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The maize (Zea mays) rf2a and rf2b genes both encode homotetrameric aldehyde dehydrogenases (ALDHs). The RF2A protein
was shown previously to accumulate in the mitochondria. In vitro import experiments and ALDH assays on mitochondrial
extracts from rf2a mutant plants established that the RF2B protein also accumulates in the mitochondria. RNA gel-blot
analyses and immunohistolocation experiments revealed that these two proteins have only partially redundant expression
patterns in organs and cell types. For example, RF2A, but not RF2B, accumulates to high levels in the tapetal cells of anthers.
Kinetic analyses established that RF2A and RF2B have quite different substrate specificities; although RF2A can oxidize a
broad range of aldehydes, including aliphatic aldehydes and aromatic aldehydes, RF2B can oxidize only short-chain
aliphatic aldehydes. These two enzymes also have different pH optima and responses to changes in substrate concentration.
In addition, RF2A, but not RF2B or any other natural ALDHSs, exhibits positive cooperativity. These functional specializa-
tions may explain why many species have two mitochondrial ALDHs. This study provides data that serve as a basis for
identifying the physiological pathway by which the 7f2a gene participates in normal anther development and the restoration
of Texas cytoplasm-based male sterility. For example, the observations that Texas cytoplasm anthers do not accumulate
elevated levels of reactive oxygen species or lipid peroxidation and the kinetic features of RF2A make it unlikely that rf2a

restores fertility by preventing premature programmed cell death.

Aldehyde dehydrogenases (ALDHs) oxidize alde-
hydes to the corresponding carboxylic acid and si-
multaneously reduce NAD" and/or NADP". Over
300 ALDH genes have been identified from mam-
mals, insects, bacteria, yeast, and plants (Sophos et
al., 2001). The nomenclature of the ALDH super gene
family was recently revised taking into account the
evolutionary distances among the proteins encoded
by these genes (Sophos et al., 2001). Family 1 ALDHs
include the original Class 1 ALDHs, which are tar-
geted to the cytosol. Family 2 consists of the Class 2
ALDHs, which are targeted to the mitochondria. In
mammals and yeast, at least one role of Family 1 and
2 ALDHs is the detoxification of ethanol-derived ac-
etaldehyde (Wang et al., 1998). Family 3 ALDHs of
mammals are involved in the detoxification of alde-
hydes that form during lipid peroxidation (Lindahl
and Petersen, 1991). Some of the Family 3 ALDHs
are, in addition, expressed in tumors (Satomichi et
al., 2000), where they are thought to be involved in
antitumor drug resistance (Sladek, 1988). Other roles
of ALDHs include vitamin A biosynthesis (Hind et
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al., 2002) and amino acid metabolism (Davies, 1959;
Styrvold et al., 1986; Ferrandez et al., 1997). In bac-
teria, ALDHs are, in addition, involved in the metab-
olism of rare sugars (Boronat et al., 1983). In insects,
ALDHs are involved in both the detoxification of
aldehydes and the biosynthesis of pheromones
(Morse and Meighen, 1984).

Although ALDHs of many species have been well
characterized (Perozich et al., 1999), until recently
little research had been performed on plant ALDHs.
This began to change after it was established that the
maize (Zea mays) rf2a gene encodes a mitochondrial
ALDH that accumulates in the mitochondrial matrix
(Cui et al., 1996; Liu et al., 2001). The rf2a gene, which
was previously designated #f2, was originally de-
fined by its ability, in conjunction with another nu-
clear gene, rfl, to restore fertility to Texas cytoplas-
mic male sterility (cmsT) maize lines (for review, see
Laughnan and Gabay-Laughnan, 1983). Cytoplasmic
male sterility (cms) has been observed in over 140
plant species (Schnable and Wise, 1998) and is an
important agricultural trait used to facilitate the pro-
duction of hybrid seed. Recently, it has been estab-
lished that #f2a is involved not only in restoring male
fertility to cmsT plants, but also plays an important
role in anther development in plants that carry nor-
mal cytoplasm. Specifically, the anthers in the lower
florets of normal cytoplasm plants that are homozy-
gous for mutants in 7f2a undergo developmental ar-
rest (Liu et al., 2001).

The identification of these important developmen-
tal roles for an ALDH has stimulated additional re-
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search on this relatively poorly studied class of plant
enzymes. Since the time when rf2a was cloned, many
additional plant ALDH genes have been cloned. For
example, two ALDH genes have been isolated from
tobacco (Nicotiana tabacum; op den Camp and Kuhle-
meier, 1997), three from Arabidopsis (Skibbe et al.,
2002), three from rice (Oryza sativa; Nakazono et al.,
2000; Li et al., 2000), two from sorghum (Sorghum
bicolor; GenBank accession nos. ABO084897 and
AB084898), and one from barley (Hordeum vulgare;
Meguro et al., 2001). In addition, three additional
ALDH genes have been cloned from maize (Skibbe et
al., 2002).

Like all other plant species characterized to date,
the maize genome contains two mtALDH genes, rf2a
and 7f2b, which encode proteins termed RF2A and
RE2B (or according to the nomenclature of Sophos et
al. [2001], ALDH2B1 and ALDH2B6). The RF2B pro-
tein exhibits 78.7% amino acid identity and 83.4%
similarity with RF2A (Skibbe et al., 2002). To date,
only very limited kinetic analyses have been con-
ducted on plant mtALDHs and those that have been
reported were performed using only partially puri-
fied protein preparations (Davies, 1959; Asker and
Davies, 1985). Therefore, these studies could not dis-
tinguish the specific characteristics of the distinct
mtALDHs. To understand the specific physiological
roles of these enzymes, it is necessary to separately
characterize the kinetic properties of the two
mtALDHs from a single species.

In tobacco, ALDH-dependent ethanolic fermenta-
tion occurs during pollen development and growing
pollen tubes even under aerobic conditions (Tadege
and Kuhlemeier, 1997; Mellema et al., 2002). This
pathway is thought to provide additional energy for
pollen development and pollen tube growth. It has
been established previously that both RF2A and
RF2B can oxidize acetaldehyde (Liu et al., 2001;
Skibbe et al., 2002). Although these findings are con-
sistent with a role for RF2A in ethanolic fermenta-
tion, T cytoplasm-induced male sterility is associated
with the premature degeneration of the tapetal layer
of anthers. Although the accumulation of RF2A is
enhanced in tapetal cells (Liu et al., 2001), it is not
known whether ethanolic fermentation occurs in
these cells. Of further concern is the observation that
mammalian and yeast mtALDHs can oxidize a broad
range of aldehydes. The identification of the specific
pathway in which the rf2a-encoded mtALDH func-
tions during fertility restoration and anther develop-
ment will be complicated if, like mammalian and
yeast mtALDHs, maize mtALDHs are capable of ox-
idizing many aldehydes.

In this study, the kinetic properties of purified
recombinant RF2A and RF2B were determined and
compared. These analyses reveal that the two maize
mtALDH have very different substrate preferences
and other kinetic properties, thereby suggesting that
they have functionally distinct physiological roles.
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RESULTS
RF2A and RF2B Accumulate in Mitochondria

The algorithm pSORT (http://psort.nibb.ac.jp/;
Nakai and Kanehisa, 1992) predicted that RF2A (pre-
viously designated RF2) contains the mitochondrial
targeting motif QRFST (amino acid index numbers
48-52, GenBank accession no. U43082). It has been
established recently that the RF2A protein accumu-
lates in the mitochondrial matrix (Liu et al., 2001). To
determine the cleavage site of RF2A’s mitochondrial
targeting sequence, the N-terminal sequence of the
mature RF2A protein was determined. RF2A was
partially purified via immunoprecipitation from mi-
tochondria isolated from etiolated seedlings of the N
cytoplasm version of the inbred line Ky21. The par-
tially purified protein was subjected to SDS-PAGE
and then transferred to a polyvinylidene difluoride
(PVDF) membrane. The protein band was excised
and subjected to N-terminal sequencing. This analy-
sis revealed that the cleavage site is between Phe-50
and Ser-51 (data not shown), which indicates that
Arg-49 is located at the —2 position and Ser-51 at the
+1 position. This result is in agreement with the
predicted cleavage motif R — x*[A/S] — [T/S] (where
an asterisk indicates the cleavage site; Sjoling and
Glaser, 1998).

The algorithm pSORT predicted that the RF2B pro-
tein is also targeted to the mitochondria. Its predicted
mitochondrial-targeting sequence is HRFST (amino
acid index numbers 46-50, GenBank accession no.
AF348417), which fits both the R-2 and R-3 models of
Sjoling and Glaser (1998). To determine whether the
RF2B protein is targeted to the mitochondria, RF2B
protein was labeled with **S-Met via in vitro tran-
scription and translation. The labeled protein was
then incubated with freshly isolated maize mitochon-
dria. The mitochondria were purified again after the
in vitro import procedure and incubated with pro-
teinase K in the presence or absence of Triton X-100
and/or valinomycin. After these incubations, the
proteins extracted from the mitochondrial prepara-
tions were analyzed via SDS-PAGE.

