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ARTICLE INFO ABSTRACT
Am'Cl_e history: The potential of plant nitrilases to convert indole-3-acetonitrile into the plant growth hormone indole-3-
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- ’ recognized, this view has changed considerably in the last few years. Recent work on plant nitrilases has
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shown them to be involved in the process of cyanide detoxification, in the catabolism of cyanogenic gly-
cosides and presumably in the catabolism of glucosinolates. All plants possess at least one nitrilase that is
homologous to the nitrilase 4 isoform of Arabidopsis thaliana. The general function of these nitrilases lies
in the process of cyanide detoxification, in which they convert the intermediate detoxification product B-
cyanoalanine into asparagine, aspartic acid and ammonia. Cyanide is a metabolic by-product in biosyn-
thesis of the plant hormone ethylene, but it may also be released from cyanogenic glycosides, which are
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gﬂi(ciﬁsllarilgl;;etshesis present in a large number of plants. In Sorghum bicolor, an additional nitrilase isoform has been identified,
Arabidopsis thaliana which can directly use a catabolic intermediate of the cyanogenic glycoside dhurrin, thus enabling the
Sorghum bicolor plant to metabolize its cyanogenic glycoside without releasing cyanide. In the Brassicaceae, a family of
Zea mays nitrilases has evolved, the members of which are able to hydrolyze catabolic products of glucosinolates,
the predominant secondary metabolites of these plants. Thus, the general theme of nitrilase function in
plants is detoxification and nitrogen recycling, since the valuable nitrogen of the nitrile group is recov-
ered in the useful metabolites asparagine or ammonia. Taken together, a picture emerges in which plant
nitrilases have versatile functions in plant metabolism, whereas their importance for auxin biosynthesis

seems to be minor.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Nitrilases (nitrile aminohydrolases, E.C. 3.5.1.X) are enzymes
T Tel: +49 (0) 234 3224290; fax: +49 (0) 234 3214187, Fhat cata.ilyze the hyd[:Olyth cleava.ge of nitriles (orgam.c cygmdes)
E-mail address: Markus.Piotrowski@ruhr-uni-bochum.de. into their corresponding carboxylic acids and ammonia (Fig. 1A).
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Fig. 1. Nitrile-converting enzymes.

They form a group of homologous enzymes that are widely distrib-
uted in (but not restricted to) bacteria, fungi and plants. Nitrilases
form one branch of a much larger superfamily known as C-N
hydrolases (Bork and Koonin, 1994) or the nitrilase superfamily
(Pace and Brenner, 2001). In the older literature, the term “nitri-
lase” is sometimes also applied to other nitrile-converting en-
zymes, i.e., nitrile hydratases (E.C. 4.2.1.84) and hydroxynitrile
lyases (E.C. 4.1.2.x). Nitrile hydratases are bacterial metallo en-
zymes consisting of o/ subunits that catalyze the conversion of ni-
triles into their corresponding amides (Fig. 1B) (Banerjee et al.,
2002; Kobayashi and Shimizu, 2000). The resulting amides may
then be further hydrolyzed to carboxylic acids by bacterial ami-
dases. Nitrile hydratases are of interest for the industrial biotrans-
formation of nitriles into amides and have been successfully
applied to the production of acrylamide and nicotinamide (Yamada
et al,, 2001). Hydroxynitrile lyases, on the other hand, are involved
in the wound-dependent release of cyanide from cyanogenic glyco-
sides in plants, where they catalyze the cleavage of o-hydroxynitr-
iles to cyanide and an oxo compound (aldehyde or ketone, Fig. 1C)
(Wajant and Effenberger, 1996). They are of different phylogenetic
origins and thus seem to have evolved several times independently
(Purkarthofer et al., 2007). Their common name “oxynitrilase” rep-
resents one of the earliest usages of the term “nitrilase” in the sci-
entific literature (Rosenthaler, 1908).

Nitrilases, nitrile hydratases and hydroxynitrile lyases are not
phylogenetically related to each other. However, nitrilases are clo-
sely related to fungal cyanide hydratases and bacterial cyanide
dihydratases, which convert cyanide to formamide or formic acid
and ammonia, respectively (for review see O'Reilly and Turner
(2003)).

2. History of nitrilase research
2.1. The pre-cloning years

The history of nitrilase research is tightly connected to the plant
growth hormone (auxin) indole-3-acetic acid (IAA). Its beginning
may be dated to 1952, when Jones and colleagues purified
900 mg of a “new” auxin from 500 kg of cabbage and elucidated
its structure as indole-3-acetonitrile (IAN). It had already been

described before that nitrile derivatives of other auxins (e.g.,
1-naphthaleneacetonitrile and phenylacetonitrile) also had auxin
activity, which was explained by a possible conversion of these ni-
triles into their active carboxylic acids within the cell (Steiner,
1948; Zimmerman and Wilcoxon, 1935). Most interestingly, IAN
proved to be 5-10 times more active than the original auxin IAA
in promoting elongation growth of oat (Avena sativa) coleoptiles
(Bentley and Housley, 1952; Thimann, 1953), suggesting that the
effect of IAN was not due to its conversion to IAA. However, IAN
was inactive or only slightly active in a number of different bioas-
says with other plants, in which IAA consistently gave positive re-
sults (Bentley and Bickle, 1952; Jones et al., 1952; Thimann, 1953).
Because of these data, Thimann suggested that conversion of IAN
to IAA is nevertheless the reason for the auxin activity of IAN; thus,
only species that carry out this reaction effectively would be sensi-
tive to IAN. Indeed, he could show that IAN-sensitive oat coleop-
tiles converted IAN into a compound that had auxin activity on
IAN-insensitive pea stems, and he identified this compound as
IAA (Stowe and Thimann, 1954; Thimann, 1953). The higher activ-
ity of IAN on oat coleoptiles in comparison to IAA could be ex-
plained by a 2 to 10 times greater uptake of the more lipophilic
IAN into the coleoptile tissue (Poole and Thimann, 1964). Thimann
continued his experiments using barley (Hordeum vulgare), which,
like oat, had high IAN-hydrolyzing activity. The activity in the bar-
ley extract was soluble, did not require oxygen, could be precipi-
tated with ammonium sulfate or acetone and was destroyed
after boiling the extract (Thimann and Mahadevan, 1958). Thus,
the activity was assigned to a soluble enzyme that catalyzes the
hydrolysis of IAN and was therefore entitled “indolacetonitrilase”.
This was changed to “nitrilase” when it was shown that the barley
enzyme accepted many other nitriles as substrates and quite a few
of them were hydrolyzed with higher velocities than IAN (Mahad-
evan and Thimann, 1964). In a survey with 29 plant species cover-
ing 21 families, IAN-hydrolyzing nitrilase activity was observed in
only 10 plants from the families Brassicaceae, Poaceae and Musa-
ceae (Thimann and Mahadevan, 1964). The first attempts to purify
the barley nitrilase resulted in a moderate, 29-fold enrichment, but
the final preparation was not homogeneous with respect to protein
composition.

