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ABSTRACT: 5′-Methylthioadenosine/S-adenosylhomocysteine nucleosidase (MTAN) is important in a number
of cellular functions such as polyamine biosynthesis, methionine salvaging, biological methylation, and
quorum sensing. The nucleosidase is found in many microbes but not in mammalian systems, thus making
MTAN a broad-spectrum antimicrobial drug target. Substrate binding and catalytic residues were identified
from the crystal structure of MTAN complexed with 5′-methylthiotubercidin [Lee, J. E., Cornell, K. A.,
Riscoe, M. K. and Howell, P. L. (2003)J. Biol. Chem. 278(10) 8761-8770]. The roles of active site
residues Met9, Glu12, Ile50, Ser76, Val102, Phe105, Tyr107, Phe151, Met173, Glu174, Arg193, Ser196,
Asp197, and Phe207 have been investigated by site-directed mutagenesis and steady-state kinetics.
Mutagenesis of residues Glu12, Glu174, and Asp197 completely abolished activity. The location of Asp197
and Glu12 in the active site is consistent with their having a direct role in enzyme catalysis. Glu174 is
suggested to be involved in catalysis by stabilizing the transition state positive charge at the O3′, C2′, and
C3′ atoms and by polarizing the 3′-hydroxyl to aid in the flow of electrons to the electron withdrawing
purine base. This represents the first indication of the importance of the 3′-hydroxyl in the stabilization
of the transition state. Furthermore, mutation of Arg193 to alanine shows that the nucleophilic water is
able to direct its attack without assistance from the enzyme. This mutagenesis study has allowed a
reevaluation of the catalytic mechanism.

Bacteria are known to release and monitor the levels of a
variety of chemical signals called autoinducers. These signals
allow bacteria to estimate population density and to coor-
dinate gene expression. Unlike other autoinducers that are
unique to a particular bacterial species, autoinducer-2 (AI-
2)1 is common to most bacterial species. AI-2 was originally
identified in Vibrio harVeyi as one of two autoinducer

systems that control bioluminescence in response to cell
population density (1, 2) and has been proposed to be a
universal chemical messenger for interbacterial species
communications (3-5). AI-2 is synthesized fromS-adeno-
sylmethionine (Figure 1). Donation of the methyl group from
S-adenosylmethionine generatesS-adenosylhomocysteine
(AdoHcy), which is subsequently hydrolyzed by 5′-meth-
ylthioadenosine/S-adenosylhomocysteine nucleosidase (MTAN)
(E. C. 3.2.2.9) to yield adenine andS-ribosylhomocysteine
(SRH) (6). SRH is then converted to 4,5-dihydroxy-2,3-
pentanedione (DPD) and homocysteine using the enzyme
LuxS (5). The AI-2 response in different bacterial species
can be triggered by at least two different derivatives of DPD
(Figure 1). InV. harVeyi, DPD cyclizes with the addition of
borate to form (2S,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahy-
drofuran-borate (7, 8), while in Salmonella typhimurium,
DPD cyclizes without the addition of borate to (2R,4S)-2-
methyl-2,3,3,4-tetrahydroxytetrahydrofuran (9). In fact, bo-
rate inhibits the AI-2 response inS. typhimurium(9). Since
DPD and AI-2 production are regulated at the level of SRH
availability and not at the level of LuxS expression (10),
MTAN is a critical enzyme in the biosynthesis of both
quorum sensing AI-2 molecules. In addition, MTAN and
AdoHcy are involved in the regulation of biological meth-
ylation though a negative feedback inhibition mechanism of
AdoMet-dependent methyl transferases (11).
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MTA/AdoHcy nucleosidase also irreversibly cleaves MTA
to form 5-methylthioribose and adenine. This enzymatic
function of MTAN is involved in the salvage of methionine
and polyamine biosynthesis. Theoretically, inhibition of
MTAN would lead to a build up of MTA. As a consequence,
methionine salvage is abolished directly, and by negative
feedback the polyamine biosynthetic enzymes are inhibited
(12-15). Interestingly, both MTA and AdoHcy are catabo-
lized differently in mammalian and microbial systems. In
mammals and some microbes, MTA is broken down by
MTA phosphorylase to adenine and 5-methylthioribose-1-
phosphate, while AdoHcy is degraded by AdoHcy hydrolase
to homocysteine and adenosine. Many microbes are devoid
of MTA phosphorylase and AdoHcy hydrolase, and in these
cases MTAN is the sole enzyme to breakdown both MTA
and AdoHcy. Gene disruption studies on the pathogenic
bacteriaHaemophilus influenzae, Streptococcus pneumoniae,
Streptococcus pyogenes, and Enterococcus faecalishave
shown that mutations to thepfs gene are likely lethal (16).
Given the importance of MTAN in cell survival and its
specificity toward microbes, MTA/AdoHcy nucleosidase has
been targeted for the design of antimicrobial therapeutic
agents (14, 15).

