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Adenosine kinase (AK) is a purine salvage enzyme that catalyzes the phosphorylation of adenosine to AMP.
In Mycobacterium tuberculosis, AK can also catalyze the phosphorylation of the adenosine analog 2-methylad-
enosine (methyl-Ado), the first step in the metabolism of this compound to an active form. Purification of AK
from M. tuberculosis yielded a 35-kDa protein that existed as a dimer in its native form. Adenosine (Ado) was
preferred as a substrate at least 30-fold (K, = 0.8 = 0.08 uM) over other natural nucleosides, and substrate
inhibition was observed when Ado concentrations exceeded 5 puM. M. tuberculosis and human AKs exhibited
different affinities for methyl-Ado, with K,, values of 79 and 960 pM, respectively, indicating that differences
exist between the substrate binding sites of these enzymes. ATP was a good phosphate donor (K,, = 1100 = 140
1M); however, the activity levels observed with dGTP and GTP were 4.7 and 2.5 times the levels observed with
ATP, respectively. M. tuberculosis AK activity was dependent on Mg>*, and activity was stimulated by potas-
sium, as reflected by a decrease in the K,, and an increase in V,,,,, for both Ado and methyl-Ado. The N-terminal
amino acid sequence of the purified enzyme revealed complete identity with Rv2202¢, a protein currently
classified as a hypothetical sugar kinase. When an AK-deficient strain of M. tuberculosis (SRICK1) was
transformed with this gene, it exhibited a 5,000-fold increase in AK activity compared to extracts from the
original mutants. These results verified that the protein that we identified as AK was coded for by Rv2202¢c. AK
is not commonly found in bacteria, and to the best of our knowledge, M. tuberculosis AK is the first bacterial
AK to be characterized. The enzyme shows greater sequence homology with ribokinase and fructokinase than
it does with other AKs. The multiple differences that exist between M. tuberculosis and human AKs may provide
the molecular basis for the development of nucleoside analog compounds with selective activity against M.

tuberculosis.

Mycobacterium tuberculosis is a pathogenic mycobacterium
that is the causative agent of tuberculosis (TB). TB was once
ranked as the second leading cause of death in the United
States; however, the mortality rate dropped from 50% to <1%
with the advent of effective antibiotic therapy (24, 26). During
the 1980s, the simultaneous emergence of multidrug-resistant
TB and human immunodeficiency virus-TB coinfection acted
synchronously to reverse the downward trends in TB infection
and mortality. Between 1985 and 1992, newly reported cases of
TB increased by 20% in the United States alone (26). Today,
tuberculosis infects one-third of the world’s population and
ranks as the leading cause of death from an infectious disease,
claiming 2 million lives annually (10, 26). The World Health
Organization has recognized M. tuberculosis infection as a
world health emergency and has raised a call for new treat-
ments for this old pathogen.

Nucleoside analogs are an important class of drugs used in
the treatment of viral infections and cancer that may prove to
be particularly useful in treating multidrug-resistant TB, since
their mechanism of action is likely to be different from those of
existing therapies. Nucleoside analogs are prodrugs resembling
natural nucleosides that usually must be metabolized intracel-
lularly to active compounds. Purine salvage enzymes can per-
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mit the metabolism of nucleoside analogs to active compounds,
and the presence of these enzymes in other Mycobacterium spp.
has been well documented (30, 31, 32). The analysis of the
genomic sequence has permitted identification of several genes
that purportedly code for purine salvage enzymes in M. tuber-
culosis (7), and this information has led to the study of M.
tuberculosis purine nucleoside phosphorylase (3). Identifica-
tion and characterization of other purine salvage enzymes in
M. tuberculosis may prove beneficial to the development of
novel nucleoside analogs with antitubercular activity; indeed,
several nucleoside analogs have demonstrated antitubercular
activity in vitro (28).