Between 1964 and 1992, little work was published on plant
nitrilases. Nitrilase activity was enriched from Chinese cabbage
(28-fold) and swede (Rausch et al., 1981; Rausch and Hilgenberg,
1980). Like the barley nitrilase, both enzyme preparations showed
higher maximum activities with 3-cyanopyridine than with IAN,
while the Ky values for IAN were about 0.5 mM, approx. 10 times
higher than that measured for the barley enzyme. Finally, in 1993,
a 3-phenylpropionitrile-hydrolysing nitrilase was purified to
apparent homogeneity from seedlings of Brassica napus (Bestwick
et al., 1993). The three-step purification procedure required an
enrichment of only 15-fold to obtain a homogenous preparation,
indicating a high concentration of the enzyme in rape seedlings.
However, at that time, nitrilases from bacteria and plants had al-
ready been cloned and expressed as recombinant proteins in Esch-
erichia coli (Bartling et al., 1992; Kobayashi et al., 1992a, 1992b;
Stalker and McBride, 1987), which may be the reason that this en-
zyme was not studied in more detail afterwards.

2.2. Cloning the first nitrilases

Although little progress was made in research on plant nitrilas-
es in the 1970s and 1980s, research on microbial nitrilases pro-
gressed well in that time. Among others, the bacterium Klebsiella
ozaenae was isolated and shown to be able to metabolize the her-
bicide bromoxynil (3,5-dibromo-4-hydroxybenzonitrile) due to the
presence of a specific nitrilase (McBride et al., 1986). The gene for
this nitrilase was located on a plasmid, which could be transferred
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to E. coli resulting in heterologous expression of the enzyme (Stalk-
er and McBride, 1987). The gene locus could be narrowed down to
a DNA fragment of 1.2 kbp, which allowed determination of its
complete coding sequence by DNA sequencing (Stalker et al.,
1988a). Transferring the bromoxynil nitrilase to tobacco conferred
resistance against the herbicide to these plants (Stalker et al.,
1988b) and transgenic, bromoxynil resistant cotton and canola
that express this nitrilase have been produced and used
commercially.

The first plant nitrilase was cloned by Bartling and colleagues in
1992 in an attempt to identify plasma membrane localized pro-
teins from plants. They screened a cDNA expression library of Ara-
bidopsis thaliana with an antibody raised against purified plasma
membranes of this plant. Among a number of clones, one that
showed homology to the published nitrilase sequence from Klebsi-
ella ozaenae was identified, and the encoded protein (nitrilase 1,
NIT1) was shown to have IAN-hydrolyzing nitrilase activity (Bar-
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Fig. 2. Distribution of plant nitrilases within the plant kingdom. A neighbor-joining
phylogenetic analysis was performed with selected sequences of plant nitrilases
covering important taxonomic ranks, nitrilases from plants with published full-
genome sequences and nitrilases that have been functionally characterized.

Table 1
Structure of selected nitrilase genes

tling et al., 1992). Re-screening of the cDNA library with a NIT1
probe led to the identification of a second nitrilase (NIT2) (Bartling
et al., 1994). NIT2 and two additional nitrilases of A. thaliana (NIT3
and NIT4) were at the same time independently identified by Bar-
tel and Fink by screening cDNA and genomic libraries with a NIT1
probe (Bartel and Fink, 1994). Thus, all four nitrilases encoded by
the Arabidopsis genome had been identified. The NIT1, NIT2 and
NIT3 genes were found to be tandemly arranged in the order
NIT2/NIT1/NIT3 on chromosome 3, while NIT4 was found to be
localized on chromosome 5 (Bartel and Fink, 1994; Hillebrand
et al., 1996, 1998). Beyond Arabidopsis, full or partial nitrilase se-
quences were identified shortly afterwards from Chinese cabbage,
Brassica oleracea, tobacco and rice (Bischoff et al., 1995; Chiba et al.,
1999; Grsic et al., 1999; Tsunoda and Yamaguchi, 1995).

3. Phylogeny of plant nitrilases

Thimann and Mahadevan stated in 1964 that “[nitrilase] is not
common in the plant kingdom” because they could detect nitrilase
activity in only 10 of 29 plants tested. However, since they only
tested for enzyme activity in green leaves using the substrate
IAN, they would have missed nitrilases that are expressed in differ-
ent tissues or at different developmental stages and nitrilases that
prefer other substrates over IAN. Rausch and Hilgenberg (1980), for
example, found no nitrilase activity in crude extracts of Chinese
cabbage with IAN as a substrate, but they were successful when
using 3-cyanopyridine. Indeed, IAN is a bad substrate for most
plant nitrilases (see below). Today, with the complete and nearly
complete genome sequences of several plant species at hand and
access to millions of plant EST and cDNA sequences covering a
wide range of additional plant species, it is clear that nitrilases
are ubiquitous in the plant kingdom (Fig. 2). Nitrilase sequences
are known not only from both monocots and dicots of the angio-
sperms and from gymnosperms but also from the moss Physcomit-
rella patens. Thus, possession of nitrilase genes is the ancient state
in higher plants, and they may exist in all land plants. In contrast,
nitrilases seem to be absent from algae. It should be noted that
BLAST searches in several databases reveal hits to sequences from
algae that are annotated as, for example, “nitrilase-like protein” or
“nitrilase-superfamily member”; these are, however, orthologs of
other members of the C-N-hydrolase superfamily, but not
nitrilases.

All plant nitrilase genes known so far consist of five exons with
strictly conserved splice positions and intron phases (Table 1). The
internal exons 2, 3 and 4 are highly conserved in length, while
the flanking exons 1 and 5, encoding the N- and C-termini of the

Length (nt)

Exon 1 Intron 1 Exon 2 Intron 2 Exon 3 Intron 3 Exon 4 Intron 4 Exon 5
AtNIT1 130 92 180 629 294 93 282 86 155
AtNIT2 109 71 180 547 294 92 282 &) 155
AtNIT3 130 95 180 752 294 83 282 104 155
AtNIT4 163 81 180 1030 294 99 282 86 149
LaNIT4A 142 282 180 673 294 103 282 702 152
LaNIT4B 145 267 180 615 294 91 282 765 152
OsNIT4A 147 1018 192 908 294 232 282 149 173
OsNIT4B 148 541 180 571 294 253 282 222 170
PpNIT4 133 134 180 179 294 543 285 186 152
SbNIT4A 160 1140 192 557 294 168 282 135 167
SbNIT4B1 145 932 180 929 294 114 282 456 146
SbNIT4B2 154 1911 180 112 294 143 282 228 179
ZmNIT4A 145 3983 192 549 294 168 282 123 173
ZmNIT4B 145 1640 180 884 294 267 282 121 155

At: Arabidopsis thaliana, La: Lupinus angustifolius, Os: Oryza sativa, Pp: Physcomitrella patens, Sb: Sorghum bicolor, Zm: Zea mays.
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proteins, respectively, are more diverse. Intron size may vary consid-
erably, resulting in genes of 1800-5900 bp in length.

