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We isolated two nitrilase genes, ZmNIT1 and ZmNIT2, from maize (Zea mays) that share 75% sequence identity on the amino
acid level. Despite the relatively high homology to Arabidopsis NIT4, ZmNIT2 shows no activity toward p-cyano-alanine,
the substrate of Arabidopsis NIT4, but instead hydrolyzes indole-3-acetonitrile (IAN) to indole-3-acetic acid (IAA). ZmNIT2
converts JAN to IAA at least seven to 20 times more efficiently than AtNIT1/2/3. Quantitative real-time polymerase chain
reaction revealed the gene expression of both nitrilases in maize kernels where high concentrations of IAA are synthesized
tryptophan dependently. Nitrilase protein and endogenous nitrilase activity are present in maize kernels together with the
substrate IAN. These results suggest a role for ZmNIT2 in auxin biosynthesis.

Indole-3-acetic acid (IAA) is the most abundant
natural auxin and was isolated from plants more
than 50 years ago (Luckwill, 1952). Yet, the details of
IAA biosynthesis are not fully understood, probably
because there are parallel pathways that may work
together or could be differentially regulated depen-
dent on organs, developmental stages, or environ-
mental conditions (for review, see Normanly and
Bartel, 1999; Bartel et al., 2001). These pathways
might form a metabolic network and change dynam-
ically to keep auxin homeostasis or to supply IAA for
local demands.

Originally, the amino acid Trp was identified as the
precursor of IAA, and IAA synthesis was suggested
to occur by deamination and decarboxylation of Trp
(for review, see Bandurski et al., 1995). The conver-
sion of Trp to IAA was reported in many systems,
including cell cultures (Michalczuk et al., 1992) and
excised hypocotyls (Ribnicky et al., 1996) of carrot
(Daucus carota), roots and leaves of Arabidopsis
(Mtiller et al., 1998; Miiller and Weiler, 2000a), and in
coleoptile tips (Koshiba et al, 1995) and kernels
(Glawischnig et al., 2000) of maize (Zea mays). Char-
acterization of Trp auxotrophs and stable isotope
labeling experiments led to the postulation of addi-
tional Trp-independent IAA biosynthetic pathways
starting from indole or indole-3-glycerolphosphate in
maize (Wright et al.,, 1991; Ostin et al., 1999) and
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Arabidopsis (Normanly et al., 1993). Now there is
growing evidence that Trp-dependent and Trp-
independent pathways operate in a single plant
(Michalczuk et al., 1992; for review, see Bartel et al.,
2001).

Furthermore, two separate intracellular pools of
Trp were suggested by the fact that exogenously
added Trp can be converted to IAA more readily
than endosgenous Trp (Ra;aparini et al., 1999). By
using [ -15C]Glc and [1,2-*C]acetate as general pre-
cursors and retrobiosynthetic NMR analysis (Bacher
et al., 1999) as the analytical tool, it was found that
only Trp-dependent pathways operate in developing
maize kernels (Glawischnig et al., 2000).

Although details of IAA synthesis from Trp are still
unclear, two major pathways have been postulated
based on the detection of proposed intermediates
and enzymes (for review, see Normanly and Bartel,
1999). The indole-3-pyruvate pathway (Tam and
Normanly, 1998) might be completed by the alde-
hyde oxidase-catalyzed reaction in maize (Sekimoto
et al.,, 1997) and Arabidopsis (Seo et al., 1998). Alter-
natively, indole-3-acetaldoxime, which can be
formed by CYP79B homologs (Hull et al.,, 2000;
Mikkelsen et al., 2000), can be converted in vitro to
indole-3-acetonitrile (IAN; Helminger et al., 1985).

Nitrilases (EC 3.5.5.1) that hydrolyze nitriles (e.g.
IAN) to the corresponding carboxylic acids (as IAA)
received particular interest due to their potential role
in IAA biosynthesis. Nitrilase activity is observed in
the crude extract of some plant families, including
Crucifereae, Gramineae, and Musaceae (Thimann
and Mahadevan, 1964a). In Arabidopsis, four ni-
trilase genes were identified and classified into two
groups following their gene cluster and substrate
specificities (Bartling et al.,, 1992, 1994; Bartel and
Fink, 1994; Hillebrand et al., 1998). AtNIT1, AtNIT2,
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and AtNIT3 are able to convert IAN to IAA. For
AtNIT2 and AtNIT3, a specific role has been sug-
gested for IAA biosynthesis in breaking seed dor-
mancy (Vorwerk et al.,, 2001) and under sulfur-
deficient conditions (Kutz et al., 2002), respectively.
IAN is not a substrate for Arabidopsis NIT4, but this
enzyme shows high activity toward B-cyano-Ala, the
intermediate of cyanide detoxification (Piotrowski et
al., 2001). The Arabidopsis mutant nit1 is insensitive
to exogenously applied IAN but is morphologically
normal (Normanly et al., 1997). Transgenic tobacco
(Nicotiana tabacum) expressing Arabidopsis NIT2
gained sensitivity to IAN (Schmidt et al., 1996). How-
ever, in Arabidopsis, IAN is implicated in the metab-
olism of indole glucosinolates in addition to auxin
biosynthesis (Bak et al., 2001). Therefore, studying
the role of nitrilases in IAA biosynthesis in a plant
species lacking indole glucosinolates, e.g. maize, is
meaningful.

