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ABSTRACT: The development of new and effective antiprotozoal drugs has been a difficult challenge because
of the close similarity of the metabolic pathways between microbial and mammalian systems.
5′-Methylthioadenosine/S-adenosylhomocysteine (MTA/AdoHcy) nucleosidase is thought to be an ideal
target for therapeutic drug design as the enzyme is present in many microbes but not in mammals. MTA/
AdoHcy nucleosidase (MTAN) irreversibly depurinates MTA or AdoHcy to form adenine and the
corresponding thioribose. The inhibition of MTAN leads to a buildup of toxic byproducts that affect
various microbial pathways such as quorum sensing, biological methylation, polyamine biosynthesis, and
methionine recycling. The design of nucleosidase-specific inhibitors is complicated by its structural
similarity to the human MTA phosphorylase (MTAP). The crystal structures of human MTAP complexed
with formycin A and 5′-methylthiotubercidin have been solved to 2.0 and 2.1 Å resolution, respectively.
Comparisons of the MTAP and MTAN inhibitor complexes reveal size and electrostatic potential differences
in the purine, ribose, and 5′-alkylthio binding sites, which account for the substrate specificity and reactions
catalyzed. In addition, the differences between the two enzymes have allowed the identification of
exploitable regions that can be targeted for the development of high-affinity nucleosidase-specific inhibitors.
Sequence alignments ofEscherichia coliMTAN, human MTAP, and plant MTA nucleosidases also reveal
potential structural changes to the 5′-alkylthio binding site that account for the substrate preference of
plant MTA nucleosidases.

Drug resistance among pathogens and the emergence of
“superbugs” resistant to even the most potent antibiotic are
of considerable concern in the medical community. This
problem is compounded as few new classes of antibiotics
have been introduced in the last 20 years. The urgent need
to find new antimicrobial targets and novel antimicrobial

therapeutics that are capable of eliminating the pathogen
without harm to the host is of great importance. The design
of such drugs requires the identification of metabolic
differences between the pathogen and host. One such
exploitable target is the enzyme 5′-methylthioadenosine/S-
adenosylhomocysteine (MTA/AdoHcy)1 nucleosidase (MTAN)
(1, 2). MTA/AdoHcy nucleosidase (EC 3.2.2.9) is a dual
substrate-specific enzyme that irreversibly cleaves both MTA
and AdoHcy to form adenine and the corresponding thiori-
bose, 5′-methylthioribose (MTR) andS-ribosylhomocysteine
(SRH), respectively (3).

MTA/AdoHcy nucleosidase is present in many pathogenic
microbes such asStaphylococcus aureus, Salmonella typh-
imurium, Enterococcus faecalis, Streptococcus pyogenes,
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Streptococcus pneumoniae, Mycobacterium tuberculosis,
Haemophilus influenzae, andBacillus anthracisbut not in
mammalian cells. The nucleosides MTA and AdoHcy are
catabolized in mammals and microbes by two mutually
exclusive mechanisms (Figure 1). In mammalian systems,
the breakdown of MTA and AdoHcy requires two separate
enzymes. MTA is catabolized in a reversible reaction to
adenine and 5′-methylthioribose 1-phosphate (MTR 1-P) by
MTA phosphorylase, while AdoHcy is broken down by
AdoHcy hydrolase to homocysteine and adenosine (4). In
contrast, most microbes that lack MTA phosphorylase or
AdoHcy hydrolase utilize the dual substrate specificity of
MTA/AdoHcy nucleosidase to cleave the ribosidic linkage
in AdoHcy and MTA.

The inhibition of MTAN allows the buildup of the two
toxic nucleosides, MTA and AdoHcy (Figure 1). The buildup
of MTA acts as a potent feedback inhibitor of spermidine
synthase, which is involved in polyamine biosynthesis (5,
6). Polyamines are thought to play a key role in growth
processes and in the regulation of DNA synthesis. Further-
more, the impairment of MTAN blocks the methionine
recycling pathway as MTA is not able to be recycled back
to methionine (1, 2). The salvaging of methionine is
important because methionine is an essential amino acid that
is energetically expensive to synthesize. The buildup of the
second nucleoside, AdoHcy, results in a potent feedback
inhibition of AdoMet-dependent transmethylation reactions
(7). In addition, buildup of AdoHcy leads to disruption of
the autoinducer 2 (AI-2) bacterial quorum sensing pathway,
which has been implicated in the regulation of virulence
factors (8-10) and the formation of biofilms (11) in many

bacteria.S-Ribosylhomocysteine generated by MTAN is
converted to AI-2 by the enzyme LuxS (12, 13).