Most plant nitrilases are homologs of NIT4 from A. thaliana
(Fig. 2). Only a few are homologs of Arabidopsis NIT1 (like Arabid-
opsis NIT2 and NIT3), and these have been found only in the family
Brassicaceae so far. The NIT1 ancestor most likely arose from a
duplication of the NIT4 gene early in the phylogeny of the Brassic-
aceae (our unpublished data). Also, an early NIT4 gene duplication
in the Poaceae resulted in two NIT4 paralogs, which are conserved
in all Poaceae species analyzed so far (Jenrich et al., 2007). Both
gene duplications are in all likelihood the result of ancient polyplo-
idization events, which have been described for both families (Pat-
erson et al., 2004; Schranz and Mitchell-Olds, 2006). We also
identified a monophyletic branch of NIT3 sequences nested within
the NIT1 branch, while Arabidopsis NIT2 seems to be a direct par-
alog of Arabidopsis NIT1 (our unpublished data).

Since the NIT1, NIT3 and NIT4 genes are each of monophyletic
origin and the NIT1 and NIT4 enzymes use different substrates
(see below), it is recommended that all plant nitrilases are desig-
nated NIT1, NIT3 or NIT4 depending on their homology rather than
using a simple enumeration in each species. Otherwise, confusion
is bound to happen, exemplified by the confusion of Arabidopsis
NIT2 (which is a NIT1 homolog) with maize NIT2 (which is a
NIT4 homolog) (e.g., D’'Haese et al., 2006).

4. Physiological functions
4.1. Nitrilases in auxin biosynthesis? Yes and no

As outlined above, nitrilase research was initiated by the obser-
vation that IAN, the nitrile derivative of the growth-promoting hor-
mone IAA, was in some instances also active as a growth hormone
(Jones et al., 1952). It is therefore no surprise that the interest in
plant nitrilases was highly focused on whether these enzymes
were able to convert the natural occurring IAN into the auxin
IAA. This interest still persists since auxin biosynthesis is not yet
fully understood (Pollmann et al., 2006; Woodward and Bartel,
2005).

Presently, only two groups of nitrilases that convert IAN to IAA
with significant velocities are known, the NIT1 homologs of the
Brassicaceae and the NIT4A homologs of maize (Zea mays) and sor-
ghum (Sorghum bicolor). Even these enzymes hydrolyze IAN very
slowly (~5 nkat [mg protein]™! or 0.2 s7!) (Ishikawa et al., 2007;
Jenrich et al., 2007; Kriechbaumer et al., 2007; Osswald et al.,
2002; Park et al., 2003), and, more importantly, for each of them,
other natural substrates have been identified that were processed
at least 100 times faster (Jenrich et al., 2007; Vorwerk et al,
2001) (see also below). Nevertheless, this slow hydrolysis of IAN
was still sufficient to produce an auxin-overproduction phenotype
in Arabidopsis plants if IAN was added exogenously (Normanly
et al., 1997; Schmidt et al., 1996). This phenotype was caused by
the activity of NIT1, because nit1 mutants were resistant to the ef-
fects of IAN (Normanly et al., 1997). Also, ectopic expression of the
Arabidopsis nitrilases NIT1, NIT2 and NIT3 in tobacco caused sen-
sitivity of the transgenic plants to IAN, while wild-type plants were
resistant (Dohmoto et al., 2000b, 2000a; Schmidt et al., 1996). On
the other hand, in the absence of exogenous IAN, neither the nit1
mutant nor Arabidopsis plants that overexpress the various NIT
genes showed an auxin-related phenotype, and they also had no
clear differences in the content of endogenous IAN and IAA (Nor-
manly et al.,, 1997). Some changes in the content of free IAA and
IAN were found in a different set of experiments with Arabidopsis
plants that overexpress the 4 NIT genes in sense and antisense, but
these plants also did not show typical phenotypes related to auxin
biosynthesis (Grsic et al., 1998).

Tryptophan
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CYP79B3
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Fig. 3. Possible sources of indole-3-acetonitrile as a precursor for indole-3-acetic
acid in Arabidopsis thaliana. Interrupted arrows indicate multi-step reactions. ESP:
epithiospecifier protein.

Based on the current knowledge, auxin biosynthesis in Arabid-
opsis proceeds partially via the intermediate indole-3-acet-
aldoxime (IAOx), which is also an intermediate in the
biosynthesis of indole glucosinolates and camalexin in this plant
(Fig. 3). It was suggested that IAN is an intermediate in the conver-
sion of IAOx to IAA (reviewed in Ljung et al., 2002; Woodward and
Bartel, 2005). However, the sur2 mutant, which has reduced flux of
[AOx into glucosinolates and increased levels of IAA has rather low-
er than higher levels of IAN (Barlier et al., 2000). Also, sur2/nit1
double mutants still have the sur2 phenotype, arguing against a
role of IAN and nitrilases in IAA biosynthesis from IAOx in A. thali-
ana (Bak et al., 2001). Interestingly, IAOx can be converted to IAN
by the cytochrome P450 monooxygenase 71A13, which is involved
in biosynthesis of the phytoalexin camalexin and the role of IAN as
an intermediate in this pathway has been established (Nafisi et al.,
2007). Expression of camalexin biosynthesis genes is highly in-
duced by pathogens at the infection site but remains very low in
uninfected plants (Glawischnig, 2007); it therefore seems unlikely
that CYP71A13 plays a major role in producing IAN under normal
conditions.

The most likely source of free IAN in Arabidopsis (and other
Brassicaceae species) is the indole glucosinolate glucobrassicin.
Glucobrassicin can be metabolized to IAN, and a positive correla-
tion between glucobrassicin and IAN levels in Arabidopsis has been
reported (Miiller and Weiler, 2000; Reintanz et al., 2001; Zhao
et al,, 2002). Thus, in situations where increased release of IAN
from glucobrassicin occurs, nitrilases may play a role in IAA bio-
synthesis. Such a case was reported for Arabidopsis plants suffer-
ing from sulfur starvation, in which expression of the NIT3 gene
was strongly induced while at the same time glucosinolate levels
dropped (Hirai et al., 2005; Kutz et al., 2002; Nikiforova et al.,
2003). Since glucobrassicin was found to be degraded faster than
the other glucosinolates in roots, a model was devised in which re-
lease of IAN from glucobrassicin and further conversion of IAN to
IAA by the induced NIT3 enzyme stimulates root growth and lat-
eral root formation. This would allow the plant to make new soil
areas accessible (Kutz et al., 2002).

