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Nudix hydrolases are a family of proteins defined by a conserved amino-acid sequence
GX;-EX,REUXEEXGU, where U is a hydrophobic residue. These enzymes are widely distributed
among all classes of organisms and catalyze, with varying degrees of substrate specificity, the hy-
drolysis of a variety of nucleoside diphosphate derivatives: nucleoside di- and triphosphates and
their oxidized forms, dinucleoside polyphosphates, nucleotide sugars, NADH, coenzyme A and
the mRNA cap. Nudix proteins are postulated to control the cellular concentration of these com-
pounds. The genome of the model plant Arabidopsis thaliana contains 29 genes coding for pu-
tative Nudix hydrolases. Recently, several Arabidopsis Nudix genes have been cloned and their
products characterized. This review summarizes current knowledge on these plant enzymes and
discusses their possible cellular functions.
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INTRODUCTION

Nudix hydrolases are a family of pyrophos-
phatases containing a highly conserved amino-acid
sequence, the Nudix box GX;Ex,REUXEEXGU,
where U is a bulky hydrophobic amino acid such
as Ile, Leu or Val. The first member of the Nudix
family to be characterized was the MutT protein of
Escherichia coli, hence the original name of this group
of enzymes, the MutT family. The MutT hydrolase
preferentially hydrolyzes 8-oxo-(d)GTP, a modified
nucleotide that occurs in the cellular nucleotide pool
as a result of oxidative stress, with the potential to
cause both replicational and transcriptional errors
(for review see Arczewska & Kus$mierek, 2007).

It was subsequently established that enzymes
sharing the characteristic amino-acid motif catalyze
the hydrolysis of a variety of nucleoside diphos-
phate compounds linked to a moiety, x, hence the
acronym, Nudix. The hydrolysis reaction can be
described by the equation NDP-X + H,O—->NMP +

P-X, where NDP-X represents a nucleoside diphos-
phate linked to the moiety X, NMP is a nucleoside
monophosphate, and P-X is phosphate linked to the
moiety X. The range of substrates includes (d)NTPs
(both canonical and modified), dinucleoside poly-
phosphates, various coenzymes, nucleotide sugars,
and alcohols (Bessman et al., 1996). In addition,
other compounds containing pyrophosphate bonds
may also be hydrolysed. Hydrolysis of NDPs (Fish-
er et al., 2004; Xu et al., 2004; Hori et al., 2005; Ito et
al., 2005), the mRNA cap and 5 triphosphorylated
RNA (Wang et al., 2002; Gunawardana et al., 2008 &
Deana et al., 2008), non-nucleoside substrates such as
diphosphoinositol polyphosphates DIPs (Safrany et
al., 1998; 1999a; 1999b), 5-phosphoribosyl 1-diphos-
phate PRPP (Fisher et al., 2002), thiamine pyrophos-
phate TPP (Lawhorn et al., 2004), and dihydroneop-
terin triphosphate DHNTP (Klaus et al., 2005; Gabelli
at al., 2007) has also been observed in the presence of
Nudix enzymes. All these substrates are either po-
tentially toxic compounds, cell signaling molecules,
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or metabolic intermediates whose concentrations re-
quire modulation during the cell cycle. Thus, it has
been postulated that the role of Nudix hydrolases is
to sanitize or regulate the accumulation of these me-
tabolites (Bessman ef al., 1996).

Usually, Nudix hydrolases are small proteins
(16-35 kDa) consisting of two domains: an N-ter-
minal domain and a C-terminal catalytic domain.
The Nudix box, usually located in the C-terminal
domain, forms a [ strand-loop-a helix-loop struc-
ture which functions as a cation-binding and cata-
lytic site. This motif, in association with additional
regions which differ depending on the specificity of
the enzyme, form the Nudix fold, a structural a/f/a
sandwich that is commonly present in Nudix hydro-
lases (for review see Mildvan et al., 2005). This struc-
tural feature is shared by the C-terminal domain
of isopentenyl diphosphate isomerases (Bonanno et
al., 2001) and MutY-type DNA glycosylases (Volk
et al., 2000). It has been suggested that the MutY-
type DNA glycosylases and isopentenyl diphosphate
isomerases, together with hydrolases, form a large
Nudix suprafamily with a common evolutionary ori-
gin (McLennan, 2006).

