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a b s t r a c t
50 -Methylthioadenosine (MTA) and S-adenosylhomocysteine (SAH) are important metabolites in all living
organisms. Two similar nucleosidases for hydrolyzing MTA in Arabidopsis thaliana (AtMTAN1 and AtMTAN2) exist, but only AtMTAN2 shows markedly broad substrate speciﬁcity for hydrolysis of SAH. To
examine the biochemical characteristics of AtMTAN2, it was over-expressed in Escherichia coli and puriﬁed to homogeneity. Spectroscopic assays conﬁrm AtMTAN2 catalyzes MTA as well as SAH hydrolysis,
compared to AtMTAN1 which only hydrolyzes MTA. In addition, crystal structure of the AtMTAN2
enzyme in complex with, adenine was determined at 2.9 Å resolution. Finally, a structural comparison
of AtMTAN2 performed with previously determined structures of AtMTAN1 and an E. coli homolog provides clues for the substrate speciﬁcity of MTA nucleosidases in A. thaliana.
Ó 2009 Elsevier Inc. All rights reserved.

Introduction
Methylthioadenosine (MTA) and S-adenosylhomocysteine
(SAH) are crucial metabolites amongst all living organisms, involved in biosynthetic pathways such as recycling of methionine
(Met) and S-adenosyl-Met (AdoMet), protein and DNA methylation, and biosynthesis of ethylene, polyamines, and phytosiderophores [1,2]. The metabolism of MTA/SAH in a bacterial system
has been studied extensively, including the identiﬁcation and characterization of enzymes in the reaction pathways and the examination of reaction intermediates for potential development of
antibiotics [3]. The MTA cycle in plants has also been well-characterized because of the synthesis of ethylene and polyamines, which
play critical roles in plant physiology [4–6]. Several genes involved
in the plant MTA cycle have recently been identiﬁed and characterized [5,7–10]. For example, MTA nucleosidase (MTAN) cleaves the
ribosidic bond of MTA to produce the enzymatic products 50 -methAbbreviations: AdoMet, S-adenosyl-methionine; AtMTAN1, Arabidopsis thaliana
MTAN1; AtMTAN2, Arabidopsis thaliana MTA/SAH nucleosidase; EcMTAN, E. coli
MTA/SAH nucleosidase; MTAN, 50 -methylthioadenosine nucleosidase; MTAP, 50 methylthioadenosine phosphorylase; MTR, 50 -methylthioribose; RMSD, root-mean
square deviation; SAH, S-adenosylhomocysteine
q
The atomic coordinates and structure factors (ID code: 3BSF) have been
deposited in the Protein Data Bank (http://www.rcsb.org).
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ylthioribose (MTR) and adenine [11]. MTR kinase then phosphorylates the C-1 hydroxyl group of the ribose moiety of MTR to yield
MTR-1-phosphate [7,12]. Interestingly, generation of MTR-1-phosphate from MTA is a single-step reaction mediated by MTA phosphorylase (MTAP) in mammals [1,13].
Catabolism of SAH differs among species, however. Mammals
use a separate enzyme, SAH hydrolase that cleaves the covalent
bond between homocysteine and adenosine [14], whereas bacteria
use MTA/SAH nucleosidase, which cleaves the same covalent bond
between MTR and adenine in MTA as well as the bond between Sribosylhomocysteine and adenine in SAH. Extensive biochemical
and structural studies on MTA/SAH nucleosidase from E. coli (EcMTAN) have provided tremendous information concerning the catalytic mechanism, speciﬁc interactions with substrates, and
conformational changes during the enzymatic reaction [13,15–
19]. However, biochemical and structural studies on MTA nucleosidase from plants have been relatively limited in contrast to the
bacterial enzyme. Previously, a biochemically and structurally
characterization of an MTAN from Arabidopsis thaliana (AtMTAN1;
AT4G38800) [20] showed AtMTAN1 hydrolyzes MTA and not SAH,
in contrast to the bacterial enzyme which does. This result and the
additional biochemical characterization of MTANs from Lupinus luteus seeds and A. thaliana (AtMTAN1) [11,20] demonstrate why
plant MTAN has been known for speciﬁcity for MTA, but not for
SAH. However, an MTAN from Oryza sative L. possesses substantial
hydrolytic ability of the ribosidic bond in SAH [5]. Another MTAN
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identiﬁed in the Arabidopsis genome (AtMTAN2; AT4G34840) was
examined for its biochemical properties in recent study [21] and
as well as this current one. Although sequence alignment between
these two plant homologues shows a very high degree of sequence
conservation among the residues in the active site (Fig. 1), only
AtMTAN2 is able to cleave the ribosidic bond in both SAH and
MTA, similar to the bacterial enzyme. In order to understand the
substrate speciﬁcity between AtMTAN1 and AtMTAN2, we have
determined the crystal structure of AtMTAN2 and compared the
biochemical and structural characteristics among MTANs.
Materials and methods
Over-expression and puriﬁcation. The full-length AtMTAN1
(AT4G38800) and AtMTAN2 (AT4G34840) genes were isolated
from A. thaliana cDNA using standard PCR techniques. The PCR
products were then cloned into a pGEX-4T3 expression vector
(GE Healthcare). Vectors were next transformed into BL21 (DE3)
RIL (Novagen) for the over-expression of proteins corresponding
to AtMTAN1 and AtMTAN2. The transformed cells were cultured
in LB media with 50 lg/ml ampicillin at 37 °C until OD600 = 0.6.
AtMTAN1 and AtMTAN2 were next induced by the addition of
0.2 mM IPTG for 20 h at 22 and 18 °C, respectively. After induction,
cells were harvested by centrifugation at 6000 rpm and resuspended in ice-colded phosphate-buffered saline in the presence
of 1 mM PMSF. The resuspended cells corresponding to both AtMTAN1 and AtMTAN2 were disrupted by ultrasonication and subsequently subjected to identical puriﬁcation procedures. Soluble
fractions of cell lysates separated by centrifugation at 15,000 rmp