MTA/AdoHcy nucleosidase was verified as a good
antibacterial target using MTAN null mutants generated in
the pathogenic and nonpathogenic bacteriaEscherichia coli,
S. typhimurium, H. influenza, E. faecalis, S. pyogenes, and
S. pneumoniae(14). IsolatedE. coli andS. typhimuriumnull
mutants exhibited an attenuated growth profile, an inability
to synthesize the AI-2 autoinducer, and an altered carbohy-
drate utilization profile. In addition, theS. typhimurium
MTAN null mutant resulted in a decrease in virulence and
had proliferation deficiencies compared to the parental strain.
Null MTAN mutants ofH. influenza, E. faecalis, S. pyogenes,
andS. pneumoniaecould not be isolated, suggesting that in
these bacteria MTAN is critical.

The structures of MTAP complexed to adenine and MTA-
sulfate (15) and MTAN complexed to adenine, formycin A
(FMA), and 5′-methylthiotubercidin (MTT) (16, 17) have
been reported previously. We present here the crystal
structures of the human MTAP complexed to FMA and
MTT. The MTAP-FMA- and MTAP-MTT-bound struc-
tures allow the first detailed active site comparison of MTAP
with their MTAN inhibitor counterparts. The comparisons
of MTAN and MTAP have identified structural differences
in the purine, ribose, and 5′-alkylthio binding sites that
explain the binding preferences of substrates and inhibitors
in MTAP and MTAN. Such comparative studies are neces-
sary in the drug design process, as exploitable structural and
electrostatic differences need to be identified if inhibitors
specific to the nucleosidase are to be designed. Furthermore,
the importance of certain residues in the active sites

FIGURE 1: Mammalian and microbial catabolic pathways for 5′-methylthioadenosine (MTA) andS-adenosylhomocysteine (AdoHcy). Mutually
exclusive mammalian and microbial metabolic pathways are highlighted in red and blue, respectively.
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combined with a sequence alignment ofE. coli MTAN and
MTA nucleosidase from plants provides preliminary insight
into the substrate preferences of the plant enzymes.

MATERIALS AND METHODS

Protein Preparation, Crystallization, and Inhibitor Soak-
ing. Human MTA phosphorylase was overexpressed, puri-
fied, and crystallized as described previously (15). After 2
weeks of growth, crystals were transferred into an inhibitor
soaking solution containing 5 mM formycin A (FMA) or
5′-methylthiotubercidin (MTT) and 15% (w/v) PEG 6000,
25% (v/v) ethylene glycol, and 10 mM (NH4)2SO4. The
crystals were soaked for 8 h with the soaking solution being
replaced every 2 h.

Data Collection and Structure Determination.The crystals
were flash-frozen directly without use of further cryopro-
tection in a stream of nitrogen gas (100 K). Single wave-
length (1.000 Å) diffraction data were collected at the
Advanced Photon Source, Beamline 32-ID (Argonne Na-
tional Laboratories, Chicago, IL), on a 165 mm MAR CCD
detector. Data were reduced with the help of the program
DENZO and scaled using SCALEPACK (18). The data
collection statistics are shown in Table 1.

The structures of the MTAP-FMA complex and the
MTAP-MTT complex were determined by difference Fou-
rier methods using the coordinates of the protein atoms from

the MTAP-MTA-sulfate complex (PDB code 1CG6) as the
initial model. All rounds of refinement were performed in
CNS (19) using all data with noσ cutoff and a bulk solvent
correction. One cycle of rigid body refinement resulted in
the clear identification of the inhibitors in the difference
Fourier electron density map. Further torsion angle simulated
annealing refinement starting at 5000 K (20) was alternated
with rounds of manual rebuilding using the interactive
computer graphics program “O” (21). The progress of the
refinement was monitored by reductions inRcryst andRfree.
The coordinates for FMA and MTT were generated by
modifying the PDB files of adenosine and MTA downloaded
from the HIC-UP server (22), respectively. The topology and
parameter files for FMA and MTT were generated using the
XPLO2D server (23). Water molecules were included into
the model during the later rounds of refinement based on
the presence of a 3σ peak in theσA-weighted Fo - Fc

difference electron density map and at least one hydrogen
bond to a protein, inhibitor, or solvent atom. The final
refinement statistics are shown in Table 1.

Structural Superimpositions.The MTA/AdoHcy nucle-
osidase (PDB code 1NC1) and MTA phosphorylase struc-
tures were aligned by nonlinear least-squares fit of selected
main chain (N-CR-C) atoms in the active sites of the
proteins using the program PROFIT (v. 6.0), written by G.
David Smith for in-house use. The active site residues used
for superimposition were 171-174 and 196-197 in the
nucleosidase and 194-197 and 219-220 in the phosphor-
ylase.

Protein Data Bank Accession Codes.The coordinates and
X-ray amplitudes of MTAP complexed with FMA and MTT
have been deposited in the Protein Data Bank (PDB) (24)
with accession codes 1SD1 and 1SD2, respectively (http://
www.rcsb.org). PDB codes for the FMA- and MTT-
complexed nucleosidase structures are 1NC3 and 1NC1,
respectively.