2-Methyladenosine (methyl-Ado) is a nucleoside analog that
has demonstrated promising antitubercular activity, with an in
vitro MIC of 3 pg/ml (6). The role that adenosine kinase (AK)
plays in methyl-Ado activation was established in previous
studies that focused on the in vitro metabolism of methyl-Ado
in Mycobacterium smegmatis strain mc*155, a closely related,
fast-growing model system for M. tuberculosis (6). These stud-
ies revealed that the main intracellular metabolites of methyl-
Ado were its phosphorylated products, methyl-AMP, methyl-
ADP, and methyl-ATP, with little incorporation into bacterial
RNA (6). Furthermore, SRI101, an AK-deficient strain of M.
smegmatis, was not sensitive to methyl-Ado, indicating that AK
is a requirement for methyl-Ado activity (6).

AK is a purine salvage enzyme that is responsible for the
phosphorylation of Ado to AMP. AKs from various mamma-



VoL. 185, 2003

lian and parasitic sources have been characterized, but the
enzyme is not commonly found in bacteria. AKs belong to the
PfkB family of carbohydrate and nucleoside kinases, a family
of structurally related enzymes that includes ribokinase, fruc-
tokinase, and hexokinase among its members (27). Character-
ization of AK from M. tuberculosis should reveal some insights
into the basis for the selective antimycobacterial activity of
methyl-Ado. To this end, an effort has been made to compare
biochemical characteristics of AKs from M. tuberculosis and
human sources, focusing on differences in metabolism that may
be responsible for the selective activation of methyl-Ado in M.
tuberculosis. The characterization of AK and other enzymes in
the purine salvage pathway will hopefully aid in the develop-
ment of selective antimycobacterial nucleoside analogs like
methyl-Ado.

MATERIALS AND METHODS

Reagents. Radiolabeled nucleosides, including [2,8-*H]Ado (30 Ci/mol),
[8-*H]guanosine (6.3 Ci/mmol), [2,8-*H]inosine (14.6 Ci/mmol), [5-*H]cytidine
(25.3 Ci/mmol), [methyl->H]thymidine (60 Ci/mmol), [5-*H]uridine (17.7 Ci/
mmol), and [2,8-°H]deoxyadenosine (13 Ci/mmol), were purchased from
Moravek Biochemicals, Inc. (Brea, Calif.). methyl-Ado was prepared at the
Southern Research Institute, Birmingham, Ala. (6), and radiolabeled by
Moravek Biochemicals, Inc., to form [8-*H]methyl-Ado (10.2 Ci/mmol). Brad-
ford dye reagent, sodium dodecyl sulfate-12% polyacrylamide gel electrophore-
sis (SDS-12% PAGE) minigels, low-molecular-weight standards, and silver stain
reagents were purchased from Bio-Rad Laboratories (Hercules, Calif.). The
pVV16 shuttle vector was a gift from Varalakshmi Vissa (Colorado State Uni-
versity). Oligonucleotide primers were purchased from Operon Technologies
(Alameda, Calif.). Dynazyme EXT was purchased from Finnzymes (Espoo, Fin-
land). The Qiagen (Valencia, Calif.) miniprep kit was used to purify plasmid
DNA.

Cell lines and growth conditions. M. tuberculosis strain H37Ra (ATCC 25177)
and M. smegmatis strain mc?155 (ATCC 700084) were cultured in Middlebrook
7H9 medium supplemented with oleic acid, albumin, dextrose, and catalase
(OADC) and 0.05% Tween 80. The AK-deficient strains SRICK1 and SRI101
were used for activity complementation studies. SRICK1 is an AK-deficient
spontaneous mutant obtained by growing M. tuberculosis H37Ra on Middle-
brook 7H10 medium containing 10 pg of methyl-Ado/ml; mutants occurred with
a frequency of ~1 in 10° cells. SRI101 was created by transposon mutagenesis of
M. smegmatis mc*155 (6). AK-deficient strains were grown in Middlebrook 7H9
medium containing OADC and 0.05% Tween 80, supplemented when necessary
with 50 pg of hygromycin/ml. Escherichia coli strain DH5a was cultured in
Luria-Bertani medium supplemented when necessary with 50 g of kanamycin/
ml. Bacteria were grown at 37°C under either stationary or shaking conditions, as
required.