As maize kernels accumulate high amounts of IAA
conjugates (Epstein et al., 1980), they are a suitable
model system for biochemical analysis of IAA bio-
synthesis. In this paper, we report the cloning of two
nitrilase genes, ZmNIT1 and ZmNIT2. ZmNIT2 con-
verts IAN to IAA seven to 20 times more efficiently
than Arabidopsis NIT1, NIT2, and NIT3 (Vorwerk et
al., 2001). The expression of ZmNIT1 and ZmNIT2 in
maize kernels, together with the presence of the sub-
strate IAN, implicates a role for nitrilases in auxin
biosynthesis.

RESULTS

Two genes encoding nitrilases were isolated from
maize, ZmNIT1 (GenBank accession no. AY156979)
and ZmNIT2 (GenBank accession no. AY156978).
ZmNIT1 was mapped (Burr and Burr, 1991) on chro-
mosome 5L (approximately 163) and ZmNIT2 was
located on chromosome 4L (approximately 111).
ZmNIT1 and ZmNIT2 encode 351 and 361 amino acid
residues, respectively. The two amino acid sequences
are 75% identical (Table I). The maize nitrilases show
about 60% amino acid identity to Arabidopsis NIT1,
NIT2, and NIT3, and about 69% identity with AtNIT4
(Table I). Maize nitrilase 2 revealed especially high
degrees of amino acid identity (89.9%) with rice

Table I. Homology of ZmNIT1 and ZmNIT2 to nitrilases from
plants

ZmNIT1 ZmNIT2
%

ZmNIT1 (maize) 75.0
ZmNIT2 75.0
ANIT1 (Arabidopsis) 59.0 59.5
AtNIT2 61.1 62.8
AtNIT3 59.0 60.1
AtNIT4 69.2 69.3
NtNIT4 (tobacco) 71.9 78.1
OsNIT4 (rice) 75.5 89.9
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Figure 1. Real-time PCR quantification of ZmNIT1 and ZmNIT2
transcript levels in kernels 5 weeks after pollination. Experiments
were repeated three times and data are shown as means * sp. The
values indicate the transcript level in femtogram per micrograms of
total RNA. EB, Embryo; ED, endosperm; AP, aleurone/pericarp.

(Oryza sativa) nitrilase (Table I). A cysteine residue
located in the active site (Kobayashi et al., 1993) is
conserved in both maize nitrilases.

Analysis of ZmNIT1 and ZmNIT2 Gene Expression by
Quantitative Real-Time PCR

RNA was extracted from isolated embryo, en-
dosperm, and aleurone/pericarp of maize kernels.
The expression of ZmNIT1 and ZmNIT2 in maize
kernels was quantitatively examined by real-time
PCR of cDNA (Fig. 1). The kernel-specific expression
pattern was similar for ZmNIT1 and ZmNIT2; the
steady-state transcription levels were highest in em-
bryo tissue and increased until 5 weeks after pollina-
tion (data not shown).

To examine the nitrilase protein expression, we
carried out immunoblot analyses with protein ex-
tracts of maize kernels (5 weeks after pollination).
Anti-ZmNIT1 antibodies recognizing both nitrilases
detected strong signals in the aleurone/pericarp lay-
ers and in the embryo, and a weaker signal in the
endosperm (Fig. 2). Such western signals were not
visible in the analysis using preimmune serum. This
pattern of tissue-specific expression was further sup-
ported by immunoblot tests with kernel tissue prints
(data not shown).

ZmNIT1 and ZmNIT2 expression was also deter-
mined in seedlings. In primary root tip 2, 4, and 7 d
after germination, ZmNIT2 transcript levels of 4.0 *
04, 15 = 04, and 9.6 = 0.6 fg ug ' total RNA,
respectively, were detected, whereas ZmNIT1 expres-
sion was very low (0.21 * 0.09, 0.26 = 0.08, and
0.28 * 0.03 fg ug ' total RNA, respectively). As
ZmNIT2 mRNA expression was highest 4 d after
germination, ZmNIT1 and ZmNIT2 expression was
determined at this stage in different tissues of the
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Figure 2. Immunoblot analysis of nitrilase proteins in maize kernels
5 weeks after pollination. Western blots of 80 ug of protein from
each fraction of maize kernels were probed with diluted (1:400)
anti-ZmNIT1 antibodies recognizing both maize nitrilases. ZmNIT2
(30 ng) and Bx1 (30 ng), a Trp synthase a homolog involved in
DIMBOA biosynthesis (Frey et al., 1997) as a negative control, are
indicated. The bar graph represents data of four independent western
blots.
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seedling (Fig. 3). The same expression pattern was
observed in light- and dark-grown seedlings.