RESULTS AND DISCUSSION

Structural Determination.MTA phosphorylase was crys-
tallized as described previously (15). The MTAP-formycin
A (MTAP-FMA) and 5′-methylthiotubercidin (MTAP-
MTT) complexes were obtained by soaking the inhibitors
into the MTAP crystals. The FMA- and MTT-bound phos-
phorylase crystals diffracted to 2.0 and 2.1 Å resolution,
respectively, and contain one molecule in the asymmetric
unit. The MTAP-FMA and MTAP-MTT structures were
determined using difference Fourier methods and refined to
Rcryst ) 18.0%,Rfree ) 19.8% andRcryst ) 18.6%,Rfree )
20.7%, respectively (Table 1). Residues 9-281 were mod-
eled into clear electron density in the MTAP-FMA structure;
however, in the MTAP-MTT complex residues 128-133
were disordered and omitted from the final model. Analysis
of the structures using PROCHECK (25) and CNS (19)
reveals that none of the non-glycine residues fall into the
disallowed regions of the Ramachandran plot. Please note,
for ease of comparison, that the numbering of atoms in the
purine base of the inhibitors FMA and MTT will be based
on the numbering convention of MTA and not the IUPAC
standard (Figure 2).

Structural Comparison of MTAP Complexes.A superim-
position of the MTAP-FMA, MTAP-MTT, and MTAP-

Table 1: Data Collection and Refinement Statistics

MTAP complex

FMA MTT

Diffraction Statistics
space group P321 P321

a (Å) 121.0 119.5
c (Å) 44.2 44.2

wavelength (Å) 1.000 1.000
no. of observed reflections 177155 104348
no. of unique reflections 25569 19929
resolution range (Å) 20.0-2.03 20.0-2.10
Rmerge(%)a 4.8 (5.3)b 4.6 (10.6)c

redundancy 6.9 5.2
completeness (%) 99.9 (99.5)b 94.0 (75.0)c

I/σ(I) 36.8 (8.0)b 29.9 (6.7)c

Refinement Statistics
no. of reflections 25305 19929
no. of reflections in test set 1728 1390
resolution range (Å) 20.0-2.03 20.0-2.10
Rcryst (%)d 18.0 18.6
Rfree(%)e 19.8 20.7
overallB-factor (Å2)

main chain 16.4 27.9
side chain 19.6 30.7
ligand 16.4 23.1
sulfate n/a 28.5
water 32.2 37.2

rms deviation
bonds (Å) 0.005 0.005
angles (deg) 1.22 1.23

a Rmerge ) ∑∑|I(k) - 〈I〉|/∑I(k), where I(k) and 〈I〉 represent the
diffraction intensity values of the individual measurements and the
corresponding mean values. The summation is over all unique measure-
ments.b Values given in parentheses refer to reflections in the outer
resolution shell: 2.13-2.03 Å. c Values given in parentheses refer to
reflections in the outer resolution shell: 2.15-2.10 Å. d Rcryst ) ∑hkl||Fo|
- k|Fc||/∑|Fo|, whereFo andFc are the observed and calculated structure
factors, respectively.e For Rfree the sum is extended over a subset of
reflections (7%) excluded from all stages of the refinement.
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MTA complexes shows that the overall main chain and side
chain atom positions are nearly identical (mean displacement
∼0.3-0.4 Å). Although the MTAP complexes are identical
in overall structure, an examination of their active sites
reveals key differences. In the MTAP-MTT structure, one
key difference is the lengthening of the interactions between
the purine ring of MTT and the enzyme. The distance
between the Asp220Ãδ2 and the C7 position of MTT is
∼3.3 Å, while in the MTAP-FMA and MTAP-MTA
complexes, the distances between Asp220Ãδ2 and the
equivalent purine N7 are 2.8 and 3.0 Å, respectively (Figures
3a and 4). The repositioning of MTT in the active site results
from the inhibitor pulling away from the side chain of
Asp220 rather than a reorientation of the side chain and is
the result of van der Waals repulsion between the carbon at
C7 and the Asp220 oxygen atoms. To compensate for this
MTT movement, there is also a reorientation of the sulfate
O4 oxygen atom that brings it closer to the C1′ position (3.6
Å) than in the MTA-bound phosphorylase structure (4.2 Å).
Another key difference involves the sugar puckering of the
MTT nucleoside in MTAP. Nucleosides in MTAP-com-
plexed structures are typical in a higher energy nucleoside
C4′-endo pucker conformation with a pucker amplitude of
∼35°. FMA and MTT are no exceptions and are also bound
with a high-energy C4′-endo sugar pucker conformation.
However, the pucker amplitude in MTT is smaller (13°) than
those seen in FMA or MTA (∼35°). As a consequence of
the smaller pucker amplitude in MTT, the 5′-methylthio tail
is shifted as compared to the MTA-bound nucleoside. This
shift in the 5′-methylthio tail does not alter the torsion angle
of the C4′-C5′ bond.

