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Abstract

Previous studies show that cytotoxic activated macrophages
cause inhibition of DNA synthesis, inhibition of mitochondrial
respiration, and loss of intracellular iron from tumor cells. Here
we examine aconitase, a citric acid cycle enzyme with a catalyt-
ically active iron-sulfur cluster, to determine if iron-sulfur clus-
ters are targets for activated macrophage-induced iron removal.
Results show that aconitase activity declines dramatically in tar-
get cells after 4 h of co-cultivation with activated macrophages.
Aconitase inhibition occurs simultaneously with arrest of DNA
synthesis, another early activated macrophage-induced metabolic
change in target cells. Dithionite partially prevents activated
macrophage induced aconitase inhibition. Furthermore, incu-
bation of injured target cells in medium supplemented with fer-
rous ion plus a reducing agent causes near-complete reconsti-
tution of aconitase activity. The results show that removal of a
labile iron atom from the 14Fe-4S1 cluster, by a cytotoxic acti-
vated macrophage-mediated mechanism, is causally related to
aconitase inhibition.

Introduction

Mouse peritoneal macrophages activated in vivo by intracellular
pathogens such as Mycobacterium bovis, strain BCG, or in vitro
by lymphokines or bygamma interferon are cytotoxic for tumor
target cells by a nonphagocytic mechanism (1-5). Mouse L1210
leukemia cells and guinea pig L10 hepatoma cells remain viable
but develop inhibition of DNA synthesis, inhibition of mito-
chondrial respiration, and prolonged cytostasis during co-cul-
tivation with cytotoxic activated macrophages (6). Granger and
Lehninger (7) identified the sites of inhibition of mitochondrial
respiration in cytotoxic activated macrophage-injured L1210
cells permeabilized with digitonin. They found that cytotoxic
activated macrophages directly affected the electron transport
chain in L12 10 target cells. NADH:ubiquinone oxidoreductase
(complex I)' and succinate:ubiquinone oxidoreductase (complex
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1. Abbreviations used in this paper: Complex I, NADH:ubiquinone ox-
idoreductase; complex II, succinate:ubiquinone oxidoreductase; complex
III, ubiquinol:ferricytochrome C oxidoreductase; complex IV, ferricy-
tochrome C:oxygen oxidoreductase; DME, Dulbecco's modified Eagle's
medium; FBS, fetal bovine serum; LPS, lipopolysaccharide; TMPD, te-
tramethylphenylenediamine.

II), the proximal reductases in the mitochondrial electron trans-
port system, were markedly inhibited in injured L1210 cells.
Furthermore, they found that cytotoxic activated macrophage-
induced inhibition of mitochondrial respiration was selective
since electron flow in more distal portions of the electron trans-
port system remained intact. We recently observed that cytotoxic
activated macrophages induce loss of iron-59 from prelabeled
L12 10 and LO0 target cells (8). This finding raised the possibility
that iron loss from cytotoxic activated macrophage injured target
cells resulted in inhibition ofcertain enzymes that required iron
for catalytic activity. Iron-sulfur clusters could be a site of iron
loss. Inactivation ofenzymes with iron-sulfur clusters could ex-
plain, at least in part, the pattern ofmetabolic inhibition observed
in target cells ofcytotoxic activated macrophages. It is ofinterest
that complex I and complex II contain catalytically active iron-
sulfur clusters (9). This raised the possibility that aconitase, a
citric acid cycle enzyme that catalyzes the isomerization ofcitrate
to isocitrate via the intermediate cis-aconitate, could also be
inhibited in injured LIO cells. Aconitase, although not catalyzing
a redox reaction, contains a [4Fe-4S] cluster (10). In the exper-
iments reported here, we examined mitochondrial aconitase ac-
tivity in LI0 and L12 10 cells that had been co-cultivated with
cytotoxic activated macrophages. Our results show that cytotoxic
activated macrophages cause rapid inhibition of aconitase in
these target cells2. In addition, we show that cytotoxic activated
macrophage-induced inhibition of aconitase is due to loss of
iron from the iron-sulfur cluster.

Methods
Materials. ADP, rotenone, antimycin A, oligomycin, tetramethylphen-
ylenediamine (TMPD), isocitrate, a-glycerol phosphate, cis-aconitate,
L-cysteine, cycloheximide, tartronate, succinate, lipopolysaccharide (LPS;
phenol extracted Escherichia coli serotype 0128:B12), and fatty acid free
bovine serum albumin (BSA) were obtained from Sigma Chemical Co.
(St. Louis, MO). Citrate was from Pfizer (New York, NY) or Matheson,
Coleman, and Bell (Norwood, OH). Digitonin (Sigma Chemical Co.)
was purified according to the method ofKun et al. (11) and a 5% stock
solution was prepared in dimethylsulfoxide. Sodium dithionite was pur-
chased from Matheson, Coleman, and Bell and sodium thiosulfate was
obtained from Mallinckrodt (St. Louis, MO). Components used to pre-
pare tissue culture medium were from Gibco (Grand Island, NY). Calf
serum and fetal bovine serum (FBS) were obtained from HyClone Lab-
oratories, Inc. (Logan, UT). All other chemicals were reagent-grade and
were purchased from commercial sources.