The structure of MTA/AdoHcy nucleosidase has been
solved in the presence of adenine and the inhibitors: 5′-
methylthiotubercidin (MTT), formycin A (FMA), 5′-meth-
ylthio-immucillin A (MT-ImmA), and 5′-methylthio-4′-
deoxy-1′-aza-2′-deoxy-1′-(9-methylene)-immucillin A (MT-
DADMe-ImmA) (17-19). These structures showed that the
active site can be divided into three separate regions, the
purine, ribose, and 5′-alkylthio binding subsites. The reac-

tions catalyzed by MTAN are similar to those catalyzed by
other nucleoside hydrolases (NH) and also nucleoside
phosphorylases. Enzymes in both of these classes cleave the
C-N bond between the purine or pyrimidine base and the
ribose. Although both enzyme families catalyze similar
reactions, MTAN is structurally similar to the nucleoside
phosphorylase-1 (NP-1) family of enzymes and not to the
nucleoside hydrolases (18). On the basis of the similarity of
the structure and reactions catalyzed, MTAN has been
proposed to have a similar catalytic schema as the NP-1
enzymes (18, 19). These enzymes are proposed to undergo
a dissociative two-step SN1-type reaction (20-23). Although
the catalytic mechanism of the NP-1 family of enzymes has
been well studied, there are several features of the MTAN
mechanism that appear to differ from the nucleoside phos-
phorylases and hydrolases that need to be examined. There
is no direct experimental evidence to implicate residues
involved in stabilization of the oxacarbenium-like ion or the
role of residues involved in substrate specificity and catalysis.
To further explore the catalytic mechanism of MTAN, we
made single amino acid substitutions in the active site to
examine the role of each residue. This is the first direct
mutational and kinetic study of active site residues in MTAN.
The results have allowed us to reexamine the enzyme
mechanism of MTA/AdoHcy nucleosidase.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis and Protein Preparation.The
QuikChange site-directed mutagenesis kit (Strategene) was
used to generate the following mutants: Met9Ala, Glu12Ala,
Glu12Gln, Ile50Ala, Ser76Ala, Val102Ala, Phe105Ala,

FIGURE 1: Biosynthetic pathways of autoinducer-2 (AI-2). Methyl transferases catalyze the transfer of a methyl group from
S-adenosylmethionine (AdoMet) to a donor molecule to formS-adenosylhomocysteine (AdoHcy). MTA/AdoHcy nucleosidase (MTAN)
quickly converts AdoHcy to adenine andS-ribosylhomocysteine (SRH). SRH is then catabolized by LuxS to form homocysteine and 4,5-
dihydroxy-2,3-pentanedione (DPD). DPD spontaneously cyclizes and rearranges in two possible pathways to form the AI-2 signaling molecules.
In V. harVeyi (branch A), the addition of borate (B(OH)4

-) to pro-AI-2 forms a cyclic borate diester as the AI-2 signaling molecule (8).
However inS. typhimurium(branch B), DPD cyclizes and rearranges to form a chemically distinct borate-free AI-2 in the presence of water
(9).
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Tyr107Ala, Phe151Ala, Met173Ala, Glu174Ala, Glu174Gln,
Arg193Ala, Ser196Ala, Asp197Ala, Asp197Asn, and
Phe207Ala. Mutagenic primers were designed according to
the QuikChange protocol and synthesized in a 40-nmol scale
with cartridge purification at The Centre for Applied Ge-
nomics, Hospital for Sick Children. Plasmid DNA was
isolated using the QIAprep spin miniprep kits (Qiagen). All
mutants were confirmed by double-stranded DNA sequencing
(ACGT Corp). The plasmid containing the desired mutation
was transformed intoEscherichia coliBL21 (DE3) cells by
heat shock at 42°C. All mutants were overexpressed and
purified as reported previously (24). Electrospray ionization
mass spectrometry on a Micromass ESI-qTOF mass spec-
trometer was performed on all purified mutants for quality
control at the Advanced Protein Technology Centre, Hospital
for Sick Children.

Circular Dichroism Spectroscopy.Purified MTAN en-
zymes were characterized by circular dichroism (CD)
spectroscopy on an AVIV model 62DS spectrometer to
determine whether any gross changes in stability and
secondary structure occurred as a consequence of the
mutations. A 5µM solution of enzyme in 25 mM potassium
phosphate pH 7.0 was scanned from 200 to 270 nm in a
0.1-cm path length cuvette. Five spectra were acquired and
averaged at 25°C using 1-nm steps and an integration time
of 1 s. To compare their relative stabilities, the thermal
denaturation of the mutants was monitored as a function of
ellipticity at 222 nm. The temperature was increased from
25 to 95°C in 2 °C increments with 1 min equilibration.
Each temperature point was acquired using an integration
time of 15 s.

