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Purine nucleoside phosphorylase (PNP) is an important enzyme in purine metabolism and cleaves purine
nucleosides to their respective bases. Mycobacterial PNP is specific for 6-oxopurines and cannot account for
the adenosine (Ado) cleavage activity that has been detected in M. tuberculosis and M. smegmatis cultures. In
the current work, two Ado cleavage activities were identified from M. smegmatis cell extracts. The first activity
was biochemically determined to be a phosphorylase that could reversibly catalyze adenosine + phosphate <
adenine + alpha-p-ribose-1-phosphate. Our purification scheme led to a 30-fold purification of this activity,
with the removal of more than 99.9% of total protein. While Ado was the preferred substrate, inosine and
guanosine were also cleaved, with 43% and 32% of the Ado activity, respectively. Our data suggest that M.
smegmatis expresses two PNPs: a previously described trimeric PNP that can cleave inosine and guanosine only
and a second, novel PNP (Ado-PNP) that can cleave Ado, inosine, and guanosine. Ado-PNP had an apparent
K, (K,, app) 0f 98 = 6 pM (with Ado) and a native molecular mass of 125 + 7 kDa. The second Ado cleavage
activity was identified as 5'-methylthioadenosine phosphorylase (MTAP) based on its biochemical properties
and mass spectrometry analysis. Our study marks the first report of the existence of MTAP in any bacterium.
Since human cells do not readily convert Ado to Ade, an understanding of the substrate preferences of these
enzymes could lead to the identification of Ado analogs that could be selectively activated to toxic products in

mycobacteria.

Mycobacterium tuberculosis is the etiological agent of tuber-
culosis (TB), an infectious disease that was diagnosed in more
than 9 million individuals and claimed nearly 2 million lives in
2007 (34). An estimated one-third of the world’s population is
infected with the latent form of the disease, and 10% of these
people will develop active TB in their lifetimes. In 2007, TB
caused 23% of the estimated HIV deaths (34), and thus, as the
global HIV burden and TB-HIV coinfections increase, TB
remains a growing health concern. M. tuberculosis strains that
are resistant to first- and second-line drugs are also on the rise.
According to the March 2010 estimates of the World Health
Organization, one in four new cases of TB in northwest Russia
was multiple-drug-resistant (MDR) TB, and 58 countries re-
ported at least one incidence of extensively drug-resistant
(XDR) TB (35). As drug-resistant TB becomes more preva-
lent, the array of drugs available to treat this deadly bacterial
infection decreases. Thus, there is an urgent need to develop
new antituberculosis drugs that have different mechanisms of
action than current drugs.

An enhanced basic understanding of the enzymes involved
in metabolic processes in mycobacteria could lead to identifi-
cation of molecular targets for drug discovery. Purine metab-
olism is an essential process of all living cells, as it generates
macromolecules necessary for DNA, RNA, and energy pro-
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duction. Extensive studies of human purine metabolism have
led to the development of nucleoside analogs that are currently
used to treat cancer. Moreover, differences in purine metabo-
lism between human cells and various infectious agents have
been exploited to develop nucleoside analogs used in the treat-
ment of parasitic and viral infections. Since differences in pu-
rine metabolism between human and mycobacterial cells exist
(20, 24), purine enzymes could be potential targets for the
development of nucleoside analogs against TB. Moreover, be-
cause purine metabolism is not a target of current TB drugs,
nucleoside analogs would likely be active against TB that is
resistant to current agents. Furthermore, it is possible that
nucleoside analogs could disrupt basic metabolic processes and
thus be useful against latent TB.

Previous studies have shown the conversion of adenosine
(Ado) to adenine (Ade) in M. tuberculosis and Mycobacterium
smegmatis cell cultures (9, 23). In human cells, Ado is primarily
catalyzed by Ado kinase and Ado deaminase (Fig. 1) and is not
readily cleaved to Ade. Therefore, the ability of mycobacteria
to cleave Ado indicates a difference in the metabolism of Ado
in mycobacteria that could be exploited for drug discovery.
There are numerous enzymes known in nature that can cleave
Ado. Although most bacterial purine nucleoside phosphoryl-
ases (PNPs) (EC 2.4.2.1) can cleave Ado to Ade, it is known
that mycobacterial PNP does not accept Ado as a substrate (5,
11, 19). Some bacteria, such as Bacillus subtilis and Bacillus
cereus, express an Ado phosphorylase (AdoP) that selectively
cleaves Ado (16, 29, 30). A few parasites can also salvage Ado
through hydrolases, such as Ado nucleosidase (EC 3.2.2.7) or
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FIG. 1. Enzymes involved in adenosine metabolism. (1) 5'-methyl-
thioadenosine/S-adenosylhomocysteine nucleosidase (not present in
human cells) or 5'-methylthioadenosine phosphorylase; (2) adenine
phosphoribosyl transferase; (3) adenosine kinase; (4) adenosine phos-
phorylases (not present in human cells) and most bacterial purine
nucleoside phosphorylases; (5) adenosine deaminase; (6) purine nu-

cleoside phosphorylase; (7) hypoxanthine/guanine phosphoribosyl
transferase.