After incubation of RF2B protein with mitochon-
dria, a novel protein that is smaller than RF2B accu-
mulates (Fig. 1). Proteins that are attached to the ex-
terior of mitochondria, but that have not been
imported, are susceptible to proteinase K digestion in
the absence of Triton X-100. Although the RF2B pre-
cursor protein is susceptible to proteinase K digestion,
in the absence of Triton X-100 the novel protein is
resistant to proteinase K digestion (but susceptible in
the presence of Triton X-100). This demonstrates that
the novel protein is contained within the mitochon-
dria. Valinomycin (a K" ionophore) disrupts mem-
brane potential and, therefore, prevents protein im-
port because import is potential dependent (Winning
et al., 1995). Figure 1 demonstrated that very little of
the novel protein accumulates in valinomycin-treated
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Figure 1. In vitro import of RF2B precursor protein into mitochon-
dria. S**-Met labeled RF2B protein was incubated with purified
maize mitochondria, proteinase K, Triton X-100, and/or valinomycin
as indicated, subjected to SDS-PAGE, and exposed to x-ray film. p,
Precursor RF2B; m, cleaved mitochondrial form of RF2B.

—m

mitochondria. The minor accumulation of the novel
protein is presumably the result of incomplete inhi-
bition of import by valinomycin, a finding that has
been observed previously (see Rudhe et al., 2002). In
combination, these results indicate that a cleaved
version of RF2B (i.e. the mature form of RF2B) is
imported into mitochondria in vitro (Fig. 1). Hence,
these results demonstrate that maize mitochondria
contain two ALDHs, i.e. RF2A and RF2B.

Further evidence that the RF2B protein accumu-
lates in mitochondria was obtained via immunoblot
analyses. Maize mitochondria were isolated from eti-
olated seedlings of N cytoplasm Ky21 and similar
near-isogenic seedlings that were homozygous for
1f2a-m8122. Proteins from these mitochondrial prep-
arations were subjected to immunoblot analysis with
polyclonal anti-RF2A antibodies, which recognize
RF2A and RF2B proteins equally well (Fig. 2A). A
cross-reacting protein of the same M, was detected in
both genotypes (Fig. 2B). However, much less of this
protein was present in the mitochondrial extract from
the mutant seedlings. Because the rf2a-m8122 mutant
contains a Mul transposon insertion in exon 9, plants
homozygous for this mutant do not accumulate rf2a
transcripts (Cui et al., 1996). Hence, the cross-reacting
protein detected in mitochondria from the mutant
plants cannot be derived from rf2a. Similar results
were also obtained from rf22-m8904 mutants (data
not shown), which do not accumulate detectable lev-
els of rf2a transcripts (Fig. 2C). Because the RF2A
antibodies recognize both RF2A and RF2B recombi-
nant protein expressed in Escherichia coli (Fig. 2A),
these results provide further support for the mito-
chondrial localization of RF2B.

Expression of RF2A and RF2B

All studied plant genomes contain two genes that
encode mtALDHs. One explanation for this apparent
redundancy could be that these two mtALDH genes
are differentially regulated. To determine whether
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this is true for rf2a and rf2b, the expression patterns of
these genes were examined via RNA gel blotting.
Both rf2a and rf2b transcripts accumulate in seedling
leaves, seedling roots, silks, husks, ears, and tassels
(Fig. 3). However, only rf2a transcripts accumulate to
detectable levels in adult leaves (Fig. 3).

To examine the accumulation of the RF2A and
RF2B proteins, 5-d-old etiolated seedling shoots and
root tips were fixed and embedded in LR White resin.
Cross sections of shoots and longitudinal sections of
root tips were incubated with affinity-purified anti-
RF2A IgG and then incubated with gold-labeled sec-
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Figure 2. Accumulation of RF2A and RF2B in mitochondria. A, RF2A
antibodies recognize both recombinant RF2A and RF2B. Purified
recombinant RF2A (left spot) and RF2B (right spot) proteins (0.25 ug)
were spotted on nitrocellulose membranes and allowed to react with
RF2A antibodies (a) or stained with Coomassie Blue (b). B, Mitochon-
drial extracts were subjected to SDS-PAGE and then transferred to
nitrocellulose membrane. The membrane was sequentially incubated
with rabbit anti-RF2A IgG, alkaline phosphate-conjugated goat anti-
rabbit IgG monoclonal antibody, and nitroblue tetrazolium/5-bromo-
4-chloro-3-indolyl phosphate solutions. Each lane contains 150 mg
of total mitochondrial protein. A duplicate Coomassie Blue-stained
polyacrylamide gel is shown below as a loading control. C, Accu-
mulation of rf2a transcripts in rf2a-m8904 mutant plants as analyzed
by RT-PCR. a-Tubulin serves as a control.
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Figure 3. RNA gel-blot analyses of rf2a and rf2b transcripts. A, rf2a;
B, rf2b. Unless otherwise indicated, all RNA was extracted from the
inbred line Ky21. Each lane contained 15 pg of RNA. RNA gel blots
were hybridized with *2P-labeled rf2a- and rf2b-specific probes,
respectively. Ethidium bromide-stained rRNAs are shown below as
loading controls.

ondary antibody. The gold signal was enhanced by
silver salt.

These immunolocalization analyses were con-
ducted on N cytoplasm Ky21 and a near-isogenic
version of Ky21 that is homozygous for rf2a-m8904.
Because the RF2A antibodies can recognize both
RF2A and RF2B (Fig. 2), the signal detected in Ky21
is the sum of RF2A and RF2B accumulation. Because
the rf2a-m8904 mutant contains a Dsl transposon
insertion in exon 1 downstream of the translation
start codon, plants homozygous for this mutant do
not accumulate detectable levels of rf2a transcript
(Cui et al., 1996) or RF2A (Liu et al., 2001). Hence, the
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signal detected in plants homozygous for rf2a-m8904
reflects the accumulation of only RF2B.

The signal detected in Ky21 seedling shoots is
present mainly in photosynthetic cells, including the
bundle sheath cells and mesophyll cells (Fig. 4A).
Little signal was detected in epidermal cells and very
little, if any, signal was detected in the coleoptile
(data not shown), or vascular bundle cells (Fig. 4A).
Less signal, but with a similar distribution, was de-
tected in the rf2a-m8904 shoots (Fig. 4B).

In the root tip, the signal was highest in the root
cap, including all the root cap cells; very little signal
was found in the meristem or elongation zone (Fig.
4C). In the rf2a-m8904 root tips, the signal derived
from RF2B was found only in young root cap cells,
i.e. those closest to the calyptrogen cells, which gen-
erate all root cap cells (Fig. 4D). As in Ky21, no signal
was detected in cells within the meristem or the
elongation zone.

Expression and Purification of Recombinant
RF2A and RF2B

The rf2a and rf2b cDNAs were cloned into the
expression vector pET17b and expressed in E. coli
(Liu et al., 2001; Skibbe et al., 2002). E. coli-expressed
RF2A was purified using cellulose DE52 anion-
exchange chromatography, Sephadex G-50 gel filtra-
tion, and hydroxyapatite and NAD-agarose affinity
columns (see “Materials and Methods” for details).
The RF2B protein was purified using cellulose DE52
anion-exchange chromatography, Sephadex G-50,
and hydroxyapatite and Blue-Cibracon GF-3A col-
umns (“Materials and Methods”). After the final step
in each purification procedure, only a single major
band was visible on a Coomassie Blue-stained SDS
gel (Fig. 5). The purification schemes of both en-
zymes are shown in Table I. RF2A was purified about
40-fold and RF2B about 60-fold. Purified recombi-
nant RF2A and RF2B proteins can be stored in —20°C
in 25% (v/v) glycerol for at least 15 months without
apparent loss of activity.

After the elution of RF2A and RF2B from the cel-
lulose DE52 column, the pooled ALDH-containing
fractions were desalted using Sephadex G-50 before
loading the hydroxyapatite column. This desalting
step often caused a loss of ALDH activity, perhaps as
a consequence of the low ionic strength (20 mm) of
the buffer. Regardless of the cause, the addition of
10% (v/v) glycerol significantly stabilized the ALDH
activity, although the specific activity still decreased
somewhat during this step (Table I).

Biochemical Characterization of RF2A and RF2B

As determined via Sephacryl S-300 chromatogra-
phy (“Materials and Methods”), the molecular
masses of RF2A and RF2B are 214 and 200 kD, re-
spectively. As discussed above, the mitochondrial
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targeting sequence of RF2A is cleaved between resi-
dues Ser-50 and Thr-51 and the targeting sequence of
RF2B is predicted to be cleaved between Ser-47 and
Thr-48. Using these cleavage sites and the pl/Mw
program (http://ca.expasy.org/tools/pi_tool.html),
the molecular masses of single subunits of RF2A and
RF2B are estimated to be 54.2 and 54.0 kD, respec-
tively. These results demonstrate that both RF2A and
RF2B exist as homotetramers, as is true for the
mtALDHs of mammals (Hart and Dickinson, 1977)
and yeast (Tamaki et al., 1978). It is not possible to
exclude the possibility that RF2A and RF2B form
heterotetramers in vivo.

Under normal physiological conditions, the pH of
the mitochondrial matrix is usually greater than 8.0,
but it undergoes changes in response to various en-
vironmental conditions (Salvador et al., 2001). To
determine whether RF2A and RF2B exhibit ALDH
activity at these physiological conditions, the effects
of changes in pH on the ALDH activities of both
proteins were investigated. A series of 0.1 M phos-
phate buffers and pyrophosphate buffers were used
to provide the desired pH conditions. The pH optima
for RF2A and RE2B are 9.0 and 7.5, respectively (Fig.
6A). At pH 8.0, the activity of RF2B was near its
maximal value; in contrast, RF2A exhibited only
about one-half of its maximal activity at this pH.