and 4 °C were applied to a glutathione column as the ﬁrst puriﬁcation step. In order to remove the N-terminal glutathione S-transferase (GST) tag, the eluent containing GST-AtMTAN fusion proteins
was treated with human a-thrombin (10 NIH unit/1 mg fusion protein, Enzyme research Ltd.) at 18 °C for 12 h. The target protein was
further puriﬁed by anion exchange chromatography (HiTrap Q Sepharose Fast Flow, GE health care) followed by gel ﬁltration chromatography (Superose 12 GL 10/300, GE Healthcare).
Enzymatic assay and kinetics. MTA/SAH nucleosidase activities of
both AtMTAN1 and AtMTAN2 were measured using SpectraMax
M5 spectrophotometer (Molecular Devices, USA). Decreased absorbance at A275 corresponding to the hydrolysis of the nucleoside
was monitored and speciﬁc activities were calculated using the
extinction coefﬁcient for MTA hydrolysis (e275 = 1.6 mMs1 cm1)
[22]. Kinetic parameters were calculated in triplicate at 37 °C in
1 mL reactions containing 10–80 lM MTA and 50–300 lM SAH in
100 mM sodium phosphate buffer. Data for the Lineweaver–Burk
in accordance with the Michaelis–Menton equation was performed
by SigmaPlot.
Crystallization and data collection. The puriﬁed AtMTAN2 was
concentrated to 7 mg/ml in 50 mM Tris–HCl (pH 8.0), 100 mM
NaCl, and 1 mM DTT. Crystals were grown in sitting- and hanging-drop formations at 22 °C using equal volumes of protein and
reservoir solutions. Initial crystallization conditions were obtained
using multiple 96-well sitting-drop screens. After extensive optimization, crystals for data collection were grown in hanging-drop
over a reservoir solution of 100 mM Bis–Tris (pH 6.5) and 26–
32% (w/v) PEG-MME2000 within 3–5 days. Crystals were ﬂash frozen and stored in liquid nitrogen with reservoir solution and 25%