Characterization of in Vitro Enzyme Activities and
Substrate Specificities of Heterologously
Expressed Nitrilases

By reverse-phase HPLC, we measured the in vitro
enzyme activity of ZmNIT1 and ZmNIT2 toward
IAN as substrate using bacterial crude extracts con-
taining heterologously expressed nitrilases. ZmNIT2
efficiently converted IAN to IAA (Fig. 4C). In addi-
tion, indole-3-acetamide was formed as a side prod-
uct. ZmNIT1 revealed only little activity (Fig. 4B) that
was not changed in the absence of His-tag (data not
shown). Bacterial crude extract containing only
empty vectors did not convert IAN to IAA (Fig. 4A).

Nitrilase activity was confirmed (Fig. 5A) by the
quantification of ammonia released during the reac-
tion (Vorwerk et al., 2001). This simple method for
ammonia determination (Bolleter et al., 1961; Vor-
werk et al., 2001) made it possible to test nitrilase
activities toward 18 nitrile compounds (Fig. 5A) pre-
viously tested for Arabidopsis nitrilases (Piotrowski
et al,, 2001; Vorwerk et al.,, 2001) or suggested as
substrates for plant nitrilases (Thimann and Ma-
hadevan, 1964b). ZmNIT2 showed high activities to-
ward IAN, 3-phenylpropionitrile, allylcyanide, meth-
ylthioacetonitrile, and 4-phenylbutyronitrile, which
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was hydrolyzed most rapidly. In spite of the high
homology of ZmNIT2 and Arabidopsis NIT4 (Table
I), ZmNIT2 did not show any activity toward
B-cyano-Ala, the substrate that implicated a function
of AtNIT4 in cyanide detoxification (Piotrowski et al.,
2001). ZmNIT1 was hardly active toward the tested
nitrile compounds. To examine the substrate speci-
ficity of ZmNIT2 in more defined conditions, we
carried out in vitro enzyme assays with purified
recombinant enzyme (Fig. 5B) and the substrates ac-
tively converted by the raw extracts. This assay con-
firmed that ZmNIT2 is active toward IAN but is
inactive toward B-cyano-Ala. For ZmNIT2 with IAN,
3-phenylpropionitrile, and 4-phenylbutyronitrile as
substrates, a broad pH optimum with a maximum at
pH 7.5 to pH 8.0 was determined. Similar tempera-
ture dependency of ZmNIT2 activity with an opti-
mum at approximately 40°C was determined with
IAN as well as with 3-phenylpropionitrile. NH,"
formation from 4-phenylbutyronitrile peeked at
25°C. The substrate inhibition by IAN higher than 3
mmM reported in Arabidopsis (Vorwerk et al., 2001)
was not observed with ZmNIT2 (data not shown).

To allow direct comparison with nitrilases from
Arabidopsis (Table II), the kinetic parameters of
ZmNIT2 were determined at 30°C, pH 8.0, and
revealed a K, value of 4.1 mm and V,, of 286 nmol
mg ! protein min~! for IAN (Table II). For 4-pheny-
Ibutyronitrile, ZmNIT2 revealed a higher turnover
rate (Vi = 2,000 nmol mg~ ' min~') but also a
higher Ky, value (13.2 mm).
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Figure 3. Real-time PCR quantification of ZmNITT (white bars) and
ZmNIT2 (black bars) transcript levels in light- or dark-grown seed-
lings 4 d after germination. The values indicate the transcript level in
femtogram per micrograms of total RNA; n = 3. Co, Coleoptile tip;
Me, mesocotyl; Pr, primary root tip.
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Figure 4. HPLC analyses for nitrilase activity toward IAN after 3 h of
incubation. Reaction mixtures (100 ul) consisted of 50 mm potas-
sium phosphate buffer (pH 8.0), 1 mm IAN, and bacterial crude
extract (50 ug protein) containing no nitrilase (A), heterologously
expressed ZmNIT1 (B), or ZmNIT2 (C).
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Figure 5. Nitrilase activities toward diverse nitrile compounds with
bacterial crude extract (50 pg of protein) containing heterologously
expressed nitrilases (A; ZmNIT1[white bars]; ZmNIT2 [black bars]) or
with 2 ug of purified ZmNIT2 (B). Data originate from at least five
measurements and are presented as mean = st. Background values
obtained in the presence of boiled proteins were subtracted from the
measurements. C, Control without substrate; ST, IAN; S2, 3-phenyl-
propionitrile; S3, B-cyano-Ala; S4, 2-cyanopyridine; S5, 3-cyanopy-
ridine; S6, 4-cyanopyridine; S7, allylcyanide; S8, phenylthioacetoni-
trile; S9, methylthioacetonitrile; S10, 3-hydroxypropionitrile; S11,
3-aminopropionitrile; S12, indole-3-carbonitrile; S13, 4-phenylbuty-
ronitrile; S14, 2-chloroacetamide; S15, cyanoacetamide; S16, cyclo-
propanecarbonitrile; S17, benznitrile; S18, propionitrile.