CEM cells (ATCC CCL-119) were used as a source of human AK. The CEM
cells were cultured in RPMI 1640 medium supplemented with L-glutamine, 10%
fetal bovine serum, and 25 mM HEPES. Cultures were grown at 37°C with 5%
CO,.

Activity assays. M. tuberculosis AK activity was followed throughout purifica-
tion by a filter disk assay. Phosphorylation of [*H]Ado was quantified by the
amount of [’HJAMP bound to a DE-81 cellulose disk following the reaction. The
assay conditions consisted of 50 mM Tris-HCl (pH 8.0), 10 mM MgCl,, 5 mM
ATP, 20 pM [H]Ado (10 p.Ci/ml), and 10 wM deoxycoformycin, an inhibitor of
Ado deaminase. KCI (10 mM) was added to the reaction mixture when appro-
priate. The reaction was started by the addition of enzyme, incubated for the
desired time at 37°C, and stopped by the addition of 10 ul of 0.1 M EDTA.
Aliquots of 50 pl of reaction mixture were applied to DEAE cellulose disks, and
the disks were batch washed three times with 1 mM ammonium acetate (pH 5.0),
rinsed with 95% ethanol, and dried. The filter disks were transferred to scintil-
lation vials with 10 ml of Complete Counting Cocktail (Research Products
International, Mount Prospect, Ill.), and radioactivity was detected with a Pack-
ard Tri-Carb model 1900 TR liquid scintillation analyzer. Human AK was as-
sayed as described above with the following variations: 50 mM Tris-HCI (pH 7.5),
1 mM MgCl,, 1 mM ATP, 2 uM [*H]Ado (10 p.Ci/ml), 10 uM deoxycoformycin,
and 40 mM KCIL.

Protein characterization and substrate studies for M. tuberculosis AK were
performed with partially purified AK that had been carried through the first
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three steps of purification and had been shown to be free of Ado deaminase and
AMP kinase activity, as these enzymes can interfere with AK kinetics by deplet-
ing the substrate and product, respectively. The presence of Ado deaminase
activity was determined by reverse-phase high-performance liquid chromatogra-
phy analysis of assay products, as previously described (6). Deoxycoformycin was
excluded from activity assays when the protein preparation was free of the
enzyme. AMP kinase activity was detected by strong anion-exchange high-per-
formance liquid chromatography analysis of assay products (6). All enzyme
reactions were linear during the incubation period, and substrate conversions
were maintained in the 5 to 10% range.

Preparation of crude protein extracts. Protein was extracted from CEM cells
or M. tuberculosis strain H37Ra as follows. The cells were pelleted by centrifu-
gation, resuspended with an equal volume of PBS, and rinsed twice with 50 mM
Tris-HCI (pH 7.5) containing 5 mM EDTA, 0.2 mM phenylmethylsulfonyl flu-
oride, 2.3 pg of leupeptin/ml, and 1.1 pg of pepstatin/ml and resuspended in the
same buffer. The resuspended M. tuberculosis cells were disrupted with 0.1-mm-
diameter glass beads using a Mini bead beater apparatus (Bio Spec Products,
Inc.), and the CEM cells were disrupted by sonication. Particulate matter was
removed by centrifugation at 3,000 X g for 20 min, followed by centrifugation at
40,000 X g for 1 h at 4°C in a Beckman (Fullerton, Calif.) L-70 ultracentrifuge.
The supernatant was filtered through a 0.2-um-pore-size filter and dialyzed
against 50 mM Tris-HCI (pH 7.5) with 10 mM NaCl, 1 mM dithiothreitol (DTT),
and 20% glycerol.