In the majority of cases studied, substrate hy-
drolysis occurs by nucleophilic substitution at phos-
phorus, with variation in the number and role of
divalent cations. However, in members of the GDP-
mannose-mannosyl hydrolase (GDPMH) family
which have a modified Nudix sequence, hydrolysis
is carried out by nucleophilic substitution at carbon
(Gabelli et al., 2004; Legler et al., 2000). This varia-
tion illustrates the mechanistic diversity of Nudix
enzymes. Crystallographic and mutational studies of
several Nudix enzymes have confirmed the involve-
ment of the conserved residues of the Nudix box in
the coordination of divalent cations and in catalysis
(for review see Mildvan et al., 2005).

Most Nudix hydrolases require an alkaline
pH and the presence of divalent cations (usually
Mg?* or Mn?*) for full activity. Many members of
this family are also strongly inhibited by low levels
of fluoride (McLennan, 2000). It has been suggested
that this inhibition may result from the blocking of
the active site by an MgF, complex (Fletcher et al.,
2002).

The defining characteristic of Nudix enzymes
is their ability to catalyze the hydrolysis of a vari-
ety of nucleoside diphosphate derivatives with vary-
ing degrees of specificity. The diversity of substrates
implies a mechanism for the discrimination and
recognition of specific molecules. Indeed, the pres-
ence of particular amino-acid residues, located up
or downstream of the Nudix box, is often predictive
of specificity for a particular substrate. It has been
suggested that Nudix enzymes may be divided into
subfamilies based on their preferred substrate (Xu
et al., 2000). Table 1 summarizes present knowledge
of these additional conserved regions identified in
some Nudix proteins.

A recent BLAST search (Altschul et al., 1997)
of sequence databases has revealed over 2500 open
reading frames (ORFs) potentially encoding Nudix
proteins, from more than 300 species. The number
of Nudix representatives in each species varies from
one in Mycoplasma sp. to over 50 in eukaryotes
(Kraszewska, unpublished).

In the recently sequenced genomes of Arabi-
dopsis thaliana (130 Mb), Oryza sativa (430 Mb), Popu-
lus trichocarpa (480 Mb) and Vitis vinifera (500 Mb),
the numbers of genes coding for putative Nudix
proteins are 32, 33, 53 and 30, respectively. In rela-
tion to genome size, the highest number of puta-
tive Nudix proteins is present in Arabidopsis (listed
in Table 2). This could be due to the environmental
adaptability of this plant species, as has previously
been suggested for Deinococcus radiodurans, a bacteri-
um extremely resistant to radiation (Xu et al., 2001).

To date, several Arabidopsis genes encoding
Nudix proteins have been cloned and characterized.
This review summarizes these results with emphasis
on the possible cellular functions of the proteins.

MULTI-SUBSTRATE AtNUDT1 HYDROLASE

The first characterized Nudix hydrolase from
A. thaliana was a protein encoded by the Atlg68760
gene. As this enzyme displays none of the conserved
amino acids predictive for a particular substrate
(Table 1), its activity was tested with several com-
pounds. In the presence of 5 mM Mn?* the preferred

Table 1. Additional conserved regions identified in some Nudix proteins

Additional motif

Major substrate References

Proline (P) 15 or 16 aa downstream of the Nudix box
Tyrosine (Y) 16-18 aa downstream of the Nudix box
LLTXR[SAIX;RX,GX;FPGG

SQX,WPXPXS (e.g. SQPWPFPQS)
GGGX;EX,REUXEEXGUX,GX,G

NGD or GE

L[VL]VRK and AANE

ADP-ribose Dunn et al., 1999
Ap,A Dunn et al., 1999
Coenzyme A Gasmi et al., 2001
NADH Frick et al., 1995
Ap A (n>4), PP-InsP Yang et al., 1999
UDP-sugars Xu et al., 2004

mSUTP and UTP Xu et al., 2003
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Table 2. The Nudix hydrolases of Arabidopsis thaliana