Macrophage effector cells. C3H/HeN female or male mice were ob-
tained from the Frederick Cancer Research Center Animal Facility
(Frederick, MD). To obtain activated macrophages, we infected mice
intraperitoneally with 5 X 106-1 X 107 colony forming units ofM. bovis,

2. The term inhibition is used in this manuscript to describe loss of
aconitase activity in tumor target cells caused by a cytotoxic activated
macrophage mediated effect on a cofactor for enzyme activity, the iron-
sulfur prosthetic group.
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Pasteur strain BCG (TMC/0l 1); originally obtained from the Trudeau
Institute, Saranac Lake, NY), 17-22 d before harvest and we inoculated
them with 1 ml 10% peptone (Difco Laboratories, Inc., Detroit, MI) 3-
5 d before cells were harvested. Treatment of these in vivo activated
macrophages with small amounts of LPS (20 ng/ml or less) after they
are removed from the peritoneal cavity induces them to become cytotoxic
for tumor cells (cytotoxic activated macrophages) (12). Stimulated mac-
rophages were obtained from normal mice that were inoculated with 1
ml thioglycolate broth (Difco Laboratories, Inc.) or 1 ml 10% peptone
3-5 d before harvest. Stimulated macrophages do not become cytotoxic
for tumor cells when treated with small amounts of LPS in vitro (12).

Culture medium. DME was supplemented with 20 mM Hepes, 100
U/ml penicillin, and 100 Ag/ml streptomycin (referred to as Dulbecco's
modified Eagle's medium, DME). DME for the continuous cultivation
of target cells contained 5.6 mM glucose and DME used for the co-
cultivation contained 17.6 mM glucose.

Target cells. The methylcholanthrene-induced murine (DBA/2)
lymphoblastic leukemia cell line (L12 10) and the diethyl-nitrosamine-
induced guinea pig (strain 2) hepatoma cell line (LIO) were maintained
in spinner suspension culture in DME plus 5% FBS (L1210) or 5% calf
serum (LbO). L1210 cells and LIO cells were tested periodically using
the Mycotrin-TC mycoplasm test system (New England Nuclear, Boston,
MA) and have been consistently negative for mycoplasm contamination.

Macrophage-tumor cell cocultures. Activated or stimulated macro-
phage monolayers were prepared by adding peritoneal exudate cells (1.5
X 106/cm2) to 80-mm diameter tissue culture dishes (Costar 3100; Costar,
Cambridge, MA) in DME and adhered for 60-90 min at 370C in a 5%
CO2 atmosphere. Nonadherent peritoneal exudate cells were then re-
moved by washing three times with phosphate-buffered saline (PBS).
Log phase LO0 cells (1.2 X 105/cm2) or L12 10 cells (2.4 X 105/cm2) were
added to the activated macrophage monolayers in DME + 20 ng/ml
LPS with 5% FBS (L12 10) or 5% calf serum (L10).

Respiration measurements. Oxygen consumption was measured with
a Clark oxygen electrode (model 53; Yellow Springs Instrument Co.,
Yellow Springs, OH). Tumor target cells were removed from the mac-
rophage monolayers and permeabilized with 0.007% digitonin in res-
piration medium (0.25 M sucrose, 20 mM Hepes, pH 7.2, 2 mM Pi, 10
mM MgCI2, and 1 mM EGTA) as previously described (7). Digitonin
treatment selectively permeabilizes the plasma membrane while not af-
fecting mitochondrial function (13). This permits access of mitochondrial
substrates into the cell interior. Permeabilized cells were washed by cen-
trifugation ( 180 g for 5 min) to eliminate endogenous substrates and to
permit added substrates to initiate respiration. To determine the effec-
tiveness of the permeabilization procedure, cells were counted in the
presence of trypan blue (cells do not exclude trypan blue after successful
permeabilization). Measurement of L1210 respiration was initiated by
adding permeabilized L1210 cells to respiratory medium supplemented
with 1 mM ADP and appropriate respiratory substrate as described (7).
However, for measurement of L10 cell respiration, cells were incubated
in respiratory medium containing appropriate respiratory substrate before
initiating state 3 respiration rate by adding 1 mM ADP. For both cell
lines, the respiration medium was supplemented with 0.7% fatty acid-
free BSA during measurement of 02 consumption. When citrate or is-
ocitrate-dependent respiration was measured in L1O cells, 5 mM tar-
tronate (2-hydroxy malonate) was added to the respiration medium as
an exchange partner for the tricarboxylate-transporter, which facilitates
the entry of citrate and isocitrate into the mitochondrial matrix (14, 15).
Tartronate was not needed for entry of citrate or isocitrate into the mi-
tochondria of L1210 cells. Under these experimental conditions, the
respiratory control ratio of control L0 cells or L12 10 cells was usually
>5 using succinate as substrate (state 3 rate [substrate + 1 mM ADP]
and state 4 rate [substrate + 1 mM ADP + 100 nM oligomycin]). The
oxygen concentration in the air-saturated respiration medium was taken
as 390 ng atoms/ml.

