
MOLECUL.�R PHARMACOLOGY, 10, 130-139

Copyright © 1974 by Academic Prms, Inc.
All rights of reproduction in any form reserved.

Inhibition of Liver Aconitase Isozymes by (-)-erythro-Fluorocitrate

ROBERT Z. EANES’ AND ERNEST RUN2

Departments of Biochemistry an d Bioph ysics , Pharmacology, and Cardiovascular Research Institute,

(‘niversity of California, San Francisco, California 94143

(Received August 22, 1973)

SUMMARY

EANES, ROBERT Z., AND ItUN, ERNEST: Inhibition of liver aconitase isozymes by

( - )-erythro-fluorocitrate. Mo!. Pharmacol. 10, 130-139 (1974).

A highly purified cytosol aconitase [citrate (isocitrate) hydrolyase, EC 4.2.1.3] was isolated

from pig liver. Whereas purified aconitase preparations previously reported in the literature
require cysteine and Fe2+ for maximal catalytic activity, the purified eytosol enzyme and
the partially purified mitochondrial aconitase described here need no added activator. The
molecular weight of the purified cytosol enzyme as determined by sucrose density gradient
4�entrifugation was between 107,000 and 1 1 1,000. Inhibitory effects of ( - )-erythro-fluoro-
citrate on both aconitase isoenzymes were studied in the absence and presence of MgI+ and
Mn2+. Fluorocitrate was a competitive reversible inhibitor of both aconitases, as deduced
from steady-state kinetic analyses (average K1 = 22-45 � The bivalent cations Mg2�
and especially Mn2+, when incubated with either aconitase isoenzyme, inhibited enzymatic
activity, an effect which increased with time. A high concentration (30 mM) of citrate re-
versed the inhibition and protected the enzyme against inhibition by Mg2� or Mn2�. When
( - )-erythro-fluorocitrate and i\Igm+ (or I\1n2+) w�ere present simultaneously, as in the iso-
citrate dehydrogenase coupled assay system, the time-dependent inhibition which ensued
was a result of competitive inhibition by fluorocitrate and the more complex inhibition of

the enzyme by Mg2� or Mn2�

INTRODUCTION

Inhibition of aconitase [citrate (isocitrate)
hydrolyase, EC 4.2.1.3] by fluorocitrate has
been generally considered to be the enzymatic
basis of fluorocitrate poisoning (1, 2). More
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only a small degree of purification of this
enzyme has been achieved by most investi-

gators. In view of these uncertainties, re-
ported K1 values for fluorocitrate and the
types of inhibitions observed varied con-

siderably (see ref. 3). Enzymatically syn-
thesized fluorocitrate from fluoroacetyl-CoA

and oxalacetate inhibited crude aconitase

extracted from kidney mitochondria in an
apparently nonlinear competitive manner,
with K, in the micromolar range (7). A linear
competitive K, value of 290 � was obtained
with synthetic, resolved (- )-erythro-fluoro-

citrate (8) and homogeneous aconitase of pig
heart by Villafranca and Mildvan (5) (see
ref. 6). In sharp contrast to these relatively

similar values, Brand el al. (9) reported that
( - )-erythro-fluorocitrate inhibited crude

aconitase obtained by solubilization of liver
mitochondria in a partially competitive
manner, with a K of 34 n�, when citrate
was the substrate, and the inhibition was

partially noncompetitive when cis-aconitate
was the substrate. It would appear that the
lethal effect of fluorocitrate could be more

readily explained by K2 values in the 10
ni�i range and by a noncompetitive mecha-

nism, whereas reversible competitive in-
hibition (6, 7) tends to argue against the as-

sumption that aconitase is the main cellular
target site of fluorocitrate.

Interpretation of the molecular toxicologi-
cal mechanism of action of fluorocitrate, in

terms of aconitase inhibition, is compli-
cated by several factors. We as well as others
(6, 7) observed that fluorocitrate exhibited

an apparent time-dependent inhibitory effect
on aconitase when this enzyme was assayed

in the presence of Mg2+ or Mn?+ and iso-
citrate dehydrogenase (EC 1 .1 .1 .42) and the
reaction was monitored by the reduction of
NADP�. This effect was absent when acorn-
tase was assayed according to Racker (10)

by measuring the rate of cis-aconitate for-
mation at 240 nm. A further complication

arises from the discovery that there are two
distinct aconitase isozymes in most animal

cells (11-14). Thus it would be desirable to
compare the inhibitory effects of fluorocitrate
On both enzymes of the same tissue before a
kinetic interpretation of the cellular toxicity

of fluorocitrate can l)e formulated. We have

shown recently that the cytoplasmic and

mitochondrial aconitase isozymes of pig
tissues greatly differ in their isoelectric points
and stabilities (15).