The active site of the MTAP-FMA structure does not
contain a sulfate ion (Figures 3a and 4b,d), even though
sulfate was present in the soaking solution. Three water
molecules, WAT13, WAT28, and WAT32, replace and
mimic the O2, O3, and O1 sulfate oxygen atoms, respectively
(Figure 4). From the presently available structures, there is
no clear structural reason why the sulfate ion cannot bind to
the active site in the MTAP-FMA complex. The structural

superimposition of the FMA- and MTT-bound MTAP
monomers reveals very little main chain deviations (overall
mean displacement∼0.35 Å). Furthermore, all residues
involved in sulfate binding have similar side chain torsion
angles. A possible explanation may reside in the fact that
the 5′-methylthio group of MTT, as well as MTA, is nestled
in the hydrophobic pocket created by Phe177, Val233,
Val236, Leu237, and Leu279 from a neighboring subunit.
The presence of the 5′-methylthio group excludes water,
whereas the smaller and more polar 5′-hydroxyl group of
FMA may favor a water-filled cavity. Disordered and ordered
water molecules in this cavity might change the stereoelec-
tronic features of the adjacent phosphate binding site, which
would in turn disfavor the binding of phosphate or sulfate.
Interestingly, the MTAN-FMA-bound structure also has
structural differences in this region. Two different conforma-
tions of the putative catalytic base (Glu12) are observed in
the two subunits (Figure 3b) (17). Glu12 in monomer A is
in a catalytically incompetent conformation with the carboxyl
oxygens of Glu12 hydrogen bonded to the hydroxyls of
Ser218 and Thr74 as well as the amide nitrogens of Gly75
and Ser219. No interaction is seen between the catalytic base
(Glu12) and the nucleophilic water (WAT3). The ribose
cavity of monomer A contains two extra ordered water
molecules than monomer B. In monomer B, Glu12 is thought
to be in a catalytically competent conformation as it interacts
directly with the nucleophilic water.

Structural Comparison of MTAP and MTAN.The human
MTA phosphorylase structures complexed with FMA and
MTT are very similar, with an overall main chain mean
displacement of∼0.35 Å. The structural comparison ofE.
coli MTA/AdoHcy nucleosidase complexed with FMA
(MTAN-FMA) and MTT (MTAN-MTT) also found only
small deviations between the two structures (mean displace-
ment) 0.3 Å) (17). For ease of comparison we have used
the structures of MTT complexed to MTAP and MTAN as
the representative models to describe the differences between
the two enzymes. The superimposition of MTAP and MTAN
revealed an overall mean displacement in the main chain of
3.5 Å (N-CR-C). A displacement plot of the CR atoms in
the MTAP-MTT and MTAN-MTT monomeric structures
highlights six major regions that deviate by more than 4.0
Å (labeled 1-6 in Figure 5a). Regions 1, 4, 5, and 6
contribute to changes in the active site architecture of MTAP
and MTAN. The active sites of MTA/AdoHcy nucleosidase
and MTA phosphorylase can be divided into three parts, the
adenine/purine, ribose, and 5′-alkylthio binding sites (15-
17). Examination of each of these regions of the active site
has revealed a number of differences that account for the
enzymes’ substrate preferences and which could be exploited
to design nucleosidase-specific inhibitors.

Adenine/Purine Binding Site. In the MTT-bound MTAP
structure, the purine moiety makes interactions to residues
Asp220, Asp222, and Phe177 and a water molecule (WAT1)
(Figures 4a and 6a). The Asp220 Oδ2 and Asp222 Oδ1 make
hydrogen bonds to the 6-amino group. WAT1 makes
hydrogen bond interactions to the N1 purine, while an
aromatic herringbone interaction (26) is made between
Phe177 and the purine base. The Thr219 Oγ1 and amide
nitrogen of Asp222 hydrogen bond to the Asp220 Oδ1 and
Oδ2, respectively, and help to correctly orient the Asp220
side chain. In the MTT-MTAN structure, the purine makes

FIGURE 2: Structures of formycin A (FMA), 5′-methylthioadenosine
(MTA), and 5′-methylthiotubercidin (MTT). For ease of compari-
son, the numbering of atoms throughout the text for the purine base
of the ligands (MTT and FMA) is based on the numbering
convention of MTA and not the IUPAC standard.
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interactions to residues Asp197, Ile152, and Phe151 (Figures
3b and 6a). The 6-amino group is hydrogen bonded to the
Asp197 Oδ2 and the main chain carbonyl oxygen of Ile152.
The N1 atom is hydrogen bonded by the amide nitrogen of
Ile152. Phe151 makes van der Waals interactions with the
purine base. Asp197, like Asp220 in the phosphorylase
structure, is held in place by interactions between the
carboxyl oxygens and hydroxyl of Ser196 and amide nitrogen
of Ala199.