Enzyme-Coupled Spectrophotometric Assay.The activity
of the wild type (WT) and each mutant enzyme was
compared and quantified by measuring the amount of adenine
released using a xanthine oxidase-coupled spectrophotometric
assay as previously described (25). All reagents for the
kinetic assay were purchased from Sigma-Aldrich Chemicals
(St. Louis, MO). The concentration of either 5′-methylthio-
adenosine orS-adenosylhomocysteine was varied between
0.75 and 24.1µM. Reactions were carried out in 50 mM
potassium phosphate pH 7.0, 0.28 units of grade III but-
termilk xanthine oxidase, 1 mM 2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-phenyltetrazolium chloride (INT), and 0.025-
70 µg of MTAN. The reaction was monitored at 470 nm on
a Biochrome Ultrospec 2100 UV/Vis spectrophotometer
outfitted with the SWIFT II enzyme kinetics software.
Changes in absorbance were converted to the amount of
adenine released using the molar absorption coefficient
(15 400 M-1 cm-1 at pH 7.0). All enzyme reactions had a
final reaction volume of 800µL and were performed in
triplicate at room temperature. The kinetic data were fit to
the Michaelis-Menton equation using the SigmaPlot Enzyme
Kinetics module.

RESULTS

Selection of Mutagenic Targets.The structures ofE. coli
MTAN complexed with 5′-methylthiotubercidin and formy-
cin A allowed the identification of potential binding and
catalytic residues in the purine, ribose, and 5′-alkylthio
binding sites (19). Residues targeted for mutagenesis formed
either a hydrogen bond or made van der Waals contacts

directly with the substrate (Figures 2 and 3). Accordingly,
residues Phe151, Ser196, and Asp197 in the purine binding
site; Glu12, Ser76, Met173, Glu174, and Arg193 in the ribose
binding site; and Met9, Ile50, Val102, Phe105, Tyr107, and
Phe207 in the 5′-alkylthio binding site were targeted for
mutagenesis. In designing the mutants, amino acid substitu-
tions were kept as isosteric as possible to minimize any
structural variation that may occur in the active site as a
consequence of the mutation.

Assessing Structural Integrity of MTAN Mutants.Over-
expression of the WT and mutant MTAN in theE. coli BL21
(DE3) strain led to the production of∼30 mg of enzyme
per liter of cells. The structural integrity of the MTAN
mutants was evaluated in three ways. First, the oligomeric
state of the mutants was evaluated using analytical gel
filtration chromatography. Analysis of the retention volumes
on a FPLC Superdex-200 10/30 HR column indicated that
all mutants exist as the expected dimer (data not shown).
Second, the CD spectra of WT and mutantE. coli MTAN
were measured from 200 to 270 nm. All spectra displayed
the same curve shape with minima at 208 and 222 nm as is
characteristic of enzymes containing significantR-helical
secondary structure (data not shown). All spectra were
generally superimposable with the exceptions of Glu12Gln,
Ser196Ala, Met173Ala, and Phe207Ala, suggesting that the
relative content ofR-helical andâ-sheet had not changed
significantly as a result of the targeted point mutation. The
Glu12Gln, Met173Ala, Ser196Ala, and Phe207Ala mutants
appear to have gainedR-helicity in comparison to the WT
protein. It should be noted, however, that CD spectra have
a strong dependence on the concentration of the protein.
Although every attempt was made to accurately measure the
protein concentration, given the low concentrations used there
may be measurement errors that account for the deviations
of the mutants from WT in the CD spectra. Third, the CD
signal at 222 nm was monitored as the proteins were
thermally denatured from 25 to 95°C. The WT spectra
displayed a sigmoidal curve with an apparentTm of 68 °C.

FIGURE 2: E. coli MTA/AdoHcy nucleosidase active site. Stick
diagram of the (a) purine, (b) ribose, and (c) 5′-alkylthio binding
subsites. Hydrogen bonds are denoted by black dashed lines, and
residues donated from a neighboring subunit are colored in orange.
The active site model is based on the atomic coordinates for the
MTAN-MTT complex (PDB code: 1NC1). Figure was prepared
using VMD (38).
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The majority of mutants studied here exhibited thermal
stabilities comparable to WT (Tables 1-3). The Met9Ala,
Ile50Ala, Met173Ala, Arg193Ala, Asp197Asn, and Phe207Ala
mutants appeared to have increased stability with apparent
Tm’s ranging between 71 and 75°C, and mutations to Glu12
and Glu174 resulted in decreased stability with apparentTm’s
between 63 and 65°C. All transitions were found to be
cooperative and irreversible. Although thermodynamic data
cannot be obtained from irreversible thermal melts, the
apparentTm’s serve as a simple way of comparing the
stabilities of WT and mutant enzymes. All enzymes were
heat tolerant to∼60 °C, and therefore any variations in the
thermal stabilities are unlikely to affect the enzyme activity
measured at room temperature (22°C).

