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Crystal Structure of 50-Methylthioadenosine Nucleosidase
From Arabidopsis thaliana at 1.5-Å Resolution
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Introduction. Methylthioadenosine (50-deoxy-50-methyl-
thioadenosine; adenine-9-b-D-(50-deoxy-50-methylthio)-ribo-
furanoside, MTA) is an important metabolite in all liv-
ing organisms. MTA is involved in methionine (Met) and
S-adenosyl-Met (AdoMet) recycling, polyamine biosyn-
thesis, and bacterial quorum sensing.1 The metabolism
of MTA is clearly characterized by extensive studies on
the identification and characterization of enzymes in
reaction pathways and the examination of reaction inter-
mediates, particularly in bacterial systems.2 Several
gene products in the pathways are attractive targets for
antibiotics in prokaryotes and have been demonstrated
as potential therapeutics in mammals.3 The MTA cycle
has also been studied extensively in plant because of the
synthesis of ethylene and polyamines, where the mainte-
nance of their levels is important in plant physiology.4

Many genes involved in the MTA cycle in plant have
also been isolated and characterized.5–7 One of the key
enzymes in this cycle is 50-methylthioadenosine nucleosi-
dase (MTAN). MTAN (EC 3.2.2.16) is an enzyme that
irreversibly cleaves the ribosidic bond of MTA to produce
50-methylthioribose (MTR) and adenine. In bacteria and
plants, MTR kinase subsequently phosphorylates the C-
1 hydroxyl group of the ribose moiety of MTR to yield
MTR-1-phosphate, while MTA phosphorylase (MTAP) is
known to carry out both functions in a single step in
mammals.1,8 Mammals utilize two separate enzymes,
MTAP and S-adenosylhomocysteine (AdoHcy) hydrolase,
to catabolize MTA and AdoHcy, whereas bacteria use a
dual substrate-specific MTA/AdoHcy nucleosidase. Plants
hydrolyze MTA and AdoHcy differently. The biochemical
characterization of MTAN from Lupinus leteus and Pi-
sum sativum seeds has indicated an ability to discrimi-
nate between the analogs with and without an a-amino
group at the 50-alkylthiomoiety.9,10 Plants utilize MTAN
and AdoHcy hydrolase separately to cleave the ribosi-
dic bond of MTA and AdoHcy, respectively. Thus, the
AdoHcy hydrolase activity in plant has been lost com-
pared with the bacterial enzyme. Sequence alignment of
E. coli MTA/AdoHcy nucleosidase (EcMTAN) and plant
MTAN shows a high degree of sequence conservation
among the residues in the active site, despite limited
overall sequence identity.8 Extensive biochemical and

structural studies on EcMTAN have provided a wealth
of information regarding the catalytic mechanism, spe-
cific interactions with MTA, and conformational changes
for the enzymatic reaction.11 No structural information
is available, however, on a plant MTAN, a similar enzyme
with different specificity. To gain insight into the struc-
tural basis of the differences in substrate specificity, we
have determined the high-resolution structure of MTAN
from Arabidopsis thaliana (AtMTAN).

Materials and Methods. The full-length MTAN gene
(AT4G38800) from Arabidopsis thaliana was cloned
using standard polymerase chain reaction techniques.
The gene was flanked by EcoRI and SalI restriction
enzyme sites, and the fragments were ligated into a
pGEX-4T-3 expression vector. The integrity of the plas-
mids that were produced was verified by DNA sequenc-
ing and the plasmids were then transformed into
BL21(DE3)RIL cells. Expression of the MTAN was
induced by the addition of 1 mM IPTG at OD (600 nm)
¼ 0.6. After 20-h induction at 228C, the cells were har-
vested by centrifugation and kept frozen at �808C till
further use. The cell pellets were resuspended in ice-cold
13 PBS in the presence of 1 mM PMSF and subse-
quently disrupted by ultrasonication. The proteins were
applied to a glutathione column as the first step and elu-
ents from the column were subjected to SDS-PAGE fol-
lowed by visualization with Coomassie blue staining.
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The fractions containing MTAN were pooled and human
a-thrombin was added at 1 NIH unit/1 mg fusion pro-
tein. The GST removed target protein was further puri-
fied by anion exchange chromatography (HiTrap Q-
Sepharose) followed by gel filtration chromatography
(Superose 12). Selenomethionine (SeMet)-substituted
MTAN were expressed with B834(DE3) cells and puri-
fied as a wild-type protein.
The purified MTAN was concentrated to 10 mg/mL in