As an attempt to clarify the mode of action
of ( - )-erythro-fluorocitrate on liver aconitase
isozynies, we isolated the cytoplasmic en-

zynie at a purity comparable to the ho-

mogeneous heart aconitase (5, 6) and also

obtained a partially purified mitochondrial
isozvme from the same tissue. Since pre-
viously observed anomalous inhibition by
(-)-erythro-fluorocitrateoccurredonly in the

presence of hivalent cations required for
t he isOCit rate dehydrogenase coupled test

system, the actions of MgI+ and Mn2+ were
also studied in the presence and absence of
fluorocitrate. Under steady-state conditions
( - )-erythro-fluorocitrate exhibited a strictly
competitive and reversible inhibitory effect
on 1)0th aconitase isozymes. This inhibition
was unaffected by Mg’�, provided that ki-
netic analyses were based on initial reaction
velocities. On the other hand, Mg2� and
especially Mn2+ exerted a time-dependent,
nonlinear inhibitory effect on aconita�se,
which greatly exaggerated inhibition by
fluorocitrate, \Vhen both either cation and

fluorocitrate were present simultaneously
in the coupled assay system.

1”rom an experimental point of view it was
important to obtain aconitase isozymes
which require for maximal activity no FeI+_
cysteine activator, generally needed for

maximal ItCtiVit�’ of the pure enzyme (5, 6).
This was necessary because the association
constants of Mg’�-citrat e and Mg2+�fluoro�
citrate cannot l)e determined in the presence

of any other hivalent cation which could be
chelated l)y carhoxvlate substrates. Dc-

termination of Mg’�-citrate and Mg2�-

fluorocitrate affinity constants were neces-
sarv in order to calculate K�, and K, values
in the l)�CSCI)C(� of \Ig’t

Materials

EXI’ERIMENTAL I’ROCEDURE

Citric, dl-isocitric, and cis-aconitic acids,
Tris base (containing less than 1 ppm of
heavy metal as controlled by atomic ab-

sorptiOll), and alcohol and isocitrate dehy-

drogenases were products of Calbiochem.

Resins and molecular sieves were obtained
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from Bio-ltad. N , N’ - Methvlenebis(acryl -

amide) , acrylamide, and N , N , N’ , N’-tetra-

methylenediamine were purchased from

Eastman Organic Chemicals ; ammonium

persulfate, from Mallinckrodt ; Coornassie
blue, from Sigma ; ultrapure sucrose, from
Mann, phenazine methosulfate and 2-(p-iodo-
phenyl) - 3 - (p -nitrophenyl)-5-phenyltetrazo-

hum chloride, from Aldrich Clwmical Corn-
pany ; and hemoglobin, fron� Nutritional
Biochemicals. Double-distilled water was

used for all solutions. Optically resolved
(-)-erythro-fluorocitrate was synthesized as

published (8). The X-ray diffraction pattern

of synthetic optically resolved fluorocitrate

has been determined (16, 17).

Methods

Aconitase was assayed spectrophoto-

nietrically (10) during purification by follow-
ing the rate of cis-aconitate formation at 240
nrn from �30 rniu citrate brought to pH 7.5

(25#{176})with Tris base. The millirnolar absorp-

tion coefficient of 3.414 (18) was used for
calculation of the rates of cis-aconitate for-
mation. When aconitase was coupled to

isocitrate dehydrogenase, the test system
contained 1 mM citrate, 0.26 rnu XADP+,

and 0.1 mg/mi of aconitase-free isocitrate

dehydrogenase. In this system the rates of
NAD1�H formation were measured spectro-

photometrically at :340 nrn in 2 m�i Tris-HC1

P11 7.4. The reaction was started with aconi-
tase, and initial rates were measured within
15-30 sec. I�or enzyme assays, a Zeiss P\IQ
II spectrophotorneter was connected to a
recorder and a scale expansion urnt (1:5),

allowing a full-scale reading of 0.040 ab-
sorbance with cuvettes of 5-cm light path.
Either Mn2+ or \JgI+ was the activator of iso-

citrate dehydrogenase, as described in detail

under RESULTS. Alcohol dehydrogenase was
assayed at pH 8.5 (Tris-HCI, 50 nui) in the
presence of 170 rflM ethanol and 4 nm NAD+.
Calculations of K1 and Km values were I)ased
on double-reciprocal plots, obtained by
least-squares fits designed for a PDP-12
digital computer (Digital Equipment Corpo-
ration). Association constants for citrate-