The activity of many enzymes increases in propor-
tion to substrate concentration until the enzyme is
saturated with substrate, at which point activity pla-
teaus. ALDHSs, on the other hand, often exhibit a
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Figure 4. Immunolocalization of RF2A and
. BS RF2B proteins. A, Cross section of shoot from a
¥ 5-d-old Ky21 seedling that is homozygous for
~ VB the RF2A-Ky21 and RF2B-Ky21 alleles. B, Cross
: section of shoot from a 5-d-old seedling that is
homozygous for rf2a-m8904 and RF2B-Ky21 al-
lele, and that is nearly isogenic with Ky21. C,
Longitudinal section of the root tip from a 5-d-
old Ky21 seedling. D, Longitudinal section of
root tip from a 5-d-old seedling with the same
genotype as B. All sections were incubated with
affinity-purified rabbit anti-RF2A antibodies, fol-
lowed by gold-labeled goat anti-rabbit IgG an-
tibodies and silver enhancement and viewed
B under a light microscope using phase contrast.
EP, Epidermis; MP, mesophyll cells; BS, bundle
sheath cells; VS, vascular tissue; PP, peripheral
cells; MS, root meristem; CA, calyptrogen cells;

CO, columella cells.

phenomenon termed substrate inhibition (Sidhu and
Blair, 1975). When substrate concentration increases
beyond a certain level, ALDH activity typically de-
creases. To investigate whether RF2A and RF2B are
subject to substrate inhibition, RF2A and RF2B activ-
ities were tested with a series of acetaldehyde con-
centrations. Although both proteins exhibit substrate
inhibition, RF2A is inhibited at lower aldehyde con-
centrations and exhibits more inhibition than does
RF2B (Fig. 6B). RF2A and RF2B began to exhibit
substrate inhibition when the concentrations of acet-
aldehyde reached 180 um and 18 mm, respectively.

Typical mtALDHSs exhibit esterase activity in vitro
(Weiner et al., 1976). Esterase (E.C. 3.1.1.1) catalyzes
the conversion of carboxylic esters into the corre-
sponding alcohols and carboxylic anions. To investi-
gate whether this is also true for RF2A and RF2B, an
esterase assay was conducted on purified recombi-
nant RF2A and RF2B. Both RF2A and RF2B exhibited
esterase activity against 4-nitrophenyl acetate, with
similar catalytic rates (Fig. 6C).

Mammalian mtALDHSs are inhibited by disulfiram
(Lam et al., 1997), the active component in some
drugs used to treat alcoholism. To determine
whether RF2A and RF2B are similarly inhibited by
disulfiram, each enzyme was incubated with 0.5 mm
disulfiram at room temperature for 15 min before
conducting ALDH assays. Acetaldehyde (17.9 um)
was used as substrate. As shown in Figure 6D, dis-
ulfiram inhibited RF2B activity nearly 90%. In con-
trast, disulfiram inhibited RF2A activity by only
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Figure 5. Purification of recombinant RF2A and RF2B from E. coli. A,
RF2A; B, RF2B. For both A and B, pooled ALDH-containing fractions
from each step were subjected to SDS-PAGE and stained with Coo-
massie Blue R-250. SF, Soluble fractions of extracts from E. coli that
carry pMAP11 or pRB17; DE52, ALDH-containing fractions from
cellulose DE52 columns (Whatman, Clifton, NJ); HAP, ALDH-
containing fractions from hydroxyappitite columns; NA, ALDH-
containing fractions from NAD-agarose columns; G50, ALDH frac-
tions from Sephadex G50 columns; BC, ALDH-containing fractions
from Blue-Cibracon GF-3A affinity columns.

about 20%. Hence, RF2B is substantially more sus-
ceptible to disulfiram inhibition than is RF2A.
While conducting kinetic analyses, it was found that
RF2A exhibits positive cooperativity toward some al-
dehydes (Fig. 6E); RF2B does not. Positive cooperativ-
ity occurs when a protein has multiple substrate-
binding sites and the binding of one molecule of
substrate causes conformation changes in the enzyme

that favor the binding of additional substrate mole-
cules. The degree of cooperativity is expressed as the
Hill coefficient. RF2A has Hill coefficients around 3 for
saturated aliphatic and some aromatic aldehydes (Ta-
ble II). Although mtALDHs and cALDHs from mam-
mals and yeast are also homotetramers, we are not
aware of any previous reports that these enzymes
exhibit cooperativity. Hence, to our knowledge, RF2A
appears to be the first natural ALDH reported to ex-
hibit positive cooperativity.

Kinetic Analyses of RF2A and RF2B

An analysis of RF2A’s substrate specificity has the
potential to help to identify the specific biochemical
pathway in which it functions during fertility resto-
ration and normal anther development. Comparisons
of the substrate specificities of RFE2A and RF2B might
help define why all studied plant genomes contain
two mtALDH genes. Toward these ends, purified
recombinant RF2A and RF2B proteins were subjected
to kinetic analyses. The results are shown in Table II.
The ratio of K, to K, can be used to estimate an
enzyme’s overall specificity and affinity toward a par-
ticular potential substrate. The majority of the tested
aldehydes can serve as substrates for RF2A. Most
saturated aliphatic aldehydes (i.e. acetaldehyde, pro-
pionaldehyde, butyraldehyde, valeraldhyde, hexanal,
heptaldehyde, octanal, and nonanal), aromatic alde-
hydes (i.e. benzaldehyde and some of its derivatives,
such as 4-nitrobenzaldehyde, anisaldehyde, cinnama-
Idehyde, and o-nitrocinnamaldehyde) and other alde-
hydes (acrolein, chloroacetaldehyde, glycolaldehyde,
and indole-3-acetaldehyde) have K s in the low mi-
cromolar range and K_,s in the range of 10 to 100 per
second. In contrast, relatively few aldehydes serve
as substrates for RF2B; substrates are limited to the
short-chain aliphatic aldehydes acetaldehyde, pro-
pionaldehyde, and butyraldehyde. Based on the ra-
tio of K to K,,, the best substrate for RF2A is
acetaldehyde; the next best substrates are propi-
onaldehyde, o-nitrocinnamaldehyde, butyralde-
hyde, 4-nitrobenzaldehyde, and m-anisaldehyde.

Table 1. Purification of recombinant RF2A and RF2B

One unit of enzyme activity (U) is expressed as 1 wmol of NADH min~". Specific activity is expressed as unit activity mg protein™'. Purification
fold is expressed as increased specific activity normalized by specific activity from the soluble extract. The data presented represent one typical

experiment.
Soluble Fraction DE52 G50 HAP NAD-Agarose BC
RF2A
Total protein (mg) 202 90.0 66.2 5.70 0.700 —
Total activity (U X 10°) 29.0 25.7 12.2 6.70 3.66 -
Specific activity (U mg™") 144 285 184 1,180 5,230 -
Purification fold - 2.2 1.4 8.2 36 -
RF2B
Total protein (mg) 334 20.8 15.0 5.2 - 0.41
Total activity (U X 10?) 102 53.6 38.1 26.7 - 7.46
Specific activity (U mg™") 306 2,580 2,540 5,140 - 18,200
Purification fold - 8.4 8.3 17 - 60
1662 Plant Physiol. Vol. 130, 2002
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Figure 6. Biochemical characterizations of RF2A and RF2B. A, pH
optima. pH 6.0 to 8.0 buffer was 0.1 M sodium phosphate; pH 8.5 to
9.5 buffer was 0.1 m tetrasodium pyrophosphate; pH 10.0 buffer was
sodium bicarbonate-carbonate. B, Substrate inhibition. For both RF2A
and RF2B, assays were conducted in 0.1 M tetrasodium pyrophosphate
buffer, pH 8.5. C, Esterase activity. Assays were conducted in 50 mm
sodium phosphate buffer (pH 7.4); 125 um phenylacetate was used as
substrate. The control is the assay mixture without enzyme. D, Disul-
firam inhibition. RF2A and RF2B were incubated with (+DSF) or
without (—=DSF) 0.5 mm disulfiram for 15 min before ALDH assay. E,
Positive cooperativity of RF2A. All assays were conducted at room
temperature and used 18 um acetaldehyde, 2 ug of RF2A, or 1 ug of
RF2B unless otherwise indicated.

Plant Physiol. Vol. 130, 2002

Functional Specialization of Maize Aldehyde Dehydrogenases

Excluding trans-2-nonenal, indole-3-carboxyalde-
hyde, and 2-naphthaldehyde, 9-cis-retinal and all-
trans-retinal, which RF2A cannot oxidize, its five
worst substrates are trans-2-hexenal, formaldehyde,
decylaldehyde, pyruvic aldehyde, and citral.

Increased cellular levels of reactive oxygen species
(ROS) can lead to lipid peroxidation (for review, see
Comporti, 1989) and the accumulation of short- to
medium-chain saturated aldehydes and «,B-unsatur-
ated aldehydes. The abilities of RF2A and RF2B to
oxidize three «,B-unsaturated aldehydes (trans-2-
hexenal, trans-2-nonenal, and 4-HNE) that are associ-
ated with lipid peroxidation were tested. RF2A can
oxidize trans-2-hexenal, with a K, of 56 um, but a K_,;
of only 5.2 s7! (5% of the K., of its best substrate,
acetaldehyde); for 4-HNE, the K, is 1.1 um and the
Ko is 4.3 57! (4% of the K, of acetaldehyde). Because
of its low K., RF2A’s K, to K, ratio for 4-HNE is only
1.2. RF2A does not oxidize trans-2-nonenal; the addi-
tion of a hydroxyl group at fourth position (4-HNE)
apparently changes the affinity of the aldehyde to
RF2A dramatically. RF2B cannot oxidize any of the
tested «,B-unsaturated aldehydes that are associated
with lipid peroxidation.