Protein  Predicted . .
Locus Protein name length  cellular Predicted Recpgmzed Reference
(aa) localization* substrate major substrates
Chromosome 1
Atlg68760 AtNUDT 1 148 C unknown NADH, DHNTP, Dobrzanska et al., 2002; Klaus
dNTP, 8-oxo- et al., 2005; Ogawa et al., 2005;
(d)GTP Yoshimura et al., 2007
Atl1g12880 AtNUDT12 204 M Ap,A, PP-InsP
Atlg14860 AtNUDT18 177 M Ap,A, PP-InsP
Atl1g18300 AtNUDT4 208 C Ap¢A, PP-InsP
At1g28960 AtNUDT15 294 M Coenzyme A CoenzymeA Ogawa et al., 2008
Atlg30110 AtNUDT25 176 C Ap,A Ap,A Yoshimura et al., 2007; Szur-
mak ef al., 2008
Atlg73540 AtNUDT21 199 CH Ap¢A, PP-InsP
Atlg79690 AtNUDT3 733 C unknown
Chromosome 2
At2g01670 AtNUDT17 183 M ApgA, PP-InsP
At2g04430 AtNUDTS5 284 C ADP-ribose
At2g04440 AtNUDT26 216 C unknown
At2g04450 AtNUDT6 C unknown ADP-ribose, Ogawa et al., 2005
NADH
At2g33980 AtNUDT22 303 CH Coenzyme A Coenzyme A Szurmak & Kraszewska,
unpublished
At2g42070 AtNUDT23 CH unknown FAD Ogawa et al., 2008
Chromosome 3
At3g10620 AtNUDT28 217 CH Ap,A Ap,A, ApsA Ogawa et al., 2008
At3g12600 AtNUDT16 181 M ApA, PP-InsP
At3g26690 AtNUDT13 203 M ApA, PP-InsP Ap A, Ap;A, p,A  Olejnik et al., 2007
At3g46200 AtNUDT9 312 C unknown
Chromosome 4
At4g11980 AtNUDT14 310 M ADP-ribose ADP-ribose, ADP-  Munoz et al., 2006; Ogawa et
glucose al., 2008
Atdg12720 AtNUDT7 283 C unknown ADP-ribose, Olejnik & Kraszewska, 2005;
NADH Ogawa et al., 2005; Jambuna-
than & Mahalingam, 2006
Atdg25434 AtNUDT10 305 C unknown ADP-ribose Ogawa et al., 2005
Chromosome 5
At5g06340 AtNUDT29 228 CH Ap,A Ap,A, Ap;A Ogawa et al., 2008
At5g13570 AtNUDT27 374 C mRNA cap mRNA cap Gunawardana et al., 2008
(m’GTP-RNA)  (m’GTP-RNA)
At5g20070 AtNUDT19 439 CH NADH NADH, NADPH Ogawa et al., 2008
At5g45940 AtNUDT11 223 C Coenzyme A Coenzyme A Ogawa et al., 2005
At5g47240 AtNUDTS 370 C unknown
At5g47650 AtNUDT2 279 C unknown ADP-ribose, Ogawa et al., 2005; Ogawa et
NADH al., 2008
At5g19460 AtNUDT20 375 CH unknown
At5g19470 AtNUDT24 366 CH unknown

*C, cytoplasm; M, mitochondria; CH, chloroplasts

substrate of this hydrolase was NADH. It was also
shown that the AtNUDT1 protein exists as a dimer
in solution (Dobrzanska et al., 2002). Further studies,
conducted by other researchers, have revealed that
the AtNUDT1 hydrolase is the closest plant homo-
logue of the Lactococcus lactis Y1gG protein that re-
moves pyrophosphate from dihydroneopterin tri-

phosphate (DHNTP). This reaction is the second step
in the pterin branch of the folate synthesis pathway.
In the presence of a different divalent cation (1 mM
Mg?") AtNUDT1 was found to efficiently hydrolyze
DHNTP. However, under the same reaction condi-
tions, the most favored substrates were (d)NTPs
(Klaus et al., 2005). A similar switch in substrate
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preference in the presence of different cations has
also been observed for a murine Nudix hydrolase
(Hua et al., 2003). This might indicate that the in vivo
substrate specificity of some Nudix hydrolases de-
pends on the cellular fluxes and local concentrations
of cofactors.

The preference of AtNUDT1 for (d)NTPs
was further corroborated by Ogawa et al. (2005)
and Yoshimura et al. (2007). Those authors also
found that AtNUDT1 efficiently catalyzes the hy-
drolysis of 8-oxo-(d)GTP. In a transcriptional mu-
tational analysis using a mutT-deficient strain of E.
coli expressing the AtNUDTI1 protein, Yoshimura
and coworkers established that this plant hydrolase
can partially compensate for the lack of the MutT
protein in the bacterial cells. In addition, they ob-
served an increase in 8-oxo-(d)G levels in the ge-
nomic DNA of mutant Arabidopsis plants lacking
AtNUDT1 activity. These results led those authors
to conclude that the physiological role of AtINUDT1
is the elimination of potentially mutagenic oxidized
nucleotides from the cellular pool. However, the
ATNUDTI1 mutant plants did not exhibit any no-
ticeable changes in their phenotype under normal
or stressful conditions. Therefore, the physiological
significance of this AtNUDT1 multi-substrate hy-
drolase remains to be determined.