Fig. 1. Sequence alignment between AtNTAN1, AtMTAN2 and EcMTAN. The secondary structural elements at the top of each alignment correspond to those of AtMTAN2.
Strictly conserved residues boxed in red and yellow indicate conservatively substituted residues. The residues involved in ligand binding are marked by a ﬁlled, orange circle.
The ﬂexible loop involved in the open–close structural transition is highlighted with red brackets [ ]. The ﬁgure was drawn using ALSCRIPT [29]. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this paper.)
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(v/v) PEG400 as a cryo-protectant. The native diffraction data were
collected on a charge-coupled device detector at NW12 beamline
of the Photon Factory, Tsukuba, Japan. The diffraction data were
processed and scaled using the HKL2000 software package [23]
and statistics for the data collection are described in Table 1.
Structure determination and reﬁnement. The MOLREP program
[24] was used to obtain phases with the model of AtMTAN1 (PDB
ID: 2H8G). The model was rebuilt by the program O [25] and COOT
[26] and was reﬁned with CNS including the bulk solvent correction [27]. With the exception of the ﬂexible loop regions, 2-fold
non-crystallographic symmetry was tightly maintained during
the entire reﬁnement. Solvent molecules were added using model-phased difference-Fourier maps [27]. The electron density of
adenine was unambiguously visible, even in the initial, molecular
replacement-phased map. The AtMTAN2 crystals, however, were
obtained in the absence of adenine. The assessment of model
geometry and the assignment of secondary structural elements
were obtained using the PROCHECK program [28]. Statistics for
the reﬁnement and model quality are described in Table 1. SAH
coordinates were obtained from the protein data bank (PDB ID:
1HNN). The model of AtMTAN2 in complex with SAH was generated by ﬁnding the optimal ﬁt for the active sites and further minimizing energy using the program CNS [27].
Results and discussion
Structure determination
Although previous knowledge recognizes AtMTANs and EcMTAN share limited sequence identity, both however show signiﬁcant sequence conservation for the key residues involved in
enzymatic catalysis (Fig. 1) [13,20,21]. The oligomeric state of AtMTAN1 and AtMTAN2 in solution was conﬁrmed during gel ﬁltration
as a dimer, subsequently shown to be in the asymmetric unit of the
present trigonal-crystal form of AtMTAN2. The crystals of AtM-

Table 1
Data collection and reﬁnement statistics.
AtMTAN2
Data collection
Space group
Cell parameters
a, b, c (Å)
a, b, c (°)
Wavelength (Å)
Resolution (Å)
Rmergeb
I/(I)
Total reﬂections
Unique reﬂections
Completeness (%)
Reﬁnement
Resolution range
Reﬂections used
R-factor/Rfreec (%)
Number of atoms
Protein
Water/adenine
RMS deviationsd
Bond length (Å)
Bond angles (°)
Ramachandran outlier
a

P3121
79.349, 79.349, 138.152
90, 90, 120
1.0000
2.9 (2.9–3.02)a
9.9 (56.5)
30.96 (5.35)
105,554
11,186
96.5 (100)
50–2.9
10,250
25.3/29.3
3,700
23/20
0.009
1.34
0

