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Recent evidence suggests an important role for nitric oxide (NO)
signaling in plant-pathogen interactions. Additional elucidation of
the role of NO in plants will require identification of NO targets.
Since aconitases are major NO targets in animals, we examined the
effect of NO on tobacco (Nicotiana tabacum) aconitase. The to-
bacco aconitases, like their animal counterparts, were inhibited by
NO donors. The cytosolic aconitase in animals, in addition to being
a key redox and NO sensor, is converted by NO into an mRNA
binding protein (IRP, or iron-regulatory protein) that regulates iron
homeostasis. A tobacco cytosolic aconitase gene (NtACO1) whose
deduced amino acid sequence shared 61% identity and 76% simi-
larity with the human IRP-1 was cloned. Furthermore, residues
involved in mRNA binding by IRP-1 were conserved in NtACO1.
These results reveal additional similarities between the NO signal-
ing mechanisms used by plants and animals.

Over the last decade, extensive research about the role of
nitric oxide (NO) in animals has demonstrated that it is a
key signal molecule involved in a wide variety of processes
including vasorelaxation, neurotransmission, and the in-
nate immune response (Schmidt and Walter, 1994). In con-
trast, the role of NO in plants is less well understood.
Recently, two reports showed that NO is a signal molecule
in plant defense responses (Delledonne et al., 1998; Durner
et al., 1998). NO was found to be essential for the full
activation of plant disease resistance and programmed cell
death in soybean and Arabidopsis (Delledonne et al., 1998).
In addition, tobacco (Nicotiana tabacum) plants mounting a
successful resistance response to tobacco mosaic virus
(TMV) exhibited increased nitric oxide synthase (NOS)-like
activity, whereas susceptible infected plants did not
(Durner et al., 1998). Furthermore, exogenous NO induced
expression of the genes encoding two commonly used
plant defense markers, Phe ammonia lyase (PAL) and the
pathogenesis-related (PR)-1 protein.

The second messenger, cyclic GMP (cGMP), which is
synthesized following the activation of guanylate cyclase
by NO, mediates many NO responses in animals (Schmidt

and Walter, 1994; Stamler, 1994). cGMP also appears to
function as a NO second messenger in tobacco, because
exogenous NO treatment resulted in a transient increase in
cGMP levels (Durner et al., 1998). Furthermore, exogenous
cGMP induced PAL expression, while guanylate cyclase
inhibitors suppressed NO-mediated activation of PAL.
cADP Rib, which sometimes acts downstream of cGMP in
the animal NO signaling pathway, was also shown to
induce PAL and PR-1 expression in tobacco (Durner et al.,
1998). These results suggest the presence of a functional
NO signaling system in the tobacco defense response that
has considerable conservation with NO signaling path-
ways of animals.

Although many NO-mediated effects in animals are
cGMP dependent, NO can also function in a cGMP-
independent manner through mechanisms including
S-nitrosylation of thiol-containing proteins and Tyr nitra-
tion, or via the direct interaction of NO with metal-
containing proteins (Kroncke et al., 1997; Ischiropoulos,
1998). NO is able to readily interact with proteins because
of its small size and lack of charge, features that give it
access to the interior of proteins. Furthermore, NO has a
half-life of 5 to 15 s and is readily diffusible in both aqueous
and lipid environments, properties that facilitate its func-
tion as a signal molecule (Fukuto, 1995; Nathan, 1995;
Lancaster, 1997).

Despite the well-described effects of NO on many phys-
iological processes in animals, the direct targets of NO or
its second messengers are less well characterized (Haus-
laden and Stamler, 1998). In addition to guanylate cyclase,
aconitases are a major NO target in animals (Drapier, 1997;
Mott et al., 1997), and NO directly affects aconitase func-
tionality (Gardner et al., 1997). Aconitase is an iron-sulfur
(4Fe-4S)-containing enzyme that catalyzes the reversible
isomerization of citrate to isocitrate. It has two isoforms,
one located in mitochondria and the other in the cytosol. In
animals, NO reversibly inactivates both aconitases by pro-
moting the loss of the iron-sulfur cluster, which can sub-
sequently be reassembled under the proper conditions
(Drapier, 1997). The mitochondrial aconitase is a constitu-
ent of the Krebs cycle, so its inactivation by NO decreases
cellular energy metabolism. This inactivation of aconitase
may have a protective effect against additional oxidative
stress by acting as a reversible “circuit breaker” (Gardner
and Fridovich, 1991). Inactivation results in reduced elec-
tron flow through the mitochondrial electron transport
chain, and thereby decreases the generation of reactive
oxygen species (ROS), the natural by-products of respira-
tion. Conversely, aconitase inactivation has been proposed
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to increase ROS generation due to the accumulation of
reduced metabolites, a condition termed “reductive stress”
(Yan et al., 1997).

Aconitase is exquisitely sensitive to ROS and is more
vulnerable than other iron-sulfur- or heme-containing en-
zymes to inhibition by NO (Castro et al., 1994) and other
ROS (Verniquet et al., 1991). If the tobacco aconitases, like
their animal counterparts, are inhibited by NO and other
ROS, this could be significant during host-pathogen inter-
actions in which both NO and other ROS are produced
(Alvarez and Lamb, 1997; Doke, 1997; Delledonne et al.,
1998; Durner et al., 1998). One example of the biological
consequences of the lability of aconitase to ROS is seen in
houseflies, in which a selective oxidative inactivation of
aconitase is thought to be responsible for some of the
physiological effects of aging (Yan et al., 1997).