Overall, RF2A has a broad substrate spectrum,
whereas RF2B functions on a rather limited group of
aldehydes, i.e. aliphatic aldehydes with chain lengths
shorter than five carbons. No significant RF2B activ-
ity was detected toward aliphatic aldehydes with
chain lengths greater than six carbons, any of the
aromatic aldehydes, or other aldehydes listed in Ta-
ble II.

A number of ALDHs can use both NAD" and
NADP™" as coenzymes. RF2A and RF2B both use only
NAD™. The Ks for NAD" with RF2A and RF2B are
0.19 and 0.04 mm, respectively. No activity was de-
tected for either enzyme when NADP™" was used as
coenzyme (data not shown).

Levels of ROS and Lipid Peroxidation in N and T
Cytoplasm Anthers

cms in sunflower (Helianthus annuus) is associated
with programmed cell death (Balk and Leaver, 2001).
Programmed cell death is associated with increased
levels of ROS and subsequent lipid peroxidation (for
review, see Gamaley and Klyubin, 1999; Jabs, 1999).
To determine whether sterility in T-cytoplasm maize
occurs via a similar process, the levels of ROS and
lipid peroxidation were measured in maize anthers.

The levels of ROS were compared between anthers
from N and T cytoplasm plants that were homozy-
gous for 1f2a-m8904. ROS levels were detected by
staining anthers with an ROS-specific fluorescent
dye 2,7-dichlorofluorescin 3,6-diacetate (DCFDA).
DCFDA per se does not fluoresce, but this probe can
be diffused into cells and endogenous esterases con-
vert it into 2,7-dichlorofluorescin, which can be ox-
idized by cellular hydrogen peroxide and hydroxyl
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Table Il. Kinetic analyses of RF2A and RF2B

ALDH activities of purified recombinant RF2A and RF2B proteins were assayed with a series of substrate concentrations for each aldehyde to
determine the K, and K_,,. Data represent averages from at least three experiments.

Hill

Kw? Kea L Keat/ K
Substrate Substrate Structure ' Coefficient
RF2A RF2B RF2A RF2B RF2A RF2A RF2B
UM s!
Saturated aliphatic aldehydes
Formaldehyde =0 110 = 20 540 = 90 4.3 +*0.3 15 =1 NCP 0.39 0.03
Acetaldehyde ~z° 2.4 +0.7 6.6 0.8 100 %3 100 £27 2.8*+0.6 43 23
Propionaldehyde 20 3.5+05 54+07 72%x13 130x15 3.1 =x0.7 21 25
Butyraldehyde ~~2P 3.1 0.6 2.6 0.5 46 = 3 120£21 3.1 03 18 43
Valeraldehyde /\/\40 1.5 *+0.3 Trace® 95 +2 —d 32+0.7 6.2 -
Hexanal NP 2.0x0.2 - 11 x2 - 3.7*+0.2 5.6 -
Heptaldehyde P N 4.6 £1.0 - 30£2 - 21*x09 6.5 -
Octanal SO 73+1.0 - 23 =3 - 3901 3.0 -
Nonanal /\/\/\/\%o 9.5*+2.0 - 193 - 3.0+x15 2.0 -
Decylaldehyde \/\/\/\/\70 15+ 0.4 - 14 =1 - 3.9+02 0.92 -
Aromatic aldehydes o
Benzaldehyde Q_// 3.4+ 0.9 - 30+3 - 1.8+08 88 -
0 o
4-Nitrobenzaldehyde N* 7 7.4 %20 - 10 +2 - 3.1+£03 14 -
. (0]
p-Anisaldehyde O_@J 0.9 + 0.1 - 1.8+ 0.1 - NC 6.5 -
/
m-Anisaldehyde O\/ 2.1+ 0.03 - 5.9+ 1 - NC 14 -
~o .0
Trans-cinnamaldehyde ©\/\/ 3.5+03 - 31 £3 - NC 8.8 -
A~°
o ‘0. 0
o-Nitrocinnamaldehyde N ? 3.0+ 1.0 - 59 * 6 - NC 19 -
@/\)
Unsaturated aliphatic
Aldehydes
Acrolein (propenal) /\90 13 1 - 36 =3 - NC 2.7 -
trans-2-hexenal \/\/VO 55+7 - 52 +1 - NC 0.10 -
trans-2-nonenal /\/\/WO - - - - NC - -
4-Hydroxy-2-nonenal (4-HNE) OH 1.1 £0.3 - 43 +1 - NC 3.9 -
/\/\)\/\éo - -
Citral Ox 3.0+ 0.9 - 4.6 + 0.6 NC 1.5

Retinal aldehydes
9-cis-retinal

All-trans-retinal | - _ _ _ _ _

(Table continues on facing page.)
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Table Il. (Continued from preceding page.)

Hill
Ky? Kea L Keat Kin
Substrate Substrate Structure ' Coefficient '
RF2A RF2B RF2A RF2B RF2A RF2A RF2B
M s !
Other aldehydes
Chloroacetaldehyde e 11 +1 - 72 +3 - NC 6.5 -
Glycolaldehyde HO/VO 9.6 =2 500 * 130 100 %12 153 =26 NC 11 0.29
Pyruvic aldehyde o 49 +1 - 6.2 +0.3 - NC 1.2 -
’ ! A0

Indole-3-acetaldehyde 50=*1 - 82=*3 - NC 1.7 -

Indole-3-carboxyaldehyde

2-Naphthaldehyde OO
.0

? K., should be “apparent K,,” for those substrates that show positive cooperativity.
¢ Trace, Only trace activity detected with 10 ug of purified enzyme.
concentrations and in the presence of at least 10 ug of purified enzyme.

substrate.

b NC, No cooperativity was observed with aldehyde
9 ALDH activity not detected with various aldehyde

free radicals, thereby generating 2,7-fluorescein. 2,7-
Fluorescein can be detected by excitation at 495 nm
and emission at 525 nm (Royall and Ischiropoulos,
1993). As shown in Figure 7, at the same stage of
development, there is no difference in the amount of
fluorescence observed from anthers of the two geno-
types. This indicates that ROS levels are similar in N
and T cytoplasm anthers. Interestingly, the younger
anthers of both genotypes fluoresce more strongly
than the older anthers, suggesting that anthers accu-
mulate higher levels of ROS at the meiocyte than the
early microspore stage of development.

The levels of lipid peroxidation were measured in
anthers from four nearly congenic maize lines: N
cytoplasm Ky21 plants, and closely related N cyto-
plasm plants homozygous for rf2a-m8904, T cyto-
plasm Ky21 plants, and closely related T cytoplasm
plants homozygous for rf2a-m8904. All but the last of
these lines are male fertile. The lipid peroxidation
assay is based on the detection of malondialdehyde
(MDA), a major product of lipid peroxidation (Ester-
bauer et al., 1991). In the presence of hydrochloric
acid, MDA can react with N-methyl-2-phenylindole
to form a chromogenic compound, which exhibits
maximum Asgs (Botsoglou et al., 1994). As shown in
Table III, there are no significant differences in levels
of MDA among the four genotypes.

ALDH Activity of Native RF2B

Access to an rf2a null mutant rf2a-m8122 makes it
possible to assay the ALDH activity of native RF2B.
As mentioned above, homozygous rf2a-m8122 mu-
tant plants do not accumulate 7f2a transcripts (Cui et
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al., 1996). Therefore, if maize, like all other eukaryotes
analyzed to date, contains only two mtALDHs, any
ALDH activity detected in mitochondria from plants
homozygous for rf2a-m8122 must be derived from
RF2B. The assumption that the maize genome con-
tains only two mtALDH genes (1f2a and rf2b) is con-
sistent with our analyses of extensive public and
private sector maize expressed sequence tag data-
bases (Skibbe et al., 2002; data not shown). Hence, the
difference in the ALDH activities of mitochondrial
extracts from Ky21 plants and near-isogenic plants
that are homozygous for rf2a-m8122 provides an es-
timate of the ALDH activity of RF2B. Estimating
RF2B activity via this approach requires the assump-
tion that RF2B activity is not affected by RF2A
accumulation.

Mitochondria were purified from etiolated seed-
lings and ALDH activities were assayed using glyco-
laldehyde and acetaldehyde as substrates. As shown
in Table II, the K, of glycolaldehyde for RF2B (ap-
proximately 500 um) is substantially higher than that
for RF2A (approximately 10 um). Therefore, and
again assuming that maize has only two mtALDHs,
any glycolaldehyde dehydrogenase activity observed
in mitochondrial extracts at low concentrations of
glycolaldehyde must be derived from RF2A. If RF2B
accumulates in mitochondria, the ratio of mtALDH
activity in mitochondrial extracts from rf2a mutants
and Ky21 should be higher at high glycolaldehyde
concentrations than at low concentrations. This is
because RF2B exhibits ALDH activity only at high
concentrations of glycolaldehyde.

The results of these mtALDH assays are shown in
Table IV. When ALDH assays were conducted with
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Figure 7. Determination of ROS levels in maize anthers. A, Anthers
visualized under fluorescent light; B, the same anthers visualized
under white light. Anthers were dissected from plants homozygous
for rf2a-m8904 but otherwise nearly congenic with the inbred line
Ky21. Anthers above the dashed line were harvested from a T cyto-
plasm plant; anthers below the dashed line were from an N cyto-
plasm plant. The smaller and larger anthers were at the meiocyte and
early microspore stages, respectively. Anthers were stained with
DCFDA. Fluorescence reflects ROS levels. The fluorescence in the
filaments at the base of the anthers reveals the increased levels of
ROS that accumulated following the wounding that occurred when
the anthers were excised from their florets.