A second example in which IAA biosynthesis from glucobrassi-
cin-derived IAN by nitrilases may play a role is during infection by
Plasmodiophora brassicae. Infection with this pathogen results in
formation of root galls that are dependent on increased levels of
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the two phytohormones cytokinine and IAA. Several publications
supported a model in which IAA biosynthesis in root galls proceeds
via glucobrassicin, IAN and nitrilases (Grsic et al., 1999; Grsic-
Rausch et al., 2000; Ishikawa et al., 2007; Ludwig-Miiller et al.,
1999; Neuhaus et al., 2000; Rausch et al., 1981). However, a recent
report demonstrated that Arabidopsis cyp79b2/b3 mutants, which
are deficient in glucobrassicin and have strongly reduced levels
of IAN (Zhao et al., 2002), are not affected in infection rates and
root gall development (Siemens et al., 2008).

IAN was also identified as an endogenous compound in maize
(Park et al., 2003). Its concentration is an order of magnitude below
the levels found in Arabidopsis, and its biosynthetic origin is un-
known. Coleoptiles of maize react very weakly, if at all, to exoge-
nously applied IAN, but root growth is clearly inhibited by the
same treatment (Kriechbaumer et al., 2007; Thimann, 1953). Maize
plants with a mutated NIT4A gene are less sensitive to IAN, have
delayed root growth shortly after imbibition, and contain signifi-
cantly lower amounts of total IAA in kernels and roots of young
seedlings (75% of wild-type plants). In contrast, mutants of the sec-
ond maize nitrilase, ZmNIT4B, do not differ from the wild-type
(Kriechbaumer et al., 2007). These data suggest that ZmNIT4A is in-
volved in IAA biosynthesis from IAN within the first few days of
germination.

Taken together, nitrilases may contribute to IAA biosynthesis in
some plants under certain conditions, but it has become clear that
they are not key enzymes in IAA biosynthesis. Nitrilase mutants or
nitrilase overexpressors lack severe phenotypes, which would be
expected if auxin biosynthesis is significantly disturbed. In addi-
tion, IAN is a very poor substrate for plant nitrilases; indeed, it
seems that evolution in plants has selected against nitrilases with
“better” IAN-hydrolyzing activity, since the NIT1 homologs in Ara-
bidopsis display high activities with a broad range of different ni-
triles except IAN (see Section 4.4). This makes sense with respect
to the Brassicaceae species, in which IAN levels may exceed levels
of free IAA by several fold (Miiller and Weiler, 2000; Normanly
et al., 1993; Zhao et al., 2002). An exception to this rule is the
NIT4B2 isoform of sorghum, which, as part of a NIT4A/B2 hetero-
complex, shows very high IAN hydrolysis (see Section 4.3). It is un-
known if sorghum contains IAN, but the preferred substrate of this
enzyme complex is 4-hydroxyphenylacetonitrile, which is also the
proposed natural substrate (Jenrich et al., 2007). Interestingly,
maize does contain IAN but has (most likely) lost its NIT4B2 iso-
form, which fits the idea that nitrilases with high IAN-hydrolyzing
activity are counterselected in IAN-containing plants.

4.2. Nitrilases in cyanide detoxification

Conversion of IAN by Arabidopsis NIT4 and other NIT4 homo-
logs in vitro is hardly, if at all, detectable (e.g., Ishikawa et al.,
2007; Piotrowski et al., 2001; Xu et al., 1998). This is in agreement
with the observation of Thimann and Mahadevan (1958) that IAN-
hydrolyzing nitrilase activity is not common in the plant kingdom,
although, as we know today, NIT4 homologs are ubiquitous in
higher plants (Fig. 2). Even tobacco plants that overexpress NIT4
isoforms from Arabidopsis and tobacco did not display an IAN-sen-
sitive phenotype (Dohmoto et al., 2000b, 2000a). An examination
of the substrate profile of Arabidopsis NIT4 revealed that this en-
zyme possesses high specificity for the nitrile 3-cyano-L-alanine
(B-cyanoalanine) (Piotrowski et al., 2001). Conversion of other sub-
strates was below 1%, and IAN hydrolysis was not detected under
the conditions applied. pB-Cyanoalanine is an endogenous plant
compound that was identified for the first time in Vicia sativa
(Ressler, 1962). Shortly afterwards, its role as an intermediate in
the plant’s cyanide metabolism became clear in feeding
experiments with H!*CN, in which the radiolabel of cyanide was
recovered in PB-cyanoalanine and/or asparagine (Blumenthal-

Goldschmidt et al., 1963; Tschiersch, 1964). Subsequent experi-
ments confirmed that B-cyanoalanine is the primary fixation prod-
uct of cyanide and is further converted to asparagine (Fowden and
Bell, 1965; Ressler et al., 1963). Since cyanide was not known to be
a general metabolic product in plants, the identification of a wide-
spread cyanide detoxification pathway in plants astonished the sci-
entists of that time (Blumenthal-Goldschmidt et al., 1963; Floss
et al., 1965). Possible endogenous sources of cyanide in plants
are cyanogenic glycosides, which are present in many plants (ap-
prox. 2500 species) but are not ubiquitous (for review see Bak
et al. (2006)). However, 20 years later, it was shown that cyanide
in higher plants is also produced as a by-product in the biosynthe-
sis of the plant hormone ethylene (Peiser et al., 1984; Pirrung,
1985). In the last step of this biosynthesis, ethylene is released
from its immediate precursor 1-aminocyclopropane-1-carboxylic
acid with the concomitant formation of cyanoformic acid, which
spontaneously decomposes into CO, and HCN. Thus, cyanide is
produced in equimolar amounts to ethylene, which explains the
necessity for a general cyanide detoxification pathway in plants.
The first step in cyanide detoxification is formation of p-cyano-
alanine from cyanide and cysteine, which is catalyzed by p-cyano-
alanine synthase, a mitochondrial localized enzyme (Fig. 4)
(Blumenthal et al., 1968; Hendrickson and Conn, 1969). The second
step is conversion of B-cyanoalanine to asparagine. The enzyme
catalyzing this step was enriched and characterized from extracts
of blue and white lupine (Castric et al., 1972; Galoian et al.,
1982). This reaction is formally a nitrile-hydratase reaction (see
Fig. 1B); as a consequence, the enzyme was entitled p-cyanoala-
nine hydratase or p-cyanoalanine hydrolase. Interestingly, it was
found that the cloned NIT4 homologs from Arabidopsis and tobac-
co converted B-cyanoalanine not only to aspartic acid and ammo-
nia, which would be the typical nitrilase reaction (see Fig. 1A),
but also to asparagine (Fig. 4) (Piotrowski et al., 2001). Thus, the
question arose whether NIT4 and B-cyanoalanine hydratase are
identical. Indeed, recombinant NIT4 from Arabidopsis and B-
cyanoalanine-hydratase activity of blue lupine extracts were very
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similar with respect to substrate specificity, Ky, pH optimum, pre-
cipitation in ammonium sulfate and native molecular mass (Castric
et al.,, 1972; Piotrowski et al.,, 2001). To uncover the enzyme
responsible for the B-cyanoalanine hydratase activity in vivo, it
was purified from blue lupine extracts and identified as a NIT4
homolog (Piotrowski and Volmer, 2006). The recombinant blue lu-
pine NIT4 displays B-cyanoalanine-hydratase activity that is 4
times higher than its nitrilase activity, which may explain why
nitrilase activity with B-cyanoalanine had remained unrecognized
for so long.