purine nucleosidase (EC 3.2.2.1). Cleavage of Ado by parasitic
5’-methylthioadenosine phosphorylase (MTAP) (EC 2.4.2.28)
has been reported (14, 21). MTAP is primarily found in
Eukarya, including trypanosomes, and Archaea (1, 15). Al-
though Pseudomonas isolates were thought to possess
MTAP (1), recent work in Pseudomonas aeruginosa showed
that the enzyme was a methylthioinosine phosphorylase
rather than MTAP (15). The bacterial equivalent of MTAP
is 5’-methylthioadenosine/S-adenosylhomocysteine nucleo-
sidase (MTAN or MTA/SAH nucleosidase) (EC 3.2.2.16).
According to the UniProt Consortium (32), M. tuberculosis
encodes MTAN (Rv0091) and a probable MTAP (Rv0535).
Thus, either MTAN or MTAP could be responsible for the
Ado cleavage observed in M. tuberculosis.

Given that the literature indicates that a number of bacterial,
parasitic, and mammalian enzymes can cleave Ado to Ade, we
investigated Ado cleavage in cell extracts from M. smegmatis, a
closely related, fast-growing model of M. tuberculosis. Ado cleav-
age activity was assayed in all the fractions eluting from our first
purification column. This step indicated that two enzymes could
cleave Ado. One of the enzymes was identified as MTAP, and
the other was an Ado cleavage enzyme that was different from
PNP (MSMEG_1701), MTAP (MSMEG_0990), and MTAN
(MSMEG_1753). Hence, our work marks the first investigation of
two previously uncharacterized Ado cleavage activities in myco-
bacteria and further illustrates differences in purine metabolism
between mycobacterial and human cells. These differences could
be exploited for the development of Ado analogs that could be
selectively activated to toxic products, thereby exhibiting selective
toxicity against M. tuberculosis and forming the basis of a new class
of anti-TB drugs.

MATERIALS AND METHODS

Reagents. The natural nucleosides, nucleobases, and ribose-1-phosphate were
purchased from Sigma-Aldrich. 2-Fluoroadenosine, 2-methyladenosine (methyl-
Ado), and 9-benzyl-9-deazaguanine were synthesized at Southern Research In-
stitute. Protease inhibitor cocktail was obtained from Sigma and Roche. Sodium
dodecyl sulfate-12% polyacrylamide gel electrophoresis (SDS-12% PAGE) mini-
gels, Tris/glycine/SDS running buffer, Coomassie stain, silver stain reagents,
low-range molecular weight standards, and Bradford dye reagent were purchased
from Bio-Rad Laboratories. EZ-Run prestained protein marker was purchased
from Fisher Scientific. Xanthine oxidase (from bovine milk) was purchased from
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Sigma-Aldrich. Purification columns and molecular weight standards for gel
filtration chromatography were purchased from GE Healthcare.

Bacterial strain and growth conditions. M. smegmatis ATCC 700084 was
cultured in Middlebrook 7H9 medium supplemented with oleic acid, albumin,
dextrose, and catalase (OADC), and 0.05% Tween 80 at 37°C in a shaking
incubator until the optical density at 600 nm (ODy,) was 0.4 to 0.6.

Preparation of crude protein extract. M. smegmatis cells (from a S-liter cul-
ture) were pelleted by centrifugation, and the cell pellet was washed three times
in buffer A (50 mM Tris HCI, 1 mM dithiothreitol, and 20% glycerol, adjusted to
pH 7.6). The cell pellet was resuspended in buffer A containing protease inhib-
itor cocktail (Sigma/Roche), and the cells were lysed using a French pressure cell.
The resulting suspension was centrifuged at 4°C for 1 h at 100,000 X g. The
supernatant was dialyzed overnight against two changes of 1 liter of buffer A plus
150 mM NacCl at 4°C (Spectra/Por 4 Membrane Tubing; 12,000 to 14,000 Da
molecular weight cutoff [MWCOY]; Fisher Scientific) and filtered using a 0.2-wm-
pore-size filter.

Purification of Ado cleavage activity. A 17-ml aliquot of crude extract was
applied to an anion-exchange column (HiTrap Q) and eluted using a linear salt
gradient of 150 to 750 mM NaCl in buffer A. Fractions with the most Ado-PNP
activity were pooled, and 10 ml of this solution was applied to a hydrophobic
interaction column (HiTrap Phenyl). The activity was eluted using a reverse
linear gradient from 1 to 0 M ammonium sulfate in 50 mM sodium phosphate
buffer (pH 7.5). Fractions with the most Ado-PNP activity were pooled and
concentrated to 300 wl, 200 pl of which was loaded onto a size exclusion column
(Superdex 200 PG) and eluted with an isocratic run of 150 mM NaCl in buffer A.
Similarly, MTAP or PNP activity eluting from the HiTrap Q column was pooled
and purified as described above. Protein concentrations of each pooled sample
and crude extract were obtained by the Bradford method (7) using bovine serum
albumin as a standard.