Purification of M. tuberculosis AK. A 4-ml aliquot containing 14 mg of total
protein was subjected to stepwise ammonium sulfate precipitation using 40, 60,
and 80% ammonium sulfate. The precipitated pellets were resuspended in 50
mM Tris-HCI (pH 7.5) containing 10 mM NaCl and 1 mM DTT (buffer A), and
the resuspended protein was dialyzed against the same buffer. AK activity was
found in the 40 to 60% ammonium sulfate fraction. Protein was subject to
separation by anion-exchange chromatography on a Hi Trap Q column, where
separation was achieved by running a linear salt gradient from 100 to 400 mM
NaCl in buffer A. Fractions containing AK activity were pooled, dialyzed against
buffer A, and then concentrated to a final volume of 200 pl using a Centricon
Plus-20 centrifugal filter device (10,000-Da cutoff; Amicon). The concentrated
protein was loaded onto a Superose 12 column and subjected to gel filtration
chromatography using an isocratic run with buffer A. Fractions containing AK
activity were pooled and applied to a Mono Q anion-exchange column, where a
linear salt gradient from 100 to 400 mM NaCl in buffer A was used to elute the
protein. Protein concentrations were determined at each step by the Bradford
method, using bovine serum albumin as a standard (5). The purified protein was
subjected to sequencing on a Beckman model PI 2090E amino acid sequencer,
using Edman degradation.

Preparation of human AK. A CEM cell extract was subjected to precipitation
with 50% ammonium sulfate and dialyzed against 50 mM Tris (pH 7.5) contain-
ing 10 mM NaCl, 1 mM DTT, and 10% glycerol (buffer B). AK activity was found
in the >50% ammonium sulfate fraction. Protein was subjected to separation by
anion-exchange chromatography on a Hi Trap Q column, followed by cation-
exchange chromatography on a Hi Trap SP column. At pH 7.5, human AK did
not adhere to either resin; however, >50% of the total protein was removed in
each step. Preparation of human AK removed 83% of the total protein and
provided fivefold purification, with 75% recovery of AK activity. The partially
purified protein preparation was found to be free of AMP kinase, but some Ado
deaminase activity remained; therefore, deoxycoformycin was included in all
assays involving the human enzyme.

Enzyme kinetics. Michaelis-Menton parameters were determined from linear
double-reciprocal plots of 1/velocity versus 1/concentration of the substrate. The
best line was determined by linear regression of at least five data points (the
regression coefficient for each line was >0.95), and the K,,, and V/,,,,, values were
determined from the intercept of the x and y axes, respectively. The values were
expressed as means *+ standard errors of the mean for at least three determina-
tions.

Cloning. The RV2202c gene (accession no. Q10391) (7) was amplified by PCR
from M. tuberculosis strain H37Rv chromosomal DNA using the oligonucleotide
primers 5'-GGACGGAGATCATATGACGATCGCGGTACC-3" and 3'-ACG
CCGAGCGACTAGACGTCGTGGTGCGAC-5', containing Ndel and PstI re-
striction sites, respectively. The PCR product was digested with Ndel and PstI
restriction enzymes and cloned into a pVV16 shuttle vector, which imparts
hygromycin resistance. After propagation in E. coli strain DH5«, plasmid DNA
was purified according to the Qiagen miniprep protocol. DNA sequencing con-
firmed that cloned Rv2202c had no mutations. The final construct (pVV16/
Rv2202c) was transformed by electroporation into AK-deficient M. smegmatis
and M. tuberculosis strains, SRI101 and SRICK1, respectively, and transcription
was driven by the Asp60 promoter present in pVV16.
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TABLE 1. Purification table for AK from M. tuberculosis

St Vol Total Sp act Purification Total activity Recovery
p (ml) protein (j.g) (nmol/mg-min) factor (nmol/min) (%)
M. tuberculosis crude 4.0 14,400 39 1 56,000 100
Ammonium sulfate 2.3 5,300 3.9 1 21,000 37
Hi Trap Q 0.2 92 53 14 4,900 9
Superose 12 1.6 14 115 30 1,600 3
Mono Q 0.3 14 390 100 550 1

Determination of native molecular mass. The native molecular mass of the
enzyme was estimated using size exclusion chromatography. A Superose 12
analytical-grade column (Pharmacia) was calibrated using molecular mass stan-
dards ranging from 25 to 669 kDa, and a calibration curve was created based on
the elution volumes of these standards. The native molecular mass of AK was
extrapolated from the calibration curve based on its elution from the column.