An unexpected additional role for aconitase in animals
was found when the iron-regulatory protein (IRP), a pro-
tein that controls iron homeostasis, was determined to be
the cytosolic isoform of aconitase (Kaptain et al., 1991;
Klausner et al., 1993). IRP binds mRNAs containing a spe-
cific iron-responsive element (IRE) consensus sequence and
thereby regulates their translatability and/or stability. This
mRNA-binding activity has been detected in vertebrates,
annelids, and insects, but not in yeast, bacteria, or plants
(Hentze and Kuhn, 1996). However, recently, the Bacillus
subtilis aconitase was shown to bind IREs (Alen and Sonen-
shein, 1999). IREs have been identified in a variety of
mRNAs, including those for genes encoding ferritin, ami-
nolevulinic acid synthase, and the transferrin receptor
(Domachowske, 1997). The binding of IRP to IREs located
in the 59 region of the transcript (e.g. ferritin, aminolevu-
linic acid synthase) prevents translation, whereas binding
to those in the 39 region improves transcript stability (e.g.
transferrin receptor). NO converts the cytosolic aconitase
into an IRP by promoting the loss of the iron-sulfur cluster,
which otherwise prevents IRE binding. Consequently, the
activities of aconitase and IRP are mutually exclusive and
are regulated in part by NO. Thus, aconitase, in addition to
being a key NO sensor in animals, also regulates iron
homeostasis.

Given the similarities in NO signaling between plants
and animals, we examined whether NO affects tobacco
aconitases. In this paper we show further similarities be-
tween NO signaling in plants and animals. We found that
NO inhibits aconitase. The possible significance of NO-
mediated aconitase inhibition during plant-pathogen inter-
actions and parallels between NO signaling in plants and
animals is discussed.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Tobacco (Nicotiana tabacum cv Xanthi nc [NN]) plants
were grown in growth chambers at 22°C with a 14-h light
cycle. Plants 6 to 10 weeks old were used for TMV infection
and chemical treatments. Greenhouse-grown plants 4 to 5
weeks old were used for the purification of aconitase.
Infections with TMV strain U1 and temperature shift ex-

periments were conducted as previously described
(Malamy et al., 1992).

Aconitase Assay

Extracts containing aconitase activity were prepared
from 15 g of young tobacco leaves that were homogenized
in 45 mL of extraction buffer (25 mm imidazole, 1 mm
EDTA, 2 mm MgCl2, 40 mm KCl, 0.1% [w/v] bovine serum
albumin, 1% [w/v] insoluble polyvinyl-polypyrrolidone
[PVPP, Sigma-Aldrich, St. Louis], 2 mm dithiothreitol
[DTT], 2 mm citrate, 1 mm phenylmethylsulfonyl fluoride
(PMSF), and 10% [v/v] glycerol; pH 7.4). Extracts were
desalted on a PD-10 column (Pharmacia Biotech, Piscat-
away, NJ) equilibrated with aconitase buffer (20 mm imi-
dazole, pH 7.5, 2 mm citrate, 1 mm DTT, 1 mm EDTA, and
10% [v/v] glycerol) and concentrated in a Centricon-10
column (Millipore, Bedford, MA). Extracts were treated
with freshly prepared 6-(2-hydroxy-1-methyl-2-nitrosohy-
drazino)-N-methyl-1-hexanimine (NOC-9) or 3-morpho-
linosydnonimine-HCl (SIN-1) (Calbiochem or Alexis, San
Diego) as described in the text, and then passed through a
Sephadex G-25 spin column to remove the NOC-9 or SIN-1
prior to measuring activity. Aconitase activity was mea-
sured at room temperature in 75 mm Tris-HCl (pH 8.0) by
following the formation of cis-aconitate from isocitrate at
240 nm (Kennedy et al., 1983). All aconitase inhibition
experiments were repeated at least three times with two
replications for each point. The data for one representative
experiment are shown. Reactivation of tobacco aconitase
was attempted using 1 to 10 mm DTT or Cys and 0.1 to 0.5
mm ferrous ammonium sulfate. Fumarase was assayed by
measuring the change in absorbance at 240 nm as described
by Hill and Bradshaw (1969).