Activity assays. Enzyme activity was followed by measuring the formation of
product using reverse-phase high-performance liquid chromatography (HPLC).
A reaction mixture (50 pl) consisting of 50 mM potassium phosphate buffer (pH
7.5), 50 mM HEPES (pH 7.3), 100 wM substrate, and enzyme was prepared. The
reaction was started by the addition of the enzyme. After incubation at 37°C, the
reaction was stopped at specific time points by the addition of 50 pl 1 M
perchloric acid, and the mixture was neutralized and buffered to pH 7 with a
solution containing 3 M KOH plus 0.6 M potassium phosphate buffer. The
potassium perchlorate precipitate was removed by centrifugation. For acid-labile
substrates, such as 2’-deoxyadenosine and thymidine, the reaction was stopped
by boiling for 5 min. For the reverse reaction, the reaction mixture consisted of
200 pM ribose-1-phosphate, 50 mM HEPES (pH 7.3), 200 uM Ade, and enzyme.
The substrates were separated from the products using reverse-phase HPLC with
a BDS Hypersil C,g column (Keystone Scientific) and a mobile phase consisting
of ammonium dihydrogen phosphate and acetonitrile buffer as described previ-
ously (23). The substrates and products were detected by their absorbance at 260
nm as they eluted from the column.

The xanthine oxidase-coupled spectrophotometric method of Savarese et al.
(27) and Jensen and Nygaard (17) was modified to a 96-well plate format and was
used to rapidly detect Ado-PNP, PNP, and MTAP in fractions eluting from
purification columns. Ado and MTA cleavage produce Ade, which is then con-
verted to 2,8-dihydroxyadenine by xanthine oxidase, leading to an increase in
absorbance at 305 nm. Similarly, mycobacterial PNP converts inosine (Ino) to
hypoxanthine (Hx), which is then converted to uric acid by xanthine oxidase, with
an increase in absorbance at 293 nm. Each well (200 pl total volume) contained
30 pl of sample, 50 mM potassium phosphate buffer (pH 7.5), 50 mM HEPES
(pH 7.3), 0.01 unit of xanthine oxidase, and substrate (2 mM Ado plus 100 pM
deoxycoformycin, 100 pM MTA, or 2 mM Ino). The reaction was allowed to
proceed at room temperature, and the changes in absorbance at 305 nm and 293
nm were measured over time.

Enzyme kinetics. The apparent K, (K, app) and Vi app for nucleoside
phosphorolysis and nucleoside synthesis were calculated using the nonlinear
regression function of SigmaPlot 2004 (Systat Software, Inc.). The assays were
carried out at various concentrations of one substrate and fixed concentrations of
the second substrate. The substrate conversions were maintained below 10%.
With Ado-PNP, Ado, Ino, Ade, and ribose-1-phosphate concentrations were
varied between 40 and 400 wM. Phosphate concentrations were varied between
250 and 5,000 uM. With MTAP, the concentration of MTA was varied between
2 and 10 pM, and the concentration of Ado was varied between 120 and 600 nM.
For both MTA and Ado, the phosphate concentration was kept at 50 mM.

Nanoscale liquid chromatography (NanoLC)-tandem mass spectrometry.
Mass spectrometry analysis was conducted at the Targeted Metabolomics and
Proteomics Laboratory at the University of Alabama at Birmingham as described
previously (25). Briefly, protein bands from SDS-PAGE gels were excised and
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FIG. 2. Elution of Ado, MTA, and Ino cleavage activities from M.
smegmatis cell extract applied to the HiTrap Q anion-exchange col-
umn. M. smegmatis cell extract was applied to the HiTrap Q anion-
exchange column and eluted with 150 to 750 mM NaCl gradient. Every
other fraction was tested for Ade formation from Ado or MTA and Hx
formation from Ino by the xanthine oxidase assay. The formation of
Ade and Hx is expressed as the percent change in initial absorbance at
305 nm (for Ado and MTA) and 293 nm (for Ino) after a 2-hour
incubation with Ado, MTA, and Ino.
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destained. Following trypsin digestion, peptides were applied to a C,g reverse-
phase cartridge, and the eluted peptides were analyzed on an Applied Biosys-
tems-MDS-Sciex (Concorde, Ontario, Canada) 4000 Qtrap mass spectrometer.
The tandem mass spectrometry data thus obtained were processed to provide
protein identification using an in-house MASCOT search engine (Matrix Sci-
ence) with the M. smegmatis NCBInr protein database. One missed cleavage site
for trypsin was allowed in the analysis.