Homologs of NIT4 are ancient within higher plants (Fig. 2), and
the phylogenetically oldest enzyme, the NIT4 homolog from the
moss Physcomitrella patens, already possesses B-cyanoalanine-
hydrolyzing activity (our unpublished data). It can therefore be
concluded that the primary and general function of plant nitrilases
lies in the process of cyanide detoxification. The role of NIT4 in this
process may be twofold: One role is detoxification of B-cyanoala-
nine. Application of this compound to germinating Arabidopsis
seeds is toxic, and nit4 mutants are more sensitive, while NIT4
overexpressors have increased resistance (our unpublished data).
The toxic effect of B-cyanoalanine in plants is very likely due to
its structural similarity to the proteinogenic amino acid asparagine
because it has been shown to inhibit the asparagine:tRNA synthe-
tase of Phaseolus aureus (Lea and Fowden, 1973). However, an Ara-
bidopsis nit4 mutant, despite having increased p-cyanoalanine
levels, is still viable and does not show an aberrant phenotype
(our unpublished data); thus, NIT4 is not essential for the plant un-
der laboratory and greenhouse conditions. B-Cyanoalanine may
also be conjugated to give the dipeptide y-glutamyl-p-cyanoala-
nine. This compound has been found in large quantities in Vicia
sativa, a plant that lacks NIT4 activity (Castric et al., 1972; Fowden
and Bell, 1965; Peiser et al., 1984), but it is also present in Arabid-
opsis (Watanabe et al., 2008). Nevertheless, the fact that the NIT4
gene has not been lost during evolution from mosses to higher
plants clearly indicates that it plays an important role for the plant.
A second function may be the recovery and recycling of nitrogen,
which is usually the limiting macronutrient for plant development.
Since B-cyanoalanine is not an intermediate in other metabolic
processes, the nitrile nitrogen (originally derived from an amino
acid) as well as the amino nitrogen would be lost for the plant.
Conversion of B-cyanoalanine by NIT4 recovers these nitrogen mol-
ecules as ammonia, aspartic acid and asparagine, which are typical
plant metabolites.

4.3. Nitrilases in catabolism of cyanogenic glycosides

As mentioned earlier, members of the Poaceae possess at least
two NIT4 genes (designated NIT4A and NIT4B) due to an ancient
polyploidization event in this family (Fig. 2). The isolated NIT4A
homologs of maize and sorghum have very low activity with some
nitriles (including IAN), but not with B-cyanoalanine (Jenrich et al.,
2007; Kriechbaumer et al., 2007; Park et al., 2003). The NIT4B iso-
forms of these plants are more or less inactive with a range of dif-
ferent nitriles. However, if both isoform types are combined to give
NIT4A/B heterocomplexes, high B-cyanoalanine hydrolysis in the
range of 100 to 400 nkat (mg protein)™! is restored while conver-
sion of the other substrates remains low (our unpublished data
and Jenrich et al., 2007). For the sorghum nitrilases, it has been
shown that conversion of B-cyanoalanine in the heterocomplexes
occurs at the NIT4A isoform only. Interestingly, sorghum possesses
two NIT4B homologs, and the NIT4B2 isoform, when present in the
NIT4A/B2 heterocomplex, displays high activity with several other
nitriles (except pB-cyanoalanine) (Jenrich et al., 2007). One of these
substrates is IAN, which is converted by this complex with a veloc-
ity that exceeds those of other plant nitrilases dramatically (ap-
prox. 300 nkat [mg protein]™!). An activity three times higher

was observed with the two arylnitriles phenylacetonitrile and 4-
hydroxyphenylacetonitrile. The latter compound is an intermedi-
ate in the biosynthesis of the cyanogenic glycoside dhurrin, which
is present in high amounts in young seedlings of sorghum (Akaza-
wa et al., 1960; Busk and Mgller, 2002; Halkier and Mgller, 1989).
Cyanogenic glycosides are plant defense compounds, which, upon
tissue disruption by a herbivore or pathogen, are hydrolyzed by B-
glucosidases and o-hydroxynitrile lyases to release an oxo com-
pound and cyanide (for review see Bak et al. (2006), Morant
et al. (2008b) and Zagrobelny et al. (2008)). In the case of dhurrin,
the intermediate degradation product is 4-hydroxymandelonitrile,
which is further converted to 4-hydroxybenzaldehyde and cyanide
(Fig. 5). However, dhurrin may also be metabolized to 4-hydroxy-
phenylacetonitrile without the release of cyanide (Jenrich et al.,
2007). Sorghum seedlings catabolize a large amount of its dhurrin
beginning 3 days after germination, and it has been suggested that
4-hydroxyphenylacetonitrile is the main intermediate in this path-
way, which is further converted by the NIT4A/B2 complex to 4-
hydroxyphenylacetic acid and ammonia. Dhurrin constitutes up
to 6% of the dry weight of young seedlings and thus represents a
significant pool of the plant’s total nitrogen. The nitrile pathway
of dhurrin catabolism allows for recovery of this nitrogen as
ammonia without the intermediate release of the highly toxic cya-
nide (Fig. 5).

Many Poaceae species possess cyanogenic glycosides; this pro-
vokes the question of whether all NIT4B homologs in this family
are involved in the endogenous catabolism of these compounds.
An ortholog of sorghum NIT4B2 is present in sugarcane, a plant
that also contains dhurrin. All available data indicate that maize
has lost its NIT4B2 gene (Jenrich et al., 2007) coincident with the
fact that maize is not cyanogenic. On the basis of the observations
that (i) the sorghum NIT4A/B2 complex shows high activity with
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Fig. 5. Dhurrin metabolism in Sorghum bicolor. Upon wounding, dhurrin is
catabolized by dhurrinase and o-hydroxynitrile lyase to release cyanide as a
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detoxification pathway (right). Endogenous turnover of dhurrin may proceed via 4-
hydroxyphenylacetonitrile, which is formed by a yet unknown mechanism and is
further metabolized by the nitrilase 4A/B2 heterocomplex (left pathway).
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several substrates including IAN and (ii) oat and barley have high
IAN-hydrolyzing activity, while maize has only very weak IAN-con-
verting activity (Thimann and Mahadevan, 1958), it may be specu-
lated that oat and barley possess a NIT4B isoform capable of
converting nitriles other than B-cyanoalanine.