Purification of Tobacco Aconitase

Approximately 600 g of leaves was homogenized in a
blender with 4 volumes of extraction buffer (50 mm imida-
zole, pH 7.5, 2 mm citrate, 2 mm ascorbate, 2 mm DTT,
1 mm PMSF, and 1% [w/v] polyvinylpyrrolodine), and
centrifuged at 15,000g for 10 min at 4°C. A 45% to 75%
(NH4)2SO4 fraction was collected from this supernant and
applied to a Sephadex G-100 column (30 3 450 mm) equil-
ibrated with 20 mm imidazole, pH 7.5, 2 mm citrate, 1 mm
DTT, 1 mm EDTA, 150 mm (NH4)2SO4, and 10% (v/v)
glycerol. Active fractions were collected, pooled, and ad-
justed to 1.25 m (NH4)2SO4. Subsequent chromatography
used an automated FPLC system (Pharmacia Biotech). The
sample was applied to a phenyl-sepharose column (XK
16/20, Pharmacia Biotech) equilibrated with 20 mm imida-
zole, pH 7.5, 1.25 m (NH4)2SO4, 2 mm citrate, 1 mm EDTA,
1 mm DTT, and 10% (v/v) glycerol, and eluted with a
decreasing linear gradient of (NH4)2SO4 (1.25–0 m). Active
fractions were pooled and desalted on PD-10 columns
equilibrated with aconitase buffer. The sample was applied
to a HiTrap Q-Sepharose column (535, Pharmacia Biotech)
and eluted with a linear increasing gradient of NaCl (0–300
mm) in aconitase buffer. Fractions showing the highest
activity were pooled and desalted. Desalted samples were
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applied to a Mono-Q column (5/5, Pharmacia Biotech) and
eluted with an increasing NaCl gradient (0–300 mm) in
aconitase buffer. Fractions with the highest specific activity
were again pooled and concentrated using a Centricon-10
cartridge. The sample was loaded onto a Superdex-200 HR
column (10/30, Pharmacia Biotech) equilibrated with acon-
itase buffer and eluted in the same buffer using a flow rate
of 0.75 mL/min. Partially purified aconitase was stable for
at least 1 month when stored at 280°C under N2, without
multiple freeze-thaw cycles. The protein concentration was
determined using the Bradford assay (Bio-Rad Laborato-
ries, Hercules, CA) with bovine serum albumin as the
standard.

Distribution of Aconitase

The amount of mitochondrial versus cytosolic aconitase
was determined by gently homogenizing leaves in 4 vol-
umes of an osmotic buffer containing 330 mm sorbitol, 30
mm 3-(N-morpholino)-propanesulfonic acid (MOPS), pH
7.5, 2 mm ascorbate, 2 mm citrate, 2 mm malate, 5 mm
b-mercaptoethanol, 1 mm EDTA, and 1.5% (v/v) insoluble
PVPP. All work was done at 4°C. Extracts were centrifuged
at 18,000g for 15 min and separated into a supernatant and
a pellet fraction. The supernatant was considered the “cy-
tosolic” fraction, while the pellet was considered the or-
ganellar fraction. The pellet was lysed by vortexing in a
non-osmotic buffer (buffer A) containing 20 mm imidazole,
pH 7.5, 1 mm EDTA, 1 mm citrate, 1 mm malate, 1 mm DTT,
and 10% (v/v) glycerol. Both the lysed organellar fraction
and the “cytosolic” fraction were adjusted to 35% satura-
tion with (NH4)2SO4 and centrifuged for 10 min at 18,000g.
The supernatant from each fraction was collected and ad-
justed to 75% saturation with (NH4)2SO4. The resulting
precipitate was collected by centrifugation for 10 min at
18,000g. The pellets were resuspended in equal volumes of
buffer A and assayed for aconitase and fumarase activity.

Isolation and Sequencing of the Tobacco Cytoplasmic
Aconitase cDNA

PCR was used to amplify cytoplasmic aconitase cDNAs
from a l-ZAP tobacco cDNA library. The library was con-
structed from RNA extracted from tobacco leaves infected
with TMV (Guo et al., 1998). The degenerate oligonucleo-
tide primers used were (59–39) TCYTCYATGGCYKCXGA-
RAAYCC (primer 59) and ACYGCYGGYACYCCXGTRA-
ARTC (primer 39) (K 5 G 1 T, R 5 G 1 A, Y 5 T 1 C, X 5
A 1 C 1 G 1 T). These primers correspond to conserved
regions between Arabidopsis and human cytoplasmic ac-
onitase. PCR was carried out in 50 mL of volume containing
50 mm KCl, 10 mm Tris-HCl, pH 8.3, 2.5 mm MgCl2, 200 mm
each dNTP, and 2.5 units of Taq polymerase (Amplitaq,
Perkin-Elmer Applied Biosystems, Foster City, CA) with
150 ng of phage library template DNA and 50 pmol of each
of the primers. PCR was conducted using an initial tem-
plate denaturation step of 5 min at 94°C, followed by 30
cycles of 30 s at 94°C, 1 min at 55°C, and 1 min at 72°C.
After the 30th cycle, an elongation step of 5 min at 72°C
was used.

PCR fragments of the expected size (300 bp) were cloned
into a pSK1 vector and sequenced using the Sequenase
Version 2.0 sequencing kit (Amersham-Pharmacia Bio-
tech, Uppsala, Sweden). A PCR fragment with homology
to cytoplasmic aconitase was then used to screen a l-ZAP
cDNA library from tobacco leaves to recover a full-length
clone. Library screening used Hybond-N filters (Amer-
sham-Pharmacia Biotech) and hybridization was con-
ducted according to the method of Sambrook et al. (1989).
Plaques that hybridized to the probe were purified and in
vivo excision was used to obtain pBK-CMV phagemid
(Stratagene, La Jolla, CA). The sequence of the full-length
clone was determined either by making appropriate
subclones in pUC19 vectors or by primer walking. The
DNA sequence was determined in both directions by using
the Sequenase Version 2.0 sequencing kit (Amersham-
Pharmacia Biotech) and the Robert Wood Johnson Medical
School Sequencing Lab (University of Medicine and Den-
tistry of New Jersey, Rutgers University, Piscataway).