RESULTS

Identification of adenosine cleavage enzymes. Partial purifi-
cation of Ado cleavage was achieved by applying a cell extract
of M. smegmatis to the HiTrap Q anion-exchange column.
Two-milliliter fractions were collected as the proteins eluted
with a linear gradient of 150 to 750 mM NacCl, and the fractions
were tested for cleavage of Ado, Ino, and MTA by the xanthine
oxidase method. Ino cleavage to Hx was seen with maximal
activity in fraction 21 (Fig. 2). This fraction had negligible Ado
cleavage, which indicated the presence of PNP, since mycobac-
terial PNP can cleave Ino but not Ado. Two peaks of Ado
cleavage were detected, with maximal activity in fractions 15
and 33. MTA cleavage was also seen in fraction 33, suggesting
that Ado cleavage in fraction 33 could be due to MTAP and/or
MTAN. Fraction 15 had no MTA cleavage, and this indicated
the presence of a novel Ado cleavage activity that was different
from that of PNP, MTAP, or MTAN.

Purification of adenosine cleavage enzymes. Further purifi-
cation of fraction 15 (Ado cleavage enzyme) was achieved by
using a HiTrap Phenyl hydrophobicity interaction column and
a Superdex 200 PG size exclusion column, successively. Super-
dex fractions were tested for Ado-to-Ino conversion, which
would indicate the presence of Ado deaminase. Fractions that
contained Ado cleavage activity, but not Ado deaminase activ-
ity, were pooled and used for further characterization experi-
ments. Our purification scheme led to the removal of more
than 99.9% of total protein and a 30-fold purification of the
Ado cleavage activity (Table 1). Although the resulting final
fraction had Ado cleavage activity, the protein concentration
of that sample could not be determined without using most of
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the sample, and a single band responsible for Ado cleavage
activity could not be identified by Coomassie or silver staining
the SDS-PAGE gel. However, since there was no evidence that
the sample contained other purine enzymes that could affect
substrate or product concentrations, that sample was suitable
for further characterization experiments. PNP activity (corre-
sponding to fractions 19 to 23) and MTA cleavage activity
(corresponding to fractions 29 to 33) were also further purified
by using the HiTrap Phenyl hydrophobicity interaction col-
umn, followed by the Superdex 200 PG size exclusion column.

Characteristics of the adenosine cleavage activity. The
cleavage of Ado seen in fraction 15 could be due to a hydrolase
or a phosphorylase. To determine whether the Ado cleavage
enzyme was a member of the hydrolase family, the purified
enzyme was incubated in a reaction mixture containing Ado,
HEPES (pH 7.3), and water, but no phosphate. Ade formation
was not detected under these conditions (Fig. 3A), suggesting
that another substrate or cofactor was needed for enzyme
activity. When this reaction was repeated in the presence of 50
mM phosphate, Ade formation was seen, indicating that phos-
phate was required for activity. Additionally, Ado formation
was observed when the enzyme was incubated with Ade and
ribose-1-phosphate (Fig. 3B). Taken together, these results
indicated that the Ado cleavage activity in fraction 15 was due
to a phosphorylase that reversibly catalyzed adenosine plus
phosphate to adenine plus alpha-p-ribose-1-phosphate.

To establish that the Ado cleavage activity was due to an
enzyme other than PNP, MTAP, or MTAN, the activity of the
Ado cleavage enzyme with the natural purine or pyrimidine
nucleosides was evaluated. The Ado cleavage enzyme accepted
Ado, Ino, and guanosine as substrates, with Ado being the best
substrate (Table 2). Other substrates included 2’-deoxyadeno-
sine, 2-fluoroadenosine, and methyl-Ado with 58%, 137%, and
31% of the Ado activity, respectively. No activity was detected
with xanthosine, pyrimidine nucleosides (cytidine, thymidine,
and uridine), MTA, or S-adenosyl-L-homocysteine (SAH).
Since MTAP can cleave MTA and MTAN can cleave both
MTA and SAH, our data suggested that the Ado cleavage
enzyme was neither MTAP nor MTAN. Taken together, our
data suggested that the Ado cleavage enzyme was specific for
purines and tolerated modifications at the 2’ position on the
ribose moiety and the 2 position of the Ade moiety. Thus, our
results indicated that the Ado cleavage enzyme is a member of
the PNP family. Since a trimeric mycobacterial PNP that can
cleave Ino and guanosine but not Ado has been described by
others (5, 11, 19), we refer to the Ado cleavage enzyme de-
scribed in this work as Ado-PNP.