Besides the Poaceae, cyanogenic glycosides are widespread in
the plant kingdom. Lotus japonicus, for example, contains not only
two cyanogenic o-hydroxynitrile glycosides (linamarin and lot-
australin) but also B- and y-hydroxynitrile glycosides (rhodiocy-
anoside A and D), which are not cyanogenic but release p- and vy-
hydroxynitriles (Bjarnholt et al., 2008; Bjarnholt and Magller,
2008; Forslund et al., 2004; Morant et al., 2008a). We have cloned
two nitrilases from L. japonicus, one of which is a typical B-cyano-
alanine-hydrolyzing enzyme, while the second enzyme shows only
very low activity with this substrate (our unpublished data). It re-
mains to be seen whether the second enzyme is involved in the
metabolism of either of these hydroxynitrile glycosides. Nitrilases
may also be involved in the catabolism of the cyanogenic glycoside
prunasin in sweet almonds, which, in contrast to the bitter varie-
ties, degrade their prunasin in the seed (Sanchez-Perez et al.,
2008).

4.4. Nitrilases in catabolism of glucosinolates

The fact that plant nitrilases convert other nitriles at much
higher rates than IAN was reported quite early (Mahadevan and
Thimann, 1964). Rausch and Hilgenberg (1980) and Bestwick and
colleagues (1993) used 3-cyanopyridine and 3-phenylpropionitrile
to follow nitrilase activity in Chinese cabbage and Brassica napus,
respectively, indicating that the nitrilases in Brassicaceae are also
not specific for IAN. A detailed analysis of the substrate specificities
of NIT1 and its homologs NIT2 and NIT3 from Arabidopsis (Vor-
werk et al., 2001) as well as of the NIT1 homologs NIT-T1 and
NIT-T2 from Brassica rapa (Ishikawa et al., 2007) clearly demon-
strated that these enzymes display broad substrate profiles,
accepting aromatic nitriles like 3-phenylpropionitrile and 4-phen-
ylbutyronitrile but also aliphatic nitriles like 3-butenenitrile (ally-
Icyanide) and heptanenitrile. In comparison to the best substrates
found, conversion of IAN by the purified enzymes was below 1%
(Ishikawa et al., 2007; Osswald et al., 2002). Also, B-cyanoalanine,
the physiological substrate for the NIT4 homologs, was not ac-
cepted by the NIT1 homologs, demonstrating a clear neofunction-
alization of these enzymes.

Interestingly, the best substrates identified in these experi-
ments were either identical or very similar to the side chains of
glucosinolates, which are the main secondary metabolites in these
plants (Fig. 6). Glucosinolates are nearly restricted to the order
Brassicales and act as plant defense compounds (for a recent re-
view, see Halkier and Gershenzon (2006)). More than 120 different
glucosinolates have been identified so far and for Arabidopsis the
presence of 23 different glucosinolates in the same plant has been
described (Hogge et al., 1988). Upon wounding, glucosinolates are
metabolized by the thioglucosidase myrosinase and further break
down to give predominantly isothiocyanates, nitriles and epithio-
nitriles, or thiocyanates (Fig. 6A). The nature of the final product
depends on several factors, but, in vivo, it is mostly regulated by
the presence or absence of proteins with modifying properties, like
the epithiospecifier protein, the thiocyanate-forming protein or the
epithiospecifier-modifier protein (Bernardi et al.,, 2000; Burow
et al,, 2007; Foo et al., 2000; Lambrix et al., 2001; Zhang et al.,
2006). In addition to the wounding-dependent glucosinolate
breakdown, endogenous catabolism of these compounds has been
described in several instances, especially during the early stages of
seedling development (Brown et al., 2003; James and Rossiter,
1991; Petersen et al., 2002). The mechanism of this endogenous
catabolism and its products are, however, unknown so far.
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Fig. 6. Glucosinolate metabolism in Brassicales. (A) After wounding, glucosinolates
are broken down by the enzyme myrosinase and yield mainly isothiocyanates. In
the presence of the modifying proteins epithiospecifier protein (ESP) or thiocya-
nate-forming protein (TFP), breakdown is directed towards the formation of nitriles
and epithionitriles or thiocyanates, respectively. The mechanism and products of
the endogenous catabolism (indicated on the left) are not known yet. (B) Examples
of glucosinolate-derived nitriles that have been identified as good substrates for
nitrilase 1 homologs.

Comparing the properties of the NIT1 homologs and glucosino-
lates side by side reveals many matching properties: (i) NIT1
homologs are restricted to the glucosinolate-containing Brassica-
ceae, (ii) NIT1 homologs have broad substrate profiles and gluco-
sinolates have diverse side chains, and (iii) glucosinolates can
release nitriles that are among the preferred substrates for the
NIT1 enzymes. We have also obtained hints for a co-evolutionary
adaptation of NIT1 substrate specificity to the glucosinolates spec-
trum of their plants (our unpublished data). These are strong indi-
cations that the NIT1-homologous enzymes are involved in the
catabolism of glucosinolates.

In Arabidopsis, NIT1 is the predominantly expressed isoform
(Bartel and Fink, 1994) and may thus be responsible for the general
turnover of glucosinolates. In contrast, expression of the NIT2 gene
is strongly induced by wounding and pathogens (Almeras et al.,
2003; Bartel and Fink, 1994; Grsic-Rausch et al., 2000; O’Donnell
et al., 2003; Stintzi et al.,, 2001; Weber et al., 2004). In these
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situations, an increased release of nitriles from glucosinolates may
be expected, and the function of NIT2 may be to detoxify these
compounds in the tissues adjacent to the wound site. Wounding
also induces aggregation of NIT1 in cells abutting the wound site
within minutes, but it is unknown if this aggregation affects nitri-
lase activity (Cutler and Somerville, 2005).