Mg2� and ( - )-erythro-fluorocitrate-Mg2�

complexes were determined by an ion-ex-
change method (19). The PDP-12 computer

was also used for the calculation of free sub-

strate concentrations in the presence of
added hivalent cations. Since Tris has no
significant I)inding affinity toward Mg2�

(20), this buffer was used in all experiments.
The concentration of i\1g2+ �‘as determined
l)\’ atomic absorption photometry in a

Perkin-Elmer 403 instrument.
Polyacrylamide gel electrophoresis (21)

was carried out in 6 � polyacrylamide gel

prepared in 50 IIYM Tris-1 mM citrate (pH
S.:3) at 0#{176}arid conducted for 3 hr at a poten-
tial span of �300 V at 0-4#{176}.At the end of the
run the discs were sliced sagitally. Half of
each disc was stained for protein with 0.02 %

Coomassie blue in 12.5 % trichloracetic
acid. The other half was stained for aconitase

activity l)y incubation for 1 hr at 25#{176}in a
medium containing 50 mM Tris-HC1 (pH

7.5), 10 n�i cis-aconitate, 5 niM ?s’inCl2 , 0.8
n�i P-iodotetrazoliurn violet, 0.04 m�u phena-

zinc methosulfate, 0.8 ncu XADP+, and 8
rng/ml of isocitrate dehydrogenase. Molecu-
lar weight was determined in a linear sucrose

gradient (22) between 0.146 and 0.584 u at
pH 7.5 ID 50 1DM Tris-HC1 according to pub-
lished techniques (23). The Spinco model

14-2 centrifuge with SW 50-L swinging
bucket rotor was run at 0#{176}for 14 hr at
105,000 X g for molecular weight determina-
tions in the sucrose gradient (22) . Yeast al-
cohol dehydrogenase [mol � 150,000 (24)1

and lwmoglobin [mol wt 64,500 (25)] were
used as reference proteins. The position of

alcohol dehydrogenase was determined by
enzyme assays, and that of hemoglobin, by

its absorbance at 406 nrn.

RESULTS

Isolation of Cytoplasm ic Aconitase front Pig

Liver

.As shown previously (15), separation of
the more stable cytoplasmic isoenzyme from
the unstable mitochondrial aconitase is
readily accomplished by successive elution

from DEAE-cellulose columns with 1 m�

citrate (which elutes rnitochondrial aconi-

tase), followed by 5 nmi citrate (which elutes
cytoplasmic aconitase).

Step 1 . Liver extracts containing both
isoenzymes of aconitase were prepared by
homogenizing 100-g lots of pig liver in 30G

ml of 1 mu citrate (brought to pH 7.5 with
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Tris base) and 65 ml of chloroform in a
Waring Blendor for 25 sec at 0-4#{176}.After

centrifugation at 16,000 X g for 15 mm at
0_40 supernatant fractions were collected
for colunm chromatography and gassed with
N2 . For each column, extracts of 400 g of

liver (approximately 1200 ml) were used.
Step �: DEAE-cellulose chromatography.

All further operations were performed at 4#{176}.
Approximately 1200 ml of supernatant frac-

tion (from step 1) were placed on a DEAE-
cellulose column (5 X 54 cm) that had been
equilibrated at 0-4#{176}with 1 m�t citrate

(brought to pH 7.5 with Tris base) and gassed
with N2 . A steady stream of X2 was main-

tamed through the supernatant during addi-
tion to the column. Elution of the mito-
ehondrial isoenzyme was completed by 1550

ml of 1 mM citrate (plus Tris base adjusted

to pH 7.5). The cytoplasmic enzyme was

eluted by 5 nur citrate (plus Tris base
brought to pH 7.5) as described previously
(15). The fractions containing the cytoplas-
mic enzyme were combined and concentrated
20-fold at 0-2#{176}with the aid of an Amicon
Diaflow filter system (PM-30 membrane).

slep 3. The cytoplasmic enzyme concen-

trate from step 2 was diluted 1 : 5 with
double-distilled water at 0#{176}and placed on a

second DEAE-cellulose column (2.5 X 50
cm, equilibrated with 1 m�i citrate, brought
to pH 7.5 with Tris base) under an N2 at-
mosphere. The cytoplasmic aconitase was
eluted by a linear gradient of citrate-Tris
mixture, generated by mixing of 1 liter of 5
mM Tris base and 1 mu citrate (adjusted at

25#{176}to pH 7.5 with HC1) with 1 liter of 100
mM Tris base plus 1 m�r citrate (adjusted to

pH 7.5 with HC1 at 25#{176}).Combined fractions
containing the cytoplasmic aconitase were
concentrated by filtration, as in the pre-
ceding step.