As shown in Table 2, both Ado and Ino were cleaved by

TABLE 1. Purification of Ado-PNP from M. smegmatis

Step p?t())tt:iln Enzyme activity Purification aggi?gy Recovery
(mg) (nmol/mg - min) (fold) (nmol/min) (%)
Cell extract 98 0.06 1 59 100
HiTrap Q 33 0.4 7 1.4 20
HiTrap Phenyl  0.034 1.9 32 0.056 1
Superdex 200  ND¢ —b >32 0.021 0.4

PG

“ND, not detected.
> not determined.
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FIG. 3. Ado cleavage requires phosphate and is reversible.
(A) Fraction 15 was incubated with Ado in the presence or absence of
50 mM phosphate, and Ade formation was monitored by HPLC.
(B) The enzyme was incubated with Ado and 50 mM phosphate, and
the formation of Ade was monitored by HPLC. The enzyme was also
incubated with Ade and ribose-1-phosphate, and the formation of Ado
was monitored by HPLC. Each data point represents the mean *
standard deviation for 3 determinations. Some error bars are too small
to be seen or are hidden by the symbol.

Ado-PNP. Since M. smegmatis expressed high levels of PNP,
the Ino cleavage seen in our Ado-PNP sample could be due to
contaminating trimeric PNP. If Ado and Ino are both sub-
strates for one enzyme, then Ado cleavage would be inhibited
by the presence of Ino. Ado cleavage (100 wM) was inhibited
by 45% by 1,000 uM Ino (n = 3), suggesting that both Ino and
Ado are substrates of Ado-PNP. Furthermore, 400 uM 9-ben-
zyl-9-deazaguanine, a potent human PNP inhibitor (6, 22),
inhibited Ino cleavage by M. smegmatis PNP by more than 75%
(data not shown) but had no effect on either Ado or Ino
cleavage by Ado-PNP. Taken together, these results indicated
that Ado and Ino are both substrates of Ado-PNP.

The native molecular weight of the Ado-PNP was estimated
by gel filtration chromatography on the Superdex 200 PG col-
umn. A calibration curve was produced based on the UV
absorbance spectrum (generated from the Amersham-Phar-
macia fast protein liquid chromatography [FPLC] controller
LCC-501-Plus) of ferritin, conalbumin, carbonic anhydrase,
and RNase A molecular weight standards. Fractions eluting
from the column were assayed for Ado cleavage using the
HPLC assay. One peak of Ado cleavage activity was seen.
Based on the elution volume of the fraction with maximum
activity, the molecular mass of Ado-PNP was calculated to be
125 = 7 kDa (n = 6).

The stability of Ado-PNP at different temperatures was stud-
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ied by incubating Ado-PNP at 4, 25, 37, or 60°C for 3, 6,0or 12 h
(data not shown). Ado-PNP activity was assayed at 37°C after
each of these incubations. Ado-PNP retained most of its ac-
tivity at 4, 25, and 37°C over 12 h, but the enzyme was inactive
after being incubated at 60°C. To investigate the effect of pH
on enzyme activity, Ado-PNP was incubated with Ado at dif-
ferent pH values, which were obtained by adjusting a solution
of citric acid and disodium phosphate buffer to pH values of 3
to 8 or by adjusting a solution of sodium diphosphate buffer to
pH values of 7 to 11. The formation of Ade at each pH was
measured by reverse-phase HPLC, and the optimal pH of the
reaction was between 6 and 7 (data not shown). The enzyme
was inactive below pH 5. At pH 11, the enzyme had 44% of its
activity at pH 7.

Kinetic properties of Ado-PNP. The apparent steady-state
kinetic constants of Ado-PNP were determined for Ado phos-
phorolysis and synthesis (Table 3). Substrate saturation curves
were described by a hyperbolic function (data not shown), indi-
cating that Ado-PNP followed Michaelis-Menten kinetics. Given
that the protein concentration of Ado-PNP was not known, dis-
crepancies in enzyme activity could exist between different
batches of purified enzyme. Thus, to study the kinetic properties
of Ado-PNP, the same batch of purified enzyme was used to
calculate the K,,, ,,, and V. app Of Ado-PNP. The K,,, ,,, for
Ado (98 £ 6 uM) was higher than that of Ade (43 = 7 uM). As
shown in Table 4, Ino had 43% of the Ado activity at 100 pM
substrate. To determine whether the difference in activity was due
to substrate binding or catalytic efficiency, the kinetic parameters
for Ino cleavage were determined. The K,,, ,,,,,, for Ino (220 = 30
wM; n = 3) was more than twice that of Ado. However, there was
no difference in V. /K, between Ino and Ado. Thus, the differ-
ence in Ado and Ino cleavage could be due to a difference in
substrate binding.