DIADENOSINE POLYPHOSPHATE HYDROLASES
AtNUDT25 AND AtNUDT13

Diadenosine polyphosphates, Ap, (A, found in
a number of prokaryotic and eukaryotic organisms,
have been implicated in a range of physiological pro-
cesses such as DNA replication and repair, stress re-
sponses, neurotransmission and apoptosis (for review
see McLennan, 2000). In addition, diadenosine hepta-
phosphate (Ap,A) has also been observed in human
cells (Jankowski et al.,, 1999) The cellular level of di-
adenosione polyphosphates is precisely controlled
by various enzymes, including some with the Nudix
signature (for review see Guranowski 2000; McLen-
nan ef al., 2001). The Nudix hydrolases that are active
on diadenosine polyphosphates may be divided into
two subfamilies, preferentially hydrolysing Ap,A or
Ap.A, and Ap A, respectively. Interestingly, members
of the latter subfamily also act as phosphohydrolases
utilizing non-nucleotide diphosphoinositol polyphos-
phates, PP-InsP (DIPs), the most highly phosphory-
lated compounds of the inositol-based cell signaling
family (Safrany et al., 1999). In addition, members of
both subfamilies of diadenosine polyphosphate Nu-
dix hydrolases are able to hydrolyse 5-phospho-a-b-
ribosyl diphosphate (PRPP), which is both a substrate
and a regulator of purine and pyrimidine synthesis
(Fischer et al., 2002).

The first plant diadenosine polyphosphate
Nudix hydrolase was cloned from polyadenylated
RNA isolated from the cotyledons of Lupinus angus-
tifolius. In the presence of Mg?" ions the recombinant
protein catalyzed the asymmetric cleavage of Ap,A
to ATP and AMP. Typically for Nudix hydrolases,
the enzyme was inhibited by low levels of NaF
(Maksel et al., 1998). Further NMR and mutagenesis
studies demonstrated that the C-terminal domain of
the protein displays a typical Nudix fold and that
the conserved glutamate residues in the Nudix motif
contribute significantly to catalysis (Swarbrick et al.,
2000; Maksel et al., 2001).

Recently, an Arabidopsis homologue of the
L. angustifolius Ap,A hydrolase has been described
independently by two groups (Yoshimura et al., 2007;
Szurmak et al., 2008). The former study showed that
in the presence of 5 mM Mg?* ions the AtNUDT25
hydrolase, encoded by the At1g30110 gene, catalyzes
the hydrolysis of Ap,A, Ap.A, NADH and CoA. In
contrast, Szurmak and coworkers (2008) found that
AtNUDT25 exhibited almost no enzymatic activity
with any of these substrates in the presence of mag-
nesium cations. However, when Mg?" was replaced
by Mn*, Ap,A hydrolysis was observed. Thus, it
appears that in the presence of the appropriate co-
factor the hydrolase is far more specific. By the use
of isothermal titration calorimetry, Szurmak and co-
workers showed that AtINUDT25 preferentially hy-
drolyses Ap,A in the form of an Mn?* complex.

A subfamily of Nudix hydrolases that hy-
drolyse long-chain dinucleotide polyphosphates, in-
cluding diadenosine hexaphosphate (Ap,A) and di-
adenosine pentaphosphate (Ap;A), with low or zero
activity towards diadenosine tetraphosphate (Ap,A)
or diadenosine triphosphate (Ap,A), has been de-
scribed in yeast and mammals. Interestingly, these
enzymes also hydrolyse non-nucleoside substrates,
diphosphoinositol polyphosphates (Safrany et al.,
1998; Yang et al., 1999; Caffrey et al., 2000).