Test of Endogenous Nitrilase Activity with Protein
Extracts from Maize Kernels

Endogenous nitrilase activity converting IAN to
IAA was tested with protein extracts from embryo,
endosperm, and aleurone/pericarp of maize kernels

Table Il. Kinetic parameters of ZmNIT2 with its preferred sub-
strates and of Arabidopsis nitrilases with IAN as substrate (Vorwerk
et al., 2001)

Ky and V., were determined at 30°C, pH 8.0.

Nitrilase Substrate K Vmax
mm nmol mg~" min~'
ZmNIT2 IAN 4.1 286
3-Phenylpropionitrile 43 345
4-Phenylbutyronitrile 13.2 2,000
AtNIT1 IAN 11.1 38
AtNIT2 IAN 7.4 18
AtNIT3 IAN 30.1 15
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(Fig. 6). Nitrilase activity was observed in all the
protein samples. Four weeks after pollination, higher
activities of nitrilase were determined in embryo
(1.62 = 0.45 pmol mg ' protein min', Fig. 6A) and
aleurone/pericarp (1.74 * 0.70 pmol mg ' protein
min~ ', Fig. 6C) than in endosperm (0.77 =+ 0.30 pmol
mg ! protein min ", Fig. 6B). The activity in embryo
increased about 5-fold from the 3rd to the 5th week
after pollination. IAA was also detected in boiled
controls for all the tests, but the level was much
lower than that obtained with active proteins (data
not shown). All of the data were corrected for the
IAA amount observed in the boiled controls that
might be generated by nonspecific conversion of IAN
to IAA (Ilic et al., 1996) or by release from IAA-
protein conjugates (Walz et al., 2002) during boiling.

IAN Is a Natural Compound in Maize Kernels

To evaluate the role of maize nitrilases in the con-
version of IAN to IAA in vivo, we tested whether the
substrate IAN was actually present in maize kernels.
Extracts from subfractions of maize kernels were sub-
jected to gas chromatography (GC)/mass spectrom-
etry (MS), and IAN was identified by retention time,
molecular mass, and typical fragmentation pattern
(Miiller and Weiler, 2000a). IAN was unambiguously
detected in maize kernels, as exemplified for embryo
and aleurone/pericarp fraction 5 weeks after polli-
nation (Fig. 7), and was quantified in the different
kernel fractions 4 and 5 weeks after pollination (Table
III). IAN has also been detected in seedlings (4 d after
germination). Coleoptiles contain approximately 100
pmol g ! fresh weight (16 ng), and primary roots
contain approximately 60 pmol g~' fresh weight (9
ng) (Table III).
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Figure 6. Nitrilase activity converting IAN to IAA with maize protein
extracts from embryo (A), endosperm (B), and aleurone/pericarp (C).
For each test, 40 ug of total protein was included in 250 ulL of
reaction buffer (pH 8.0) containing 1T mm IAN as substrate. Values
show the produced IAA after 3 h determined by fluorescence emis-
sion at 360 nm with excitation at 285 nm in HPLC analysis. Non-
specific conversion was corrected, and data are presented as
means = S, n = 4. As proven by t test, the endogenous activity is
significantly higher in embryo than in endosperm and significantly
increases between weeks 3 and 4.
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Figure 7. Detection of endogenous IAN by GC-MS in methanolic
extracts of embryo and aleurone/pericarp tissue.