Spectrophotometric measurement of aconitase and isocitrate dehy-
drogenase. Disappearance of cis-aconitate at 240 nm was measured with
a Cary 16S recording spectrophotometer (Variant Instruments, Palo Alto,
CA) by a modification of a previously described method (16). Cells were

permeabilized with 0.007% digitonin as described above to remove cy-
toplasmic proteins and then lysed with 0.2% Triton X-100 in 0.15 M
NaCl buffered with 30 mM triethanolamine-HCI, pH 7.2. Lysate was
centrifuged (5,000 g for 15 min) and the supernatant was immediately
assayed for aconitase activity at 250C in the presence of 0.02% BSA. The
reaction was started with the addition of0.2mM cis-aconitate and enzyme
activity was determined from the initial reaction rate. An extinction
coefficient of 3.41 cm-' mM-' was used for cis-aconitate (17). Isocitrate
dehydrogenase was measured spectrophotometrically in the lysates by
following the reduction ofNADP+ with isocitrate as substrate. Isocitrate
(1 mM final concentration) was added to the lysates to start the reaction
and the coupled reduction of NADP+ (0.1 mM) was followed at 340
nm. Reaction was performed at 370C in a buffer, pH 7.2, containing 30
mM triethanolamine-HCl, 0.15 M NaCl, and 10 mM MgCI2.

Measurement ofDNA synthesis and target cell viability. Determi-
nation of [3H]thymidine uptake as well as viability of LO0 and L1210
cells was as previously described (8, 18).

Measurement of protein synthesis. LI0 cells cultivated with cyclo-
heximide for various intervals of time were washed by centrifugation
(180 g for 5 min) and counted. Aliquots, in duplicate (10' LIO cells),
were pulse-labeled with 2 MCi/ml of L-[3H]leucine in DME + 5% calf
serum. Incorporated radioactivity was measured as previously described (8).

Protein determination. Protein content of cell lysates was determined
using the Bio-Rad protein assay kit (Bio-Rad Laboratories, Richmond,
CA) and with BSA as a standard (19).

Statistical analysis. Statistical analysis of data was by Student's t test.

Results

Polarographic measurement ofaconitase, complexI, and complex
II activity in LJO cells co-cultivated with cytotoxic activated
macrophages. In Fig. 1, a simplified diagram of the citric acid
cycle and the electron transport system is outlined for reference.
Aconitase activity as well as different segments of the electron
transport chain can be measured in situ using polarographic
technique in the same sample of digitonin-treated cells. Fig. 2
shows the oxygen electrode trace of LI0 cells cultured alone (A)
or co-cultivated with cytotoxic activated macrophages (B). Ci-
trate-dependent respiration in the presence ofADP (state 3 res-
piration) was strongly inhibited in LIO cells that had been co-
cultivated with cytotoxic activated macrophages for 7 h. Addition
of isocitrate resulted in resumption of 02 uptake, showing that
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Figure 1. Schematic representation of the citric acid cycle and the mi-
tochondrial electron transport chain.
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Figure 2. Comparison of ci-
trate, isocitrate, and succinate
plus rotenone oxidation in
control LIO cells (A) and in
LIO cells co-cultivated for 7 h
with cytotoxic activated mac-
rophages (B). LI0 cells (5
X 10') were permeabilized
with 0.007% digitonin and
washed by centrifugation
(180 g) to remove endoge-
nous substrate. Cells were re-
suspended in 2.8 ml respira-
tion medium and 02 con-
sumption was measured in a
magnetic stirred thermostated
chamber with a Clark oxygen
electrode. The numbers are
rates of oxygen consumption
in ng atoms 0. min-'* 10-6
LIO cells. Antimycin A, an
inhibitor of mitochondrial
respiration (see Fig. 1), inhib-
ited 02 consumption by both
co-cultivated LI0 cells and
control LIO cells. This dem-
onstrates that the 02 con-
sumption measured was of
mitochondrial origin.

the citric acid cycle enzyme isocitrate dehydrogenase as well as
complex I, ubiquinol:ferricytochrome C oxidoreductase (com-
plex III), and ferricytochrome C:oxygen oxidoreductase (complex
IV) of the electron transport chain were intact at this relatively
early time during the co-cultivation period. Complex II activity,
as assessed by oxidation of succinate in the presence of rotenone,
was unimpaired after 7 h of co-cultivation of LIO cells with
cytotoxic activated macrophages. This pattern of results, inhi-
bition ofcitrate oxidation but near normal oxidation ofisocitrate
(complex I) and normal oxidation of succinate plus rotenone
(complex II), suggests that cytotoxic activated macrophage me-
diated inhibition ofthe isomerization of citrate to isocitrate cat-
alyzed by aconitase occurs before inhibition of complex I and
complex II.

Kinetics ofinhibition of aconitase, complex I, and complex
I activity in LJO cells co-cultivated with cytotoxic activated
macrophages. Fig. 3 shows that citrate-dependent respiration in
LIO cells is significantly depressed after 4 h of co-cultivation
and is undetectable after 8 h of co-cultivation. At this time,
isocitrate (complex I), is still an effective substrate but respiration
supported by isocitrate slowly declines versus time and is reduced
more than 80% after 22 h ofco-cultivation. Complex II activity,
oxidation ofsuccinate in the presence ofrotenone, declines even
more gradually than complex I activity in LIO target cells and
is reduced to 71% of control cells after 22 h of co-cultivation
with cytotoxic activated macrophages.