The AtNUDT13 protein encoded by the
At3g26690 gene was the first characterized plant Nu-
dix hydrolase active on long-chain diadenosine poly-
phosphates (Olejnik et al., 2007). It was established
that in the presence of Mg?* the most favored sub-
strate of AtINUDT13, Ap A, was cleaved asymmet-
rically yielding ADP and p,A. This hydrolase also
degraded Ap.A and p,A, but far less efficiently. No
activity was observed using Ap,A, Ap,A, dNTPs,
NTPs, PP-InsP; or PRPP as substrates. It was also
found that magnesium ions are absolutely essential
for catalysis and cannot be replaced by manganese
ions. Chemical crosslinking and size exclusion chro-
matography were used to demonstrate that the pro-
tein exists as a monomer in solution. Subcellular lo-
calization studies indicated that the AtNUDT13 pro-
tein is mitochondrial. Taken together, these findings
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suggest that diadenosine polyphosphates, which are
much more stable than ATP, could serve as a store
of the latter compound in mitochondria. Thus, the
mitochondrial Nudix hexaphosphate hydrolase At-
NUDT13 might be involved in the turnover of ATP
and ADP in these organelles (e.g., during stress)
(Olejnik et al., 2007). Interestingly, of the seven puta-
tive Arabidopsis Ap A hydrolases, five are thought to
be targeted to mitochondria, one to chloroplasts and
only one resides in the cytoplasm (Table 2). This ob-
servation supports the hypothesis that Arabidopsis
Ap,A hydrolases are specifically involved in mito-
chondrial metabolism (e.g., ATP turnover). In com-
parison, of the three Arabidopsis Ap,A hydrolases
two are putatively targeted to chloroplasts and one
resides in the cytoplasm. The physiological func-
tions of plant diadenosine polyphosphate hydrolases
are largely unknown and require further investiga-
tion. Analysis of mutant Arabidopsis lines deprived
of a particular enzyme may provide some insight,
although other hydrolases from the same subfam-
ily might complement the absence of the mutated
one. In addition, the physiological functions of di-
adenosine polyphosphates in plant cells remain un-
clear although several plant enzymes, besides Nudix
hydrolases, that are involved in the cellular metabo-
lism of these compounds have been identified (for
review see Guranowski, 2004).

RNA DECAPPING HYDROLASE AtNUDT27
(ATDCP2)

Messenger RNA turnover is critical for the
regulation of gene expression. In particular, removal
of the m’GTP cap from the 5 end of mRNA is an
essential step in the 5-3" decay pathway. The decap-
ping of mRNA that occurs inside cytoplasmic pro-
cessing bodies (P bodies) is a highly regulated pro-
cess which involves several proteins, including the
DCP2 protein (for review see Coller & Parker, 2004).
DCP2 is a Nudix enzyme that acts on m’GTP-RNAs,
generating m’GDP and 5-phosphorylated RNAs
which are substrates of 5’-3" exonuclease. Thus, the
catalytic activity of DCP2 is absolutely required for
mRNA decapping and further RNA degradation.
The DCP2 Nudix hydrolases were initially identified
in mammals and yeast (Wang et al., 2002; She et al.,
2006).

Recently, an Arabidopsis homologue of the
DCP2 protein was identified and characterized (Xu
et al., 2006; Iwasaki et al., 2007). The product of the
At5g13570 gene, the AtDCP2 (AtNUDT27) protein,
like its yeast and mammalian counterparts, catalyzes
the hydrolysis of m’GTP-RNAs to m’GDP and 5'-
phosphorylated RNAs. This protein is part of a de-
capping complex localized in cytoplasmic foci, which

are putative Arabidopsis P bodies. Null mutants of
AtDCP2 accumulate capped mRNA and display a
lethal phenotype at the seedling cotyledon stage,
indicating that it is essential for mRNA turnover in
postembryonic development. Mutational analysis of
conserved glutamate residues in the Nudix motif of
AtDCP2 has shown that this enzyme employs the
catalytic mechanism common to Nudix hydrolases.
However, unlike other Nudix enzymes, AtDCP2 is
refractory to inhibition by fluoride (Gunawardana et
al., 2008), and it appears to be unique in Arabidopsis
cells rather than a member of a subfamily like, for
example, Ap A hydrolases.