DISCUSSION

Two nitrilase genes, ZmNIT1 and ZmNIT2, were
identified in maize. The chromosomal regions where
the maize nitrilases are located are syntenic and
probably result from ancient tetraploidization (Gale
and Devos, 1998). Both genes map relatively close to
the centromere. In kernel, the expression pattern of
ZmNIT1 and ZmNIT?2 is similar (see below). The in
vitro enzyme activity tests revealed only little activ-
ity of ZmNIT1 (Figs. 4 and 5). However, this does not
exclude the possibility that ZmNIT1 is functional in
planta but might require a specific reaction environ-

Table 1Il. GC-MS measurement of IAN concentration in different
maize kernel and seedling tissues (w.a.p., Weeks after pollination;
d.a.g., Days after germination)

Tissue Age IAN concentration
pmol g~ fresh weight

Endosperm 4 w.a.p. 24 + 3
Aleurone/Pericarp 4 w.a.p. 71 =10
Embryo 4 w.a.p. 99°
Endosperm 5 w.a.p. 24 +7
Aleurone/Pericarp 5 w.a.p. 73 £27
Embryo 5 w.a.p. 347 *= 46
Coleoptile 4 dag. 100*
Primary root 4 da.g. 60 * 21°
n=3. n=1. bn=2.

Plant Physiol. Vol. 133, 2003
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ment, e.g. a protein partner to form a complex as
suggested for a putative JAA synthase by Miiller and
Weiler (2000b).

Nitrilase Expression in Maize Kernels

Quantitative real-time PCR (Fig. 1) revealed the
expression of ZmNIT1 and ZmNIT2 in maize kernels
where Trp-dependent auxin biosynthesis prevails
(Glaw1schn1g et al., 2000). The express1on of ZmNIT?2
was higher in embryo (16 = 3 fg Mg ! total mRNA)
than in endosperm (5 * 1 fg ug ") and aleurone/
pericarp (4 = 2 fg ug™ ') 4 weeks after pollination.
However, the nitrilase protein distribution pattern
(Fig. 2) was slightly different from the pattern of
transcript accumulation (Fig. 1). In comparison with
endosperm (51 * 26 ng mg~ ' total protein), a rela-
tively hlgh nitrilase protein concentration was de-
tected in embryo (114 * 14 ng mg ~!) but also in
aleurone/pericarp (143 £ 3 ng mg™ ). Differences in
translation efficiency or protein stability in the dif-
ferent tissues might account for this observation. In
maize endosperm where IAA accumulates (Epstein
et al., 1980), nitrilase expression and enzymatic activ-
ity were lower than those in embryo and aleurone/
pericarp (Figs. 1, 2, and 6). This could indicate that
IAA is synthesized in embryo and aleurone/pericarp
tissue, where nitrilase activity is high, and trans-
ported to the endosperm.

Is ZmNIT2 Involved in IAA Biosynthesis?

ZmNIT2 shows high activity with several sub-
strates in vitro, including IAN (Fig. 5). According to
their kinetic parameters, ZmNIT2 hydrolyzes IAN to
IAA more efficiently than AtNIT1, AtNIT2, and
AtNIT3 (Table II). This property and the fact that
ZmNIT2 is expressed in the maize kernel where the
substrate IAN is present (Figs. 1, 2, and 7) suggest
that ZmNIT2 has the capacity to synthesize IAA in
maize kernels. The Arabidopsis nitrilases, especially
the comparatively highly expressed AtNIT1, could be
involved in indole glucosinolate metabolism in addi-
tion to IAA biosynthesis (for review, see Glawischnig
et al., 2003). This complication is avoided here be-
cause there are no indole glucosinolates present in
maize (Fahey et al., 2001).