Characteristics of MTA cleavage enzyme. As shown in Fig.
2, Ado could be cleaved by a second enzyme, which could also
cleave MTA (fraction 33). An SDS-PAGE gel of fractions 29
to 37 had several protein bands, with one band that correlated
with MTA cleavage activity (data not shown). This band from

TABLE 2. Substrate specificity of M. smegmatis Ado-PNP

Enzyme activity”
(pmol min~! ml™")

Nucleoside (100 wM)

Purines
AdENOSINE. ...t seneaenenae 19+2
2'-Deoxyadenosine .. ..11.28 = 0.05
Inosine .......ccceveueeee. 8+4
Guanosine ..... 61
Xanthosine .........c.c.......
5'-Methylthioadenosine......
S-Adenosyl-L-homocySteine ........ccecveeereveeererererereeerenene

Adenosine analogs
2-FIuoroadenosine..........oceoereeueueninieueneneeenenieeeeneeeenenes 263 0.4
2-Methyladenosine .........c.ccoceeeueeueeeeeeeeceeeeeenenes 5805

Pyrimidines
CYHAINE .ot -
ThyMIINE....eeeeeeeeeeeereeiereeereeeee s -
UTAINE. ..t senenen -

“Mean * standard deviation of at least 3 determinations. —, no activity
detected.
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TABLE 3. Apparent steady-state kinetic constants of M. smegmatis Ado-PNP

a

Substrate Cosubstrate K,* (LM) (pmol III/I‘i";‘ll mi~Y)
Nucleoside phosphorolysis
Adenosine 50 mM phosphate 98 = 6 450 = 10
Phosphate 200 pM adenosine 700 = 100 350 £ 20
Nucleoside synthesis
Adenine 200 pM ribose-1-phosphate 43 £ 7 1,360 = 80
Ribose-1-phosphate 200 pM adenine 70 =10 1,470 = 90

“Mean * standard deviation of at least 3 determinations.

fraction 33 was excised from the gel. NanoLC-tandem mass
spectrometry analysis suggested the presence of numerous pro-
teins, two of which were MTAP and MTAN. Since sequence
homology predicted that M. smegmatis expressed both MTAP
and MTAN, it is possible that fraction 33 contained both
MTAP and MTAN (the assay used could not differentiate
between MTAP and MTAN activities). However, further pu-
rification of this fraction led to an enzyme that was active only
in the presence of 50 mM phosphate (data not shown), thereby
indicating the presence of a phosphorylase and not a nucleo-
sidase.

M. smegmatis MTAP (purified as described above) was also
tested for its ability to cleave purines and pyrimidines. MTAP
was most active with MTA and also cleaved Ado and 2-fluoro-
adenosine with 16% and 19% of the MTA activity, respectively
(Table 4). No activity was detected with methyl-Ado, suggest-
ing that MTAP was not tolerant of some modifications at the
2 position on the Ade moiety. Similar to human MTAP, cleav-
age of 2'-deoxyadenosine was not detected with M. smegmatis
MTAP. SAH was not a substrate under the conditions tested,
indicating that the enzyme was not MTAN. No activity was
detected with Ino, guanosine, xanthosine, or the pyrimidine
nucleosides. Based on the different substrate specificities for
Ado and MTA, Ado-PNP and MTAP are different enzymes.

Human MTAP was shown to cleave Ado with 12.5% of the
activity seen with MTA (13). However, human MTAP had a
K, of 1.5 £ 0.2 uM with MTA and 760 = 90 uM with Ado,
which corresponds to a 500-fold-higher K,,, with Ado than with

TABLE 4. Relative activities of M. smegmatis
Ado-PNP, MTAP, and PNP

Relative activity

Nucleoside (%)°
(100 pM)
Ado-PNP MTAP PNP
Purines

Adenosine 100 16 —
2'-Deoxyadenosine 58 - -
Inosine 43 - 100
Guanosine 32 - 68
Xanthosine - — —
5'-Methylthioadenosine - 100 -

S-Adenosyl-L-homocysteine - - -

Adenosine analogs
2-Fluoroadenosine 137 19 -
2-Methyladenosine 31 - -

“ —, no activity detected.

MTA (31). The V., with Ado was 62% of the V,, ,, with MTA
and therefore represented an 800-fold-higher catalytic effi-
ciency with MTA than with Ado (31). Hence, Ado is consid-
ered to be an inefficient substrate for human MTAP. Since
Ado cleavage was observed with M. smegmatis MTAP, we
investigated the kinetic properties of the mycobacterial en-
zyme with MTA or Ado as a substrate in the presence of 50
mM phosphate. M. smegmatis MTAP had a K,,, ,,,,, of 1.6 = 0.2
wM with MTA and 310 = 40 uM with Ado, with similar V,,,,,
for both substrates, indicating that MTA was a more efficient
substrate than Ado for M. smegmatis MTAP.

Using the same size exclusion column and calibration curve
discussed above, the native molecular mass of MTAP was
calculated to be 64 * 5 kDa. Since the MSMEG_0990 amino
acid sequence predicted a protein of 27 kDa, our data sug-
gested that MTAP expressed in M. smegmatis was a dimer. All
previously described MTAPs, including human MTAP, are
known to be active as trimers (2, 26) with the exception of
Sulfolobus solfataricus MTAP, which is a homohexamer with a
molecular mass of 160 kDa (3).