The purine binding sites of MTAP and MTAN are very
similar in nature. Both purine binding sites are negatively
charged (Figure 6d). This negative potential in MTAP and
MTAN will likely repel electronegative substitutions to the
purine base. This explains why MTAP has poor affinity for
6-chloropurine (27) and why compounds where the N6 amino
group has been replaced with a keto group, such as
5′-methylthioinosine, do not serve as substrates or inhibitors
for either MTAP or MTAN, respectively (28, 29). The
introduction of electronegative substituents will likely be
detrimental to binding. One difference that could be exploited
to improve affinity is the presence of an extra serine in the
purine binding site of MTAN (Figure 3). In the MTT-bound
structures of MTAP and MTAN, the purine base is coordi-
nated by three hydrogen bonds. A fourth hydrogen bond
would be made between the Oδ1 of either Asp220 (MTAP)
or Asp197 (MTAN) and the N7 of a ligand with an intact

adenine base. In the MTAN-FMA structure, five hydrogen
bonds anchor the purine base. The extra hydrogen bond is
formed between the purine N8 and the Oγ of Ser76. In the
MTAP-MTA structure, the purine makes only four hydro-
gen bonds as Ser76 is replaced by Ala94 in the phosphor-
ylase, thereby creating a differential in the number of
hydrogen bonds. Alternative substitutions at the C8 position,
such as an amino group, could also exploit these structural
differences between the enzymes, and therefore chemical
substitutions at the C8 position need to be explored when
trying to design higher affinity, more specific nucleosidase
inhibitors.

The biggest difference between the MTAP and MTAN
purine binding sites is the size of the cavity. We reported
previously that significant conformation changes occur in
this region between the MTT and adenine-complexed MTAN
structures (17). For example, the loop containing residues
148-153, the 150’s loop, moves up to 3 Å closer to the
purine base upon the binding of the MTT inhibitor. A
comparison of the 150’s loop and the MTAP equivalent 170’s
loop, residues 173-179, reveals that the 150’s loop in
nucleosidase is up to 7 Å closer to the purine moiety than
the equivalent CR atoms in MTAP (Figure 5a). As a result,
the purine binding cavity is more restricted in the MTAN-
FMA and MTAN-MTT structures than in either MTAP or
in the adenine-bound MTAN (Figure 6d). The MTAP cavity

FIGURE 3: Active site schematic comparison of MTA phosphorylase. A schematic of the interactions made in the active sites of the (a)
MTAP-FMA, MTAP-MTA (PDB code 1CG6), and MTAP-MTT and (b) MTAN-FMA and MTAN-MTT structures. Residues donated
from a neighboring subunit are shaded in a gray box with an asterisk. Dotted lines represent protein-protein, protein-ligand, or protein-
solvent hydrogen bonds with distances given in angstroms (Å). Panel b is reprinted with permission from ref17. Copyright 2003 Journal
of Biological Chemistry.
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is approximately 20 Å3 larger than the MTAN cavity, and
this would account for MTAP’s ability to accommodate
exocyclic additions at the C2 position. Nucleobases such as
2-methyladenine (Km ) 32 µM) and 2-fluoroadenine (Km )
17 µM) bind to MTAP with an affinity similar to that of the
adenine base (Km ) 20 µM) (27). The 150’s loop in MTAN
is able to move closer to the purine moiety because Asp222
in MTAP is substituted by a less bulky alanine (Ala199) in
the nucleosidase. This alanine substitution in MTAN elimi-
nates steric clashes that would otherwise occur with the 150’s
loop, specifically with the side chain of Ile152, and allows
main chain Ile152 atoms to hydrogen bond with the N1 and
N6 positions of the purine. The 170’s loop in MTAP does
not make any direct hydrogen bonds to the purine base;
instead, the amide nitrogen and Oγ of Ser178 are involved
in an indirect hydrogen bond through a water molecule
(WAT1) to the N1 purine position.

Ribose and Sulfate/Phosphate Binding Site. In the MTAP-
MTT structure, a sulfate is present in the active site and is
thought to mimic its natural ligand, phosphate. The binding
of the ribose is primarily mediated by hydrogen bonds from
the O2′ and O3′ ribose to the sulfate oxygen atoms (Figures
4a and 6b). In addition, a longer hydrogen bond is made
between the amide nitrogen of Met196 and the O2′ ribose
(2.9 Å). The sulfate is anchored by hydrogen-bonding
interactions from the side chains of Thr18, His61, Arg60,
Thr197, and Thr93 and the backbone nitrogen atoms of
Thr18 and Ala94. In contrast, the binding of the ribose in
the nucleosidase relies on two hydrogen bonds from the Oε1

and Oε2 of Glu174 to the O2′ and O3′ positions, respectively.
The nucleophilic water (WAT3) also makes two hydrogen
bonds to the ribosyl O2′ and O3′ positions. In the MTAN-
MTT structure, WAT3 is further stabilized by hydrogen

bonds to the putative catalytic base Glu12, Glu174, and
Arg193. Two weaker hydrogen bonds are also made between
the amide nitrogen of Met173 and Oγ of Ser76 to the ribosyl
O2′ and O4′ atoms, respectively.