Kinetic Characterization of MTAN Mutants.WT and
mutant MTAN activities were quantified spectrophotometri-
cally by monitoring the production of formazan at 470 nm
(25). De Groot and Noll had previously shown that the
dehydrogenase counterfunction of xanthine oxidase acting
on a molecule of deaminated adenine (hypoxanthine) led to
the reduction of two molecules of INT to give a colored
formazan product (26). All mutant kinetics were measured
at the pH optima (pH) 7.0) (27). All active enzymes also
displayed linear kinetics, and the initial velocity data were
fit to the Michaelis-Menten equation to determine the kinetic
parameters,Km andVmax. kcat was calculated usingVmax.

WT and each MTAN mutant were assayed using both
natural substrates, MTA and AdoHcy, over a substrate

FIGURE 3: Active site schematic ofE. coli MTA/AdoHcy nucleosidase. Protein-protein and protein-ligand hydrogen bonds are shown by
dashed lines. Residues that are donated from the neighboring subunit are colored blue and labeled with an asterisk. van der Waals interactions
between the inhibitor (MTT) and the enzyme are indicated by both red and blue labeled residues. All distances shown are in angstroms (Å),
with numbers in and outside the brackets referring to hydrogen bond distances in monomer A and B of the MTAN-MTT structure,
respectively.

Table 1: Kinetic Parameters for Purine Binding Subsite Mutants

enzyme substrate Km (µM) kcat(s-1) kcat/Km (s-1 µM-1)
catalytic

efficiency (%) apparentTm
a (°C)

WT MTA 0.8 ( 0.2 3.0( 0.1 3.6( 0.7 100 68
AdoHcy 1.3( 0.2 2.6( 0.1 2.1( 0.3 100

Phe151Ala MTA 22( 2 (3.7( 0.1)× 10-1 (1.7( 0.2)× 10-2 0.5 68
AdoHcy 37( 4 (1.4( 0.1)× 10-1 (3.8( 0.4)× 10-3 0.2

Ser196Ala MTA 2.9( 0.6 (2.3( 0.2)× 10-1 (8.1( 1.9)× 10-2 2.3 66
AdoHcy 1.7( 0.3 (1.4( 0.1)× 10-1 (8.4( 1.5)× 10-2 4.0

Asp197Ala MTA inactiveb 70
AdoHcy inactive

Asp197Asn MTA inactiveb 72
AdoHcy inactive

a Temperature at which half the signal is lost at 222 nm.b Activity was too low to fit the curve.
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concentration range of 0.75-24.1 µM (Tables 1-3). WT
MTAN haskcat/Km values of (3.6( 0.7) s-1 µM-1 and (2.1
( 0.3) s-1 µM-1 for MTA and AdoHcy, respectively. The
Km values of MTA and AdoHcy were consistent with
reported values determined from a radioactive kinetic assay
(27, 28). Of the three residues mutated in the purine binding
site, the largest kinetic effect is observed for mutations to
Asp197 (Table 1). The Asp197Ala and Asp197Asn mutants
were completely inactive. Mutations to Phe151 and Ser196
retained<1 and∼2% catalytic efficiency compared to WT,
respectively. Of the five residues mutated in the ribose
binding site, substitutions to Glu12 and Glu174 completely
abolished activity. Met173Ala exhibited<1% catalytic
efficiency compared to WT, with a larger change inKm than
kcat. Ser76Ala and Arg193Ala mutations resulted in catalytic
efficiencies of∼13-28% for MTA and AdoHcy. Mutations
to 5′-alkylthio binding site residues provided mixed kinetic
results. The Met9Ala substitution resulted in a small increase
in Km but larger decreases inkcat. The Ile50Ala and
Phe207Ala substitutions resulted inKm increases ranging
from 2.1-8.9-fold for MTA and AdoHcy, whilekcat remained
virtually unchanged. Interestingly, Tyr107Phe had similar
kcat values toward MTA and AdoHcy as the WT MTAN,
although theKm for MTA and AdoHcy increased only∼2.8-
and 1.3-fold, respectively. Val102Ala and Phe105Ala mu-
tants exhibited an overall increase of 233 and 128% inkcat/
Km for AdoHcy, respectively. The catalytic efficiencies of
Val102Ala and Phe105Ala for MTA were similar to WT.