Step 4. The enZylnC concentrate from step

�3 was passed through a Bio-Gel P-6 column
(1.5 X 28.5 cm) equilibrated with 1 n�u

citrate (adjusted to pH 7.5 with Tris base)
under an , atmosphere. Effluents contain-
ing the enzyme were combined and re-

chromatographed on a I)EAE-cellulose
column (1.0 X 4.5 cm) equilibrated with 1
mM citrate (brought to pH 7.3 with Tris

base). Aconitase was eluted from the DEAE-
cellulose column with a linear gradient of

citrate, generated from 100 ml of 1 11kM citrate
and 100 ml of 5 nut citrate (each citric acid
solution was titrated to pH 7.5 with Tris

base) . The enzyme was concentrated by
filtration as in step 3, through an Amicon
P\I-30 membrane. The final citrate concen-

tration was adjusted to 1 m�i (brought to
pH 7.5 with Tris base). The enzyme was

stored in divided lots at - 78#{176}.

As shown in Table 1, the specific activity
of the final preparation increased 80-90-fold
above the starting material. It should be
noted that the liver extract (step 1) con-

tamed both isoenzyrnes, and because only
about 50 �X of the total enzymatic activity
corresponded to the cytoplasmic enzyme

(15), the degree of purification of cytoplasmic

aconitase was probably close to 160-fold. It
also follows that the apparent recovery of
5 % based on the total aconitase activity of
the liver extract (step 1) should more prob-
ably be 10 #{182}�for the cytoplasmic isoenzyme.

The cytoplasmic aconitase obtained in

step 4 gave no increase in specific activity

\\�h(�1I subj ected to further chromatography

on Bio-Gel A or P-300. Its activity was not

affected by 25 m�i cysteine plus 1 .25 mu
Fe2+ (15). However, incubation for a few
hours, even at 0#{176},resulted in a progressive
loss of aconitase activity, which could be

recovered by the addition of the Fe’�-cysteine

act ivator system . The cytoplasmic aconitase
at pH 8.3 gave only one enzymatically active,
electrophoretically separable protein band

on acrylamide gel (Fig. 1). The enzyme could

not he eluted from carboxvmethvl cellulose
with 100 m:�i citrate (adjusted to pH 5.0
with Tris base) , indicating its basic character

TABLE 1

Purification of cyloplasmic aconilase from pig liver

Purification rotal ‘l’otal acon-
step protein itase activ-

ity at 25#{176}

Step 1 (liver
ext rae!)

Step 2

Step 3

Step 4

12,300 1,645 0.134
560 730 1.32
180 500 2.76

8 85 10.6
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F�u � - 1 - I�)l/J(l(Ii/I(1?11 ul(� (‘le(IIO/)IiOI(S is J)(IIIfIn

of p or lfi(’(l (!/(�Pl(l.�111 i(#{149}(leOIi iI(L.S(’ (step 4 , lab/c 1

The left half Of t l1(! (Ull1II� n is si ni tied f i en-

zyniat i( �I(t ivit y - The right half is st :tiIIe(1 for

l)r( t ei ii (see .�Jet11o(ls ) . The :tp��trent shado�vs on

I l1(’ right half (‘()ltLI��I1 ate pln)t()graphi(’ artifacts.

under tlitse (onditions. 1�he e�izyii�e gave’

a s\n�ln(tri(al l)(IIk on ultracentrifugation

in a sucrose density gradient, and froii� its
fl1Ol)ilitV as (olupared to hen�oglobin an up-

Parnt nioleeular ��eight of 1 1 1,000 �vas cal-
(illItted. l3ased 011 (oIlil)arison with �‘(ttst Ill-