As expected for a biosynthetic intermediate, the
concentration of IAN in maize kernels is relatively
low. It ranges from 24 pmol (3.7 ng) ! fresh welght
in endosperm to 347 pmol (54 ng) g~ fresh weight in
embryo, 5 weeks after pollination (Table III), which is
one order of magnitude lower than that reported for
Arabidopsis seedlings (Normanly et al., 1997). In
consequence, ZmNIT?2 has to act efficiently in spite of
its high apparent Ky, value determined in vitro, if
IAN, present only in low overall concentrations, is its
natural substrate. If maize nitrilase is a component of
an IAA-synthase complex as suggested for Arabidop-
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sis (Miiller and Weiler, 2000b), then local concentra-
tion of IAN in the protein complex might be high
enough or the Ky value in the complex might be
much lower. The hypothesized involvement of other
factors in nitrilase action in vivo is supported by low
binding constants of nitrilases partially purified from
plant tissue such as barley (Hordeum vulgare) leaves
(51 um; Thimann and Mahadevan, 1964a) or Chinese
cabbage (Brassica campestris) seedlings (0.52 mw;
Rausch and Hilgenberg, 1980) in comparison with
heterologously expressed nitrilases. Further evidence
comes from the observation that in Arabidopsis seed-
lings, the addition of just 30 um IAN to the growth
medium induces a strong auxin phenotype, which is
significantly reduced if AtNIT1 is mutated (Nor-
manly et al., 1997). This shows that AtNIT1 efficiently
converts IAN to IAA in vivo, despite its high appar-
ent Ky, value of 11.1 mm (Vorwerk et al., 2001).
Jensen and Bandurski (1994) calculated a rate of
IAA biosynthesis in maize kernels of 0.19 1 IAAg™!
h™! for total kernel and 0.0086 ug IAA g~ ' h™! for
isolated endosperm (20-30 d after pollination). It can
be estimated whether the observed nitrilase activity
is sufficient for this biosynthetic rate. Because we
cannot distinguish ZmNIT1 and ZmNIT2 immuno-
logically, the total nitrilase enzyme activity per fresh
weight was calculated from the specific activity (Fig.
6) per total protein. In conclusion, the maize
nitrilases have the potential to synthesize up to 0. 23
pg IAA g7 h™! in total kernel and 0.13 ug IAA g~ !
h™! in endosperm under the assumption that the
substrate IAN is channeled, as suggested above.
ZmNIT2 mRNA was also detected in maize seed-
lings, where it is expressed in coleoptile, mesocotyl,
and primary root (Fig. 3). This expression is not light
inducible. Although ZmNIT2 mRNA is also ex-
pressed 7 d after germination, the amount of nitrilase
protein rapidly decreased with seedling age (data not
shown), indicating that nitrilase expression in seed-
ling is partly regulated at the level of protein expres-
sion or stability. The presence of IAN in seedlings
opens the possibility of a Trp-dependent IAA biosyn-
thetic pathway via IAN in maize seedlings. However,
in contrast to kernels, here, the contribution of Trp-
dependent IAA biosynthesis is questioned (Ostin et
al., 1999). In addition, Jensen and Bandurski (1996)
conclude from incorporation experiments with D,O
that in this tissue, there is no de novo biosynthesis at
all or, alternatively, is very low in comparison with
IAA transport from the kernel. Therefore, the role of
nitrilase in seedlings remains unclear, and alternative
functions for ZmNIT2 have to be considered. There
are no reports on the presence of other nitriles in
maize that could serve as substrates for ZmNIT2,
obscuring unknown biosynthetic or degradative
pathways ZmNIT2 may be involved in addition to
IAA biosynthesis. Therefore, the analysis of knockout
mutants rather than a biochemical approach will be
helpful to evaluate the function of maize nitrilases in
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IAA biosynthesis in vivo. Specific mutants may also
reveal alternative biological functions. As ZmNit1
expression is low in seedlings, the analysis of a
ZmNit2 knockout mutant will give particular insight
in the function of ZmNIT2 in seedlings.

Biosynthetic Origin of IAN in Maize

The enzymes potentially involved in IAN biosyn-
thesis in maize are unknown. CYP79B homologs con-
verting Trp to indole-3-acetaldoxime (IAOx; Hull et
al., 2000; Mikkelsen et al., 2000), a precursor of IAN
in vitro (Helminger et al., 1985), have not been iden-
tified in maize. Alternatively, IAOx could be synthe-
sized by a peroxidase (Ludwig-Miiller and Hilgen-
berg, 1988). The analysis of a potential pathway of
IAOx formation in maize involving a flavin-
dependent monooxygenase (YUCCA; Zhao et al,
2001) remains speculative, as no close homolog of
YUCCA has been identified in maize.

Evolution of Plant Nitrilases

When compared with Arabidopsis nitrilases,
ZmNIT2 shows highest homology to AtNIT4. At-
NIT4 and ZmNIT2 share an identity of 69.3%,
whereas ZmNIT2 and the other Arabidopsis ni-
trilases share an identity of about 60% (Table I). This
observation is in contrast to the substrate specificities
associated with these enzymes. Arabidopsis NIT4 is
not active with IAN as substrate but reveals activity
toward B-cyano-Ala and was therefore suggested to
be involved in cyanide detoxification (Piotrowski et
al., 2001), whereas ZmNIT2 converts IAN to [AA and
shows no activity with B-cyano-Ala (Fig. 5). There-
fore, nitrilase substrate specificities cannot be pre-
dicted on the basis of protein similarity, when en-
zymes from monocots and dicots are compared. In
conclusion, nitrilases of the AtNIT4 subfamily have
been recruited for different metabolic functions dur-
ing evolution.

MATERIALS AND METHODS
Plant Material

Maize (Zea mays) cultivar Landmark (a sweet corn) was grown on a local
field in the vicinity of Munich, and the ears were harvested 2 to 5 weeks
after the pollination. The material was deep frozen and kept at —70°C.