Substrate specificity of PNP. To compare our Ado-PNP and
MTAP results to M. smegmatis PNP, the substrate specificity of
M. smegmatis PNP (purified as described above) was studied.
Ino was the best substrate for PNP, which also accepted
guanosine with 68% of the Ino activity (Table 4). No activity
was detected with Ado, 2'-deoxyadenosine, methyl-Ado,
2-fluoroadenosine, MTA, xanthosine, SAH, or the pyrimidine
nucleosides. This is consistent with previous reports that my-
cobacterial PNP is specific for 6-oxopurines (5, 11, 19). Fur-
ther, the molecular mass of PNP was estimated to be 76 kDa,
which is consistent with the description of trimeric M. tubercu-
losis PNP (5, 8). Taken together, our findings indicated that
Ado-PNP, MTAP, and PNP are different enzymes.

DISCUSSION

Ado cleavage to Ade is common in bacteria and parasites.
Most bacterial PNPs can cleave both 6-aminopurine and
6-oxopurine nucleosides, but M. tuberculosis PNP is known to
accept only 6-oxopurines (5, 11, 19). In this work, we identified
two enzyme activities in M. smegmatis that could cleave Ado,
and these activities were biochemically determined to be Ado-
PNP and MTAP. Either enzyme could account for previous
reports of Ado cleavage in M. tuberculosis or M. smegmatis
cultures (9, 23). However, because MTAP did not cleave methyl-
Ado, only Ado-PNP could be responsible for the methyl-Ado

cleavage observed in cell cultures. The K,,, ,,, values for Ade
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and ribose-1-phosphate with M. smegmatis Ado-PNP were de-
termined to be 43 and 70 uM, respectively, which are similar to
the K,,, values for Ade and ribose-1-phosphate with Escherichia
coli PNP (17) and B. cereus AdoP (30). Our kinetic studies
showed that Ado-PNP has a lower K,,, ,,, for Ade than Ado,
suggesting that in vitro, the formation of Ado from Ade is
favored. However, as with the other phosphorylases, the equi-
librium in vivo is predicted to be in favor of Ado cleavage due
to the rapid utilization of adenine and ribose-1-phosphate by
other enzymes.

According to Bzowska et al., PNPs can be classified into
three groups based on their substrate specificities and quater-
nary structures: low-molecular-mass homotrimers, high-molec-
ular-mass homohexamers, and others (8). Similar to Bzowska’s
classification, Pugmire and Ealick have grouped PNPs based
on their quaternary structures, and attribute trimeric PNPs to
mammals and hexameric PNPs to bacteria, with a few excep-
tions (26). The authors also mention that some bacteria, such
as E. coli, express both a trimeric PNP and a hexameric PNP.
In E. coli, hexameric PNP (encoded by deoD) cleaves Ado, Ino,
and guanosine (8, 17, 26), whereas the trimeric PNP could
cleave all purine nucleosides except Ado and 2'-deoxyadeno-
sine (10, 28). This trimeric PNP is often referred to as xan-
thosine phosphorylase. Similar to E. coli, B. subtilis and B.
cereus also express two nucleoside phosphorylases, namely,
inosine-guanosine phosphorylase and AdoP (16, 29, 30). Sgar-
rella et al. described an Ado-specific phosphorylase (AdoP) in
B. cereus and have shown that AdoP could cleave Ado and
2'-deoxyadenosine (30). Ino could also be cleaved by this en-
zyme with 1.5% of the relative activity of Ado, and no activity
was observed with guanosine, xanthosine, or the pyrimidine
nucleosides. Utagawa et al., have shown that Enterobacter aero-
genes has a PNPase activity that is responsible for the cleavage
of Ino at 34% of the relative cleavage of Ado (33). Even
though the Ado cleavage enzyme described in our study had a
preference for Ado, the enzyme also cleaved Ino and guano-
sine, and therefore, the enzyme is not AdoP but rather a PNP
(purine nucleoside: orthophosphate ribosyltransferase, EC
2.4.2.1). Accordingly, our work suggests that M. smegmatis
possesses two PNPs: the trimeric PNP (MSMEG_1701), which
is an inosine-guanosine phosphorylase, and Ado-PNP, which is
similar in substrate specificity to hexameric E. coli PNP.