(Oliol (lehydrogenase, this value was 107,000.
‘1�his niolecular weight is higher than found

for Il(i�OIiitIts(� of pig heart, which � 89,000

as (leternuned by sedilnentation equilibritui�

ul t racent rifugat ion (5) . Spectral properties

(if the jnlrifie(I (ytoplaslilic liver enzyme were

very siniilar to th()s(� of the heart aconitase
(5). The (aletilated absorhance for a 1 e

lution of eytoplasniic tIcOIiittIS(’ at 2S0 ni�
(1-eni light l)atli) was 13-14. \Vith�tit �tIiV

act ivator, the turnover of the eytoplasn�ic

liver enzvni� at pH 7.5 was 19.2 sec’, ealcu-

lated as (‘iS-t1(OIUtItt(� forniatioli froni citrate

at 25#{176},with 3() hiM citrate (pH adjusted to
7.5 with r#{231} base) as sul)strate. This is �on�-

l)aral)le to a turnover of 13.5 sec’ of the
fully activated l)uI’ifie(l pmg heart enzynie (5),
calculated as isocitrat e forniat ion fr � ci-

trate.

Pa it ially Purified �I itoc/� ondrial A con ita.�’e

‘i�1i(’ restriction iflhl)Ose(l l�’ the av()i(lance

of 1e2�-(Vsteine �L5 all activator lin�ited the
j)urification ( )f the flhitochOlidriItl iSoeliZyflie.

Siniilar nutochondrial aconitase preparations

\\(‘re Ol)tIIili(’d l)V (‘lUtioll of the e�i�vi�e fron�
1)1;A1’:-(’elllll�s( with 1 iii�i citrate (see step

1) or l)V (lireet extra(ti()n of isolated i�ito-

(liondria �vitli 1 ii�i citrate (15). The sepa-
rate(l niitochondrial enzvnie (eluted �vith

I 550 nil (if 1 hiM citrate) front step 2 was

concentrated 20-fold by filtration and used
without further l)urifieatil)n for eliZ\I�e

kinetic stU(lieS. Storage at - 78#{176}of the �on-

((lit rat ed nut oeli )ndrial IIC( )Ii1 t ase-contain-
ing extract l)r(’serve(l activity for several

\\e(ks, but t subsequent slow (le(ay of en-

zvlnatic activity could not be prevented.

��ctivity WILS recovered by Fe2+_eysteirie

( 15). However, the freshly 1)reparecl mito-

(liondrial extract required no 1’��+ activator
when used iii this (rude state. 1’urther pun-
fieation atten�j)ts to increase specific tic-

tivitv resulted iii significant loss of enzymatic

tt(’tiVity �uid 111 a dependence on Fe2+_cysteine
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for full activity. For the purpose of the pres-
ent work, further purification and attempts
at quantitative recovery of the enzyme were
abandoned. The specific activity of the mito-

chondrial preparation used in inhibition
studies was 0.212, corresponding to about
4-fold purification.

Steady-State A nalysis of Inhibition by (- )-
erythro-Fluorocitrate

When initial rates of cis-aconitate for-
mation (10) were determined from either

citrate or isocitrate within a range of 10-
5000 /AM tnicarboxylic acid substrates, a corn-
pletely regular Michaelis-Menten type of

substrate-velocity relationship was obtained.
The inhibitor (- ) - erythro- fluorocitrate

changed only the apparent substrate con-
stants (Km) , and double-reciprocal plots of
initial velocities (see Methods) unarnhigu-
ously indicated competitive inhibition with
respect to both tricarboxylic acid substrates
(Fig. 2). Substrate and inhibitor constants

are shown in Table 2. Above 6 rn�, dl-isoci-

trate exhibited apparent substrate activa-
lion with the mitochondrial isoenzyme only.

Because this concentration of isocitrate was

far above the expected physiological ranges

�of isocitrate content of cellular systems, the

1000 2000 000 2000

I/sM)

FI;. 2. Competitive inhibition of eytoplasnhi(’ (A)

�an(l initoehondrial (Ii) aconitase of pig liver l,,j

(- )-ery(hro-fiuorocitrate

Rates of cis-acoriitate format ion from citrate

were measured at 240 nm (10) in 0.15 M Tris-HCI,

pH 7.5, at 25#{176}.In A, 1.5kg (protein) of cytoplasmic

aconitase, and in B, 32 �g of mitochondrial aconi-

tase, were used per test system (5-cm light path;

3-ml volume) at varied concentrations of citrate

(abscissa). Curve 1, 500 �s�f fluorocitrate; 2, 100

zM fluorocitrate ; 3, no fluorocit rate.