A PD2020A light-scattering detector (Precision Detectors, Franklin, Mass.)
was used in conjunction with size exclusion chromatography. As peaks eluted
from the column, changes in the refractive index and light-scattering properties
were collected using an 810-nm laser with detectors at 15 and 90°. Light-scat-
tering data were analyzed on Discovery 32 software (Precision Detectors).

The native molecular mass of the enzyme was determined by sedimentation
velocity and sedimentation equilibrium analytical ultracentrifugation using a
Beckman XLA ultracentrifuge. The sedimentation velocity was determined by
spinning three protein concentrations at 59,000 rpm for 10 h. Sedimentation
velocity data were collected at 250 and 280 nm and then analyzed with Sedfit87
software (National Institutes of Health). Sedimentation equilibrium data were
obtained for two protein concentrations at 10,000, 12,500, 15,000, and 18,000
rpm. Data were collected at 250 and 280 nm and then analyzed using Beckman
XL-A/XL-1 data analysis software, version 4.0.

Determination of MIC. The MIC of methyl-Ado was evaluated for M. tuber-
culosis strains H37Ra, SRICK1, and SRICK1-pVV16/Rv2202c using a colorimet-
ric broth microdilution assay as previously described (29). Dilutions of methyl-
Ado, ethambutol, and dimethyl sulfoxide (DMSO) were prepared in
Middlebrook 7H9 medium supplemented with 0.2% glycerol and OADC. For
each concentration of methyl-Ado, ethambutol, and DMSO, 50 pl of the appro-
priate dilution of the compound was added to triplicate wells. Two of the three
wells were inoculated with ~5 X 10* CFU/well in 50 wl of Middlebrook 7H9
supplemented with OADC, and 50 pl of Middlebrook 7H9 supplemented with
OADC was added to the third well, which served as a color control. For methyl-
Ado and ethambutol, seven dilutions ranging from 50 to 0.5 wg/ml were used,
while DMSO concentrations ranged from 0.5 to 0.05%. Viability controls and
medium control wells were included in each assay. The assay plates were incu-
bated at 37°C. On the sixth day postinoculation, 50 pl containing Alamar blue
dye reagent diluted in 0.05% Tween 80 was added to each test well, and the plates
were incubated for an additional 18 h. Reduction of Alamar blue dye was
measured on an optical microtiter plate reader programmed to subtract the
absorbance at 600 nm from that at 570 nm. The MIC was reported as the lowest
concentration of drug with a differential absorbance of zero or less.

RESULTS

Purification of M. tuberculosis AK. Ammonium sulfate pre-
cipitation removed ~60% of contaminating proteins; however,
it did not yield a large purification factor due to the concurrent
loss of AK activity. The most efficient step in protein purifica-
tion was anion-exchange chromatography using the Hi Trap Q
column, where AK eluted in fractions containing 250 to 320
mM NaCl. AK eluted from the Superose 12 gel filtration col-
umn in a single peak at 136 kDa (data not shown). In the final
purification step, enzyme eluted from the Mono Q anion-
exchange column at 260 to 320 mM NaCl. This procedure
eliminated 99.99% of the protein and produced 100-fold puri-
fication (Table 1). Only fractions containing maximum activity
were carried over to the next step in order to minimize con-
tamination by other proteins, which is reflected by the low
(1%) percent yield. Enzyme preparations were stable when

stored at —20°C in 20% glycerol for up to 6 months. The
appearance of a single band at 35 kDa on a silver-stained
SDS-PAGE gel (Fig. 1) verified that AK was purified to ap-
parent homogeneity.