Gene Cloning and Characterization

Total RNA was isolated from kernels (Wessler, 1994) and seedlings.
Expressed sequence tags (ESTs) coding for nitrilases were identified in a
Pioneer Hi-Bred EST database and the sequence was used to amplify spe-
cific probes by PCR, which were used to screen an endosperm (5-25 d after
pollination) cDNA library (maize cv Line C). Two cDNA clones, containing
all of the initial EST sequences, were identified and the corresponding genes
were designated ZmNIT1 and ZmNIT2. The completeness of the ZmNIT1
cDNA was confirmed by RACE (Roche, Indianapolis). The genes were
sequenced and mapped using a recombinant inbred mapping population
(Burr and Burr, 1991).
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Quantification of Nitrilase Transcript by
Real-Time PCR

Real-time PCR primers specific to ZmNIT1 (forward, GACGATGACTAT-
GTGCAGACCTAA; reverse, CAATCTCGTCCAATCCATGTATA) and to
ZmNIT2 (forward, AGCTGCCAAGAGTGATATCGATACTAAG; reverse,
CACAAGGAACATAACTGCGGCC) were designed based on the 3’ se-
quences of ZmNIT1 and ZmNIT2. Q-solution (Qiagen, Valencia, CA) was
included for the PCR of ZmNIT?2 to increase specificity. For real-time PCR,
total RNA was isolated from embryo, endosperm, and aleurone/pericarp of
maize kernels with a RNA purification kit (NucleoSpin RNA Plant; Mach-
erey & Nagel, Diiren, Germany) and 2 ug of the total RNA was reverse
transcribed with a ¢cDNA synthesis kit (Tag-Man; Roche). Quantitative
real-time PCR was carried out using the LightCycler (Roche), and the
increase of PCR product was monitored using Syb®Green. The mRNA level
of ZmNIT1 and ZmNIT2 was automatically calculated based on the stan-
dard curve obtained with the plasmid clones in the same batch of PCR.
pBluescript (Stratagene, La Jolla, CA) transcripts were added to the real-
time PCR as an internal standard, and their amplification levels were
examined.

Heterologous Expression of Nitrilases and Purification

The coding regions of ZmNIT1 and ZmNIT2 were cloned into a pET3a
expression vector containing a 6-His-tag (Novagen, Madison, WI). As the
cDNA sequence of ZmNIT2 coding N terminus was incomplete, the missing
part was introduced from the genomic clone of ZmNIT2. Sequencing of
c¢DNA confirmed the endogenous expression of the 5" sequences. ZmNIT1
and ZmNIT2 proteins were heterologously expressed in Escherichia coli
BL21(DE3).

Bacterial cells were harvested by centrifugation at 8,000 for 8 min,
resuspended in 50 mm potassium buffer (pH 8.0), and treated with ly-
sozyme (1 mg mL™") for 30 min on ice. The resulting lysate was sonicated
three times at 200 W for 10 s and was centrifuged at 10,000¢ for 30 min at
4°C. The supernatant was used for enzyme assay (crude extract).

ZmNIT2 containing a C-terminal 6-His-tag was purified under native
conditions using a Ni-NTA column (Qiagen). ZmNIT1 was purified under
denaturing conditions with 8 M urea. After elution from the Ni-NTA col-
umn, pure ZmNIT1 was obtained by preparative SDS-PAGE (PrepCell;
Bio-Rad, Hercules, CA). Purified enzymes were used for enzyme activity
tests and immunization of rabbits (Eurogentec, Brussels, Belgium).

Western Analyses

Deep-frozen plant materials were ground with mortar and pestles, sus-
pended in extraction buffer (20 mm Tris, 140 mm NaCl, 1 mm EDTA, and 1
mmMm PMSF, pH 7.5), and cleared by centrifugation at 10,000¢ for 30 min. The
crude protein in the supernatant was (NH,),SO, (75%, w/w) precipitated,
redissolved, separated on a 10% (v/v) SDS-PAGE gel, transferred to a
nitrocellulose membrane, and probed with nitrilase-specific antibodies. The
membrane was further incubated with anti-rabbit immunoglobulin G con-
jugated with Cy5 (Amersham Pharmacia Biotech, Piscataway, NJ), and the
signal was detected with a phosphoimager (Storm 860; Amersham Pharma-
cia Biotech) using a red fluorescence filter.

Enzyme Activity Tests with Recombinant
Maize Nitrilases

The nitrilase activity of recombinant ZmNIT1 and ZmNIT2 converting
IAN to IAA in bacterial crude extract was examined by IAA quantification
based on a reverse-phase C,3 HPLC. The reaction mixture (50 mm potassium
phosphate buffer, pH 8.0, 1 mm IAN, and 50 ug of boiled or active proteins,
final volume of 100 nL) was incubated for 3 h at 30°C. Reactions were
stopped by the addition of 10% (v/v) acetic acid, and the mixture was
immediately partitioned three times with 100 uL of ethyl acetate. The
recovered organic phase was evaporated in a speed-vac (H.-Saur, Reutlin-
gen, Germany), and the dried substances were dissolved in 100% (v/v)
methanol and analyzed on a HPLC with a reverse-phase column (LiChro-
CART 125-4, RP-18, 5 um; Merck, West Point, PA). The mobile phase was
delivered at a flow rate of 1 mL min ! with an initial mixture of 25% (v/v)
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methanol in 10% (v/v) acetic acid for 2 min and was followed by a 12-min
linear gradient to 70% (v/v) methanol. The elution profile was monitored
with a photodiode array detector (Detector 158; Beckman Instruments,
Fullerton, CA). The peaks eluted at 9.2, 13.0, and 15.1 min were identified as
indole-3-acetamide, IAA, and IAN, respectively, by comparison with the
standard substances with respect to retention time and UV spectrum.