Overexpression and Purification of the
Recombinant Aconitase

The putative tobacco cytoplasmic aconitase cDNA
(NtAco1) was subcloned into a SacI site in a pET28a plas-
mid vector (Novagen, Madison, WI) under the control of
the T7 bacteriophage promoter. Expression of the recom-
binant NtACO1 in Escherichia coli strain BL21(DE3) was
induced by addition of isopropyl-b-d-thiogalactopyra-
noside concentrations ranging from 100 mm to 0.5 mm at
temperatures from 20°C to 37°C. Extraction of the recom-
binant aconitase and purification on a nickel column was
performed according to the manufacturer’s instructions
(Novagen). The size of the recombinant aconitase contain-
ing a His- and a T7-tag was approximately 113 kD on an 8%
SDS-polyacrylamide gel.

Analysis of NtACO1 Expression

Expression of NtACO1 was examined in response to
various chemicals, including NO donors (0.5 mm SNAP, 0.5
mm GSNO, and 0.5 mm SIN-1), 10 mm H2O2, and 0.5 mm
salicylic acid (SA). Leaves were injected with the various
chemicals, after which leaf discs were collected over inter-
vals ranging from 0 to 24 h post injection. Total RNA was
extracted from leaf discs using the TRIZOL reagent accord-
ing to the manufacturer’s instructions (Life Technologies/
Gibco-BRL, Cleveland). For reverse transcriptase (RT)-PCR,
total RNA prepared as described above was treated with
amplification grade deoxyribonuclease 1 (Life Techno-
logies/Gibco-BRL) and then subjected to cDNA synthesis
using RT(Superscript II, Life Technologies/Gibco-BRL).
First-strand synthesis was carried out using a 14-mer
oligo-dT primer. Primers to NtACO1 and b-tubulin were
designed based on the sequence of the actual tobacco genes,
and were predicted to generate PCR products of 476 and 373
bp, respectively.

The correct identity of the PCR products was confirmed
by both the expected fragment size and by the use of
aconitase and b-tubulin cDNAs to probe gel blots contain-
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ing the RT-PCR products. PCR reactions used a 2-min
denaturation at 94°C, followed by 21 to 25 cycles of 30 s at
94°C, 30 s at 56°C, and 30 s at 72°C, and a single elongation
step of 5 min at 72°C. b-Tubulin was used as an internal
control. Identical volumes of each reaction were loaded
into an agarose gel and the amount of aconitase transcript
in each sample was judged relative to the amount of
b-tubulin in the same sample. Visualization of bands was
achieved initially using radiolabeling, phosphor imaging
(Molecular Dynamics, Sunnyvale, CA) analysis, and
ethidium bromide staining. No significant differences were
observed between the two detection techniques, so
ethidium bromide staining was used routinely.

RESULTS

NO Inhibits Aconitase Activity in Tobacco Crude Extracts

Mammalian aconitases are a major direct NO target
(Drapier, 1997). As a first step toward determining whether
plant aconitases are also regulated by NO, a crude cellular
extract containing an aconitase activity of 3 to 8 units/mg
protein was prepared from tobacco leaves. In the presence
of citrate, activity was stable at 4°C for several hours. These
extracts were able to utilize both citrate and isocitrate as
substrates in an aconitase assay. Furthermore, the aconitase

inhibitor fluorocitrate inhibited activity. Extracts were
treated with the NO donor NOC-9 for various times as
shown in Figure 1. Treatment with 5 mm NOC-9 for 30 min
reduced activity approximately 50% relative to the mock-
treated control and by 1-h inhibition was approximately
90%.

Partial Purification of Tobacco Aconitase

While we could demonstrate NO-mediated inhibition of
aconitase in leaf extracts (Fig. 1), the extracts likely con-
tained many non-specific scavengers that titrate out the
available NO and other ROS. For example, very high con-
centrations of H2O2 (5–10 mm), a potent inhibitor of acon-
itase, were needed to give significant inhibition (data not
shown). This poor sensitivity to H2O2 was probably due to
the presence of catalases and peroxidases in the crude
extracts. Furthermore, NOC-9 concentrations below 5 mm
had little effect on aconitase activity. To overcome these
limitations, we partially purified aconitase from tobacco
leaves approximately 165-fold (Table I). Total aconitase
was purified and activity was present as a single broad
peak. Separate peaks of activity attributable to the mito-
chondrial and cytosolic isoforms were not observed. Anal-
ysis of the pooled fractions from each purification step by
SDS-PAGE revealed a significant enrichment of the puta-
tive aconitase during a six-step process (Fig. 2). This cor-
responds to the reported purification of aconitase from
potato (130-fold, Verniquet et al., 1991), pumpkin (100-fold,
De Bellis et al., 1993), and melon (870-fold, Peyret et al.,
1995).