Amino acid sequence and gene identification. Protein se-
quencing of purified M. tuberculosis AK revealed that the 15
N-terminal amino acids were TIAVTGSIATDHLMR. A
BLAST search (http://www.ncbi.nlm.nih.gov/BLAST) of the
N-terminal sequence against the translated M. tuberculosis ge-
nome showed complete identity with the N-terminal sequence
of a 324-amino-acid protein with a molecular mass of 34,341
Da. The protein identified, Rv 2202¢ (accession no. Q10391), is
annotated as a hypothetical sugar kinase and is coded for by a
gene currently named cbhK. From this point on, this gene will
be referred to as adoK.

M. tuberculosis AK showed low (24%) overall homology with
other known AKs, which prevented the identification of the
function of the enzyme based on its amino acid sequence. In
light of its low sequence homology with other AKs, a phyloge-
netic analysis of the enzyme was performed. The amino acid
sequence from M. tuberculosis AK was aligned with sequences
from related AKs and ribokinases using ClustalW sequence
alignment (European Bioinformatics Institute; http:/www.ebi
.ac.uk/clustalw/index.html), and a phylogenetic tree was cre-
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FIG. 1. Molecular mass of AK purified from M. tuberculosis. The
monomer molecular mass of purified AK was estimated based on a
denaturing SDS-12% PAGE. Lanes 1 and 2 contain Mono-Q fractions
with AK activity from purification of native enzyme. This protein was
used for amino acid sequencing. Lane 3 contains 2 pg of crude protein
extract of SRI101, an AK-deficient strain created from M. smegmatis
mc?155. Lanes 4 and 5 each contain 2 wg of different preparations of
SRICKI1 with cloned AK, and lane 6 contains molecular mass markers.
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FIG. 2. Phylogenetic analysis of M. tuberculosis AK and related enzymes from the PfkB family. Amino acid sequences of several AKs and
ribokinases (RK) from various sources were aligned with phosphofructokinase (PFK) from Methanosarcina mazei, an S. coelicolor putative kinase,
and sugar kinase from Xanthomonas axonopodis. All proteins were members of the PfkB family of carbohydrate and nucleoside kinases. The
phylogenetic tree was created as described in Results and is displayed as a cluster phylogram. The dashed line bisecting the tree roughly separates

AKs from RK.

ated based on this alignment using genebee software (http:
/www.genebee.msu.su/index.html). The phylogenetic tree in-
dicated that M. tuberculosis AK was more closely related to
ribokinases from various sources than to other AKs (Fig. 2).
Amino acid sequence alignment with other AKs permitted
the identification of some regions in the M. tuberculosis enzyme
that are highly conserved with other AKs. Analysis of the
aligned sequences revealed that there is one region from D250
to 1263 of M. tuberculosis AK that is homologous with the
region that interacts with the y-phosphate of ATP in the hu-
man enzyme (19). In this region, 9 of 14 residues were identical
in the human and M. tuberculosis AKs, with overall homology
between the sequences comprising 11 of 14 residues. Unlike
the amino acids that interact with ATP, those that interact with
Ado are mostly scattered in the N-terminal half of the se-
quence and do not form a highly conserved linear motif. Se-
quence alignment with human AK (19) revealed several con-
served amino acid residues that interact with Ado in the active
site. The amino acid sequence also contained an NXXE motif
that is highly conserved in the PfkB family of carbohydrate
kinases and that has been identified as being important for
binding pentavalent ions and Mg>" in the active site (17).

The amino acid sequence of M. tuberculosis AK showed at
least 50% sequence homology with predicted proteins from
Streptomyces coelicolor, Streptomyces fradiae, Burkholderia mal-
lei, Burkholderia pseudomallei, Desulfovibrio vulgaris, Methylo-
coccus capsulatus, Thiobacillus ferrooxidans, Bordetella paraper-
tussis, Bordetella bronchiseptica, Xanthomonas campestris, and
other Mycobacterium spp. These proteins either have unspec-
ified functions or predicted functions as carbohydrate or sugar
kinases.