DISCUSSION

Role of ActiVe Site Residues in Substrate Binding.The
Michaelis constant,Km, is often used as a measure of
substrate affinity because the rate of the dissociation of the
enzyme-substrate complex (ES) to free enzyme and sub-
strate (k-1) is assumed to be much faster than the rate of
catalysis (kcat). Previous characterizations of WT MTAN
using a radioactive assay revealed a bell-shaped pH depen-
dence ofkcat but a pH independence ofKm (27). This suggests
that k-1 is significantly larger thankcat, and assuming that
this holds true for all our mutants, measurements ofKm would
provide a good measure of substrate affinity.

Purine Binding Subsite Residues.Residues Phe151 and
Asp197 are likely the key determinants for purine binding.
The mutation of Phe151 to alanine resulted in significantly
reduced catalytic efficiencies for MTA and AdoHcy, due to
changes in bothKm and kcat, but predominantlyKm. This
reflects the loss ofπ-π electron interactions between the
aromatic rings of Phe151 and adenine (Figure 2a). While
the primary role of Asp197 is thought to be in catalysis as
the general acid, this residue also likely has a role in substrate
binding and substrate recognition. The hydrogen bond made
between Asp197 and the adenine N7 and N6 atoms is thought
to provide substrate specificity toward nucleosides with
6-aminopurine bases, as MTAN is able to discriminate
between the 6-oxopurine, 5′-methylthioinosine, and MTA
(28).

Table 2: Kinetic Parameters for Ribose Binding Subsite Mutants

enzyme substrate Km(µM) kcat(s-1) kcat/Km (s-1 µM-1) catalytic efficiency (%) apparentTm
a (°C)

WT MTA 0.8 ( 0.2 3.0( 0.1 3.6( 0.7 100 68
AdoHcy 1.3( 0.2 2.6( 0.1 2.1( 0.3 100

Glu12Ala MTA inactiveb 64
AdoHcy inactive

Glu12Gln MTA inactiveb 63
AdoHcy inactive

Ser76Ala MTA 2.7( 0.4 1.3( 0.1 0.5( 0.1 13.4 70
AdoHcy 1.9( 0.3 (9.3( 0.3)× 10-1 0.5( 0.1 22.9

Met173Ala MTA 34( 3 (7.2( 0.3)× 10-1 (2.1( 1.0)× 10-2 0.6 71
AdoHcy (4.9( 1.8)× 102 0.8( 0.2 (1.7( 0.8)× 10-3 0.1

Glu174Ala MTA inactiveb 65
AdoHcy inactive

Glu174Gln MTA inactiveb 65
AdoHcy inactive

Arg193Ala MTA 3.2( 0.4 1.5( 0.1 0.5( 0.1 12.9 72
AdoHcy 2.0( 0.3 1.2( 0.1 0.6( 0.1 28.1

a Temperature at which half the signal is lost at 222 nm.b Activity was too low to fit the curve.

Table 3: Kinetic Parameters for 5′-Alkylthio Binding Subsite Mutants

enzyme substrate Km (µM) kcat(s-1) kcat/Km (s-1 µM-1) catalytic efficiency (%) apparentTm
a (°C)

WT MTA 0.8 ( 0.2 3.0( 0.1 3.6( 0.7 100 68
AdoHcy 1.3( 0.2 2.6( 0.1 2.1( 0.3 100

Met9Ala MTA 1.4( 0.2 (6.3( 0.3)× 10-1 0.5( 0.1 12.6 71
AdoHcy 1.0( 0.1 (3.7( 0.2)× 10-1 0.4( 0.1 18.6

Ile50Ala MTA 7.1( 0.4 3.0( 0.1 (4.2( 0.3)× 10-1 11.8 75
AdoHcy 3.7( 0.5 1.8( 0.1 0.5( 0.1 23.3

Val102Ala MTA 3.0( 0.2 10.2( 0.2 3.4( 0.3 95.0 67
AdoHcy 1.9( 0.2 9.1( 0.2 4.9( 0.4 233

Phe105Ala MTA 3.3( 0.2 10.2( 0.2 3.1( 0.2 87.4 66
AdoHcy 2.8( 0.3 7.5( 0.2 2.7( 0.3 128

Tyr107Phe MTA 2.2( 0.2 2.5( 0.1 1.2( 0.1 32.2 67
AdoHcy 1.7( 0.3 2.0( 0.1 1.2( 0.2 58.1