Tobacco aconitase was increasingly unstable with pro-
gressive purification, which is consistent with its known
lability in aerobic conditions. Mammalian aconitases also
lose activity during purification, but are readily reactivated
in the presence of iron and a reducing agent (Kennedy et
al., 1983). In contrast, we were unable to reactivate the
tobacco aconitase once activity declined or was completely
lost. Commercially available pig aconitase, however, was
readily reactivated. Other groups have also been unable to
reactivate plant aconitases (Brouquisse et al., 1987; Verni-
quet et al., 1991; De Bellis et al., 1993). This inability to be
reactivated likely contributes to the low yields and modest
purification reported in the literature.

Figure 1. Inhibition of aconitase in leaf extracts treated with NOC-9.
Tobacco leaf extracts were incubated with 5 mM NOC-9 on ice for
the times indicated. Results are expressed as the percentage of con-
trol samples incubated without NOC-9 for the same times.

Table I. Purification of aconitase
Partial purification of aconitase from 600 g of tobacco leaves.

Fraction Total Protein Total Activity Specific Activity Purification Yield

mg units units mg21 fold %

Total extract 6,076 25,521 4.2 – –
45%–75% (NH4)2SO4 504 40,522 80 19 158
Sephadex G100 306 34,605 113 27 136
Phenyl-Sepharose 63 15,498 246 59 61
Q-Sepharose 8 3,204 401 95 13
Mono-Q 1.5 945 630 150 3.7
Superdex 200 0.4 280 700 167 1.1
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Inhibition of Partially Purified Aconitase

The ability of NO to inhibit the activity of partially
purified aconitase was tested by treatment with different
concentrations of NOC-9 for 15 min at 37°C. Figure 3A
shows that 1 or 5 mm NOC-9 completely inhibited aconi-
tase activity, while 0.5 mm NOC-9 caused approximately
50% inhibition. Aconitase activity was also inhibited when
treated for 1 h at 37°C with SIN-1 (Fig. 3B). SIN-1 releases
NO and superoxide, which react rapidly to produce per-
oxynitrite (ONOO2). Greater than 50% and 80% inhibition
was achieved by 0.5 mm and 5 mm SIN-1, respectively, and
inhibitory effects were observed with as low as 0.1 mm
SIN-1 (Fig. 3B). Millimolar concentrations of SIN-1 and NO
donors in general are thought to liberate micromolar con-
centrations of NO (Bouton et al., 1997; Melino et al., 1997).
Inhibition of animal aconitases by SIN-1 concentrations of
1 to 30 mm have been reported, and a 2-h incubation with
2 mm SIN-1 gave 80% inhibition. (Bouton, et al., 1997;
Grune, et al., 1998). Thus, tobacco and mammalian aconi-
tases appear to share a similar sensitivity to NO and its
derivatives.

Aconitase is also known to be inhibited by other ROS
(Verniquet et al., 1991; Gardner et al., 1995). Therefore, the
effect of H2O2 on the partially purified tobacco aconitase
was tested (Fig. 3C). Treatment for 1 h at 4°C with as little
as 25 mm H2O2 dramatically reduced aconitase activity;
even as little as 100 nm H2O2 resulted in significant inhi-
bition. This is in contrast to the high levels of H2O2 (5–10
mm) needed to inhibit aconitase in crude leaf extracts.
Moreover, when aconitase was treated with 100 mm or
more H2O2, a nearly instantaneous inhibition of 50% or
greater occurred (data not shown). In animals, H2O2 and
NO appear to activate IRP-1 in vivo by distinct mecha-

nisms, with H2O2 activating IRP-1 within 60 min of treat-
ment, whereas NO requires up to 15 h (Pantopoulos and
Hentze, 1995; Hentze and Kuhn, 1996).

Aconitase in plants is found only in mitochondria and in
the cytosol, where it participates in the glyoxylate cycle
(Brouquisse et al., 1987; Courtois-Verniquet and Douce,

Figure 2. SDS-PAGE analysis of tobacco aconitase purification. An
aliquot of protein sample from each purification step was analyzed
by 8% acrylamide SDS-PAGE. The Coomassie blue-stained gel is
shown. Lane 1, 10-kD protein ladder; lane 2, total extract; lane 3,
45% to 75% (NH4)2SO4 fraction; lane 4, pooled fractions from the
Sephadex G100 column; lane 5, pooled fractions from the phenyl-
sepharose column; lane 6, pooled fractions from the Q-sepharose
column; lane 7, pooled fractions from the Mono-Q column; lane 8,
pooled fractions from the Sephadex 200 HR column. The 50- and
110-kD proteins of a 10-kD protein marker ladder are indicated on
the left. The position of the putative aconitase is denoted by an arrow
at the right.

Figure 3. Inhibition of partially purified aconitase by NOC-9, SIN-1,
and H2O2. Partially purified aconitase from tobacco leaves, prepared
as described in Table I, was used for aconitase assays. A, Samples
were incubated for 15 min at 37°C with the indicated amounts of
NOC-9. Results are expressed as a percentage of a buffer-treated
control. B, Samples were incubated with the indicated amounts of
SIN-1 for 1 h at 37°C. Results are expressed as a percentage of a
buffer-treated control. C, Samples were incubated with the indicated
amounts of H2O2 for 1 h at 4°C. Results are expressed as a percent-
age of a buffer-treated control.