Characterization of cloned AK. To confirm that Rv2202c
encoded an AK, the gene was cloned and expressed in AK-
deficient strains of M. smegmatis and M. tuberculosis, SRI101
and SRICKI, respectively. Following transformation with
pVV16/Rv2202c, AK activity was restored in both AK-deficient
bacterial strains to a level at least 900 times higher than those
of the original mutants (Table 2).

While M. tuberculosis strain H37Ra is sensitive to methyl-
Ado, the AK-deficient mutant, SRICK1, is methyl-Ado resis-
tant, presumably because it lacks AK activity. Transformation
of SRICK1 with pvv16/Rv2202¢ plasmid DNA restored its sen-
sitivity to methyl-Ado (Table 2). The sensitivity of each M.
tuberculosis strain to methyl-Ado corresponded to the amount

TABLE 2. AK activities and MICs for methyl-Ado in different strains of M. tuberculosis and M. smegmatis®

AK activity MIC for methyl-Ado

Strain Properties (nmol/mg-min) (ng/ml)>
M. tuberculosis H37Ra Wild type 5 5
M. tuberculosis SRICK1 AK deficient <0.02 >50
M. tuberculosis SRICK1-pVV16/Rv2202¢ SRICK1 transformed with Rv2202¢ 100 1
M. smegmatis mc*155 Wild type 15 ND
M. smegmatis SRI101 AK deficient 0.4 ND
M. smegmatis SRI101-pVV16/Rv2202c SRI101 transformed with Rv2202c 360 ND

“ AK activity was measured in crude protein extracts of the indicated bacterial strains.

> ND, not determined.
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of AK activity detectable in protein extracts from each M.
tuberculosis strain (Table 2). Denaturing SDS-PAGE of crude
protein extracts from complemented bacterial strains revealed
a prominent protein band at 35 kDa (Fig. 1), while size exclu-
sion chromatography revealed that cloned Rv2202c eluted
around 135 kDa, the same as native AK (data not shown).
Mass spectrometry of cloned AK demonstrated that the pro-
tein was 34,337 Da, confirming the fidelity of the construct
(data not shown). Cloned AK purified in exactly the same
manner as the native enzyme, and kinetic studies with cloned
AK demonstrated that the K, values for Ado and methyl-Ado
were the same as those of the native enzyme (data not shown).
Restoration of AK activity and methyl-Ado sensitivity to
SRICK1 and SRI101 cells that had been complemented with
Rv2202c confirmed that Rv2202c is the gene that codes for AK
in M. tuberculosis.

Characterization of native AK. Kinase activity was evaluated
with 20 pM Ado, guanosine, inosine, deoxyadenosine, cytidine,
uridine, or thymidine. Of the nucleosides tested, Ado was the
only nucleoside that served as a substrate for this kinase. In the
presence of other nucleosides, the kinase activity was below the
detection limit (3% of the activity seen with Ado [data not
shown]), which indicated that Ado was at least 30-fold better
than other nucleosides as a substrate for this enzyme. Because
deoxyadenosine is a substrate for human AK with 7% of the
activity of Ado at 25 uM (34), deoxyadenosine was further
examined as a substrate for M. tuberculosis AK. The assay
conditions were altered by increasing the protein concentra-
tion so that the detection limit was 0.002% of the activity of
Ado; under these conditions, deoxyadenosine exhibited 0.014
+ 0.004% of the activity of Ado (data not shown), which
indicated that it was at least 7,000-fold worse than Ado as a
substrate.

Potential phosphate donors, including ATP, GTP, UTP,
CTP, dTTP, dATP, dGTP, and dCTP, were tested at 5 mM
each. GTP and dGTP were the best phosphate donors, with 2.5
and 4.7 times the activity observed with ATP, respectively
(data not shown). UTP, dATP, and dTTP exhibited ~33% of
the activity observed with ATP, while CTP and dCTP were the
worst phosphate donors, with 1.7 and 0.2% of the activity
observed with ATP, respectively (data not shown).