The following evidence suggests that after 20-24 h of co-
cultivation of LIO cells with cytotoxic activated macrophages,
the limiting steps for isocitrate and succinate plus rotenone ox-
idation are at the level ofcomplex I and complex II, respectively:
(a) The oxidation of other NADH-linked substrates (e.g., 5 mM
malate) is inhibited to the same extent as oxidation ofisocitrate.

(b) Isocitrate dehydrogenase was functionally intact in digitonin
permeabilized LI0 cells. For example, after 20 h ofco-cultivation,
at a time when isocitrate-dependent respiration was 80% inhib-
ited, isocitrate dehydrogenase activity in LI0 cells co-cultivated
with cytotoxic activated macrophages was 48 nM NADP+ re-
duced. min- I mg protein- while that of control cells was 35
nM NADP+ reduced. min- * mg protein-. (c) Complex III and
complex IV ofthe mitochondrial electron transport chain remain
functionally intact in co-cultivated LIO cells. The rate of state
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Table L State 3 Respiration ofL10 Cells Cultured Alone or with Macrophages

Substrate and oxygen consumption

Citrate Isocitrate Succinate and rotenone
Ll0 cells cultured with: Experiments (aconitase activity) (complex I activity) (complex II activity)

Cultured alone (control LlO cells) 26 9.3±2.2 10.8±2.6 13.2±2.5
Cytotoxic activated macrophages (BCG, activated) 24 1.4±1.4* 7.2±1.8* 12.8±2.8

(15%) (77%) (97%)
Stimulated macrophages (thioglycollate-elicited) 4 10.0±1.3 11.5±1.2 12.2±1.2
Stimulated macrophages (proteose-peptone-elicited) 4 9.8±0.3 11.4±1.8 14.8±0.6

L10 cells were cultured alone or co-cultivated with macrophages for 6.5 h before respiration measurements were made using digitonin-treated L10
cells. Concentration of substrates and inhibitor added to the respiration medium: aconitase activity, 5 mM citrate; complex I activity, 5 mM
isocitrate; and complex II activity, 5 mM succinate + 100 nM rotenone. Data are presented as rates of substrate oxidation in ng atoms 0
min-' * I0 L 0 cells. Values are the mean±SD for the number of experiments shown. Numbers in parentheses are percent of activity of control
L10 cells.
* P<0.00I vs. control LI0 cells.

3 oxidation of a-glycerol phosphate by L1O cells that were co-
cultivated with cytotoxic activated macrophages for 22 h was
2.5 ng atoms 0 -min-' * 10-6 L1O cells, which was identical to
state 3 oxidation of a-glycerol phosphate by control L1O cells.
This shows that, as in co-cultivated L1210 cells (7), the respi-
ratory chain between ubiquinone and 02 is functional in LlO
cells after activated macrophage-induced injury. In addition,
the terminal segment of the electron chain can support electron
flow at high rates in injured L1O cells. The oxidation of 0.2 mM
TMPD plus 1 mM ascorbate (in the presence of 100 nM rotenone
and 20 nM antimycin A) was 25 ng atoms 0 * min-' * 10-6 L1O
cells co-cultivated with cytotoxic activated macrophages for 22
h and 30 ng atoms 0. min-' * 10-6 control L1O cells. Thus, the
terminal part ofthe electron transport chain of injured L1O cells,
like injured L1210 cells (7), can support electron flow above
usual state 3 rates.

Measurement ofaconitase, complex I, andcomplex II activity
in L1O cells co-cultivated with stimulated macrophages. Stim-
ulated macrophages elicited in normal mice by intraperitoneal
injection of sterile nonimmunogenic inflammatory stimulants
such as 10% proteose peptone broth or thioglycollate broth are
not cytotoxic for tumor cells (12). Table I shows that citrate,
isocitrate, or succinate plus rotenone oxidation was unchanged
in L1O cells after 6.5 h of co-cultivation with stimulated mac-
rophages (thioglycollate or proteose peptone-elicited macro-
phages). At this same time, citrate oxidation in L1O cells co-
cultivated with cytotoxic activated macrophages was only 15%
and isocitrate oxidation was 67% of that measured in control
L1O cells. Even after 20 h of co-cultivation of L1O cells with
stimulated macrophages, there was no decrease in 02 consump-
tion with citrate, isocitrate, or succinate plus rotenone as substrate
when compared with control L1O cells (data not shown). These
results show that co-cultivation of L1O cells with stimulated
macrophages, unlike co-cultivation of L1O cells with cytotoxic
activated macrophages, has no effect on aconitase activity or
complex I and complex II ofthe mitochondrial electron transport
chain.