The ribose binding site is clearly different between MTAP
and MTAN (Figure 6b,e). The differences at this binding
site explain why the nucleosidase cannot act as a phosphor-
ylase even though the tertiary structure and the active site
architecture are so similar. The nucleosidase has a cavity
that is approximately the same size as the phosphorylase,
but MTAN lacks the ability to coordinate a phosphate anion.
In place of the phosphate is the nucleophilic water (WAT3).
A phosphate anion is unlikely to bind to the nucleosidase as
Thr93 and Thr197 in the phosphorylase have been replaced
in the nucleosidase by the bulkier residues Arg193 and
Glu174, respectively. In addition, MTAP residues Thr18,
Arg60, and His61 are substituted to Met9, Ser48, and Gly49,
respectively, in MTAN. The truncation of the Thr18, Arg60,
and His61 eliminates the attractive electrostatic and hydrogen-
bonding interactions required for phosphate binding. As a
consequence of these substitutions, the nucleosidase cavity
is predominantly negatively charged near the ribosyl O2′ and
O3′ positions (Figure 6e). This negative charge would likely
destabilize or repel the anionic phosphate. This reversal in
the electrostatic potential could potentially be exploited to
create tighter binding and more specific nucleosidase inhibi-
tors. The addition of an electropositive or positively charged
group such as a guanidinium moiety at the O2′ position may
allow for greater affinity and specificity toward the nucle-
osidase. A guanidinyl group will likely make a favorable
salt bridge to the catalytic base (Glu12) in the nucleosidase
and also maintain hydrogen bonds to Glu174. Meanwhile,
since the ribose binding site in the phosphorylase is positively

FIGURE 4: Active site comparison of MTAP structures. Stick representation of the human MTAP active site bound with (a) MTT and (b)
FMA. Residues donated from a neighboring subunit have cyan-colored carbon bonds. InitialσA-weightedFo - Fc electron density map
superimposed with the refined (c) MTT and (d) FMA inhibitors. The electron density maps are contoured at 3σ.
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charged, a 2′-guanidinyl-substituted nucleoside inhibitor will
be electrostatically repelled.

5′-Alkylthio Binding Site. In MTAP, the 5′-alkylthio
binding site is composed of residues Thr18, His65, His137,
Phe177, Val233, Val236, Leu237, and Leu279, with His137
and Leu279 being contributed from a neighboring subunit
(Figures 3a and 6c). Residues Thr18, His137, Phe177,
Val233, and Val236 form the sides of the cavity, while
His65, Leu237, and Leu279 form one end of the hydrophobic
pocket. The conformation of the 5′-methylthio tail can be
described by two torsion angles describing the C4′-C5′
bond,φoo (S5-C5′-C4′-O4′) andφoc (S5-C5′-C4′-C3′)

(30, 31). The MTT in MTAP has a C4′-C5′ bond orientation
of φoo ) 60° and φoc ) -179°. In comparison, the
5′-alkylthio binding site in the nucleosidase is composed of
residues Met9, Ile50, Phe151, Met173, and Phe207, and
residues Val102, Phe105, Tyr107, and Pro113 from a
neighboring subunit (Figure 6c). MTT binds with an exo-
cyclic C4′-C5′ bond orientation ofφoo ) 167° andφoc )
-75°.

The small molecule crystal structure of MTA has an
exocyclic C4′-C5′ bond torsion angle ofφoo ) 169° (S5-
C5′-C4′-O4′) and φoc ) -69.4° (S5-C5′-C4′-C3′)
corresponding to thetrans, gaucheconformation in the two

FIGURE 5: Structural comparison of MTAN and MTAP. (a) Mean displacement of CR positions between monomer A of the MTAN-MTT
and MTAP-MTT structures.R-Helices andâ-sheets are labeled according to the nucleosidase assignment by PROMOTIF (25) and are
shown as rectangles and arrows, respectively. (b) Structure-based sequence alignment of MTAP-MTT and MTAN-MTT. Secondary
structural elements are labeled withR-helices depicted as red cylinders andâ-strands as blue arrows. The secondary structural elements are
assigned using PROMOTIF (38). Conserved residues are highlighted in a black box, and MTAN active site residues are labeled with an
asterisk.
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independent molecules in the asymmetric unit (32). This is
likely to be the low-energy 5′-methylthio conformation as
this group does not make any intermolecular crystal contacts
under 3.5 Å. Not surprisingly, the average torsion angles
observed for MTT in the two monomers of the MTAN-
MTT structure are very close to those of the small molecule
MTA crystal structure. The 5′-methylthio conformation
observed in the phosphorylase is however very different from
the solid-state and MTAN-bound conformation of MTA. In
all MTAP complexed structures determined to date, the 5′-
methylthio torsion angle is approximatelyφoo ) 60° andφoc