NUCLEOTIDE SUGAR HYDROLASES ATNUDT?,
ATNUDT2 (AtNUDX2) AND ATNUDT14 (ATASPP)

The first characterized Arabidopsis Nudix
hydrolase active on nucleotide sugars was the At-
NUDT?7 (formerly AtGFG) protein encoded by
At4g12720 gene. In the presence of Mg?* ions this
enzyme was shown to hydrolyse a variety of sub-
strates with a preference for ADP-ribose. Thus, it
was postulated that this hydrolase might help to
utilize any excess of free ADP-ribose present in the
cell (Olejnik & Kraszewska, 2005). Free ADP-ribose,
a highly reactive molecule, is a major product of
NAD*, poly(ADP)ribose, and cyclic-ADP-ribose ca-
tabolism. It can also be released from mono-ADP-ri-
bosylated proteins (Kim et al., 1993, Han et al., 2002).
Due to its ability to modify proteins by non-enzy-
matic mono-ADP-ribosylation and to bind to ATP-
activated K* channels, ADP-ribose is potentially
cytotoxic (Jacobson et al., 1994; Cervantes-Laurean
et al., 1996, Kwak et al., 1996). Detailed character-
ization of the AtNUDT7 protein showed that its
catalytic activity was not affected by low concentra-
tions of NaF. Chemical crosslinking studies demon-
strated that AtNUDT?7 exists in solution as a dimer
(Olejnik & Kraszewska, 2005). Further studies have
confirmed that ADP-ribose is the favored substrate
of AtNUDT?, although substantial hydrolysis of
NADH was also observed (Ogawa ef al., 2005).

Loss of function AtNUDT7 mutant plants dis-
play a pleiotropic phenotype including small size,
curled leaves, microscopic cell death, increased re-
sistance to bacterial pathogens, and increased levels
of reactive oxygen species (ROS) and NADH. It was
concluded that AtNUDT?7 helps to maintain cellu-
lar homeostasis during stress by hydrolysing excess
NADH, which is a potential source of superoxide
(Jambunathan & Mahalingam, 2006). Independent
studies on AtNUDT7 mutant plants by Bartsch and
coworkers confirmed the pleiotropic phenotypic ef-
fects caused by this mutation. Using genetic analy-
ses, they also established that growth inhibition, en-
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hanced basal resistance to bacterial pathogens and
cell death were dependent on a functional enhanced
disease susceptibility 1 (EDS1) protein, which to-
gether with phytoalexin-deficient 4 (PAD4) con-
trols defense activation and programmed cell death
(Bartsch et al., 2006). Further studies on AtNUDT7
mutants have revealed that this mutation leads to
the perturbation of cellular redox homeostasis and
increased levels of NADH in pathogen-challenged
plants. However, no significant changes in the cellu-
lar level of ADP-ribose were observed in the mutant
plants. In addition, it was shown that the hydrolytic
activity of AtNUDTY? protein is essential for its func-
tion. It was concluded that the alteration in cellular
redox homeostasis caused by the AtNUDT7 mutation
primes the cells for an enhanced defense response.
Thus, the proposed function of the AtNUDT7 pro-
tein is to modulate the defense response to prevent
excessive stimulation (Ge ef al., 2007). However, the
precise mechanism by which the AtNUDT7 hydro-
lase regulates this process remains unknown.

Similarly to AtNUDT7, when tested in vitro,
the AtNUDT2 hydrolase shows preference for ADP-
ribose and NADH (Ogawa et al., 2005). It was ob-
served that overexpression of AtNUDT2 increases
tolerance of Arabidopsis plants to oxidative stress.
It was suggested that this phenomenon was due to
the maintenance of NAD* and ATP levels by nucleo-
tide recycling from free ADP-ribose molecules under
stress (Ogawa et al., 2008).

Another recently described Arabidopsis Nudix
hydrolase active on nucleotide sugars is an ortholog
of the E. coli ADP-sugar pyrophosphatase ASPP, an
enzyme that hydrolyses a variety of ADP-sugars in-
cluding ADP-ribose and ADP-glucose. The latter is
the bacterial glycogen and starch precursor. It was
shown that in bacteria the ASPP hydrolase controls
glycogen biosynthesis through regulating the intra-
cellular level of ADP-glucose (Moreno-Bruna et al.,
2001). Similarly to its bacterial counterpart, the Ara-
bidopsis AtNUDT14 (AtASPP) protein, encoded by
the At4g11980 gene, was found to catalyze the hy-
drolytic breakdown of ADP-ribose and ADP-glucose
in vitro, with a preference for the former. However,
leaves of plants overexpressing AtNUDT14 showed
a significant decrease in ADP-glucose level, followed
by a reduction in starch content. In spite of high K
for ADP-glucose estimated in vitro, this result sug-
gests that ADP-glucose rather than ADP-ribose is the
preferred in vivo substrate of this hydrolase. Despite
the prediction concerning its localization based on
the protein sequence, it was shown that AtNUDT14
is not mitochondrial (Munoz et al., 2006). Subcel-
lular localization studies with AtNUDT14 fused to
green fluorescent protein (GFP) have shown that the
protein is targeted to the chloroplasts (Munoz et al.,
2008).