Spectrophotometric measurement ofaconitase activity. The
above results show marked inhibition of citrate oxidation in the
presence of significant isocitrate-dependent 02 consumption in
L0 cells co-cultivated with cytotoxic activated macrophages for
6-7 h. This strongly suggests inhibition of aconitase activity is
an early event in the development of activated macrophage-

mediated cytotoxicity by Ll0 cells. It is unlikely that inhibition
of citrate transport, but not isocitrate transport, into mitochon-
dria explain the polarographic results obtained. However, to rule
out this possibility, we also measured the enzymatic activity of
aconitase by recording the aconitase-dependent change in ultra-
violet absorbance of cis-aconitate in LI0 cell lysates. The results
of the spectrophotometric assay are in agreement with the po-
larographic results. Table II shows that aconitase activity present
in lysates of LIO cells co-cultivated with cytotoxic activated
macrophages for 6.5 h was only 14% of the activity present in
lysates of control L10 cells. Thus, cytotoxic activated macro-
phage-mediated inhibition of aconitase activity in LIO target
cells can be documented in two independent assays ofenzymatic
activity.

Comparison ofcitrate oxidation and [3H]thymidine uptake
by LJO target cells. Fig. 4 shows the kinetics of inhibition of
citrate oxidation and [3H]thymidine uptake in L1O target cells.
The results show that inhibition of aconitase activity and inhi-
bition ofDNA synthesis in L10 cells co-cultivated with cytotoxic
activated macrophages are early and simultaneous events.

Polarographic measurement of aconitase, complex I, and
complex II activity in L1210 cells co-cultivated cytotoxic activated
macrophages. To determine if aconitase activity is inhibited in
another cell line, we examined the kinetics ofinhibition ofcitrate,
isocitrate, and succinate plus rotenone oxidation in mouse L12 10
leukemia cells co-cultivated with cytotoxic activated macro-

Table II. Spectrophotometric Measurement ofAconitase
Activity in LJO Cells Cultured Alone or with Macrophages

L10 cells cultured with: Experiments Aconitase activity

Cultured alone (control L1O cells) 5 39.0±6.9
Cytotoxic activated macrophages 5.4±1.0

(BCG-activated) 3 (14%)
Stimulated macrophages

(thioglycollate-elicited) 3 41.3±7.3

L10 cells were cultured alone or co-cultivated with macrophages for
6.5 h before performance of the spectrophotometric assay. Results are
expressed as rate of cis-aconitate disappearance in nanomoles per min-
ute per mg protein. Values are the mean±SD for the number of exper-
iments shown. Number in parentheses is the percent of activity of
control L1O cells.
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Figure 4. The kinetics of citrate-dependent respiration (aconitase ac-

tivity) and [3Hlthymidine incorporation into DNA in L1O cells cul-
tured alone (n) or co-cultivated with cytotoxic activated macrophages
(e). Measurement of aconitase activity: L1O cells were removed from
culture at the indicated times, washed by centrifugation (180 g), per-

meabilized with digitonin, and state 3 respiration was measured in
medium with 5 mM citrate. Measurement of DNA synthesis: aliquots
of L10 cells were removed from the same cultures used as a source of
cells for measurement of aconitase activity, washed by centrifugation
(180 g), pulse-labeled in duplicate for 30 min with 0.5 .Ci ml-'
[3H]thymidine in DME plus 5% calf serum, and processed as de-
scribed (8, 18).

phages. Similar to the results with L1O cells, citrate oxidation
(aconitase activity) rapidly declined after 4 h of co-cultivation
of L12 10 cells with cytotoxic activated macrophages (Fig. 5).
Isocitrate (complex I) and succinate plus rotenone (complex II)
also gradually declined in co-cultivated L12 10 cells, which con-

firms the findings of Granger and Lehninger (7). These results
show that the same pattern of enzyme inhibition develops in
LO0 cells and L12 10 cells during co-cultivation with cytotoxic
activated macrophages.

Measurement ofaconitase turnover. L10 cells were cultivated
in the presence of cycloheximide to determine if decreased pro-
tein synthesis could explain the rapid inhibition of aconitase
activity in co-cultivated cells. Table III shows that aconitase was
91% active after 10 h of cycloheximide treatment (a time when
aconitase is completely inhibited in L10 cells co-cultivated with
cytotoxic activated macrophages) and that its half-life was 20 h
in the presence of cycloheximide. L1O cells treated with cyclo-
heximide incorporated L-[3H]leucine at 19, 13, and 10% of the
rate of control L10 cells after 10, 20, and 40 h, respectively
(average of four experiments). Similar results were found with
L12 10 cells. This shows that inhibition ofprotein synthesis can-
not explain the rapid inhibition of aconitase activity caused by
cytotoxic activated macrophages.

Comparison of citrate-dependent respiration in digitonin-
treated and endogenous respiration in LJO cells co-cultivated
with activated macrophages. To determine the consequences of
inhibition ofaconitase activity on mitochondrial respiration, we

compared exogenous citrate-dependent respiration to endoge-
nous respiration in intact LlO cells after 6 h of co-cultivation
with cytotoxic activated macrophages. Oxidation of citrate by
LlO cells that were co-cultivated with activated macrophages
for 6 h was completely inhibited, while endogenous coupled and
uncoupled respiration was unchanged from that measured in
control LI0 cells (Table IV). However, after22 h ofco-cultivation
of L10 cells, both endogenous coupled and endogenous uncou-
pled respiration were markedly inhibited (Table IV). These re-
sults suggest that citric acid cycle block at the level of aconitase,
which occurs relatively early during the cocultivation period does
not inhibit mitochondrial respiration. Indeed, as long as complex
I and complex II are still functional, endogenous substrates are
able to circumvent the aconitase block.