50 mM Tris-HCl, pH 8.0, 100 mM NaCl, and 1 mM DTT.
Crystallization was performed by the hanging-drop
vapor diffusion method at 228C. A monoclinic crystal
form of MTAN was obtained with a reservoir solution
consisting of 100 mM Tris-HCl, pH ¼ 8.5, 30% (w/v)
polyethylene glycol 4000, and 200 mM sodium acetate.
Crystals grew to a maximum size of 0.5 3 0.3 3 0.2
mm3 within 2 days. The native diffraction data were col-
lected on a charge-coupled device detector at the NW12
beamline of the Photon Factory, Tsukuba, Japan. The
multiwavelength anomalous dispersion (MAD) data
using mercury- and SeMet-derivatives were collected on
a charge-coupled device detector at the 4A beamline of
the Pohang Accelerator Laboratory, Pohang, Korea. All
diffraction data were processed and scaled using the

HKL2000 software package.12 Statistics for the data col-
lection are described in Table I.

Eight selenium and two mercury sites in the asym-
metric unit were located with SOLVE.13 The phases
were improved with RESOLVE.14 Statistics for the phas-
ing are presented in Table I. The electron density was of
sufficient quality to build a nearly complete model of
MTAN with the guidance of EcMTAN coordinates (PDB
ID: 1Z5P).15 The protein model was refined with CNS
including the bulk solvent correction.16 A twofold non-
crystallographic symmetry was maintained with tight
restraint during the early stages of refinement and was
relaxed in the final rounds. Solvent molecules were
added using model-phased difference Fourier maps.16 An
unambiguous electron density of adenine was visible,
even in the initial MAD-phased map, although the
MTAN crystals were obtained in the absence of adenine.
Statistics for the refined structures are also presented in
Table I. The assessment of model geometry and the
assignment of secondary structural elements were
obtained by using the program PROCHECK.17 The
AdoHcy model was obtained from the protein data bank
(PDB ID: 1HNN) and models of EcMTAN and AtMTAN
in complex with AdoHcy were generated by optimal fit-

TABLE I. Data Collection and Refinement Statistics

Native Hg-derivative (MAD) SeMet (MAD)

Data collection
Space group P21 P21 P21

Cell dimension

a, b, c (Å) 40.54, 126.59, 45.79 40.89, 126.60, 45.80 40.13, 126.42, 45.53
a, b, g (8) 90.0, 104.98, 90.0 90.0, 104.35, 90.0 90.0, 105.66, 90.0
X-ray sourcesa NW12, PF 4A, PAL 4A, PAL

Remote Edge 1 Edge 2 Peak Remote Edge Peak

Wavelength (Å) 1.0000 0.9918 1.0064 1.0084 1.0087 0.9500 0.9795 0.9797
Resolution (Å)b 1.5 (1.55) 2.5 (2.59) 2.5 (2.59) 2.5 (2.59) 2.5 (2.59) 2.5 (2.59) 2.5 (2.59) 2.5 (2.59)
Rmerge (%)c 5.0 8.1 7.8 8.0 9.3 8.2 8.7 9.7
Total reflections 196,061 101,659 97,472 97,820 101,843 114,502 110,197 112,191
Unique reflections 67,182 15,539 14,980 14,981 15,072 15,467 15,501 15,327
Completeness (%) 94.0 99.8 94.8 94.7 95.4 99.9 99.7 99.4
FOMd 0.59
Refinement
Resolution range (Å) 50.0–1.5
Reflections used 64,982
Rwork/Rfree (%)e 19.8/22.4