CONCLUSIONS

The 29 genes encoding putative Nudix pro-
teins present in the Arabidopsis genome are spread
across all chromosomes, with the highest number
present on chromosomes 1, 2 and 5 (8, 6 and 8 genes,
respectively). The remaining seven genes are located
on chromosomes 3 and 4 (4 and 3, respectively).
Based on their predicted localizations, the encoded
proteins are evenly distributed between the cyto-
plasm and organelles, i.e. mitochondria and chloro-
plasts (14 and 15, respectively). Interestingly, none
of the proteins display a nuclear targeting signal
suggesting that these hydrolases are predominantly
involved in processes that occur outside the nucle-
us. Recently, the proteins were numbered accord-
ing to their predicted cellular localization: presum-
ably cytosolic AtNUDT1-11; predicted to be trans-
ported to mitochondria AtNUDT12-18; and targeted
to chloroplasts AtNUDT19-24 (Ogawa et al., 2005).
Three additional Nudix proteins (Ap,A hydrolases)
identified in sequence databases, encoded by genes
At1g30110, At3g10620 and At5g06340, were subse-
quently added to this list (Yoshimura et al., 2007).
However, two presumably cytosolic Nudix proteins,
one with an unpredicted substrate and the other ac-
tive on mRNA cap, encoded by the At2g04440 and
At5g13570 genes, respectively, were missed. I pro-
pose to name these proteins AtNUDT26 and At-
NUDT27 for the At2g04440 and At5gl13570 gene
products, respectively. The putative chloroplastic
Ap,A hydrolases encoded by the genes At3g10620
and At5g06340 would then become AtNUDT28 and
AtNUDT29, respectively.

Through a search of the InterPro database,
two presumably chloroplastic proteins encoded by
the At3g02780 and At5g16440 genes were found to
contain domains with structural similarity to the
Nudix fold and therefore they were included in
the Arabidopsis Nudix hydrolase family by Munoz
et al. (2006). It has previously been shown that
these proteins exhibit isopentenyl diphosphate iso-
merase (IPP isomerase) activity, which is required
for interconversion of isopentenyl diphosphate
(IPP) in the isoprenoid pathway (Campbell et al.,
1997). Despite the structural similarities between
the C-terminal domains of IPP isomerases and the
Nudix proteins, the hydrolysis of the IPP pyro-
phosphate bond by a Nudix-like domain would be
unlikely and also insufficient for the isomerisation.
IPP isomerisation also requires functions of the
unique N-terminal part of the protein. Therefore,
it has been suggested that the Nudix-like motifs
of the IPP-processing enzymes are catalytically in-
efficient and act only to bind the pyrophosphate
moiety of the IPP substrate (Smit & Mushegian,
2008).
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Similarly, a direct involvement of the Nudix-
like domain of the MutY glycosylase in the removal
of adenine mispaired with guanine or 8-oxo-guanine
from DNA would be unlikely. The MutY glycosyla-
se employs a different catalytic mechanism and this
activity resides in the N-terminal part of the protein.
It has been suggested that the Nudix-like domain of
MutY may play some role in the recognition of 8-
oxoG in DNA (Volk et al., 2000).

Neither the IPP isomerases nor MutY-like gly-
cosylases contain a canonical Nudix motif and most
probably they do not exhibit a pyrophosphohydro-
lase activity, two features that are diagnostic for
member of the Nudix hydrolase family. Therefore, I
propose to exclude both IPP isomerases and the pre-
dicted Arabidopsis MutY-like glycosylase (encoded
by the At4gl12740 gene) from the Arabidopsis Nudix
hydrolase family.

The variety of substrates, many of which re-
main unrecognized, and the different enzymatic
specificities of the Nudix hydrolases impede the de-
termination of the biological functions of individual
family members. In future, the ease of transforma-
tion of the model plant A. thaliana and the existence
of mutant lines are likely to be vital in determining
the in vivo roles of the Nudix hydrolases. This infor-
mation will in turn help to establish the functions of
homologous proteins in other species.
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