Bypass of the aconitase reaction (and acetyl coenzyme A

Table III. Aconitase Activity in LJO Cells Treated
with Cycloheximide to Inhibit Protein Synthesis

Oxygen consumption (percent control LIO
cells) at various time intervals of cultivation
with cycloheximide

Substrates and inhibitor 10h 20 h 40 h

percent percent percent

Citrate (aconitase activity) 91±9 51±6 39±5
Isocitrate (complex I

activity) 96±3 60±15 39±2
Succinate + rotenone

(complex II activity) 92±8 70±13 49±8

L10 cells were cultured with 10 gg mlI cycloheximide for the time
interval indicated before state 3 respiration measurements were made
using digitonin-treated L10 cells. Concentration of substrates and in-
hibitor added to the respiration medium: aconitase activity, 5 mM ci-
trate; complex I activity, 5 mM isocitrate; and complex II activity,
5 mM succinate + 100 nM rotenone. 02 consumption was normalized
to number of viable L10 cells and expressed as percent of control L10
cells not treated with cycloheximide. Values are mean±SD of four ex-
periments.
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Table IV. Exogenous Citrate-dependent State 3 Respiration
and Endogenous Respiration in Control LIO Cells and L10
Cells Co-cultivated with Cytotoxic Activated Macrophages

Oxygen consumption*

6h 22h

Ll0 cells LIO cells
+ cytotoxic + cytotoxic

LIO activated LIO activated
cells alone macrophages cells alone macrophages

Citrate-dependent
respiration 14 0 N.D.4 N.D.

Endogenous 19 16 14 2
respiration
+ 100 M 2,4
dinitrophenol 26 24 33 2

LIO cells were cultured alone or co-cultivated with cytotoxic activated
macrophages for the time interval indicated before respiration mea-
surements were made. 5 mM citrate was present in the respiration me-
dium for measurement of citrate-dependent 02 consumption in digi-
tonin permeabilized LIO cells. Endogenous respiration was measured
in parallel experiments in nonpermeabilized L1O cells in the presence
or absence of 2,4 dinitrophenol.
* Units, ng atoms 0. min-'- I0 LO0 cells.
f N.D., not done.

(CoA) and citrate as respiratory substrates) could occur if glu-
tamate, after transamination to the citric acid cycle intermediate
a-ketoglutarate, is utilized as an alternative respiratory substrate
(see Fig. 1 for reference). The successive five reaction steps be-
tween a-ketoglutarate and oxaloacetate could continue to func-
tion as a shortened pathway if oxaloacetate were transaminated
to asparate. Asparate could be transported from mitochondria
in exchange for its transamination partner glutamate. Glutamate,
after transamination to a-ketoglutarate, would be substrate for
the first reaction in this shortened pathway. This possibility was
examined in LIO cells that were co-cultivated with activated

Table V. Effect ofDithionite on Citrate
Oxidation (Aconitase Activity) in LJO Cells Co-cultivated
with Cytotoxic Activated Macrophages

Oxygen
Ll0 cells cultured with: consumption*

Cultured alone (control LIO cells) 11.0±2.5
Cytotoxic activated macrophages (BCG-activated) 2.3±1.7 (79)
Cytotoxic activated macrophages (BCG-activated)
+ 5 mM sodium dithionite 8.7±3.7 (21)t

Ll0 cells were cultured alone or co-cultivated with cytotoxic activated
macrophages at 370C in humidified 95% air, 5% CO2 atmosphere for
6.5 h in the presence or absence of 5 mM sodium dithionite, permea-
bilized with digitonin, and state 3 respiration was measured. Sodium
dithionite had no effect on citrate oxidation in digitonin-permeabilized
control L1O cells. Respiratory medium contained 5 mM citrate during
measurement of oxygen consumption. Values are the mean±SD of
five experiments. Numbers in parentheses are percent inhibition.
* Units, ng atoms 0* min-' * I0O L1O cells.
t Difference between groups co-cultivated in the presence or absence
of sodium dithionite; P < 0.001.