Glucosinolates contain at least two sulfur atoms and one nitro-
gen atom and are thus potential storage compounds for these
macronutrients. Sulfur deprivation not only results in degradation
of glucosinolates in Arabidopsis (e.g., Hirai et al., 2005; Kutz et al.,
2002) but also in a strong induction of NIT3 gene expression (Kutz
et al., 2002; Nikiforova et al., 2003). NIT3 expression is localized to
the vascular tissue (Bartel and Fink, 1994; Kutz et al., 2002), which
coincides with the localization of the glucosinolate-containing S
cells (Koroleva et al., 2000) and the myrosinase-containing myro-
sin cells (Andreasson et al., 2001; Husebye et al., 2002). Taken to-
gether, these data indicate that NIT3 is involved in glucosinolate
catabolism under sulfur-limiting conditions. It has also been sug-
gested that NIT3 is involved in auxin biosynthesis under these con-
ditions (see Section 4.1, Kutz et al., 2002). It should be mentioned
that the NIT3 homologs from Arabidopsis (Vorwerk et al., 2001)
and Capsella rubella (our unpublished data) have clearly reduced
enzymatic activities in comparison to the respective NIT1 homo-
logs; thus, it is also possible that NIT3 homologs have (a) different,
yet unknown, substrate(s) in vivo.

5. Cellular localization and posttranslational modifications of
plant nitrilases

Nitrilases do not contain predictable transmembrane regions or
targeting signals and are thus proposed to be soluble cytoplasmic
proteins. However, NIT1 from Arabidopsis was first identified as
a putative plasma membrane localized protein by screening a
cDNA expression library with antibodies against plasma mem-
branes (Bartling et al.,, 1992). An independent, nearly identical
screen also identified NIT2 as putative plasma membrane protein
(Galaud et al., 1999). Plasma membrane localization of NIT1 is sup-
ported by some proteomic studies (Alexandersson et al., 2004;
Benschop et al., 2007), while others localized NIT1 to the soluble
fraction (Dixon et al., 2005; Giavalisco et al., 2005; Sarry et al.,
2006) or even to the chloroplast’s stroma (Zybailov et al., 2008).
From these data, it is hard to judge if NIT1/NIT2 localization in
plasma membrane preparations and chloroplast fractions reflects
the situation in vivo or results from contamination with cytoplasm.
A fusion protein consisting of green fluorescent protein (GFP) cou-
pled to NIT1 is soluble in the cytoplasm (and nucleus), but it forms
organelle-associated aggregates after wounding (Cutler and Som-
erville, 2005). Application of the benzonitrile herbicides bromoxy-
nil and chloroxynil had the same effect, suggesting that GFP-NIT1
aggregation near wounding sites may be induced by release of
nitriles from glucosinolates.

Arabidopsis NIT2 was found by proteomic studies in soluble
fractions as well as in a tonoplast fraction (Sarry et al., 2006; Shi-
maoka et al., 2004). A tonoplastic localization of NIT2 would be
interesting considering that glucosinolates are stored within the
vacuole. Arabidopsis NIT3 was also found in the soluble fraction
in several proteomic studies (Dixon et al.,, 2005; Galaud et al.,
1999; Sarry et al., 2006; Wienkoop et al., 2004). Notably, NIT3
was identified in trichomes together with proteins involved in
methionine metabolism, again indicating a connection between
NIT3 and sulfur metabolism (Wienkoop et al., 2004).

Arabidopsis NIT4-GPF fusion proteins are localized in the cyto-
plasm (and the nucleus, our unpublished data). Interestingly, to-
bacco NIT4 was found to interact with ethylene-responsive
element-binding proteins (EREBPs) in yeast two-hybrid screens

(Xu et al., 1998). EREBPs bind to an ethylene-responsive element
present in promoters of genes for basic pathogenesis-related pro-
teins (PR proteins). It was suggested that interaction with NIT4
serves to sequester EREBPs in the cytoplasm and signaling by a
pathogen would result in dissociation of both proteins and subse-
quent translocation of the EREBPs into the nucleus to active
expression of defense genes (Xu et al., 1998). At that time, the func-
tion of NIT4 in cyanide detoxification was not known. Today, it
would be interesting to analyze if B-cyanoalanine, which is pro-
duced in consequence to pathogen-induced ethylene (and cyanide)
biosynthesis, is involved in this process.

So far, naturally occurring post-translational modifications of
plant nitrilases have not been described. However, incubation of
an Arabidopsis crude extract with biotinylated oxidized glutathi-
one and subsequent purification of the labeled proteins by strepta-
vidin-agarose led to the identification of NIT1 and NIT3, amongst
others, as putative glutathionylated proteins (Dixon et al., 2005).
It is unknown, whether glutathionylation would occur at the ac-
tive-site cysteine of the nitrilases and would thus inhibit enzyme
function. Incubation of purified recombinant NIT1 with oxidized
glutathione did not result in a substantial glutathionylation, and
in vivo feeding experiments also did not result in the identification
of glutathionylated nitrilases (Dixon et al., 2005). Thus, at the mo-
ment, it is not clear if glutathionylation is of physiological rele-
vance for plant nitrilases.

6. Biochemistry of plant nitrilases

Nitrilases are phylogenetically related to a large range of other
C-N bond hydrolyzing enzymes summarized as the superfamily of
C-N hydrolases or the nitrilase superfamily (Bork and Koonin,
1994; Pace and Brenner, 2001). Crystal structures of several mem-
bers of this family have been solved and led to the identification of
a conserved catalytic triad consisting of glutamic acid, lysine and
cysteine (Hung et al., 2007; Kimani et al., 2007; Kumaran et al.,
2003; Lundgren et al., 2008; Nakai et al., 2000; Pace et al., 2000; Sa-
kai et al.,, 2004; Wang et al., 2001) (Fig. 7). The Glu residue is
thought to act as a general base by accepting the thiol hydrogen
of the Cys residue. The activated Cys then carries out a nucleophilic
attack on the C-N carbon, forming a covalently bound enzyme-
substrate complex. The Lys residue should stabilize a tetrahedral
intermediate of the reaction (Nakai et al., 2000). Mahadevan and
Thimann had already proposed in 1964 that a thiol group of the
nitrilase performs a nucleophilic attack on the nitrile and binds
the substrate covalently. Later, such a covalently bound enzyme-
substrate complex was verified for a nitrilase from Rhodococcus
(Stevenson et al., 1990). Kobayashi and colleagues were then the
first to identify the essential cysteine residue in two different bac-
terial nitrilases (Kobayashi et al., 1992a, 1993). Exchange of the
catalytically active cysteine to alanine by site-directed mutagene-
sis in all four Arabidopsis nitrilases also resulted in inactive en-
zymes (Piotrowski et al., 2001; Vorwerk et al, 2001). The
essential nature of the remaining two residues (Glu and Lys) of
the catalytic triad has been proved for Arabidopsis NIT4 (our
unpublished data).