20 um glycolaldehyde, the mitochondrial extracts
from rf2a mutant seedlings exhibited only about 27%
of the ALDH activity observed in mitochondrial ex-
tracts from Ky21 plants. However, when the concen-
tration of glycolaldehyde was increased to 4.0 mm,
the rf2a mutant exhibited about 50% of the mtALDH
activity observed in Ky21 extracts. Because RF2A
activity is partially inhibited at 4 mm glycolaldehyde
(Fig. 6B; data not shown), this experiment probably
underestimates the ALDH activity of RF2B. As a
control, this dramatic increase in mtALDH activity
was not observed when increasing concentrations of
acetaldehyde were used as substrate; this is consis-
tent with the finding that the K s of acetaldehyde for
RF2A and RF2B are similar (Table II). Hence, this
experiment demonstrates that mitochondria contain
RF2B-dependent glycolaldehyde dehydrogenase ac-
tivity and that the kinetic assays using recombinant
RF2A and RF2B reflect the kinetic characteristics of
native RF2A and RF2B enzymes.

Structures of RF2A and RF2B

The overall levels of amino acid similarity and iden-
tity between RF2A and RF2B are 83% and 79%, respec-

Table Ill. Lipid peroxidation assay of maize spikelets

MDA concentrations are expressed as uM mg protein~'. Data
represent the averages of two parallel experiments.

Genotype MDA Concentration
(N)Ky21 16.4 = 0.9
(N)rf2a-m8904 158 1.2
(T)Ky21 179 = 2.1
(T)rf2a-m8904 17.0 = 2.6
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Table IV. ALDH assays of maize mitochondrial preparations

Mitochondria were purified from etiolated maize seedlings of the
inbred line Ky21 or homozygous for rf2a-m8122 and ALDH assays
were conducted as described in “Materials and Methods.” The data
represent the average from two parallel experiments; in each exper-
iment, ALDH activity was measured three times for each substrate
concentration. ALDH activity is expressed as umol NADH min mg

protein” .

Substrate

Substrate Concentration Ky21 rf2a-m8122
Glycolaldehyde 20 pum 12 £ 0.1 3.2 *04
4.0 mm 16 £2 7.8 £0.5

Acetaldehyde 18 um 18 = 0.1 6.8 0.8
1.8 mm 17 £ 4 8.1 £ 0.1

tively. To begin to determine which amino acids might
be responsible for the dramatic differences in the
substrate specificities and other kinetic characteristics
of these two enzymes, the leader sequence of RF2A
and putative leader sequence of RF2B were trimmed,
and the mature protein sequences were submitted to
Swiss-model (http://www.expasy.ch/swissmod/
SWISS-MODEL.html; Peitsch et al., 2000) for three-
dimensional structural predictions. Because RF2A and
REF2B have similar predicted three-dimensional struc-
tures (Fig. 8), it appears that relatively subtle differ-
ences are responsible for the differences in substrate
specificities and other kinetic characteristics of these
two mtALDHs.

As a first step toward determining which amino
acid residues might be responsible for these differ-
ences in substrate specificities and other kinetic char-
acteristics, the sequences of RF2A; RF2B; the two
mtALDHs from rice, OsALDH2A (GenBank acces-
sion no. AB030939) and OsALDH2B (GenBank acces-
sion no. AB044537); and the two mtALDHs from
sorghum, SbALDH2a (GenBank accession no.
AB084897) and SbALDH2b (GenBank accession no.
AB084898) were aligned (Fig. 9). According to phy-
logenetic analyses (Fig. 10), OsALDH2B and
SbALDH2B are most closely related to maize RF2A
(GG1) and OsALDH2A and SbALDH2A are most
closely related to maize RF2B (GG2). The clustering
of GG1 and GG2 mtALDHs was supported in 85 of
100 independent bootstrap experiments. The algo-
rithm pSORT (http://psort.nibb.ac.jp; Nakai and
Kanehisa, 1992) detects a putative mitochondrial tar-
geting sequence motif in each of the grass mtALDHs.
For the GG1 mtALDHs (OsALDH2B, SbALDH2B,
and RF2A), this motif is QRFST; for the GG2
mtALDHs (OsALDH2A, SbALDH2A, and RF2B), the
motif is HRFS(T/A). The predicted cleavage site for
both the GG1 and GG2 mtALDHs is after amino acid
position 64 of the consensus sequence shown in Fig-
ure 9 (index no. 64).

Between position 64 and the carboxyl terminus,
there are 15 amino acid residues that are conserved
within GG1 and within GG2, but that differ between
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GGl and GG2. Five of these residues are located
either within the catalytic domain or on the surface of
the substrate-binding pocket. Pro-161/Thr-162
(RF2A/RE2B), Tyr-162/Leu-163, and Asp-395/Gly-
396 are located on the top of the substrate-binding
pocket; Asp-296/Gly-297 is located in one of the
NAD-binding domains, which is also located at the
entrance of the substrate pocket; and Asp-529/Tyr-
530 is located at the bottom of the substrate pocket,
which is only three amino acids away from a Glu
(index no. 535, Fig. 9, equivalent to Glu-476 in bovine
ALDH2; Steinmetz et al., 1997) that may be involved
in binding of a water molecule and facilitating acyl-
enzyme hydrolysis (Steinmetz et al., 1997).

Because they are located within the substrate
pocket, two additional amino acid substitutions be-
tween RF2A and RF2B (Ile-168/Ala-169 and Phe-
340/GIn-341) are potentially functionally important,
even though they are not conserved within GG1 and

Plant Physiol. Vol. 130, 2002
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Figure 8. Predicted three-dimensional struc-
tures of RF2A and RF2B. Structures were pre-
dicted by SWISS-MODEL (Guex and Peitsch,
1997) and cross-eyed stereo images were pre-
pared with MOLMOL software (Koradi et al.,
1996). A, RF2A; B, RF2B. Pro-161/Thr-162, Tyr-
162/Leu-163, Asp-395/Gly-396, Asp-296/Gly-
297, and Asp-529/Tyr-530 substitutions are con-
served between Grass Group 1 (GG1) RF2A/
OsALDH2B/SbALDH2B) and Grass Group 2
(GG2) RF2B/OsADLH2A/SbALDH2A) and are
located around the substrate pockets. Residues
lle-168/Ala-169 and Phe-340/GIn-341 are not
conserved between the two groups but are also
located on the surface of the substrate pocket
and may play roles in defining substrate speci-
ficity. The catalytic Cys (Cys-350/Cys-351) is
shown in both images. GIn-535/GIn-536 is
equivalent to the human (Homo sapiens) “ori-
ental mutation” E487K, which is believed to be
involved in subunit interaction. Val-536/Thr-
537 is the amino acid next to it and this substi-
tution is also conserved between the two groups
of mtALDHs.

GG2 ALDHs. Because the two residues that are
present in RF2A at these positions (Ile-168 and Phe-
340) are bulky and hydrophobic as compared with
the two in RF2B (Ala-169 and GIn-341), they have the
potential to affect substrate specificity.

DISCUSSION
The Physiological Functions of RF2A

Since the discovery that the nuclear restorer gene
rf2a encodes a mtALDH (Cui et al., 1996; Liu et al.,
2001), efforts have been focused on identifying its
physiological role in restoration of fertility to cmsT
maize and in normal anther development. We have
hypothesized previously that RF2A’s specific role in
fertility restoration may involve a-oxidation, protect-
ing plants from the damaging effects of lipid peroxi-
dation, indole-3-acetic acid (IAA) biosynthesis, or
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Figure 9. Amino acid alignment of grass mtALDHs. The mitochon-
drial motifs predicted by pSORT (http://psort.nibb.ac.jp/) are boxed.
Black triangles indicate the five conserved amino acid substitutions
between GG1 and GG2 mtALDHs that are located around the sub-
strate pockets as shown in Figure 8; white triangles indicate other
conserved amino acid substitutions between GG1 and GG2. The
catalytic Cys and Glu are indicated by black diamonds. lle-168/Ala-
169 and Phe-340/GIn-341 are indicated by white diamonds. Sb,
Sorghum; Os, rice.

ethanolic metabolism (Cui et al., 1996; Liu et al,,
2001). The kinetic analyses reported here provide a
means to begin to evaluate these hypotheses.

a-Oxidation

a-Oxidation of fatty acids generates a fatty alde-
hyde intermediate that must be oxidized by an
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ALDH. Although RF2A can oxidize aldehydes with
chain lengths of up to 10 carbons, its K, to K, ratio
decreases as aldehyde chain lengths increase (Table
II). The K., to K., ratio for decyl aldehyde is only
0.92, making it one of the worst substrates for RF2A.
In addition, a-oxidation occurs in peroxisome
(Jansen et al., 2001), whereas RF2A is located in mi-
tochondria. Therefore, it is unlikely that RF2A plays
a significant role in a-oxidation.

Lipid Peroxidation

Male sterility is associated with programmed cell
death in sunflower (Balk and Leaver, 2001), a process
that is associated with oxidative stress and subse-
quent lipid peroxidation (for review, see Gamaley
and Klyubin, 1999; Jabs, 1999). It has been suggested
by us (Liu et al., 2001) and others (Moller, 2001) that
RF2A might be involved in the detoxification of al-
dehydes generated by lipid peroxidation after the
formation of ROS. This study revealed that RF2A is
not an efficient enzyme for detoxifying the «,f-
unsaturated aldehydes generated by lipid peroxida-
tion. Although RF2A is able oxidize three- to nine-
carbon aliphatic aldehydes that can be produced
during lipid peroxidation, its efficiency decreases as
carbon chain lengths increase (Table II). Given these
kinetic data and our findings that the levels of ROS
and lipid peroxidation are not higher in T cytoplasm
than N cytoplasm anthers, it is unlikely that RF2A
restores fertility to cmsT maize by oxidizing the
products of lipid peroxidation.