Table VI. Reconstitution ofCitrate Oxidation (Aconitase Activity)

Additives present during I-h second Oxygen Percent
incubation of L1O cells Experiments consumption recovery*

None 6 0.9±0.9 9
50 MM FeSO4 3 5.7±0.4 59

1 mM L-cysteine 3 3.1±0.2 32
50 AM FeSO4+ 1 mM L-cysteine 3 8.4±3.5 87
3 mM thiosulfate 3 1.8±0.9 19

50 MM FeSO4+3 mM thiosulfate 3 9.0±3.1 94

LIO cells were cultured alone or co-cultivated with cytotoxic activated
macrophages for 6.5 h. They were then removed from the macrophage
monolayers, washed, and reincubated in a shaker (Lab-Line Instru-
ments, Inc., Melrose Park, IL) (250 oscillations per minute) for 1 h at
370C in DME plus 5% calf serum. The DME used for the 1-h second
incubation was previously deaerated by saturation with N2 and con-
tained no additives or the additives indicated below. State 3 respira-
tion measurements were made after the 1-h second incubation using
digitonin-treated LIO cells in respiration medium containing 5 mM ci-
trate. Citrate-dependent °2 consumption is presented as ng atoms
0 * min-' 10-6 LO0 cells. Values are the mean±SD for the number of
experiments shown.
* Recovery is expressed as percent of citrate dependent respiration by
control LO0 cells (9.6±1.1 ng atoms 0*min-' *10-6 cells, n = 6).

macrophages for 7 h and then permeabilized with digitonin. In
these cells, 5 mM citrate no longer supported mitochondrial
respiration but 5 mM a-ketoglutarate was as effective as 5 mM
isocitrate as a respiratory substrate (both supported respiration
at rates 80% ofthat measured in control L10 cells). These results
show that endogenous respiration continues at a normal rate
and that a-ketoglutarate is an effective respiratory substrate in
injured L1O cells at a time when aconitase activity is blocked
but complex I and complex II are still functional.

Dithionite partially prevents inhibition ofaconitase activity
in LJO cells by activated macrophages. It is known that the en-
zymatic activity of aconitase is inactivated by mild oxidation
(20, 21). Therefore, we supplemented the culture medium with
reductants and measured aconitase activity in L10 cells after 6.5
h of co-cultivation. 10 mM L-cysteine or 5 mM ascorbate had
no consistent effect on aconitase inhibition (data not shown)
but sodium dithionite partially prevented activated macrophage-
induced inhibition of aconitase activity in L1O cells (Table V).
These results suggest that dithionite or one of its products, e.g.,
thiosulfate, interfere with cytotoxic activated macrophage-me-
diated inhibition of aconitase activity in L1O target cells.

Reconstitution ofaconitase activity. Early studies showed that
ferrous ion and cysteine activate and stabilize highly purified
aconitase preparations (22). Subsequent findings demonstrated
that aconitase is reversibly inactivated by mild oxidative con-
ditions (20, 21, 23). Therefore, experiments were carried out to
investigate whether ferrous ion alone, or ferrous ion in combi-
nation with cysteine or thiosulfate, could restore aconitase ac-
tivity in L1O cells that previously had been co-cultivated with
cytotoxic activated macrophages for 6.5 h (Table VI). A 1-h
incubation of injured L1O cells in DME with 50 uM FeSO4
resulted in a restoration of aconitase activity to 59% of that in
control L1O cells. When 1 mM cysteine or 3 mM thiosulfate
were also present during the 1-h incubation of injured LO0 cells
with 50 MM FeSO4, the activity of aconitase was restored to 87
and 94%, respectively, of that in control LIO cells. Cysteine or
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thiosulfate induced some recovery of aconitase activity when
added alone but we cannot exclude the possibility that this effect
could be due to trace amounts of contaminating iron.

It is possible that further degradation ofthe iron-sulfur cluster
occurs in injured target cells as the co-cultivation continues be-
yond 6-8 h. We were unable to reconstitute aconitase, complex
I, and complex II activities by adding 50 ,uM FeSO4 and 1 mM
L-cysteine to LIO cells (conditions described in the legend to
Table VI) that had been co-cultivated with cytotoxic activated
macrophages for 24 h. Aconitase activity was measured polaro-
graphically as well as spectrophotometrically. Complex I and
complex II activity was measured polarographically.

Discussion

We recently showed that LO0 cells and L12 10 cells co-cultivated
with cytotoxic activated macrophages lose intracellular iron while
remaining viable and growth inhibited (8). In the present study
we show that loss ofintracellular iron is associated with inhibition
ofthe citric acid cycle enzyme aconitase and that the iron-sulfur
prosthetic group of aconitase plays an essential role in the en-
zymatic inhibition. These results are the first evidence that mo-
bilization of intracellular iron in target cells by a cytotoxic ac-
tivated macrophage-mediated mechanism is causally related to
inhibition of an enzyme with an iron-sulfur cluster.

When aconitase is isolated from cells it can be reversibly
inactivated by mild oxidative conditions. Recent studies using
Mossbauer spectroscopy showed that oxidative stress results in
conversion of the [4Fe-4S] cluster of the active enzyme to a
[3Fe-4S] cluster of the inactive enzyme by loss of an iron atom
(20, 21, 23). Upon incubation of the inactive enzyme in the
presence of ferrous ion, or ferrous ion plus a reducing agent, the
[3Fe-4S] cluster is converted to the active [4Fe-4S] cluster (20,
23, 24). These results suggest ferrous ion is used to rebuild the
active [4Fe-4S] cluster from the inactive [3Fe-4S] cluster.