Analysis of the amino acid sequence of Ado-PNP could
determine the similarity of Ado-PNP to the trimeric PNP, as
well as provide the basis for a phylogenetic relationship be-
tween the two PNPs. The low expression of Ado-PNP in my-
cobacteria was a significant hurdle in this work, and unfortu-
nately, we have not yet been able to identify the gene that
encodes this enzyme. The purification scheme used in this
work yielded an Ado-PNP sample that could be biochemically
analyzed because it was free of other purine enzymes. How-
ever, the protein concentration of our purified preparation was
very low, and we were not able to identify a single band in an
SDS-PAGE gel stained with either Coomassie or silver stain
reagent. Therefore, more work is needed to identify the gene
responsible for this activity. A number of genes that could
cleave purine and pyrimidine nucleosides have been identified
in the M. tuberculosis genome by sequence homology. Our
Ado-PNP substrate specificity results indicated that Ado-PNP
was not encoded by PNP, MTAP, or MTAN. Although the
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enzymes expressed by Rv0535(MTAP) and Rv0091(MTAN) are
only tentatively identified, we have cloned and expressed these
two genes and have shown that they do express MTAP and
MTAN, respectively (unpublished results). Rv3393 has been
identified as a probable nucleoside hydrolase (IunH) by se-
quence homology. We have also cloned and expressed this
gene and have shown that it is able to hydrolytically cleave
uridine, but not Ado (unpublished results). Finally, Rv2293¢
has been annotated as encoding a conserved hypothetical pro-
tein that participates in the nucleoside metabolic process and
could be membrane bound. The PHYRE server was used to
generate the predicted secondary structure of Rv2293c, which
was then compared to a library of known protein structures
(18). While the sequence identity was low, the PHYRE server
nonetheless predicted Rv2293c to be a member of either the
purine and uridine phosphorylase or the hydrolase superfam-
ily. Although we have attempted to clone and express the
enzyme, we have not yet been successful.

The importance of expressing two PNPs in mycobacteria is
not known. Mycobacteria could express Ado-PNP, even in
small amounts, to supplement PNP, MTAP, and MTAN activ-
ities to maximize purine salvage and complement de novo
purine synthesis. In the current experiments, PNP activity was
much greater than Ado-PNP activity. In our previous studies,
we have noted variable expression of Ado cleavage in myco-
bacterial cell cultures (9, 23), which suggests that Ado-PNP
expression may be under the control of an unknown variable.
Ado-PNP could be important in sensing and regulating Ado
and Ade concentrations, which in turn could affect the expres-
sion of the other enzymes shown in Fig. 1. Ado-PNP could be
expressed in mycobacteria in response to exogenous Ado from
macrophages or to salvage the ribose moiety as a carbon
source.

Our work suggests that MTAP could play a role in the
metabolism of Ado in M. smegmatis. Although MSMEG_0990
and Rv0535 have been annotated as probable MTAPs in M.
smegmatis and M. tuberculosis, respectively, the current work
describes the first characterization of a bacterial MTAP. Pseu-
domonas isolates were thought to possess MTAP (1); however,
recent work in P. aeruginosa showed that the enzyme was
actually a methylthioinosine phosphorylase instead of MTAP
(15). Our preliminary characterization of M. smegmatis MTAP
indicated that mycobacterial MTAP may be different from
human MTAP. Unlike human MTAP, which is a trimer, M.
smegmatis MTAP may be a dimer. Similar to the human en-
zyme, our kinetic data indicated that MTA was a much better
substrate than Ado. However, M. smegmatis MTAP had more
than a 2-fold-lower K,,, with Ado than human MTAP, suggest-
ing that Ado was a better substrate for M. smegmatis MTAP
than for human MTAP. Therefore, it is possible that mycobac-
terial MTAP could selectively activate Ado analogs.

A sequence alignment showed more than 92% sequence
identity (196 identical amino acid positions) between MTAPs
from M. smegmatis and M. tuberculosis, which suggests that the
two mycobacterial MTAPs likely share similar properties. In
contrast, there was less than 36% sequence identity (93 iden-
tical amino acid positions) between M. tuberculosis and human
MTAPs, which predicts that mycobacterial and human MTAPs
may differ in substrate specificity and other properties. We
have cloned and expressed the Rv0535 gene, which is predicted
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to express a probable MTAP in M. tuberculosis, and have
shown that it is indeed MTAP (unpublished results).

Purine metabolism is an attractive target for TB drug dis-
covery, since a purine-based drug would provide a novel mech-
anism of action, and therefore, MDR and XDR M. tuberculosis
strains would likely be sensitive to Ado analogs. Further, Bar-
row et al., have shown that methyl-Ado is toxic to latent my-
cobacteria (4), indicating that an Ado analog could work
against both active and latent TB infections. Therefore, our
discovery of two adenosine-cleaving activities in mycobacteria
could contribute to an anti-TB drug development effort. Since
human cells do not express Ado-PNP, these enzyme activities
in mycobacteria could be exploited to selectively activate a
nontoxic Ado or MTA analog to a toxic product in mycobac-
terial cells. The differences in substrate specificity between
human and parasitic MTAPs have been investigated for anti-
parasitic drug development (12), and these studies have shown
2'-deoxyadenosine, 3’-deoxyadenosine, and 2’',3’-dideoxy-
adenosine are poor substrates for human MTAP while
Trypanosoma brucei brucei MTAP can cleave these substrates
(14). Similarly, a complete structure-activity relationship anal-
ysis with these two enzymes could reveal differences in sub-
strate preferences that could be exploited for antituberculosis
drug development.
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