitochondria an inhibition 
of citrulline formation by malate does not occur 
(Table 4). In view of these data it seems likely that 
malate might affect the transport of ornithine into 
mitochondria. In order to check this possibility we 
have investigated the effect of malate on ornithine 
uptake by mitochondria. Studies were carried out 
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Fig. 2. Effect of malate on citrulline synthesis from ornith- 
ine and carbamoyl phosphate. Lineweaver-Burk plot. 
Mitochondria (5 mg/ml) were incubated in ammonia-, glu- 
tamate- and bicarbonate-free basic medium containing 
corresponding amounts of Tris-HCI. 20 nM rotenone. 
10 mM carbamoyl phosphate and various concentrations 
of ornithine. The rate of citrulline synthesis was obtained 
from analyses of samples withdrawn after 1, 2 and 3 min of 
incubation. In the presence of 10 mM ornithine the rate of 
citrulline formation (v) was equal to 86 nmol x min ~’ x 

rng-’ of protein. 

under conditions ensuring neither ornithine conver- 
sion to citrulline (Bryla & Harris, 1976) nor its trans- 
amination (McGivan et cd.. 1977). The data presented 
in Table 5 show that malate lowers the mitochondrial 
ornithine accumulation (Experiment I). Although in 
agreement with Bryla & Harris (1976) citrulline in- 
creases the mitochondria ornithine uptake, the inhibi- 
tory effect of malate on [‘4C]ornithine accumulation 
is still observed (Experiment 2). Similarly, an en- 
hanced ornithine uptake on the addition of N-acetyl- 
glutamate is abolished in the presence of malate 
(Experiment 3). 

Table 3. Effect of malate and malonate on citrulline forma- 
tion in the absence and presence of a-butylmalonate 

Additions 

Citrulline synthesis 
(nmol’mg protein) 

-nButyl- +n-Butyl- 
malonate malonate 

Experiment I None 408 438 
5 mM Malate 222 470 
5 mM Malonate 270 448 

Experiment 2 None 433 45X 
5 mM Malate 26X 443 
5 mM Malonate 246 

Mitochondria (4mg protemiml) were incubated for 20 
min in the basic medium in State 4 in either the absence or 
presence of 25 mM a-butylmalonate. 

Table 4. Effect of malate on citrulline synthesis in intact, 
sonicated and toluene-treated mitochondria 

Mitochondria 

Citrulline synthesis 
(nmol,‘mg protein) 

- Malate + Malate 

Experiment I Intact 257 I50 
Sonicated 3X6 398 
Toluene-treated 458 430 

Experiment 2 Intact 280 144 
Sonicated 388 360 

Experiment 3 Intact 229 104 
Toluene-treated 4x5 462 

Intact. sonicated and toluene-treated mitochondria were 
incubated for 20min in the basic medium. Intact mito- 
chondria (about 3 mg protein/ml) were incubated in State 
4, while both sonicated and toluene-treated mitochondria 
(about 2 mg protein/ml) were incubated in the presence 
of 1Opg oligomycin, 0.45 mM NAD’. 4mM ATP and 
1OmM N-acetylglutamate. Malate was added at 10 mM 
concentration, where indicated. 
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Table 5. Effect of malate on the uptake of [‘4C]ornithine 
by rat liver mitochondria in the presence of various phos- 

phate concentrations 

[‘%]Ornithine 
uptake 

Additions (nmol/mg protein) 

Experiment I None 0.39 
+ 10 mM Malate 0.31 

Experiment 2 None 0.40 
+ I mM Cltrulline 0.63 
+ IO mM Malate 0.51 

Experiment 3 None 0.30 
+ IO mM N-acetylglutamate 0.45 
+ IO mM Malate 0.29 

The system for Experiments I and 2 consisted of mito- 
chondria (3 mg protein/ml) incubated in the ammonia-, 
glutamate- and bicarbonate-free basic medium containing 
3”,, dextran. oligomycin (I pg/mg protein), IO mM glucose. 
0.1 mM ADP and 2 units of hexokinase. 0.2 mM [‘“Cl- 
ornithinc was added after I min of preincubation. In ex- 
periment 3 mitochondria were preincubated for 1 min in 
the presence of 20 pM rotenone and oligomycin (I pg/mg 
protein) followed by the addition of 1.5 PM FCCP. Time of 
mcubation was 2 min. Other additions to the incubation 
medium as indicated. 

On the basis of data presented the inhibition of 
citrulline formation by malate may be explained not 
only by a decline of mitochondrial N-acetylglutamate 
content resulting in a decrease of carbamoyl phos- 
phate synthase activity (Meijer & Van Woerkom, 
1978) but also by a diminished ornithine accumu- 
lation which may limit the ornithine carbamoyltrans- 
ferasc activity. The latter suggestion is likely in view 
of the facts that: (i) Ornithine carbamoyltransferase 
has a high K, for ornithine-about 1.4 mM according 
to Reijchard (1957) and 1.8 mM according to Raijman 
(1974); (ii) Under conditions of urea formation the 
ornithinc content in rat hepatocytes is below 0.3 mM 
(Meijer cur (II.. 1978) and (iii) The activity of ornithine 
aminotransferase. which in liver mitochondria may 
compete for ornithine with ornithine carbamoyl- 
transferase under physiological ornithine concen- 
trations is rate-limited by the transport of ornithine 
across the mitochondrial membrane (McGivan et al.. 
1977). 

According to Meijer et al. (1978) an increase of urea 
formation from 25 to 193 pmol/g dry wt per hr on the 
addition of NHICl to the suspension of rat hepato- 
cytes incubated with lactate and oleate is accom- 
panied by a marked decrease of the cytosolic malate 
concentration (from 2.07 to 0.29 mM). Thus, the 
inhibitory effect of malate on the mitochondrial 
ornithine accumulation may have physiological impli- 
cations. 

SL’MMARY 

The effect of malate, malonate and succinate on 
citrulline synthesis was studied in rat liver mitochon- 
dria incubated under different metabolic conditions. 
The addition of these dicarboxylic acids to mitochon- 
dria incubated in the presence of glutamate in both 
State 4 as well as in uncoupled (+oligomycin) mito- 
chondria with exogenous ATP as an energy source 

inhibited the citrulline formation by about 50%. On 
the addition of either N-acetylglutamate or arginine 
the inhibitory effect of malate and malonate was only 
slightly decreased, indicating that a decrease of the 
intramitochondrial N-acetylglutamate concentration 
is not the only factor limiting the rate of citrulline 
synthesis in the presence of dicarboxylic acids. When 
carbamoyl phosphate and ornithine were used as sub- 
strates for mitochondrial citrulline synthesis a de- 
crease of citrulline production by malate was still 
observed. The inhibitory effect of malate on citrulline 
formation did not appear in both sonicated- and 
toluene-treated mitochondria as well as after addition 
of n-butylmalonate into the reaction medium. These 
observations together with a diminished ornithine 
accumulation in mitochondria incubated in the pres- 
ence of malate suggest that the inhibition of citrulline 
formation by malate may be due to not only a de- 
creased N-acetylglutamate level in mitochondria. as 
postulated by Meijer & Van Woerkom (1978) but 
also due to a diminished ornithine uptake which may 
limit the activity of ornithine carbamoyltransferase. 
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