) -179°. The necessity of the 5′-methylthio torsion angle

to change from a low-energy to a higher energy conformation
in MTAP is likely a result of steric repulsion by His137. In
the phosphorylase, His137 is donated from a neighboring
subunit and forms part of the 5′-alkylthio binding site. In
the nucleosidase, His137 is replaced to Val102. This
substitution eliminates steric hindrances and allows the more
energetically favorableφoo ) 167° and φoc ) -75° 5′-
methylthio conformation to be accommodated. Residues
Thr18 and Val236 also make van der Waals contacts to the
5′-alkylthio moiety in MTAP. However, in the nucleosidase
Val236 is substituted to a bulkier Phe207 while Thr18 is in
the vicinity of Met9 and Glu12. The presence of the bulkier

FIGURE 6: Active site comparison. Stick representation of the superimposition of the MTAP and MTAN (a) purine, (b) ribose, and (c)
5′-alkylthio binding site. Amino acid labels shown in square boxes and without boxes correspond to MTAP and MTAN residues, respectively.
Residues corresponding to MTAP and MTAN have silver- and yellow-colored bonds, respectively. A comparison of the (d) purine, (e)
ribose, and (f) 5′-alkylthio binding cavities in MTAP and MTAN complexed with MTT. Electrostatic charge distributions were calculated
by solving the Poisson-Boltzmann equation (39) in MOLMOL (40). Negative, positive, and neutral electrostatic potentials are colored in
red, blue, and white, respectively.
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Met9 and Phe207 therefore prevents the 5′-methylthio
conformation seen in MTAP (φoo ) 60° andφoc ) -179°)
from forming.

Interestingly, the small molecule solid-state structure of
AdoHcy shows a 5′-alkylthio conformation different from
any of the conformations described above. The crystal
structure of AdoHcy reveals average exocyclic C4′-C5′
orientations ofφoo ) -64° andφoc ) 54°, corresponding to
the gauche, gaucheconformation (33). The homocysteinyl
moiety is in an extended conformation, but the conformation
is highly dependent on hydrogen bonds made between the
R-amino andR-carboxyl groups and the neighboring adenine
base. The molecular conformations found in the small
molecule crystal structure are in good agreement with the
preferred conformations observed in solution-state1H NMR
spectroscopy studies (34). The binding of AdoHcy in the
active site of the nucleosidase will likely be in thetrans,
gaucheconformation. The AdoHcy conformation should be
similar to the 5′-methylthio orientation seen in the MTAN-
MTT complex because thegauche, gaucheconformation will
likely create steric clashes with the enzyme. The entropic
penalty for AdoHcy to bind in a higher energytrans, gauche
conformation may also explain AdoHcy’s weaker binding
affinity (Km ) 4.3 µM) to MTAN than MTA (Km ) 0.43
µM) (28).

The 5′-alkylthio binding site in MTAP and MTAN is
expected to have the greatest structural differences due to
the specificities of the enzymes. Both MTAP and MTAN
have the ability to cleave MTA, but only MTAN recognizes
extended polar and bulky 5′-substituted substrates such as
AdoHcy andp-nitrophenylthioadenosine (3, 28, 35). Indeed,
there is even a 25-fold improvement in the binding affinity
of p-nitrophenylthioadenosine relative to MTA for the
nucleosidase (28). In MTAP, biochemical data reveal that
nucleosides with smaller hydrophobic 5′-substituents are
preferred (29, 36). Our comparison of human MTA phos-
phorylase and MTA/AdoHcy nucleosidase reveals structural
differences at the 5′-alkylthio binding site that account for
these preferences. The phosphorylase has a more restricted
5′-alkylthio binding site due to residues His65, Val233,
Leu237, and Leu279. These residues are unique to the
phosphorylase and form a cap over the 5′-alkylthio binding
pocket. In contrast, the nucleosidase 5′-alkylthio binding site
lacks residues that form the restrictive cap and is instead
open to the exterior surface (Figure 6f). Substrates with bulky
5′-substituents would be tolerated in the nucleosidase 5′-
alkylthio binding site but would make steric clashes with
the ends of the 5′-alkylthio pocket in the phosphorylase. The
tighter affinity of aromatics in MTAN likely comes from
π-π base-stacking or herringbone interactions with the
aromatic Phe105, Tyr107, Phe151, and Phe207 residues. In
addition, the aromatic para position favors an electron-
withdrawing group such as a nitro, chloro, or iodo group
(28). Thep-nitro substituent on the aromatic ring is the most
favored electron-withdrawing group because it likely mimics
the negatively charged carboxyl group of the homocysteinyl
tail and may make a favorable hydrogen bond to Tyr107
Oη. The use of an aromatic moiety such asp-nitrophenyl as
a scaffold would be a good starting point for future
nucleosidase inhibitor design. A more nucleosidase-specific
inhibitor may be designed with the extension of the 5′-

aromatic unit by one or two methylene units. This extension
would better approximate the extended length of the ho-
mocysteinyl tail in AdoHcy and lead to greater steric clashes
with residues Thr18, His65, Leu237, and Leu279 that line
the end of the 5′-alkylthio binding pocket in MTAP.