The findings reported here have implications for iron-sulfur
cluster interconversion in regulation of the in vivo catalytic ac-
tivity of aconitase. Aconitase activity falls precipitously in L1O
and L12 10 target cells between 4 and 6 h of co-cultivation with
cytotoxic activated macrophages and is undetectable by 8 h of
co-cultivation. The loss ofcatalytic activity is not due to cytotoxic
activated macrophage-induced inhibition of protein synthesis
in L10 target cells. Rather than loss of or damage to the apoen-
zyme, the results observed are explained by cytotoxic activated
macrophage induced removal ofiron from the iron-sulfur pros-
thetic group of target cell aconitase. Dithionite, a reducing agent,
largely prevents aconitase inhibition in L1O target cells. This is
evidence that oxidative degradation ofthe [4Fe-4S] cluster cor-
relates with aconitase inactivation. Furthermore, incubation of
injured L1O cells with ferrous ion and thiosulfate or cysteine
after 6.5 h ofco-cultivation with cytotoxic activated macrophages
causes virtual complete restoration of aconitase activity. These
findings provide strong evidence that cytotoxic activated mac-
rophage-induced inhibition of aconitase in L1O target cells is
submolecular and mediated by iron removal from that enzyme's
iron-sulfur center. The results are compatible with the possibility
that aconitase, that has been inhibited in injured L1O cells by
the activated macrophage cytotoxic mechanism, contains an in-
active [3Fe-4SJ cluster which is readily restored to an active
[4Fe-4S] cluster by incorporation of a ferrous ion. Thus, the
[4Fe-4S] 4 [3Fe-4S] interconversion of the cluster could rep-
resent a regulatory function for the iron-sulfur center ofaconitase

that is modulated by an activated macrophage mediated mech-
anism.

The kinetics of inhibition of complex I and complex II of
the electron transport chain are slower than the kinetics of in-
hibition of aconitase activity. However, cytotoxic activated
macrophage-mediated degradation of iron-sulfur clusters of
complex I and complex II could explain the inhibition of their
oxidoreductase activity and ultimately, inhibition of mitochon-
drial respiration. Complex I contains three [4Fe-4S] clusters (9).
Whether or not redox-mediated interconversions of the [4Fe-
4S] clusters in complex I occur is not known. Recent evidence
shows that complex II contains a 3-iron cluster probably of the
[3Fe-4S] type (25). The 3-iron cluster could arise by oxidative
degradation of a (4Fe-4S] cluster in this enzyme complex.
Therefore, both complex I and complex II, like aconitase, may
contain [4Fe-4S] clusters and a similar mechanism could explain
cytotoxic activated macrophage inhibition of their catalytic
function.

The generalization that all enzymes containing iron-sulfur
clusters are inhibited by the activated macrophage cytotoxic
mechanism can not be made. Complex III ofthe mitochondrial
electron transport system contains a [2Fe-2S] cluster that is es-
sential for its electron transport function (9). Granger and Lehn-
inger showed (7), and we confirmed in this study, that electron
transfer can occur from ubiquinone through complex III to
complex IV in mitochondria of injured target cells in which
complex I and complex II are inhibited. However, because elec-
tron transport occurs at less than normal state 3 rates in both
normal and injured target cells when a-glycerol phosphate is
the electron donor, partial inhibition of complex III in mito-
chondria of injured target cells would not have been detected
with the experimental method used. It is ofinterest that a similar
pattern of loss of bioenergetic function was observed in mito-
chondria from severely iron-deficient rats (26). The Fe-S clusters
ofcomplex I and complex II were markedly decreased while the
Fe-S cluster of complex III was only minimally affected.

Endogenous respiration continues at a normal rate and ex-
ogenous a-ketoglutarate is an effective respiratory substrate in
injured LIO cells after 6 h of co-cultivation. At this time, acon-
itase activity is blocked but complex I and complex II are still
functional. However, endogenous respiration is markedly in-
hibited after 22 h of co-cultivation, and NADH-linked substrates
(including a-ketoglutarate) as well as succinate are not effectively
oxidized. This suggests that endogenous respiration measured
after inhibition of aconitase activity, but before significant in-
hibition ofcomplex I and complex II, could be due to oxidation
of a-ketoglutarate derived from the transamination ofglutamate.
It is also possible the malate-asparate shuttle or the a-glycerol
phosphate shuttle could transport reducing equivalents from ex-
tramitochondrial NADH into mitochondria and bypass aconi-
tase block.

The kinetics of inhibition ofaconitase activity in target cells
of cytotoxic activated macrophages is exactly paralleled by the
kinetics of inhibition of DNA synthesis as detected by
[3Hlthymidine uptake. Ribonucleotide reductase, the rate-lim-
iting enzyme in DNA synthesis, contains non-heme iron essen-
tial for its catalytic activity (27). However, whether or not the
mechanism of cytotoxic activated macrophage-mediated inhi-
bition ofDNA synthesis is similar to the mechanism ofinhibition
of aconitase activity is not known.

The biological significance of metabolic changes induced in
target cells by cytotoxic activated macrophages has yet to be
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determined with certainty. These metabolic changes are selective
and highly reproducible. It is possible that cytotoxic activated
macrophage-mediated regulation of a pool of intracellular iron
available for participation in catalytic function, particularly in
enzymes with iron-sulfur prosthetic groups, could be a mech-
anism involved in control of cellular proliferation.
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