Effect of Nitric Oxide on Aconitase 577



1993). The complete inhibition of aconitase activity by mil-
limolar concentrations of NO donors suggested that NO
inhibited both the tobacco cytosolic and mitochondrial ac-
onitases. However, if the cytosolic isoform of aconitase
represents only a small percentage of total activity, then the
larger pool of inhibited mitochondrial aconitase could
mask the resistance of the cytosolic aconitase. To resolve
this question, the relative amount of cytosolic versus mito-
chondrial aconitase in tobacco leaves was determined by
isolating a “cytosolic fraction” and a total organellar frac-
tion containing the mitochondria. Fumarase, a commonly
used mitochondrial marker enzyme, was used to determine
the degree of mitochondrial contamination from lysed or
leaky mitochondria in the cytosolic fraction.

Based on four independent experiments, approximately
75% (range approximately 55%–90%) of the total aconitase
activity in tobacco leaves is cytosolic and the remaining
approximately 25% mitochondrial. These results are con-
sistent with those of other studies that estimated plant
cytosolic aconitase comprises from 50% to greater than 90%
of total activity (Courtois-Verniquet and Douce, 1993; De
Bellis et al., 1995). Thus, given that 1 or 5 mm NOC-9
completely inhibited aconitase activity (Fig. 3A), we con-
cluded that both the cytosolic and mitochondrial aconitases
are sensitive to NO.

Cloning of a Tobacco Cytosolic Aconitase

NO has two distinct effects on mammalian aconitases: it
inhibits the activity of both mitochondrial and cytosolic
aconitases and also converts the cytosolic aconitase into
IRP, a mRNA-binding protein. The results described above
showed that the tobacco cytosolic aconitase is inhibited by
NO, but do not address whether it can function as a
mRNA-binding protein. As a first step to address this
question, we cloned the tobacco cytosolic aconitase.

Cytosolic aconitase genes have been cloned from Arabi-
dopsis (Peyret et al., 1995) and pumpkin (Hayashi et al.,
1995). To obtain the corresponding tobacco gene, degener-
ate primers corresponding to sequences conserved be-
tween human and Arabidopsis cytosolic aconitases were
used to generate a approximately 300-bp fragment, which
was then used to screen a l-ZAP cDNA library from to-
bacco leaves (Guo et al., 1998). A 3.1-kb cDNA clone was
identified, sequenced, and found to contain a complete
open reading frame encoding a protein of 898 amino acids
with a predicted size of 98 kD and a pI of 6.1. The encoded
protein had 91% identity and 95% similarity with the
pumpkin cytosolic aconitase (Hayashi et al., 1995) and 85%
identity and 91% similarity with the Arabidopsis cytosolic
aconitase (Peyret et al., 1995). This cDNA was designated
NtACO1 and comparison with the human IRP-1 revealed
61% identity and 76% similarity as shown in Figure 4
(Kaptain et al., 1991). Interestingly, the putative tobacco
cytosolic aconitase contains nine amino acid residues of a
10-residue sequence (DLVIDHSVQV) that in the human
IRP-1 is believed to directly interact with IREs (Fig. 4;
Basilion et al., 1994). Moreover, three Arg residues (540,
545, 785) involved in RNA binding by IRP-1 are also con-
served (Fig. 4; Philpott et al., 1994).

NtACO1 was then subcloned into a pET28a vector, and
the resulting His- and T7-tagged protein was overex-
pressed in E. coli. The recombinant protein accumulated in
inclusion bodies and was examined for aconitase activity
after solubilization and refolding. A low level of aconitase
activity (2–4 units/mg protein) was detected after induc-
tion of the recombinant gene with isopropyl-b-d-
thiogalactopyranoside and purification of the His-tagged
protein, confirming that the putative cytosolic aconitase
clone has aconitase activity. However, this activity could
not be increased by either activating with reducing agents
and Fe, by varying bacterial growth conditions, or by using

Figure 4. Comparison of the deduced amino
acid sequence of NtACO1 with the human
IRP-1. Colons represent amino acids that are
identical between IRP-1 and NtACO1, plus
signs represent conserved amino acid differ-
ences, and dashes represents gaps introduced to
maximize alignment. The underlined, bolded
amino acids are involved in mRNA binding in
animal IRPs.
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different protein refolding protocols (Schein, 1989). There-
fore, we were unable to test its sensitivity to NO. The low
activity of the recombinant protein could be due to im-
proper expression in E. coli or to the previously described
recalcitrance of plant aconitases to reactivation.

Size heterogeneity occurs among the aconitase family,
with sizes reported ranging from 86 kD for Saccharomyces
cerevisiae to 120 kD for the Bacillus subtilis aconitase (De
Bellis et al., 1993). Based on the sequence of the cytosolic
aconitase, the predicted molecular mass is 98 kD; however,
SDS-PAGE analysis shows an apparent size of approxi-
mately 108 kD for tobacco aconitase partially purified from
leaves (Fig. 2). The anomalous migration of tobacco acon-
itase in SDS-PAGE was probably not due to glycosylation,
because the E. coli-expressed recombinant protein also
gives a larger than predicted size by SDS-PAGE.