A proposed intermediate in the conversion of nitriles to their
corresponding carboxylic acids is the respective amide. Since
hydrolysis of IAN by the barley nitrilase did not give detectable
amounts of indoleacetamide and conversion of indoleacetamide
by the enzyme was negligible, it was suggested that the intermedi-
ates of the reaction remain tightly bound to the enzyme (Thimann
and Mahadevan, 1964). In some cases, low amounts of amides
were found as a nitrilase product (2-10%), and it was proposed that
the reaction proceeds via a tetrahedral intermediate and that
amide formation is the result of a premature release of the
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substrate from the tetrahedral intermediate (Hook and Robinson,
1964; Robinson and Hook, 1964). In striking contrast, hydrolysis
of B-cyanoalanine by NIT4 homologs results in the formation of
50-80% of the amide, which is asparagine (Jenrich et al., 2007;
Kriechbaumer et al., 2007; Piotrowski et al.,, 2001; Piotrowski
and Volmer, 2006). Thus, NIT4 homologs were the first nitrilases
described that display a higher nitrile-hydratase activity (forma-
tion of amide) than nitrilase activity (formation of carboxylic acid
plus ammonia). This high nitrile-hydratase activity is not unique
to NIT4 homologs but could also be observed, to some extent,
for the other three nitrilases from Arabidopsis (Bartel and Fink,
1994), which produce between 15% and 35% indoleacetamide
from IAN (Pollmann et al., 2002). It has been shown that forma-
tion of amides by Arabidopsis NIT1 is favored by substrates with
strong electron-withdrawing substituents, which are thought to
stabilize the tetrahedral intermediate (Osswald et al., 2002). This
cannot, however, explain why different NIT4 homologs show de-
fined amide/acid ratios of approx. 1:1 (Arabidopsis, tobacco) to
4:1(lupine, sorghum) with the same substrate B-cyanoalanine.
We have identified a single amino acid position whose state is
responsible for these different ratios; exchange of the different
states also switches the amide/acid ratios of the mutated en-
zymes (our unpublished data). The formation of asparagine from
B-cyanoalanine instead of aspartic acid and ammonia could, in a

physiological view, make sense, because ammonia is toxic to
the cell while asparagine is a typical plant metabolite that also
acts as a form of storage and transport for nitrogen. Thus, en-
ergy-requiring re-fixation of ammonia into glutamine could be
diminished.

Members of the superfamily of C-N hydrolases usually form
homomeric complexes ranging from dimers to high-molecular
mass complexes with 18 subunits (Hung et al., 2007; Jandhyala
et al.,, 2003; Kimani et al., 2007; Kumaran et al., 2003; Lundgren
et al., 2008; Nagasawa et al., 2000; Pace et al., 2000; Piotrowski
et al., 2003; Sakai et al.,, 2004; Sewell et al., 2003; Thuku et al.,
2007). Monomers of plant nitrilases have molecular masses of 36
to 39 kDa, but the native enzymes have been found to exist as mul-
timeric complexes (Bestwick et al., 1993; Castric et al., 1972; Pio-
trowski et al.,, 2001; Rausch and Hilgenberg, 1980). The native
mass of recombinant NIT1 from Arabidopsis was determined by
gel-filtration to be ~450 kDa, which would correspond to a dode-
camer (Osswald et al., 2002; Xie et al., 2006). Formation of these
high-molecular mass complexes seems to be necessary for activity,
since a natural “mutant” of a NIT4 homolog, which predominantly
forms tetramers, has very little activity with B-cyanoalanine (our
unpublished data). Activity could be restored by a single amino
acid substitution, and the re-activated enzyme formed multimeric
complexes exceeding 440 kDa.
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An unexpected finding was that the NIT4 homologs of Poaceae
species, although they are able to form homomeric complex, were
only active upon formation of heterocomplexes of NIT4A and
NIT4B isoforms, both present in the same plant (Jenrich et al,
2007; Kriechbaumer et al., 2007). The homomeric enzymes
showed little or no activity with different nitriles in the range of
0.5-30 nkat (mg protein)’!, while the NIT4A/B heterocomplexes
exhibited high activities of up to 900 nkat (mg protein)™' (Jenrich
et al., 2007; Park et al., 2003). This principle seems to be conserved
within the Poaceae, since the NIT4A and NIT4B isoforms could also
form active complexes when they were derived from different spe-
cies (e.g., NIT4A from rice and NIT4B from barley). Mixtures of the
same orthologs from different species, e.g., NIT4A from rice and
sorghum, remained inactive. Thus, the possibility and necessity
to form heterocomplexes seems to have developed early in the
phylogeny of the Poaceae. By site-directed mutagenesis of the cat-
alytically active cysteine in the different isoforms, it could be
shown that B-cyanoalanine hydrolysis takes place only in the
NIT4A subunit. Sorghum has two NIT4B isoforms, and both can
interact with and consequently activate the NIT4A isoform. While
the NIT4B1 isoform seems to have no activity, the NIT4B2 enzyme,
when present as a NIT4A/B2 complex, also has catalytic activity,
but with substrates other than B-cyanoalanine (see Section 4.3).
Actually, the NIT4A/B2 complex of sorghum can hydrolyze two
different substrates simultaneously (Jenrich et al., 2007).

Having two different isoforms that interact to gain activity
seems to complicate things unnecessarily. Even if both isoforms
can use different substrates (as in the NIT4A/B2 complex of sor-
ghum) having two different enzymes that are active on their
own, like the NIT1 and NIT4 isoforms of Arabidopsis, would pro-
vide more flexibility. It has been suggested that the situation in
Poaceae is the result of an evolutionary process similar to that de-
scribed by the duplication-degeneration-complementation model.
This model states that two gene copies may accumulate deleteri-
ous mutations in different elements as long as both copies are still
able to complement one another (Force et al., 1999). The result is
that both copies are retained. Thus, the Poaceae NIT4 homologs
may have lost their ability to self-activate because they were still
able to form active heterocomplexes. Once this situation has been
reached, it was not longer possible to lose one of the NIT4 gene cop-
ies without losing all NIT4 activity. One of the NIT4 genes (NIT4A)
retained the B-cyanoalanine-hydrolyzing activity while the other
copy (NIT4B) could neofunctionalize (Jenrich et al., 2007).

7. Summary

Once thought to be key enzymes in auxin biosynthesis, plant
nitrilases are now known to fulfill several functions in plant pri-
mary and secondary metabolism (Fig. 8). All plants contain one
NIT4 homolog, which is involved in the process of cyanide detoxi-
fication. At least twice, nitrilases with new functions have evolved
from this ancestor, and, in both cases, the new enzymes seem to be
involved in endogenous catabolism pathways of secondary metab-
olites: the NIT4B2 enzyme in sorghum, which is involved in catab-
olism of the cyanogenic glycoside dhurrin, and the NIT1 homologs,
which are very likely involved in catabolism of glucosinolates. Cya-
nogenic and non-cyanogenic nitrile glycosides are widespread in
the plant kingdom, and it remains to be seen whether other plants
have independently adapted their nitrilase system for recycling
their secondary metabolites.
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