TABLE 2

Substrate constants for citrate and d-isocitrate and

inhibitor constants for (- ) -eryt hro-fiuorocit rate

determined at pH 7.5 (10 mM Tri.s’-HCi) and �5#{176}

Isoenzyme K,,, K,

Citrate

A� B

d-Iso
citrate

(A)

Citrate

A B

d-Iso-
citratc

(A)

�M pM �M MM

Cytoplasmic

Mitochon-

220 700 17 18 27 20

drial 420 250 17 66 57 35

a A, determined by the cis-aconitate assay; B,

determined by the isocitrate dehydrogenase assay

(Mg2� concentration varied between 0.1 and 5.3
mM).

observed kinetic anomaly was not further
investigated.

The Km for citrate and K� for ( - )-erythro-

fluorocitrate were determined again in the
isocitrate dehydrogenase coupled assay (see

Methods) in the presence of Mg2+ as the ac-

tivator of isocitrate dehydrogenase. I�or the
calculation of free tricarboxvlate ions, the
association constants of the citrate_Mgi+

and fluorocitrate��\Ig2+ complexes were de-
termined at pH 7.5 and 25#{176}and found to be
1920 M�1 and 850 s’’, respectively. When
the concentrations of free citrate and fluoro-
citrate were calculated in the isocitrate de-
hydrogenase coupled assay at various Mg2+

concentrations (between 0.1 and 5.3 rniu),

the Km of citrate for the cytoplasmic enzyme
was 700 �iu and 250 �iM for the mitochondrial

enzyme. These values agree within 2-3-fold
with those determined with the cis-aconitate

assay in the absence of MgI+. It is apparent,
therefore, that the Km of citrate is not rnodi-

fled by the presence of the Mg2�-citrate
complex and that the citrate anion is the true

substrate of the enzyme. The K, values for
( - )-erythro-flwrocitrate, calculated under

the same conditions, were 27 �r�i for the cyto-

plasniic a(onita�s(’ and 57 � for the niito-
chondrial aconitase. These values are in

good agreenient with K2 values determined
in the absence of Mg2� (Table 2). It is also
evident that in the isocitrate dehydrogenase
coupled systeni, other ligands (NADP+, iso-

citrate dehydrogenase) do not interfere when
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kinetic constants are calculated from initial
velocities.

Time Course of Aconitase Activity in the Pres-

ence of Mgi+ oi.

Initially linear rates of enzymatic reac-
tions deviate from linearity beyond 1-2 mm
when fluorocitrate and Mg2+ �. \�1n2+ are

present simultaneously. This was first ob-
served IIi the isocitrate dehydrogenase

coupled assay system (7). That inhibition

by fluorocitrate in the coupled assay system
was due to aconitase inhibition was apparent

from experiments which showed that fluoro-
citrate does not inhibit isocitrate dehydrogen-
ase (3, 7). The effects of 10 j�i fluorocitrate

were determined in the coupled assay system
(Fig. 3) on both aconitase isoenzymes in the
presence of 0.5 and 5 m�i Mg2+ as the acti-
vator of isocitrate dehydrogenase. Whereas
linear rates were niaintained for up to 10

mm with 0.5 or 5 miu I\1g2+ alone (curves 1

and 2), enzymatic activities were progres-
sively inhibited when 10 �sr ( - )-erythro-

fluorocitrate and 0.5 or 5.0 nm Mg2+ were
present simultaneously (Fig. 3, curves 3 and

E
C

0
ci-
S.)

a)
U
C

.�
0
�0

.0

Fi;. 3. Time-dependent inhibition of aconitase

cytoplasinic (A ) and initochondrial (B) isozymes by

10 � (-)-erythro-fluorocitrate in the presence of
05 mM Mg2� (curves) 3) and S �n.v .1Ig2� (curves 4).

Controls (curves 1 and 2) contained no fluoro-

citrate; only 0.5 and S mM �1g)+, respectively.
Aconitase activity was measured in the isocitrate

dehydrogenase coupled assay (see .llethods). The
substrate was 1 mM citrate. Notice that at this

fhiorocitrate to citrate ratio no inhibition of

in i I ial veloc its- is expect ed . Condit ions are de-
scrihed in the legend to Fig. 2, except that spec-

trophotometric readings were recorded at 340

urn. Figures 3-:�; are reproductions of actual (hart

recordings.

FIG. 4. Inhibitory effects of 1 jii� (curves 2) and

10 &Jf (-)-erythro-finorocitrate (curves S) on cyto-

plasmic (A) and mitochondrial (B) aconitase iso-
enzymes in the presence of 5 nni Mn2+

At 15 mm, 30 mM citrate was added. Curves 1

are the controls (ontaining 5 mM Mn2+ but no
fluorocitrate. Conditions were the same as de-

scribed in the legend to Fig. 3. As in earlier studies

(7), each test system contained 1 m�t reduced

glut athione.