Expression of Aconitase mRNA

Expression of the tobacco aconitase gene was first exam-
ined by northern-blot analysis using the NtACO1 cDNA as
a probe. Expression was not readily detected by northern
analysis, suggesting that the cytosolic aconitase mRNA
was present in low abundance (data not shown). Previous
studies have shown that the aconitase mRNA is of low
abundance in Arabidopsis (Peyret et al., 1995). Steady-state
levels of aconitase mRNA are also low in animals, leading
to the use of RT-PCR for mRNA analyses (Gosiewska et al.,
1996). Therefore, RT-PCR with primers based on the
NtACO1 sequence was used to examine aconitase expres-
sion in various tobacco tissues and in response to NO
treatment, as shown in Figure 5.

Expression of NtACO1 was higher in flowers (lane 2)
than in leaves (lane 1), as was also reported in Arabidopsis
(Peyret et al., 1995). Furthermore, expression in tobacco
flowers was not restricted to a specific floral part, as
NtACO1 levels were high in the various flower tissues
examined, including petals (lane 4), anthers (lane 5), and
ovaries (lane 6). In addition, mature flowers seemed to
have slightly higher levels than those found in buds (lane
3). Expression of NtACO1 did not change in leaves infil-
trated with recombinant NOS (Fig. 5, lane 7) or after treat-

ment for 3 to 24 h with various NO donors (SIN-1, SNAP,
and GSNO; data not shown). Thus, NO does not appear to
induce NtACO1. TMV infection, SA, or H2O2 treatment also
did not induce NtACO1 expression (data not shown).

DISCUSSION

For over a decade, NO has been known to function as an
important signal molecule in animals; however, its role in
plants is less well defined. Recently, NO was implicated as
a signal for a variety of plant processes, including leaf
expansion (Leshem, 1996) and root growth (Gouvea et al.,
1997). In addition, NO signaling appears to be involved in
activating defense responses to pathogens in potato, soy-
bean, Arabidopsis, and tobacco (Noritake et al., 1996; Delle-
donne et al., 1998; Durner et al., 1998). As a step toward
elucidating the mode(s) of NO action in plants, we sought
to identify NO targets or effectors in tobacco. In this paper
we demonstrate that aconitase is a NO target in tobacco
and discuss possible ramifications of this inhibition.

Given the recent demonstration of NO synthesis during
plant defense responses (Delledonne et al., 1998; Durner
et al., 1998), the effect of NO on aconitase, a key NO and
redox sensor in animals, is of considerable interest. To-
bacco aconitases, like their mammalian counterparts, are
inhibited by NO. Two different NO donors, SIN-1 and
NOC-9, inhibited tobacco aconitase activity in vitro (Fig. 3).
For example, a 15-min treatment with 1 mm NOC-9 caused
a complete inhibition of partially purified aconitase activ-
ity. Aconitase was also extremely sensitive to H2O2, with 25
mm H2O2 inhibiting over 70% of activity (Fig. 3C). These
results suggest that conditions leading to elevated levels of
NO or other ROS will inactivate aconitase in tobacco.

ROS production during plant-pathogen interactions is
well established and is believed to have important roles in
activating various defense responses, including the hyper-
sensitive response (HR), cell wall strengthening, and sys-
temic acquired resistance (Mehdy et al., 1996; Alvarez and
Lamb, 1997; Doke, 1997; Van Camp et al., 1998). Since both
NO and other ROS are generated during defense responses
to TMV and other pathogens, it is highly likely that acon-
itase is inactivated in cells undergoing an HR. Aconitase
inactivation, in addition to disturbing mitochondrial en-
ergy metabolism, should result in elevated citrate concen-
trations. Increased citrate levels may serve as a defense
strategy, since citrate is known to induce alternative oxi-
dase (Vanlerberghe and McIntosh, 1996), which is impli-
cated in resistance to TMV and other viruses (Chivasa and
Carr, 1998; Murphy et al., 1999).

The inhibition of aconitase by NO may alter iron ho-
meostasis in tobacco. NO would increase free iron levels if
the NO-inactivated tobacco aconitase can act as an IRP. In
animals, NO activation of the IRP results in elevated intra-
cellular iron levels due to reduced translation of proteins
that utilize or sequester iron (aminolevulinic acid synthase
and ferritin, respectively) and increased stability of the
mRNA for the transferrin receptor, which imports iron into
the cell (Hentze and Kuhn, 1996). While the tobacco acon-
itase has not yet been shown to be a functional IRP, free
iron levels may still increase due to the destruction of the