IAA Biosynthesis

Because an ALDH from mung bean (Vigna radiata)
seedlings can oxidize indole-3-acetaldehyde into IAA
(Wightman and Cohen, 1968), it had been suggested
that plant ALDHs may be involved in IAA biosyn-
thesis (Marumo, 1986). There is, however, to date no
evidence to either support or refute this physiological
role for rf2a.

IAA can be synthesized from Trp, generating an
indole-3-acetaldehyde intermediate, which can then
be oxidized to form IAA (Normanly et al., 1995; Basse
et al.,, 1996, Kawaguchi and Syono, 1996; Seo et al.,
1998). The enzyme that catalyzes this oxidation has
not yet been identified. Because RF2A has a K, of 5.0
uM for indole-3-acetaldehyde, it is possible that RF2A
could be involved in the production of IAA. However,
because RF2A’s K, for indole-3-acetaldehyde is low
(8.2 57"), this would only occur in those cells in which
RF2A accumulates to high levels.

Acetaldehyde

Another role that has been hypothesized for RF2A
is the oxidation of acetaldehyde to acetate during
ethanolic fermentation (Cui et al., 1996). Over the last
several years, Cris Kuhlemeier’s laboratory (Institute
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Figure 10. Phylogentic tree of plant and mam-
malian Family 1 and Family 2 ALDHs. Sequences
were downloaded from GenBank or the Protein
Data Bank and then aligned with ClustalX
(Thompson et al., 1997); the tree was produced
using the Genebee program (http://www.
genebee.msu.su/services/phtree_reduced.html).
Numbers shown at the branches of the tree are
bootstrap values that indicate the percentage a
particular branch was place at the position in 100
individual bootstrap experiments. The numbers
shown below the frame indicate the proportion of
amino acid changes. Zm, Maize; Sb, sorghum;
Os, rice; Nt, tobacco; At, Arabidopsis; Bt, Bos
taurus; Rn, Rattus norvegicus; Hs, human.
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of Plant Physiology, University of Berne, Switzer-
land) has demonstrated that ethanolic fermentation
occurs during pollen development and pollen germi-
nation (Tadege and Kuhlemeier, 1997; Tadege et al.,
1999). Recently, his laboratory demonstrated that
feeding germinating pollen with labeled ethanol re-
sults in the accumulation of label in CO, and lipids
(Mellema et al., 2002). This is thought to occur via the
serial action of ADH, ALDH, and acetyl-CoA syn-
thase (EC 6.2.1.1). The kinetic analysis of RF2A is
consistent with RF2A having a role in this pathway;
RF2A’s K., for acetaldehyde is 2.4 pum and its K, is
100 s~ '. Hence, its K, to K, ratio is 42, the highest
ratio for all of the tested aldehydes. We conclude that
RF2A can efficiently oxidize acetaldehyde. However,
it is not yet possible to determine whether RF2A’s
acetaldehyde dehydrogenase activity is responsible
for its role in fertility restoration and/or normal an-
ther development.

Interestingly, RF2B oxidizes many fewer aldehydes
than does RF2A and is more specific toward short-
chain aliphatic aldehydes, including acetaldehyde.
The rf2b mRNA accumulates to higher levels in
plants that have been submerged, and these levels
decrease after re-aeration (M. Nakazono, personal
communication, unpublished data). In combination,
these results suggest that RF2B may be primarily
involved in ethanolic fermentation. In contrast, al-
though RF2A can efficiently oxidize acetaldehyde, it
is not induced by submergence (X. Cui and P.S.
Schnable, unpublished data). Hence, it is unlikely
that its major physiological role is resistance to an-
aerobic stress. rf2a mutants do not exhibit elevated
sensitivity to anaerobic stress (X. Cui and P.S.
Schnable, unpublished data). This provides another
example of how RF2A and RF2B have undergone
functional specialization.

RF2A May Function in Multiple Biochemical Pathways

Because most maize lines have never been exposed
to T cytoplasm and yet carry functional alleles, we
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have hypothesized that the RF2A protein has impor-
tant functions other than restoration of cmsT
(Schnable and Wise, 1994). The finding that RF2A is
required for normal anther development in N cyto-
plasm maize established the validity of this hypoth-
esis. Kinetic analyses of RF2A extend this conclusion.
RF2A’s broad substrate spectrum makes it a versatile
enzyme that could potentially affect many cellular
functions. For example, its capacity to oxidize benz-
aldehyde, anisaldehyde, glycolaldehyde, and cinna-
maldehyde suggests that this enzyme could be in-
volved in multiple pathways. Benzaldehyde is a
precursor for some floral aromatic compounds (Du-
dareva and Pichersky, 2000); it is also involved in Phe
metabolism (Nierop-Groot and de Bont, 1999). The
aromatic compound anisaldehyde may be involved
in plant-insect interactions (Teulon et al., 1993; Kubo
and Kinst-Hori, 1998) and redox cycling of hydrogen
peroxide (Guillen and Evans, 1994). Glycolaldehyde
is a product of the degradation of carbohydrates
(Voziyan et al., 2002) and a precursor of the glycolate
pathway (Gambardella and Richardson, 1978); it is
also an effective generator of free radicals (Hofmann
et al.,, 1999). Cinnamaldehyde is involved in lignin
biosynthesis (Kajita et al., 1996). Hence, based on its
kinetic analyses and its expression in a wide variety
of organs and at multiple developmental stages, it is
possible that RF2A is involved in many biochemical
pathways. However, because other enzymes accept
some of these aldehydes as substrates, e.g. aldehyde
oxidase (EC 1.1.1.21; Moriwaki et al., 2001), it is not
yet possible to determine which aldehydes RF2A
oxidizes in vivo.

Why Do Organisms Have Two mtALDHs?

In addition to maize, many other species have two
mtALDH genes, including yeast (Saccharomyces cerevi-
sinze; ALDH2 and ALDH5; Wang et al., 1998), human
(ALDH2 and ALDH1B1), rice (ALDH2a and ALDH2b;
Li etal., 2000), Arabidopsis (ALDH2a and ALDH2b; Li
et al., 2000; Skibbe et al., 2002), and sorghum (ALDH2a
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and ALDH2b; GenBank accession nos. AB084897 and
AB084898). Because this genomic feature is conserved
across taxa, including fungi, mammals, and plants, we
hypothesize that this genomic feature has been main-
tained during evolution by selective pressure. This
raises the question as to why mitochondria need two
ALDHs. Mitochondria have different protein profiles
at different developmental stages and/or in different
organs (Wrutniak-Cabello et al.,, 2001). Hence, it is
possible that the two mtALDHs are differentially ex-
pressed. In adult leaves, rf2a transcripts accumulate to
higher levels than do rf2b transcripts (Fig. 3), and f2b,
but not rf2a, is induced by hypoxia.

However, we were also interested in testing the
hypothesis that the two mtALDHs have different
biochemical functions. To date, complete kinetic
data have not been available for the two mtALDHs
from any single organism. Although the kinetic fea-
tures of the human mtALDH, ALDH2, have been
well described (Greenfield and Pietruszko, 1977;
Klyosov, 1996), kinetic data are not available for the
other human mtALDH, ALDH1B1. In addition, ki-
netic data are not available for any purified plant
mtALDH.

Here, we have reported the kinetic characterization
of the two mtALDHs, RF2A and RF2B, from the
model grass species, maize. RF2A is capable of oxi-
dizing a wide range of aldehydes, whereas RF2B can
oxidize only a few of the tested aldehydes. These two
mtALDHs differ in other respects, such as their pH
optima and their differential inhibition by substrates
and disulfiram. In addition, RF2A, but not RF2B,
exhibits positive cooperativity. These results demon-
strate that the two mtALDHs of maize are likely to
function in different biochemical pathways and un-
der different physiological conditions.

Differential Accumulation of RF2A and RF2B in
Tapetal Cells

Microspore abortion in cmsT maize is preceded by
the premature degeneration of the innermost cell
layer of anthers, the tapetal layer (Warmke and Lee,
1978). Previously, we have shown that RF2A antibod-
ies cross-react with tapetal cells in Ky21 plants (Liu et
al., 2001), a finding that is consistent with RF2A’s role
in complementing T cytoplasm-induced male steril-
ity. In the absence of a mutant, it is not possible to
determine whether a functional rf2b allele is required
for normal anther development. However, data from
the current study in combination with earlier data
establish that RF2B protein does not accumulate to
significant levels in tapetal cells. Previously, Liu et al.
(2001) found that the tapetal cells of anthers that are
homozygous for rf2a-m8904 do not accumulate pro-
tein that reacts with the RF2A antibody. This means
that either the RF2A antibodies do not detect RF2B or
that RF2B does not accumulate in the tapetal cells.
The finding that these antibodies cross-react with
protein in root caps and seedling leaves of plants
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homozygous for rf2a-m8904 establishes that these an-
tibodies detect RF2B. Hence, we conclude that RF2B
does not accumulate to detectable levels in tapetal
cells. This result provides further support that the
two mtALDHs of maize have undergone functional
specialization.