Insights into Plant MTA Nucleosidases.The breakdown
of the nucleosides MTA and AdoHcy differs in various phyla.
As mentioned previously, mammals utilize two separate
enzymes, MTA phosphorylase and AdoHcy hydrolase, to
catabolize MTA and AdoHcy while bacteria use MTA/
AdoHcy nucleosidase. Interestingly, plants catabolize MTA
and AdoHcy differently than mammalian and microbial
systems. Many plants utilize MTA nucleosidase to cleave
MTA to adenine and MTR and AdoHcy hydrolase to
breakdown AdoHcy to homocysteine and adenosine. The
plant nucleosidase has lost its ability to hydrolyze AdoHcy.
Characterization of MTA nucleosidase inLactobacillus luteus
seeds reveals an ability to discriminate between analogues
with and without anR-amino group at the 5′-alkylthio
moiety, as AdoHcy was not cleaved in contrast toS-
adenosylproprionic acid andS-adenosylpropanediol (37).
Representative plant MTA nucleosidase protein sequences
from Glycine max (soybeans),Oryza satiVa (rice), and
Arabidopsis thaliana(mustard plant) have been aligned with
the sequence of theE. coli enzyme. This alignment (Figure
7) provides a preliminary look into why plant MTA nucle-
osidases cannot cleave substrate analogues that lack an
R-amino group.

The average sequence identity (∼19%) and similarity
(∼45%) between the plant MTAN andE. coli MTAN is
lower than E. coli MTAN aligned with other bacterial
nucleosidases. However, plant MTAN still does not have
significant sequence similarity with human MTAP. A closer
examination of the active site residues reveals that the
catalytic residues (Glu12 and Asp197) are invariant, as are
the residues involved in coordinating the catalytic water
(Arg193 and Glu174). However, residues involved in
substrate binding have varying degrees of conservation. In
the three plant species, residues Ser76 and Ser196 are
conservatively substituted to threonine. Interestingly, human
MTAP also utilizes a threonine at position 196 to stabilize
the catalytic aspartic acid. A larger change is observed in
plant MTAN at position 151 with a substitution to leucine
(phenylalanine in theE. coli enzyme). The leucine substitu-
tion will eliminate the base-stacking interactions with the
adenine ring observed in both MTAP and MTAN but may
still make van der Waals contacts with the base. The other
purine and ribose binding site residues that interact through
their side chains are fairly well conserved between both the
plant and microbial enzymes.

As expected, the greatest sequence variation occurs with
residues in the 5′-alkylthio binding site. Residues Met9, Ile50,
Val102, Phe105, Tyr107, Pro113, Phe151, and Phe207 in
E. coli MTA/AdoHcy nucleosidase form the 5′-alkylthio
binding site and make van der Waals interactions to the 5′-
alkylthio moiety of the substrate. The hydrophobic nature
of residues Met9, Ile50, Val102, Phe151, and Phe207 is
maintained in the aligned plant nucleosidase species. How-
ever, residues that are donated from a neighboring subunit
(Val102, Phe105, Tyr107, and Pro113) are variable. In plant
MTA nucleosidases, Val102 and Phe105 are replaced by
isoleucine and proline, respectively. Theâ6-R3 loop, which
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contains Pro113, is also truncated by nine residues in the
plant species. As a consequence of these changes, the 5′-
alkylthio binding site is likely a little larger in plant MTAN
than in E. coli MTAN and human MTAP and therefore
should allow the plant MTAN to bind bulkier 5′-substituted
analogues. The ability of plant MTA nucleosidases to
discriminate between substrates with a 5′-alkylthio R-amino
group may lie in the replacement of the tyrosine at position

107 with phenylalanine. Tyr107 is proposed to make a
hydrogen bond interaction to either theR-amino orR-car-
boxyl groups of the homocysteinyl moiety of AdoHcy inE.
coli MTA/AdoHcy nucleosidase (17). The lack of the Oη

atom at position 107 could destabilize the binding of AdoHcy
by leaving an unsatisfied hydrogen bond to theR-amino
group. We are currently in the process of determining the
kinetics of site-directed mutants and the crystal structure of

FIGURE 7: Sequence alignment ofE. coli MTA/AdoHcy nucleosidase and plant MTA nucleosidases. Residues involved in substrate binding
in the purine, ribose, and 5′-alkylthio binding sites are labeled p, r, and a, respectively. The primary sequence alignment was performed in
the program BioEdit using the ClustalW multiple alignment algorithm (41). Boxes highlighted in black show conserved sequences. The
human MTAP sequence is structurally aligned toE. coli ΜΤΑΝ (see Figure 5b) and is included for comparison purposes only.R-Helices
andâ-sheets were assigned and labeled according to Figure 5b.
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a MTA nucleosidase from the plant phyla to verify our
hypothesis.
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