Figure 5. RT-PCR analysis of aconitase gene expression. Levels of
NtACO-1 and b-tubulin mRNA were measured by RT-PCR. cDNA
prepared from total RNA by RT was amplified and the RT-PCR
products electrophoresed in a 1.75% agarose gel. Gels were stained
with ethidium bromide and photographed. b-Tubulin was used as a
constitutively expressed control for each RT-PCR reaction. Lane 1,
Leaf cDNA; lane 2, mature flower cDNA; lane 3, flower bud cDNA;
lane 4, petal cDNA; lane 5, anther cDNA; lane 6, ovary cDNA; lane
7, cDNA from leaves treated 16 h with recombinant rat neuronal
NOS plus cofactors and substrate; lane 8, cDNA from leaves treated
with only NOS cofactors and substrate.
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aconitase iron-sulfur cluster by NO and other ROS (Stam-
ler, 1994; Rouault and Klausner, 1996). An increase in free
iron could have a defensive function in tobacco following
pathogen attack. Much of the oxidative damage in biolog-
ical systems is mediated via iron through the Fenton reac-
tion, in which H2O2 reacts with iron (Fe21) to yield the
highly reactive hydroxy radical (Liochev, 1996; Rouault
and Klausner, 1997). Interestingly, elevated levels of free
iron resulting from destruction of the iron-sulfur clusters of
aconitase and other dehydratases by NO or other ROS have
been implicated in lipid peroxidation and DNA damage
(Keyer and Imlay, 1996; Liochev and Fridovich, 1997).
Thus, NO and other ROS could contribute to HR cell death
in TMV-infected tobacco leaves by elevating free iron lev-
els, by destabilizing iron-sulfur clusters, and/or perhaps
by converting the tobacco cytoplasmic aconitase into a
functional IRP. The presence of ROS plus elevated iron in
cells undergoing a HR would likely create a killing envi-
ronment for both host and pathogen. Additionally, while
aconitase may be the most labile NO mitochondrial target,
NO and other ROS can destroy the iron-sulfur clusters of
other mitochondrial enzymes, which further increases lev-
els of free iron (Kroncke et al., 1997).

As a first step to address whether tobacco contains a
cytosolic isoform of aconitase that can be converted into an
IRP in the presence of NO, a cDNA encoding a putative
cytosolic aconitase was isolated. This cDNA, named
NtACO1, has over 90% identity with a pumpkin cytosolic
aconitase at the amino acid level (Hayashi et al., 1995). In
addition, NtACO1 shares 76% amino acid sequence simi-
larity with the human IRP-1 (Fig. 4). Moreover, NtACO1
contains the amino acid residues known to be important
for mRNA binding by IRP-1. Thus, this protein may have
the capacity to act as an mRNA-binding protein. However,
preliminary attempts to detect IRP activity in plants have
not been successful (Rothenberger et al., 1990; Hentze and
Kuhn, 1996) and ferritin regulation may be different be-
tween plants and animals (Lescure et al., 1991). Bacteria
were thought to not contain IRPs. However, the recent
discovery that the B. subtilis aconitase binds rabbit ferritin
IRE and IRE-like sequences in the B. subtilis operons that
encode the major cytochrome oxidase and iron uptake
system shows IRP activity is even more widespread than
previously thought. This suggests that the tobacco cytoso-
lic aconitase may also be an IRP. While plant aconitase has
not yet been shown to influence gene expression by func-
tioning as an mRNA-binding protein, aconitase has been
demonstrated to influence gene expression in a plant-
pathogen interaction. Wilson et al. (1998) showed that the
Xanthomonas campestris rpfA gene, which regulates the pro-
duction of pathogenicity factors, is an aconitase.

Using RT-PCR, the expression of NtACO1 was moni-
tored in various tissues, as well as in response to TMV
infection or NO, SA, or H2O2 treatment. Aconitase mRNA
was found to be expressed at a higher level in flowers than
in leaves, as has been observed in Arabidopsis (Peyret et
al., 1995). Aconitase mRNA expression was not induced by
NO (Fig. 5), SA, or H2O2, a result consistent with the
regulation of aconitase in animals, in which aconitase ac-
tivity is primarily regulated post-translationally (Tang et

al., 1992; Henderson and Kuhn, 1995). In this post-
translational regulation, the iron-sulfur cluster is turned
over much faster than the protein itself, thus enabling
aconitase to serve as an iron sensor in which the cluster
may be reassembled when sufficient iron and sulfur are
present (Rouault and Klausner, 1997).

Similarities between NO signaling in plants and animals
include increased production of NO during infection and
possible roles for cGMP and cADP Rib as NO second
messengers during defense responses (Delledonne et al.,
1998; Durner et al., 1998). Furthermore, increases in NO
levels are associated with viral disease resistance in both
plants and animals (Durner et al., 1998; Reiss and Komatsu,
1998). NO is a major mediator of the vertebrate innate
immune response with which plant defense mechanisms
have substantial parallels. Similarities include the involve-
ment of heterotrimeric G-proteins, phospholipases, NO
generation, NADPH oxidase activation, and the synergism
of NO and other ROS to kill pathogens. In addition, pos-
sible plant homologs of several animal proteins involved in
disease resistance signaling pathways have been identified.
For example, Arabidopsis NPR1 and the tobacco N gene
have homology to the animal IkB product and Drosophila
Toll and mammalian interleukin-1 receptor, respectively
(Low and Dwyer, 1994; Baker et al., 1997; Cao, et al., 1997;
Ryals et al., 1997; Yang et al., 1997; Scheel, 1998). The
discovery that NO inhibits aconitase, suggests a variety of
mechanisms through which NO might mediate disease
resistance or other physiological processes. Thus, evidence
continues to accumulate suggesting that NO may be a key
signal molecule in plants and that NO signaling in plant
defense responses has extensive parallels with animal NO
signaling.
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