Structural Basis of the Kinetic Properties of
RF2A and RF2B

Although RF2A and RF2B are about 83% similar,
their substrate specificities and other kinetic charac-
teristics are quite different. These differences must be
a consequence of the differences in the sequences, i.e.
the non-conserved amino acids must play important
roles in the fine-tuning of the protein function. Based
on predicted three-dimensional protein structures
and phylogenic analyses, Pro-161/Thr-162, Tyr-162/
Leu-163, Asp-395/Gly-396, Asp-296/Gly-297, and
Asp-529/Tyr-530 may play roles in defining the dif-
fering kinetic properties of RF2A and RF2B. Because
these residues are conserved within, but not between,
the two mtALDHs clades of grasses, GGS1 and GGS2
(Fig. 9), we hypothesize that, like RF2A and RF2B, the
pairs of mtALDHs from other grass species will also
exhibit functional specialization.

MATERIALS AND METHODS
Plant Materials and Genotyping

The N cytoplasm version of the maize (Zea mays) inbred line Ky21 is
homozygous for functional alleles of rf2a (RF2A-Ky21) and rf2b (RF2B-
Ky21). This stock is maintained by self-pollination. The rf2a-m8122 and
rf2a-m8904 alleles were backcrossed into N cytoplasm Ky21 for nine gener-
ations and then self-pollinated. Homogenous lines were established by
self-pollinating homozygous individuals that had been identified via PCR-
based genotyping (see below). The rf2a-m8122 and rf2a-m8904 alleles contain
Mul and Dsl transposon insertions, respectively, in their coding regions.
The Mul is located in exon 9 and the Ds1 in exon 1 downstream from the
initiation codon ATG (Cui et al., 2003).

Three pairs of PCR primers were used for identifying plants that were
homozygous for rf2a-m8122 or rf2a-m8904. The first primer pair, rf2a-4539
(5'-ACA TTG CCA TTA GCC CAG TG-3') and rf2c14 (5'-GTG ATG GGC
TCC TCT ACT G -3'), amplifies 0.8- and 0.45-kb PCR products from
Rf2a-Ky21 and from rf2a-m8904, respectively. This primer pair does not
amplify the rf2a-8122 allele. The second primer pair, rf2cl (5'-GCG TCG
TTG GTG ATC CGT TC-3') and Mu-TIR [5'-AGA GAA GCC AAC GCC
A(AT) C GCC TC(CT) ATT TCG TC-3'] amplifies a 0.5-kb PCR product from
rf2a-m8122 and does not amplify Rf2a-Ky21. The third primer pair, Ds-8904
(5'-GGA TTC GGA AAC AAA TTC GG-3') and rf2a-5UTRR (5'-CAT ATT
TAT CCC GAT CCC CTT GAA-3'), amplifies a 0.7-kb PCR product from
rf2a-m8904 and does not amplify Rf2a-Ky21. All PCR reactions were carried
out for 36 cycles (94°C, 35 s; 58°C, 35 s; and 72°C, 2.5 min).

Immunolocalization

Shoots and root tips from 5-d-old etiolated seedlings were cut into 0.2- to
0.5-cm segments and fixed in 4% (w/v) formaldehyde and 1% (v/v) glu-
taraldehyde in 50 mm PIPES buffer (pH 7.2) at 4°C overnight. These seg-
ments were dehydrated in a series of alcohol solutions (25%, 50%, 70%, 75%,
80%, 85%, 90%, 95%, 100% [twice; v/v], each for 2 h) and then infiltrated
with ethanol:LR White resin (Electron Microscopy Sciences, Fort Washing-
ton, PA) in ratios of 1:3, 1:1, and 3:1 (v/v), and LR White resin (twice) for
12 h each (modified from Parthasarathy, 1994). The embedded sections were
cross-sectioned (shoots) or longitudinal sectioned (root tips) into 1-pum-thick
sections. Sections were then incubated at room temperature for 3 h with
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affinity-purified anti-RF2A IgG (Liu et al., 2001) at 40 pg mL ™' concentra-
tion diluted in Tris-buffered saline (TBS) buffer containing 3% (w/v) bovine
serum albumin, 3% (w/v) nonfat dry milk, and 1% (w/v) goat serum, and
then incubated with 1:50 (v/v) diluted gold-labeled goat anti-rabbit IgG
antibodies (Sigma, St. Louis) at room temperature for 2 h. The slides were
washed with TBS and distilled water several times and then incubated with
silver enhancer solution R-gent (Aurion, Wageningen, The Netherlands) for
20 min.

Purification of Recombinant RF2A and RF2B Proteins

Plasmids pMAP11 and pRB17 that express RF2A and RF2B, respectively,
have been described previously (Liu et al., 2001; Skibbe et al., 2002). Because
the coding regions of the respective cDNAs had been cloned into pET17b,
protein expression, therefore, was under the control of the T, promoter in
Escherichia coli strain BL21(DE3). Cells were cultured at 37°C until the optical
density reached 0.7. Protein expression was then induced by the addition of
1 mMm isopropylthio-B-galactoside and cultured at 30°C for an additional 5 to
6 h. Crude cell extracts were prepared as described previously (Liu et al.,
2001) and loaded onto Whatman cellulose DE52 columns (2.5 X 20 cm),
equilibrated with buffer A, which contained 25 mm HEPES (pH 7.4), 10%
(v/v) glycerol, 1 mm dithiothreitol (DTT), and 1 mm EDTA. Columns were
then washed with six volumes of the same buffer and eluted with 100 mm
NaCl in buffer A. Three-milliliter fractions were collected and assayed for
ALDH activity using 18 um acetaldehyde as substrate as described by Liu et
al. (2001). This assay is specific for recombinant ALDH because E. coli strain
BL21(DE3) does not contain any endogenous acetaldehyde dehydrogenase
activity that can be detected under these conditions (Liu et al., 2001). The
pooled ALDH-containing fractions were passed through a Sephadex G-50
column (1.5 X 90 cm) equilibrated with phosphate-glycerol (PG) buffer (20
mM potassium phosphate buffer [pH 6.8], 10% [v/v] glycerol, and 1 mm
DTT) at a rate of one drop every 20 s. ALDH-containing fractions were
identified and pooled before being loaded onto a hydroxyapatite column
equilibrated with PG buffer having an elevated phosphate concentration (80
mM). The column was washed with six volumes of PG buffer containing 80
mm potassium phosphate; ALDH was eluted with PG buffer containing
160 mMm potassium phosphate. The pooled ALDH was then concentrated to
1 mL using an Ultra-free spin column (molecular weight cutoff 50, Millipore,
Inc., Bedford, MA) and then diluted to 2 mL in phosphate-DTT (PD) buffer
(40 mMm potassium phosphate buffer [pH 6.4] and 1 mm DTT) before being
loaded onto an NAD-agarose column (Sigma) equilibrated with PD buffer.
The column was washed with PD buffer, and ALDH eluted with 0.1 m
potassium phosphate (pH 7.6), 2.5 mm NAD, and 1 mm DTT. Glycerol was
added to a final concentration of 25% (v/v) and the purified protein could
be stored at —20°C for at least 15 months without losing activity.

The procedure used to purify RF2B was similar to that used to purify
RF2A. The cellulose DE52 column was washed with 100 mm NaCl and RF2B
protein was eluted with 130 mm NaCl. The hydroxyapatite column was
washed with 20 mm potassium phosphate buffer (pH 6.8), 10% (v/v) glyc-
erol, and 1 mm DTT, and RF2B was eluted with 50 mm potassium phosphate
buffer (pH 6.8), 10% (w/v) glycerol, and 1 mm DTT. The pooled RF2B-
containing fractions was then passed through a Blue-Cibracon GF-3A (Bio-
Rad, Hercules, CA) column equilibrated with 20 mm potassium phosphate
buffer (pH 6.8), 10% (v/v) glycerol, and 1 mm DTT and eluted with the same
buffer. Glycerol was added to the final preparation to a final concentration
of 25% (v/v).

In Vitro Import of RF2B Protein into Mitochondria

Plasmid pRBL1 was used for in vitro transcription/translation. PRBL1
was derived from pRB73 (Skibbe et al., 2002). Amplification of pRB73 with
PCR primers rb7 (5" TGC TAG CAA CCG TGA GGA GGG C 3') and rbc9 (5
CGG CGG TCT TGA GGA CGA CGG TGT T3') resulted in the removal of
the 5'-untranslated region from the rf2b cDNA. The resulting PCR product
was digested with Nhel and HindIIl, and ligated into Nhel/HindIII-digested
PRB73 to generate pRBL1. The pRBL1 plasmid was linearized with EcoRV
digestion and in vitro transcription/translation was carried out with the
TNT quick transcription/translation kit from Promega (Madison, WI). Mi-
tochondria were isolated from maize N cytoplasm Ky21 etiolated seedlings
and purified via a three-step Percoll gradient centrifugation procedure
(Jackson and Moore, 1979) and immediately used for import experiments.
Import experiments were conducted according to Rudhe et al. (2002). SDS-
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PAGE gels were dried in a frame sandwiched by two pieces of cellulosic
microfiber membranes (BioDesign Gel wrap from BioDesign, Inc., Carmel,
NY) and exposed at —70°C.