Phe207Ala MTA 1.7( 0.2 (1.3( 0.1)× 10-1 (8.0( 1.0)× 10-2 2.2 72
AdoHcy 5.5( 0.6 (3.1( 0.1)× 10-1 (5.6( 0.6)× 10-2 2.7

a Temperature at which half the signal is lost at 222 nm.
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Ribose Binding Subsite Residues.The mutagenesis data
confirm the importance of Met173 and potentially Glu174
in binding. Met173 helps to anchor the ribose moiety by
packing its side chain against the hydrophobic face of the
ribose and 5′-alkylthio tail, and by participation in a hydrogen
bond between its main chain amide nitrogen and the ribosyl
2′-hydroxyl (Figures 2b and 3). Interestingly, theKm-
(Met173Ala)/Km(WT) ratio for AdoHcy was∼10 times
higher than theKm(Met173Ala)/Km(WT) ratio for MTA. This
suggests the side chain of Met173 and the anchoring of the
ribose are critical for the binding of AdoHcy. Met173 is
conserved in many MTAN species, and an equivalent
methionine residue in other NP-1 enzymes makes similar
interactions. Alanine substitution of the equivalent methion-
ine in PNP results in a 200-fold decrease inKm (29), a result
that coupled with our current data suggests that the methion-
ine’s role in ribose binding is likely conserved throughout
the NP-1 family of enzymes. Glu174 interacts with the ribose
via two hydrogen bonds from its Oε1 and Oε2 atoms to the
2′- and 3′-hydroxyls, respectively (Figures 2b and 3). Alanine
and glutamine mutations of the strictly conserved Glu174
residue completely abolished enzyme activity, suggesting that
Glu174 may have roles in both catalysis and binding (see
below).

5′-Alkylthio Binding Subsite Residues.Our mutational
analyses within the 5′-alkylthio binding subsite show that
mutations to Ile50Ala, Val102Ala, Phe105Ala, and Tyr107Phe
have modest effects on bothKm andkcat. These residues play
only minor roles in the binding of MTA or AdoHcy. The
modest changes inKm of Tyr107Phe compared to WT (2-
3-fold increase) rules out a role for the Tyr107 Oη in binding
the R-carboxyl or R-amino group of AdoHcy. Previous
crystal structures of MTAN had suggested that AdoHcy
binding may be accommodated due to the size of the 5′-
alkylthio binding subsite and the presence of a hydrogen bond
from either theR-carboxyl or theR-amino of AdoHcy to
Tyr107 Oη (18, 19). Met9 and Phe207 have also been
implicated in binding the 5′-alkylthio moiety as the sulfur
of Met9 is 4.3 Å away from the CS atom, and the Cε1, Cε2,
and Cú atoms of Phe207 make van der Waals contacts to
the substrate’s C5′ and CS atoms (Figures 2b and 3).
Mutations to Met9 and Phe207 result in decreases in catalytic
efficiencies (82.4-97.8%). These decreases appear to be
primarily due to kcat and not Km, suggesting that these
residues play a role in catalysis. The residues in the
5′-alkylthio binding subsite do not play major roles in
substrate binding. Collectively, these apolar or aromatic 5′-
alkylthio binding site residues likely sequester the substrate
from the solvent to improve the stability of the oxacarbe-
nium-like ion. Oxacarbenium ions are extremely sensitive
to water and are short-lived in aqueous solutions, with
estimated lifetimes of∼10-12 s (30). As seen in all MTAN-
inhibitor complexes, the ribose and 5′-alkylthio binding sites
are devoid of water, except for the nucleophilic water (Figure
2c). In general, the active sites of other NP-1 enzymes are
also fairly dehydrated.

Role of ActiVe Site Residues in Substrate Catalysis.The
previously solved structures of MTAN reveal strong similari-
ties in the overall structure and active site architecture to
the nucleoside phosphorylase-1 family (18, 19), which led
us to propose that MTAN shares a similar catalytic rationale
to the NP-1 family of enzymes (18). NP-1 enzymes are

generally thought to proceed through a two-step dissociative
SN1-type mechanism (23, 29, 31). The first step involves
proton donation to the N7 adenine ring from the enzyme to
allow the formation of a hydrogen bond (Figure 4a). The
electron withdrawing adenine base (electron pull) is stabilized
by a flow of electrons from the ribose (electron push) (Figure
4b). This flow of electrons favors the elongation of the
ribosidic bond and the build up of a positive charge on the
ribose (Figure 4c). The transition state structure of MTAN,
as predicted by kinetic isotope effects, shows partial positive
charge buildup on the C1′, O3′, C3′, and C2′ atoms but not
on the O4′ atom (32). Following the formation of the
oxacarbenium-like ion, a nucleophilic attack occurs at the
C1′ atom to form the products (Figure 4c,d). Plots of log
Vmax and log(Vmax/Km) as a function of pH for MTA reveal
two essential ionizable groups for catalysis, with apparent
pKa of 5.6 and 8.2 (27). Our mutational analysis of MTAN
has allowed a reevaluation of the leaving group activation,
flow of electrons and oxacarbenium stabilization, and nu-
cleophilic activation and attack steps of catalysis.