For determination of substrate specificity and kinetic parameters of re-
combinant ZmNIT1 and ZmNIT2, nitrilase activity was measured by quan-
tification of ammonia produced during the enzyme action using the Ber-
thelot reaction (Bolleter et al., 1961). Reaction mixtures (1 mL) containing 50
g of crude protein sample or 5 ug of purified nitrilases and 5 mm substrates
indicated were incubated for 2 h for the determination of substrate speci-
ficity and for 3 h for the kinetic parameters. A 100-uL-aliquot of the reaction
was subjected to Berthelot reaction following Vorwerk et al. (2001). Kinetic
parameters were determined in the presence of substrates between 0.5 and
5 mM. Agyo was compared with a standard curve obtained with ammonium
sulfate. The data were corrected for nonspecific conversion observed in
boiled control for each substrate.

Detection of Endogenous Nitrilase Activity with Maize
Kernel Extracts

To measure endogenous nitrilase activity, we isolated embryo, en-
dosperm, and aleurone/pericarp extracted in 50 mm potassium phosphate
buffer (pH 8.0, 1 mm DTT) and cleared by centrifugation at 17,500g for 30
min. The supernatant was precipitated with 75% (w/v) ammonium sulfate
and was centrifuged again. The pellet was resuspended with 1 mL of 50 mm
potassium phosphate buffer, pH 8.0, and desalted with a disposable column
(NAP-10; Amersham Pharmacia Biotech). The desalted fraction was used for
enzyme activity test. Reaction mixture (40 ug of protein, 1 mm IAN, and 50
mMm potassium phosphate buffer, pH 8.0, total volume of 250 uL) was
incubated at 30°C in the dark for 3 h. The pH was then adjusted higher than
9.5 with 1 M Na,CO;, and the solution was extracted with 400 uL of ethyl
acetate. The aqueous lower phase was recovered, and the partitioning
procedure was repeated after addition of 200 uL of water. The collected
aqueous phase was acidified and partitioned as described for the test with
recombinant enzymes. The final sample was separated on an HPLC with a
reverse-phase column (LiChroCART 250-4, RP-18, 5 um; Merck). The mo-
bile phase was delivered at a flow rate of 1.2 mL min~' with an initial
mixture of 25% (v/v) methanol in 10% (v/v) acetic acid for 2 min and
followed by a 12-min linear gradient to 70% (w/v) methanol. The elution
was monitored with a fluorescence detector (RF-10Ay;; Shimadzu, Duis-
burg, Germany) at the emission wavelength of 360 nm with excitation at 285
nm. The amount of produced IAA was determined by integration of the
peak area and was corrected for nonspecific conversion.

Identification and Quantification of IAN

One gram of endosperm, embryo, aleurone/pericarp, coleoptile, and
primary root tissue, respectively, was ground in liquid nitrogen and ex-
tracted with 5 mL of methanol for 1 h at room temperature and for 5 min at
60°C. The solvent was removed under reduced pressure and the residue was
extracted in 500 uL of water, 500 uL of MeOH, and 1 mL of CHCl;. The
chloroform fraction was dried and redissolved in 200 pL of 30% (v/v)
MeOH in water, sonicated, and centrifuged for 20 min at 100,000g. The
supernatant was applied to reverse-phase HPLC using a Luna RP-18 column
(250 X 0.4 mm; Phenomenex, Torrance, CA). The column was developed at
a flow rate of 1 mL min~! with a gradient of 10 min isocratic flow at 30%
(v/v) aqueous methanol 0.01% (v/v) trifluoroacetic acid, followed by a
linear gradient up to 100% (v/v) methanol 0.01% (v/v) trifluoroacetic acid
during 10 min. The effluent was monitored photometrically at 280 nm.
During separation, fractions of 1 mL were collected and the retention
volume of TAN (20.5 mL) was determined afterward using 0.5 mM solution.
MeOH was removed from the pooled IAN-containing fractions and the
remaining water phase was extracted with EtOAc. The solvent was removed
under reduced pressure and the residue was redissolved in 10 uL of CHCI,.
One microliter was analyzed by GC-MS, as described in Miiller and Weiler
(2000a).
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