Determination of Molecular Masses of RF2A and RF2B

Purified recombinant RF2A and partially purified recombinant RF2B
protein were used for molecular mass determinations on a Sephacryl S-300
column (1.5 X 90 cm) equilibrated with 20 mm sodium phosphate (pH 7.4),
0.1 M sodium chloride, 10% (v/v) glycerol, and 1 mm DTT. Carbonic
anhydrase (29 kD), bovine albumin (66 kD), alcohol dehydrogenase (150
kD), B-amylase (200 kD), apoferritin (443 kD), and thyroglobulin (669 kD)
were used as molecular mass standards (catalog no. MW-GF-1000, Sigma).
Each protein was individually passed through the column at a constant flow
rate of 25 s per drop. Fractions of 1.6 mL were collected. The presence of
molecular mass standards in each fraction was monitored by A,go. RF2A
and RF2B were individually passed through the column. The presence of
RF2A and RF2B in fractions was monitored via an ALDH assay using 18 um
acetaldehyde as substrate. Void volumes (V) and elution volumes (V) of
each protein were measured twice. Molecular masses were estimated via the
semilog plot [Log(Mw) versus V,./V, ] method (Marshall, 1970).

Enzyme Assays

ALDH assays were conducted as described previously (Liu et al., 2001).
Esterase assays were performed according to Sheikh et al. (1997). The
kinetics of RF2A were assayed in 0.1 M tetrasodium pyrophosphate buffer
(pH 9.0) and 1.5 mm NAD™". The kinetics of RF2B was assayed in 0.1 M
sodium phosphate buffer (pH 7.5) and 1.5 mm NAD™. All ALDH assays
were conducted with a SpectroMax Gemini (Molecular Devices, Sunnyvale,
CA) in a 96-well plate using a 300-uL reaction volume. Fluorescence of
NADH was excited at 365 nm and emission at 460 nm was monitored.
Kinetic parameters were calculated using the Enzfit program (Elsevier-
Biosoft, Cambridge, UK). Inhibition of ALDH activity by disulfiram was
measured as described by Lam et al. (1997). Before the ALDH assays were
conducted, the purified RF2A or RF2B proteins were incubated with 0.5 mm
disulfiram at room temperature for 15 min, respectively. The assay mixture
contained 18 um acetaldehyde and 1.5 mm NAD™.

Formaldehyde, acetaldehyde, propionaldehyde, butyraldehyde, benzal-
dehyde, 4-nitrobenzaldehyde, p-anisaldehyde, and m-anisaldehyde were
purchased from ACROS Organics/Fisher Scientific (Pittsburgh); valeralde-
hyde, hexanal, heptylaldehyde, octanal, nonanal, decanal, acrolein, trans-2-
hexenal, trans-2-nonenal, citral, 9-cis-retinal, all-trans-retinal, chloroacetal-
dehyde, pyruvic aldehyde, and indole-3-acetaldehyde were purchased from
Sigma; trans-cinnamaldehyde, o-nitrocinnamaldehyde, 2-naphthaldehyde,
and indole-3-carboxyaldehyde were purchased from Aldrich (Milwaukee,
WI); glycolaldehyde was purchased from ICN Biomedicals, Inc. (Aurora,
OH); and 4-HNE was purchased from Calbiochem (San Diego).

To assay native mtALDH activity, mitochondria were purified from
7-d-old etiolated maize seedlings according to Jackson and Moore (1979).
Mitochondrial pellets were resuspended in 50 mm HEPES (pH 7.4), 10%
(v/v) glycerol, 0.25% (w/v) Triton X-100, 1 mm EDTA, and 1 mm DTT, and
then sonicated using a Fisher Dismembrator (model F60). Disrupted mito-
chondria were centrifuged at 20,000¢ for 20 min and the supernatant used
for ALDH assays. Each assay contained 1.2 mg of protein from the mito-
chondria extract and 1.5 mm NAD™.

N-Terminal Sequencing of RF2A

Mitochondria were isolated from approximately 1 kg of 6-d-old etiolated
seedlings from the N cytoplasm inbred Ky21 as described previously (Liu et
al., 2001). A mitochondrial extract was prepared by sonicating mitochondria
for 2 to 5 min in TBS buffer with 0.1% (w/v) Triton X-100 using a Fisher
Dismembrator (model F60) followed by centrifugation at 12,000 for 20 min.
The supernatant was then incubated with RF2A antisera protein A-agarose
beads at room temperature for 30 min with gentle shaking. The agarose
beads were spun down and washed three times with TBS, followed by a
final wash in 10 mm Tris (pH 8.0). Gly-HCl (0.1 m, pH 2.8) was added to the
beads that were then incubated at room temperature for 5 min. After
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centrifugation at 2,000¢ for 5 min, the supernatant was collected and sub-
jected to 10% (w/v) SDS-PAGE gel electrophoresis. Proteins were then
transferred overnight to a PVDF membrane (Millipore, Inc.) using a Bio-Rad
transfer device at 10 V. The PVDF membrane was stained with 0.05% (w/v)
Coomassie Blue R-250 and destained with 45% (v/v) methanol and 10%
(v/v) acetic acid. That portion of the membrane that contained the approx-
imately 54-kD band was excised and washed with distilled water before
being subjected to Edman degradation N-terminal sequencing at the Iowa
State University Protein Facility (Ames).

RNA Gel Blotting

RNA samples were isolated according to the protocol posted at the
Arabidopsis Functional Genomics Consortium Web site (http://www.
Arabidopsis.org). All samples were collected from N cytoplasm Ky21 plants
unless otherwise indicated. Seedling leaf and root RNAs were isolated from
7-d-old seedlings of N cytoplasm Ky21 or near-isogenic N cytoplasm seed-
lings homozygous for rf2a-m8904; husk, silk, and ear RNAs were isolated
unpollinated ear shoots (approximately 10 cm in length); “young tassel”
RNA was isolated from a tassel (approximately 15 cm in length) that was
still deep in the leaf whorl and contained anthers that had not yet reached
the middle microspore stage; “older tassel” RNA was isolated from a tassel
that had already emerged from the leaf whorl but from which anthers (at the
early microspore to late pollen stages) had not yet exerted. RNAs were
electrophoresed through a formaldehyde-containing denaturing agarose gel
(Sambrook et al., 1989) and then transferred to GeneScreen hybridization
membranes (PerkinElmer, Boston). The rf2a transcripts were detected using
as a probe a PCR product amplified from plasmid prf27311 (Cui et al., 1996)
with primers rf2a5UTRF (5'-GCA CCG GCA GCC ATT ACT TAC T-3') and
rf2GE (5'-TGT ACG AGG GTC CAG AGT TG-3'). The rf2b transcripts were
detected using as a probe a PCR product amplified from plasmid pRB73
(Skibbe et al., 2002) with primers rf2b5UTRF (5'-CTT TGT GGC GGC GAT
GGT CA-3’) and rf2b5SUTRR (5'-CAG CCC TCC TCA CGG TTG C-3').
Hybridizations were conducted at 68°C overnight (Sambrook et al., 1989).

RT-PCR

RNA from Ky21 or rf2a-m8904 mutant plants was used as template for
RT-PCR to amplify transcripts of rf2a (1 ng) or a-tubulin (10 ng). The
primers for rf2a amplification were rf2ac7 (5'-CAA CTC TGG ACC CTC
GTA CA-3') and rf2al3-xq (5'-TAG CAA GAG CAG CAC CAG CAG-3').
The a-tubulin primers TB1 (5'-ATG GCA TCC AGG CTG ATG GT-3') and
TB2 (5'-TAT GGC TCA ACT ACC GAA GT-3") were designed based on the
cDNA sequence provided in GenBank accession number AF249276. RT-PCR
was conducted using the One-Step RT-PCR kit (catalog no. 210212, Qiagen,
Inc., Valencia, CA). First stand cDNA synthesis was conducted at 55°C for
30 min followed by 15 min at 95°C to activate the Tag DNA polymerase. The
PCR reactions were then conducted for 30 cycles; each cycle included 94°C
for 35 s, 58°C for 35 s, and 72°C for 2 min.

Three-Dimensional Protein Modeling

The structures of RF2A and RF2B were predicted by SWISS-MODEL
(Guex and Peitsch, 1997) using known ALDH structures identified by the
program. For both RF2A and RF2B, the templates were Protein Data Bank
numbers 1A4S and 1BPW (cod betaine ALDH), 1A4Z and 1AGS8 (bovine
ALDH2), 1AD3 (rat ALDH3), 1BI9 (rat RALDH), 1BXS (sheep Class 1
ALDH), 1CW3 (human ALDH?2), 1EYY and 1EZ0 (NADP"-dependent
ALDH from Vibrio harveyi), and 1QI1, 1Ql6, 1IEUH, and 1QI1 (NADP*-
dependent ALDH from Streptococcus mutans). Ribbon images were prepared
using MOLMOL software (Koradi et al., 1996).

Assays of Lipid Peroxidation and ROS

Spikelets containing anthers from meiocyte to early microspore stages
were ground in a homogenizing buffer containing 20 mm potassium phos-
phate (pH 7.0), 5 mm butylated hydroxytoluene, and 0.1% (w/v) trichloro-
acetic acid. The homogenate was passed through four layers of cheesecloth
and centrifuged at 4,000 for 5 min. The supernatant was used to assay lipid
peroxidation assay according to the manufacturer’s instructions (catalog no.
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FR12, Oxford Biomedical Research, Oxford, MI). Protein assays were con-
ducted using a Bio-Rad protein assay kit.

Maize anthers from upper florets were dissected and immersed in 0.1 M
potassium phosphate buffer (pH 7.0) containing 50 um DCFDA (ACROS
Organics) at room temperature for 20 min. After being washed three times
in 0.1 m potassium phosphate buffer (pH 7.0), anthers were viewed under a
fluorescence microscope (model SZX-ILLD100, Olympus, Tokyo) with an
excitation wavelength of 488 nm and an emission wavelength of 515 nm.
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