4). The effects of 1 and 10 � (- )-er�jthro-

fluorocitrate are shown in Fig. 4 with 5 m�
Mn2+ as the activator of isocitrate dehy-

drogenase. As with Mg2�, inhibition in-
creased with time, but in the presence of

Mn2+ apparent initial rates were also in-
hibited to a degree unpredictable from sub-
strate and inhibitory constants (see Table
2). Addition of 30 rniu citrate at 15 mm re-

versed the inhibitory effect observed in the

presence of ( - )-erythro-fluorocitrate and 5
mM Mn2� (Fig. 4, curves 2 and 3). The re-
versal was complete at 1 �i and partial at iG

;.i:�r fluorocitrate concentration. As expected
from Km values, addition of 30 rn�i citrate
to controls did riot significantly alter the

course of enzymatic reaction in the first 15-
20 ruin (not shown).

From Figs. 3 and 4 it is clear that Mg2�
and especially Mn2+ seem to augment the in-
hibitory effect of Luorocitrate on acomtase
in the isocitrate dehydrogenase coupled assay
system. It was of importance to determine

the effect of Mn2+ on the activity of aconitase
in an assay system not dependent on Mei+.
The effect of Mni+ oh the rate of cis-aconi-
tate formation from citrate was measured
spectrophotometnically at 240 nat (10). This
is shown in Fig. 5, where curves 1 and 2 are
rates obtained with the cytoplasmic and
niitochondrial isoenzymes, respectively, in
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3 1. Kun, unpublished observations.
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FIG. 5. Effect of S mM Mn)+ on rate of cis-aconi-

late formation from 1 m� citrate, catalyzed by cyto-

plasmic (curve 1) and mitochondrial (curve 2)

�zconitase isoenzymes
Experimental conditions are described in the

legend to Fig. 2.

the absence of Mn2+. The presence of S rn�r
I\1n2� diminished the activity of the cyto-
plasmic enzyme by about 50 % [curve 1(+5

mM Mn2�), Fig. 51 and completely inhibited

the mitochondrial isoenzyme [curve 2 (+5
mM Mn2�), Fig. 5].

DISCUSSION

Steady-state analyses carried out with

both aconitase isozymes of pig liver yielded
K1 values for ( - )-erythro-fluorocitrate about

6-12 times lower than reported by Villa-
franca and Mildvan (5) and Glusker (6) for
the purified aconitase isolated from pig heart.
It is of importance that our Km and K� values

when calculated from association constants

of citrate and fluorocitrate�Mg2+ complexes
were identical with those obtained in the

absence of added Me2t Despite the large
differences in the 1)unit� and stability of
mitochondrial and cytosol isozymes, nearly

the same results were obtained with both en-
zymes, provided that initial velocity condi-
tions were carefully observed (see Methods).

It is therefore suggested that the very large

differences between the K1 values reported
by Brand et al. (9) and found by others (5-7)
are most probably due to the techniques

used for determination of initial velocities.
Although this point cannot he elucidated

from the i�ai�er of Brand et al. (9), it is as-

sumed I hat the aconitase reaction might
have l)een initiated by the addition of citrate
to disrupted niitochondrial systems cx-
j)Osed to ‘s1g2+ as a necessary component of

the isocit rate dehydrogenase coupled assay
(‘flTl�)l()yed by these workers. As expected, in-

hibitioii of aconitase by Mg2+ would have
taken Place under these conditions, and the
reinforced inhibition by \1g2+ plus fluoro-
citrate (see Fig. 3) would have necessar-

ily resulted in nonlinear reaction rates,
unsuitable for the determination of K1

values, which have to he based on linear
initial velocities. 1)ouble-reciprocal plots of
anomalous rates may easily result in large
errors ill the computation of K1 when ye-
locity arid substrate constants are substi-
tuted into rate equations derived on the
basis of initial rate measurements of en-

zymatic reactions which follow a Micliaelis-
Menteti mechanism. An additional error is

introduced when, instead of free citrate
( calculated from the association constant
ivith Mg2�), total added citrate is plotted

against nonlinear rates.
Our results as well as others’ (5-7) mdi-

ctite that ( - )-erythro-fluorocitrate is riot an

impressive inhibitor of aconitase (K1 is near
the Km of isocitrate), and this experimental
fact tends to diminish the probability that
this reversible, linearly competitive inhibi-
tion is the most sensitive cellular target
site t)f fluorocitrate. In contrast to the in-