LeaVing Group ActiVation. The importance of the N7 atom
in leaving group activation seems to be a recurring theme in
the mechanism of acid-catalyzed cleavage of purine nucleo-
sides (33) and in enzymes that cleave ribosidic linkages such
as nucleoside hydrolases and nucleoside phosphorylases (23,
29, 34, 35). In MTAN, Asp197 is proposed to have a raised
pKa to facilitate the donation of a proton to the adenine N7
(Figure 4a). A raised pKa for Asp197 is consistent with the
pH profile of MTAN. The first ionizable group at physi-
ological pH (pKa ) 8.2) has been previously suggested to
be responsible for the activation of the leaving group (27).
The hydrogen bond formed between the N7 and the Asp197
Oδ2 also aids catalysis by stabilizing the transition state as
there is an increase in positive charge density at the N7 atom
during bond cleavage (29). It is therefore not surprising that
mutations of Asp197 to either alanine or asparagine resulted
in the complete loss of enzyme activity, thus confirming its
critical role in catalysis. Asp197 is definitely a key residue
as mutations to residues Phe151, Ser196, and Phe207 that
interact with Asp197 or the adenine base also showed a
decrease in activity. Ser196 is important in stabilizing the
aspartate side chain into a catalytically competent orientation,
as the Oγ of Ser196 makes a hydrogen bond to the Oδ2
atom of Asp197 (Figures 2a and 3). Phe151 makes stabilizing
base stacking interaction with the adenine base and is
involved in the proper alignment of the adenine to the N7.
Residue Phe207 is important in a disordered loop-to-helix
transition. This transition extends theR6 helix by one turn
and helps propagate a structural displacement to theâ10 sheet
on which the Asp197 side chain resides. The Phe207Ala
substitution may affect the loop-to-helix transition, thereby
preventing an optimal alignment of the catalytic acid. Site-
directed mutagenesis was not able to definitively pinpoint
whether Asp197 donates the proton or mediates the transfer.
Further experiments will be necessary to unambiguously
determine the exact role of Asp197 in enzyme catalysis.

Role of Glu174 in Electron Flow and Oxacarbenium Ion
Stabilization. After N7 proton donation, the purine base is
electron deficient and draws electrons from the ribose.
Originally, the flow of electrons was thought to uniquely
occur from the O4′ atom to the purine base. The transition
state structure of MTAN now suggests that the flow of
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electrons occurs not just from the O4′ atom but also from
the C1′, C2′, C3′, and O3′ atoms (32). The electron flow
reduces the partial negative charge on the ribosyl O4′ and
increases the partial positive charge on the C1′, C2′, C3′,
and O3′ atoms. Calculations have shown that the deproto-
nation of either the 2′- or 3′-hydroxyl will increase the
delocalization or flow of electrons (32). The 3′-hydroxyl is
likely involved in catalysis, as previous inhibitor-kinetic
studies have shown that the 3′-deoxyMTA substrate analogue
is non-hydrolyzable (27). The 2′-hydroxyl is likely not
involved as the same experiments have shown that 2′-
deoxyMTA retains 82% activity. In addition, the 3′-hydroxyl
is ∼2.7 Å away from the negatively charged carboxylate
side chain of Glu174. Alanine and glutamine mutations to

Glu174 have resulted in abolished catalytic activities. Taken
together, the results suggest that Glu174 may ionize or
deprotonate the 3′-hydroxyl to facilitate a push of electrons
toward the electron-deficient purine base. This is the first
time that the 3′-hydroxyl has been implicated in the catalysis
of an NP-1 enzyme.

Previous crystal structures of MTAN complexed with
potent transition state analogues suggest that the oxacarbe-
nium-like ion may be stabilized at least in part by the
nucleophilic water (17). The nucleophilic water (WAT3) is
likely deprotonated by the catalytic base (Glu12) to a
hydroxide, which acts as a stronger nucleophile. The
activated water is in good position to stabilize the developing
positive charge on the C1′ and C2′ atoms, as witnessed in

FIGURE 4: Proposed catalytic mechanism of MTA/AdoHcy nucleosidase. (a) Proton donation occurs from the catalytic acid (Asp197) to
the N7 adenine. (b) The electron withdrawing purine base is stabilized by a flow of electrons from the ribose. This leads to ribosidic bond
elongation, formation of the oxacarbenium-like ion, and partial positive charge buildup on the O3′, C3′, C2′, and C1′ atoms. (c) At the
transition state, the leaving group is well removed and the oxacarbenium-like intermediate is stabilized by the nucleophilic water and
Glu174. A Glu12 activated nucleophilic water attacks the anomeric carbon of the oxacarbenium intermediate to form the products shown
in (d). Hydrogen bond interactions are shown by dashed lines.
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the MTAN-transition state analogue structures (17). The
transition state structure of MTAN also suggests that a partial
positive charge develops on the C3′ and O3′ positions (32).
These atoms were originally thought to remain neutral during
catalysis. The Oε2 of Glu174 is positioned 3.3 and 2.7 Å
away from the C3′ and O3′ atoms, respectively, in the
MTAN-MTT structure and is in excellent position to
stabilize the partial positive charge buildup (Figures 2b and
3). The stabilization of the oxacarbenium ion by Glu174 is
likely in addition to its role in the polarization or deproto-
nation of the 3′-hydroxyl. The polarization or deprotonation
of the 3′-hydroxyl will likely reduce the negative charge
density on Glu174. The partial negative charge rather than
a formal negative charge on Glu174 may aid in stabilization
as it potentially provides better electrostatic complementarity
to the partial positive charge on the C3′ and O3′ atoms.