Number of atoms
Protein 3,678
Water/adenine 657/2

RMS deviations
Bond length (Å) 0.004
Bond angles (8) 1.269

aPF, Photon Factory, Japan; PAL, Pohang Accelerator Laboratory, Korea.
bValues in parentheses are for reflections in the highest resolution bin.
cRmerge ¼ P

h

P
ijI(h,i)�hI(h)ij/Ph

P
iI(h,i), where I(h,i) is the intensity of the ith measurement of h and hI(h)i is the corresponding average value for all

i measurements.
dFigure of merit ¼ jPP(a)eia/

P
P(a)j, where P(a) is the phase probability distribution and a is the phase.

eRwork and Rfree ¼ RkFOj�jFCk/RjFOj for the working set and test set (5%) of reflections.
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ting into the active sites. All figures were drawn using
PyMOL (http://www.pymol.org).

Results and Discussion. AtMTAN shares only 25% of
sequence identity (�43% similarity) with EcMTAN and,
however, shows significant sequence conservation for the
key residues involved in enzymatic catalysis.8 The
MTAN activity of purified enzyme was confirmed by an
assay using radioactive MTA (Oh et al., unpublished
results). The oligomeric state of AtMTAN in solution
was confirmed as a dimer during the gel filtration step
and the dimer was shown to be in the asymmetric unit
of present monoclinic crystal form. The crystals dif-
fracted to �2.0-Å resolution using a laboratory X-ray
and up to 1.5-Å resolution using a Synchrotron source.
The molecular replacement method was first tried using
EcMTAN (PDB ID: 1Z5P), but it failed to yield a
solution. Heavy metals were screened for multiple iso-
morphous replacement phasing and simultaneously
SeMet-derivatized proteins were prepared. The structure
was phased by multiple wavelength anomalous disper-

sion methods using mercury- and SeMet-derivatives
(Table I).

The crystal structure of AtMTAN has been refined at
1.5-Å resolution (Table I). Each monomer of the AtM-
TAN dimer consisted of seven a-helices, ten b-strands,
and two 310-helices [Fig. 1(C)]. The first 21 residues
(Met1-Glu21) of AtMTAN were not observed in the elec-
tron density and, therefore, are likely unstructured. The
location of bound adenine is in the deep pocket formed
by a monomer and the entrance is partially covered by
the adjacent subunit [Fig. 1(A)]. This flap is important
for forming a wide dimeric interface [Fig. 1(B)]. Struc-
tural similarities of AtMTAN with EcMTAN and human
MTAP (HsMTAP) are anticipated on the basis of se-
quence homology, the utilization of the same substrate
(MTA) or a combination of the two. The Z-scores by DALI
server for EcMTAN and HsMTAP structures are over
20 and 15, respectively, suggesting that they share a no-
table structural resemblance [Fig. 1(C–E)].18

AtMTAN and EcMTAN are well superimposed and many
active site residues are invariant [Fig. 2(A,B)]. When the
adenine binding sites of AtMTAN and EcMTAN are com-

Fig. 1. Overall structure of the AtMTAN and structural comparison. (A) Ribbon diagram showing the di-
meric AtMTAN structure and (B) a view along the noncrystallographic twofold molecular symmetry axis.
Each monomer in AtMTAN is colored yellow and magenta, respectively. The bound adenine molecules are
shown in the stick model. The N- and C-termini of AtMTAN are labeled. (C, D, and E) Structural compari-
sons among AtMTAN monomer (C), EcMTAN (D), and HsMTAP (E). The view is almost the same as pre-
sented in panel A. The a-helices are colored cyan, and the b-sheets and connecting loops are colored ma-
genta and salmon, respectively.
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pared, the residues are well conserved. The adenine mol-
ecule, a reaction product is very clearly defined in 1.5-Å
resolution map [Fig. 2(A)]. The carboxylic side chain of
Asp225 (D197e; ‘‘e’’ has been attached to represent the
residue number of EcMTAN) makes hydrogen bonds
with nitrogen atoms in the adenine ring and, therefore,
it is a key determinant for the adenine base. Two hydro-
phobic side chains, Phe237 (Phe207e) and Leu181
(Phe151e) show some structural perturbation to tightly
accommodate the adenine ring [Fig. 2(A,B)]. Backbone of
Gly118 (Gly78e) also interacts with this region. AtMTAN
model in complex with MTA has been generated easily,
because the residues recognizing sugar moiety is even
more structurally preserved than those recognizing base
moiety [Fig. 2(A,B)]. The carboxylic side chain of Glu202
(Glu174e) locates in nearly the same position and two
water molecules in the adenine-complex AtMTAN occupy