Values in parentheses are for reﬂections in the highest resolution bin.
Rmerge = RhRi|I(h,i)<I(h)>|/RhRi I(h,i), where I(h,i) is the intensity of the ith
measurement of reﬂection h and <I(h)> is the corresponding average value for all i
measurements.
c
R = R||Fo|–|Fc||/R|Fo|, where Rfree is calculated for the 10% test set of reﬂections.
d
RMS, Root-mean square.
b
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TAN2 were diffracted to an approximate resolution of 2.9 Å using
a Synchrotron source (Table 1). The molecular replacement method using a highly reﬁned AtMTAN1 model (PDB ID: 2H8G) was
attempted to obtain phases. The structure of AtMTAN2 was reﬁned
to 2.9 Å resolution (Table 1) with the monomer consisting of seven
a-helices, ten b-strands, and a 310-helix (Fig. 1). Similar to previous
reports regarding AtMTAN1, the ﬁrst 10 residues (Met1-Lys10) of
AtMTAN2 were not observed in the electron density, implying disordered structure [20]. Residues between 216 and 225 in AtMTAN2
demonstrated weak electron density for both subunits, therefore
indicating this loop has high ﬂexibility. Interestingly, the equivalent segment in AtMTAN1 showed clear and strong electron density [20], whereas that in EcMTAN was not observed in the
complex structure with adenine [18]. Bound adenine is located in
the deep pocket formed by the monomer with the entrance partially covered by the adjacent subunit. This ﬂap is critical in the formation of a wide dimer interface (Fig. 2A and B).
Structural comparison of AtMTAN1 and AtMTAN2
Overall superposition of AtMTAN1 and AtMTAN2 performed
with the program CNS [27] showed the residues between 216
and 225 in AtMTAN2 contain conformational differences representing an open conformation when compared with AtMTAN1
(Fig. 2A and B). Interestingly, AtMTAN1 (PDB ID: 2QSU) displayed
a more open apo-form in this region compared with our AtMTAN2
structure (Fig. 2A and B) [21]. Superposition of Ca atoms from
AtMTAN2 with equivalent atoms from AtMTAN1 produced a
root-mean square deviation (RMSD) less than 1.3 Å. If the largely
deviated parts (>3 Å) are removed for comparison, the difference
is further reduced to approximately 0.72 Å (Fig. 2C and D). In fact,
the RMSD of the residues between 231 and 239 from AtMTAN1,
which correspond the residues between 218 and 226 in AtMTAN2,
is more than 5 Å (Fig. 2B).
Recent research found this region within the adenine-free form
of AtMTAN1 exists as two distinct formations [21]. In fact, the
equivalent monomer chains belonging to the adenine-free and bound forms of AtMTAN1 produced RMSD results of 2.03 Å for
open and 0.82 Å for closed forms. These results imply adeninebound AtMTAN1 is shown exclusively in its closed form and moreover substantial conformational changes occur in this region during the enzymatic reaction. In addition, the RMSD (between 1.58
and 1.64 Å) of matching Ca atoms between AtMTAN1 and AtMTAN2 monomers conﬁrms AtMTAN2 exists in a more open conformation compared with the closed structure observed in adeninebound AtMTAN1 (Fig. 2B).
Active sites
AtMTAN1 and AtMTAN2 are very well superimposed with many
active site residues demonstrating an invariant relationship. Indeed, sequence alignment conﬁrms the adenine binding sites of
AtMTAN1 and AtMTAN2 are well conserved (Fig. 1). Although the
resolution of AtMTAN2 structure is lower than that of AtMTAN1
(1.5 Å vs 2.9 Å), the adenine molecule in the active site of AtMTAN2
is very clearly deﬁned.
The side chains Met22, Val78, Met168, Met188, Phe224 along
with Ile1300 , Val1320 and Leu1350 (for clarity we use ‘‘prime (0 )”
to designate residue in one of the two subunits) in a neighboring
AtMTAN2 monomer bind adenine via hydrophobic and van der
Waals interactions similar to the corresponding residues of AtMTAN1 (Met35, Val90, Leu181, Met201, Phe237 and Ile1430 , Ile1450 ,
Phe1480 ) (Fig. 3) [20]. The two noticeable hydrophobic side chains,
Phe224 in AtMTAN2 (Phe237 in AtMTAN1) and Met168 in AtMTAN2 (Leu181 in AtMTAN1), show structural perturbations that
provide the ﬂexible accommodation of the adenine ring. The car-
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Fig. 2. Superposition of AtMTAN1 and AtMTAN2. (A) Backbone superposition of free (cyan), adenine-bound form (salmon) of AtMTAN1, and adenine-bound form (green) of
AtMTAN2. The region showing signiﬁcant structural movement (>3 Å RMSD) is marked with a red circle. (B) Close-up view of the red circle marked in panel (A). The maximal
shifts from the adenine-bound AtMTAN2 are indicated. (C) Plot of the difference between the chains belonging to the AtMTAN1 and AtMTAN2 dimers (red line—free
AtMTAN1, blue line—adenine-bound form of AtMTAN1, black line—adenine-bound form of AtMTAN2). (D) Comparison between equivalent chains from AtMTAN1 and
AtMTAN2 (blue line—A chain of AtMTAN1 between adenine-bound and free form, red line—B chain of AtMTAN1 between adenine-bound and free form, green line—A chain of
adenine-bound form between AtMTAN1 and AtMTAN2, black line—B chain of adenine-bound form between AtMTAN1 and AtMTAN2). The RMSD for the main chain atoms of
each residue are plotted as a function of AtMTAN1 residue number. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version
of this paper.)