Nucleophilic ActiVation and Attack. Water is generally
considered a poor nucleophile, so an enzyme-based activation
of the nucleophile to a hydroxide is likely necessary. In the
case of the nucleoside hydrolases, the nucleophilic water is
activated with the help of a Ca2+ ion and an aspartate residue
(34-37). In NP-1 enzymes, activation is not necessary as
these enzymes use an anionic phosphate as the nucleophile.
There are three residues in MTAN (Glu12, Glu174, and
Arg193) that make hydrogen bonds to WAT3, the putative
water nucleophile. Glu12 is the putative catalytic base, given
its position to the nucleophilic water (∼2.7 Å average in all
MTAN-inhibitor complexes) (Figures 2b and 3). Although
it is possible that Glu174 could act as the catalytic base, the
distance to WAT3 (3.1 Å) is much longer than the interac-
tions observed between Glu12 and WAT3 (27). The inactiv-
ity of the Glu12 alanine and glutamine mutants reinforces
the importance of this residue in catalysis. The identity of
Glu12 as the catalytic base is consistent with the second
essential ionizable group (pKa ) 5.6) found on the MTAN
pH profile (27). Furthermore, mutation of Met9, whose amide
nitrogen hydrogen bonds (2.8 Å) to the Glu12 Oε2 atom to
stabilize the side chain, also led to a decrease inkcat (Figure
3). Met9Ala may cause local perturbations to the main chain
that prevent correct orientation of the catalytic base, Glu12.
Furthermore, the kinetics show that activation of the nu-
cleophile is critical for catalysis.

In the MTAN-MTT structure, the nucleophilic water is
3.6 Å from the anomeric carbon, and the conserved Arg193
was proposed to help direct the nucleophilic water toward
the oxacarbenium-like ion (19). Comparison of the adenine
and MTT-bound MTAN structures revealed a rotation about
the Arg193ø4 bond to point the guanidinyl functional group
toward the substrate (19). This conformational change
allowed the guanidinyl group to form a hydrogen bond to
the nucleophilic water and push WAT3∼0.4 Å closer to
the anomeric carbon. A positively charged residue like
Arg193 hydrogen bonding to the nucleophilic water would
be expected to reduce the nucleophilicity of WAT3 and
hinder catalysis. The kinetics of the Arg193Ala mutant
showed only a modest 2-fold decrease inkcat andKm for both
MTA and AdoHcy. Contrary to the original hypothesis, the
kinetics show that WAT3 can likely direct its attack on the
anomeric carbon without assistance from Arg193. As sug-
gested by the structures of MTAN-MT-ImmA and MTAN-
MT-DADMe-ImmA, the buildup of ribosyl positive charge

may be the major force in attracting the nucleophilic water
toward the substrate (17).

CONCLUSIONS

The site-directed mutagenesis studies presented here show
that substrate binding is predominantly though adenine- and
ribose-binding site residues. Mutations to Phe151 and
Met173 resulted in the largest overall increase inKm. Glu12,
Glu174, and Asp197 were identified as active site residues
essential for catalysis. The results are consistent with the
previously proposed catalytic mechanism, with Glu12 and
Asp197 serving functional roles as the catalytic base and
acid, respectively. Glu174 was previously proposed to be
solely involved in substrate binding, and as a consequence
the lack of activity observed for the Glu174Ala and
Glu174Gln mutants was rather surprising. Our site-directed
mutagenesis-kinetic data coupled with previous inhibitor-
kinetic studies, and the transition state structure of MTAN,
suggest that in addition to a role in substrate binding Glu174
is involved in catalysis by polarizing the 3′-hydroxyl atom
to aid in a flow of electrons to the purine base and also by
stabilizing the transition state positive charge at the C3′ and
O3′ atoms. This is the first time that the ribosyl O3′ atom
has been proposed in the NP-1 family of enzymes to be
important in catalysis. Our kinetic analysis also suggests that
while Glu12 activates the nucleophilic water its attack on
the anomeric carbon does not require the assistance of any
additional active site residues.
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