similar sites where the 20- and 30-hydroxyl groups are in
sugar moiety in the EcMTAN structure [Fig. 2(A)].

Interesting features can be derived from the AdoHcy
model when fitted into the active site of AtMTAN and
EcMTAN [Fig. 2(C,D)]. For example, residues Met35
(Met9e), Val90 (Ile50), Ile1430 (Val1020e; for clarity we
use ‘‘prime (0)’’ to designate residue in one of the two
subunits), Ile1450 (Phe1050e) make van der Waals con-
tacts with the 50-alkylthio moiety using their hydropho-
bic nature. The Ile1430 (Val1020e) and Ile1450 (Phe1050e)
are from a different subunit which cooperates to con-
struct the substrate binding site [Fig. 1(A)]. In EcMTAN,
the hydroxyl group of Tyr1070e is able to make hydrogen
bonds with the carboxylate group of the homocysteine
moiety [Fig. 2(D)]. Basically, there are large conforma-
tion differences in the segment of neighboring subunits
recognizing the 50-alkylthio moiety between the bacterial

Fig. 2. Close-up view showing the details of the active site in AtMTAN and EcMTAN. (A) A view of the sub-
strate binding site and the electron density map indicating bound adenine in AtMTAN. The jFo�Fcj map
(salmon color) was calculated prior to inclusion of the illustrated adenine molecule in the model. This map was
calculated using 50.0–1.5 Å data and was contoured at 3.0 r. (B) The active site of EcMTAN complexed with
the substrate (MTA). (C) The active site of AtMTAN; (D) the active site of EcMTAN in complex with AdoHcy.
Each subunit covering almost all of the key residues is colored yellow for AtMTAN and orange for EcMTAN,
and the other subunit colored magenta for AtMTAN and pink for EcMTAN. Key residues are labeled in the pan-
els A and B. A transparent circle with green coloring represents a steric clash between the phenolic ring of pro-
tein and the carboxylic group of homocysteine (C) and that in panel D represents favorable hydrogen bonding
interactions between hydroxyl group of the tyrosine residue and the carboxylic group of homocysteine.
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and plant enzymes. The secondary structural element
containing this segment from neighboring subunit is
loop in E. coli and might be much more flexible than a-
helical segment in plant [Fig. 2(C)]. The potential key
residue for discriminating AdoHcy, Tyr1070e in the loop
region is not able to exactly match the residue in AtM-
TAN. Because of this helix from the neighboring sub-
unit, the 50-alkylthio binding site is likely to be limited
in plant MTAN than in bacterial MTAN. A protruding
bulky side chain of Phe1480 shows a clear steric clash
but only with the carboxylic end of the homocysteine
moiety which is readily interpreted to be that the plant
MTAN is able to hydrolyze 50-methyl, 50-ethyl, 50-n-butyl,
and 50-isobutylthioadenosine but not AdoHcy.10

In summary, we present the first MTAN structure
from a plant species at very high resolution complexed
with a product (adenine) and through a structural com-
parison with the E. coli enzyme provide a clear demon-
stration of how a plant enzyme cannot hydrolyze
AdoHcy in contrast to its bacterial equivalent.
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