boxylic side chain of Asp211 in AtMTAN2 (Asp225 in AtMTAN1)
hydrogen bonds with nitrogen atoms in the adenine ring, therefore
being key determinants for the adenine base. The side chain
Thr103 in AtMTAN2 (Thr116 in AtMTAN1) and backbone Gly105
in AtMTAN2 (Gly118 in AtMTAN1) also interact with the adenine
molecule (Fig. 3B and C).
Interesting features can be derived from the SAH model when
ﬁt into the active site of AtMTAN1 and AtMTAN2 (Fig. 3E and F).
For example, Phe1480 in AtMTAN1 is substituted for Leu1350 in
AtMTAN2. The protruding Phe1480 in AtMTAN1 may clash with
the carboxyl group of SAH due to the bulkiness of both protruding
phenolic ring of Phe1480 and the carboxylic end of the homocysteine moiety. This is usually interpreted as AtMTAN1 being able to
hydrolyze smaller 50 -methyl, 50 -ethyl, 50 -n-butyl, and 50 -isobutylthioadenosine, but not SAH [11]. Furthermore, this collision involving Phe1480 is predictable when compared with adenine-free
AtMTAN1, even though it has more opened conformation [21].
Therefore, the SAH model demonstrates the substitution of this po-

sition in AtMTAN2 results in the dual activity of MTA and SAH
(Figs. 3E, F and 4A). In addition, Ile1450 in AtMTAN1 is substituted
to Val1320 in AtMTAN2 (Fig. 4B). The removal of a methyl moiety
from this residue may contribute to the favorable bonding with
SAH. Lys24 and Glu75 in AtMTAN2 are located nearby SAH whereupon their side chains interact with SAH (Fig. 4B).
Enzyme activities
Although both AtMTAN1 and AtMTAN2 are able to convert MTA
to MTR and adenine, only AtMTAN2 is able to do so with SAH
(Fig. 4A). AtMTAN2 clearly possesses SAH hydrolysis activity,
which itself remains unpredictable due to its 67% sequence identity with AtMTAN1 (Fig. 1). Although its sequence identity with
EcMTAN is only 25% (Fig. 1), AtMTAN2 shows higher functional
similarity with EcMTAN than AtMTAN1. Concerning catalysis,
hydrolysis of MTA seems to predominate despite AtMTAN2 possessing both MTA and SAH hydrolysis activity (Fig. 4A). The KM val-
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Fig. 3. Close-up view of the active sites in AtMTAN1 and AtMTAN2. The details of the active sites in free (A) and adenine-bound (B) AtMTAN1. Blue spheres indicate water
molecules. (C) The active site of AtMTAN2 with bound adenine. Blue labels indicate residues that are originated from a different subunit. The modeled SAH ﬁt into the active
site in free (D) and adenine-bound (E) AtMTAN1, and adenine-bound AtMTAN2 (F). The green-colored, transparent ovals represent steric clashes between the phenolic ring of
AtMTAN1 and the carboxyl group of SAH (D,E). (F) Leucine residue in AtMTAN2, aligned with F237 in AtMTAN1, shows no steric clash with the carboxyl group of SAH. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this paper.)

Fig. 4. (A) Double reciprocal plot of AtMTAN1 and AtMTAN2 for MTA and SAH. Solid (—) and dashed black line (- - - -) show the MTA hydrolysis activity of AtMTAN1 and
) represents SAH hydrolysis activity of AtMTAN2. SAH hydrolysis in AtMTAN1 was not detectable. (B)
AtMTAN2, respectively. Dashed blue line with squares (
Conformational changes in the active site of AtMTAN1 and AtMTAN2. Superposition among free AtMTAN1 and adenine-bound AtMTAN1 and AtMTAN2 (Color coding is the
same as Fig. 3). Black labels indicate residues of AtMTAN1 while red are those of AtMTAN2. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this paper.)

ues for MTA from both AtMTAN1 and AtMTAN2 are very similar in
range. However, the KM value for SAH is only 16.6% of MTA, meaning AtMTAN2 binds MTA approximately 6-fold higher than SAH
(Fig. 4A). Intriguingly, this is consistent with previous reports that
the maximum activity for hydrolysis of SAH by MTAN from rice is
only 15.9%, when using MTA hydrolysis as a 100% standard [5].
Compared with bacterial MTAN [17], AtMTAN2 demonstrates similar substrate speciﬁcity and lower catalytic power. Although further structural information on the AtMTAN2 and SAH complex is
needed, this report suggests subtle differences in the active site
shown in Figure 4B in addition to the ﬂexibility of the loop between 216 and 225 (compared to the conformational rigidity of

that loop in AtMTAN1) account for the broad substrate speciﬁcity
of AtMTAN2 in the hydrolysis of SAH and MTA.
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