stability of extracted mitochondnial aconi-
tase , intact mitochondria sustain t heir
ability to catalyze the Krehs pathway of
citrate metabolism for prolonged periods

and maintain stable aconitase as determined
by citrate-isocitrate flux (26) ; therefore it is
unlikely that instability of extracted aconi-

tase in vitro can he extrapolated to intact
mit(,chondria. The \Ig2+ COflt(�Iit of the

matrix space of liver mitochondria is 10-18
IiI11Ol(�s of )sLg2� per milligram of protein,3 and
it is highly probable that almost all Mg2� is
present in form of nucleotide or other corn-

plexes. It is therefore unlikely that Mg21 or

i\1112+, as present in niitochondria, can con-

trii)ute to aconitase instability, which in

fact is not found with th�e particles.
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4 Me� refers to Mg� or Mna+.

As observed by us (26-28), the large in-
hibition of citrate-isocitrate flux which oc-

curs when intact mitochondnia are first
incubated with micromolar or lower concen-
trations of ( - )-erythro-fluorocitrate is abol-

ished when the same mitochondria are
dissolved in Triton X-100. Similar results
were reported 1�y Brand et al. (9) . If this

inhibition were explainable by inhibition of
mitochondnial aconitase, then disruption of

mitochondrial membranes (by the detergent)
should not have removed the inhibition by
fluorocitrate when the apparent aconitase

activity of intact mitochondnia and enzyme
activity of the same mitochondnial solution

were measured successively in the same test
system. The only explanation left is the as-
sumption that intact mitochondria can con-
centrate added fluorocitrate over a range of
several orders of magnitude to approach
intramitochondnial inhibitor concentrations
corresponding to K: values obtained with
the isolated enzyme. Although this possi-

bility cannot be strictly ruled out, several

observations argue against the assumption
that the ensuing inhibition corresponds to
the competitive mechanism as determined
with isolated aconitase. First, citrate, if
present prior to fluorocitrate, prevents the
inhibition of citrate-isocitrate flux of intact

mitochondria (26). Whereas this phenome-

flOll explains the observation of Brand et al.

(9), who found that fluorocitrate did not

iflhlii)it citrate exchange in citrate-loaded
mitochondria, it does not agree with a corn-
petitive inhibitory mechanism of aconitase,

in which the degree of inhibition depends
only on the substrate-to-inhibitor ratio and
not on the order of their addition. Second,

the inhibition of citrate-isocitrate flux of
intact niitochondnia l)y incubation with low

fluorocitrate concent rations , which do not
correspond to the K1 of Luorocitrate with

respect t() acorntase, is apparently irre-
versible (26, 27) (i.e. , cannot hi’ reversed by

further addition of even high concentrations
of citrate). This phenomenon further argues
against the assumption that competitive

itihibit ion of aconitase alone explains the
DiOde (-)f action of fluorocitrate on mito-
chondnia, and suggests that other systems,
such as membrane-associated t ranslocation,
are also involved. The discrepancy between

the K1 of fluorocitrate for isolated aconitase
and the much greater sensitivity of intact
rnitochondnia to fluorocitrate, as well as the
apparently irreversible effect of fluorocitrate
on mitochondria, constitutes the experi-
mental basis of further investigations. De-

termination of the site of action of fluoro-
citrate on mitochondrial systems wifi

necessarily depend on the isolation of corn-

ponents of the substrate carrier apparatus
and elucidation of its coupling to energy-
linked membrane functions, a work pres-
ently pursued.

Our preliminary experiments, related to
the mode of action of M24 on aconitases,
permit only tentative conclusions. High con-

centrations of citrate can prevent and re-
verse the inhibition by Me2�. Because the
concentration of citrate (30 mis!) required to

reverse the inhibition by MnI+ bears nc�

relationship to the Km of citrate, it seems
probable that both Me2� and high concen-
trations of citrate act on some modifier

site(s) of isolated aconitase. We presume
that fluorocitrate competes with citrate for

the modifier site(s) and diminishes the
enzyme-stabilizing effect of citrate against

inactivation by i’s1e2+. Two experimental
facts support this view : citrate is a necessary
enzyme stabilizer required during isolation,

and fluorocitrate has a lower affinity toward
Mg2� than citrate; thus it would be expected
to he a less potent antagonist than citrate
to inactivation by MeI+.
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