In order to eliminate the possibility that the AK activity that
we detected was an artifact of a related sugar kinase, ribose,
glucose, fructose, and fructose-6-phosphate were evaluated as
inhibitors in the presence of 20 uM Ado. None of the sugars
assayed were inhibitors at 1,000 wM (data not shown), which
indicated that these compounds were at best poor substrates
and suggested that this protein is a specific AK.

Iodotubercidin is an Ado analog that is a potent competitive
inhibitor of human AK, with a K; between 3 and 30 nM (8, 22).
Double-reciprocal plots of AK activity in the presence of io-
dotubercidin were constructed with five data points for each
concentration of iodotubercidin (the regression coefficients
were at least 0.94). These showed that iodotubercidin was a
competitive inhibitor of M. tuberculosis AK. The K; was deter-
mined to be 210 = 100 nM (n = 3) from replots of 1/slope of
the double-reciprocal plot versus the concentration of iodotu-
bercidin (the regression coefficients were at least 0.99).

Substrate inhibition is a common characteristic of AKs from
various sources. The M. tuberculosis AK reaction velocity was
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evaluated in the presence of 0.05 to 100 uM Ado. The reaction
velocity increased linearly up to 0.5 wM and reached a maxi-
mum at 5 pM Ado, then decreased with increasing concentra-
tions of Ado. By 25 uM, the reaction rate had decreased to
75% of the maximum rate, and the reaction velocity plateaued
at 70% of the maximum velocity from 50 to 100 uM Ado (data
not shown). This substrate inhibition is similar to that reported
for human AK (23).

M. tuberculosis AK was dependent on the presence of Mg**
for activity. Optimum AK activity occurred in the presence of
10 to 50 mM MgCl,; however, MgCl, concentrations of >50
mM were inhibitory (data not shown). A 50% loss of AK
activity occurred with 125 mM MgCl,, corresponding to an
ionic strength of 375 mM. A similar decrease in activity did not
occur until 750 mM NaCl in the presence of 10 mM MgCl,,
corresponding to an ionic strength of 780 mM. Therefore, the
loss of activity appears to be a specific effect of Mg+ and not
an effect of ionic strength. The ATP/Mg ratio plays a critical
role in regulating activity for AKs from various sources (21, 23,
25, 34), and M. tuberculosis AK assays were typically performed
with an ATP/Mg ratio of 1:2.

M. tuberculosis AK activity was assessed in the presence of
the monovalent salts LiCl, NaCl, and KCI, and the enzyme
exhibited stimulation in the presence of KCI that has not been
reported for other AKs. In the presence of 10 mM KCl, the K,
for Ado decreased from 3.4 to 0.8 uM (P < 0.05) and the V,
increased from 60 to 180 nmol/mg-min (P < 0.005). A pro-
found effect was also observed for methyl-Ado in the presence
of 10 mM KCI. The K,,, decreased from 709 to 79 pM (P <
0.005), while the V,,,, increased from 2.3 to 72 nmol/mg-min
(P < 0.005). The effect of KCI on the phosphorylation of Ado
and methyl-Ado resulted in 12- and 300-fold increases in V,,,,../
K,,,, respectively, which indicated that AK phosphorylated these
substrates more efficiently in the presence of KCI. The stimu-
latory effects were observed in the presence of KCI but not in
the presence of NaCl or LiCl (data not shown). Therefore, we
attributed this stimulation of activity to a specific effect of K.

Methyl-Ado was evaluated as a substrate for human AK in
the presence of 40 mM KCI, a concentration that was repre-
sentative of most human AK assays. With human AK, the K,,
for methyl-Ado was 960 uM, and the V. was 0.64 nmol/mg-
min (Table 3), which are similar to the values seen for M.
tuberculosis AK in the absence of KCI.

P; has been reported to have a stimulatory effect on various
AKs, with a concurrent depression of the K,,, for Ado and ATP
and an increase in V,,,, for these reactants (12, 13, 16, 17). The
effect of P, on M. tuberculosis AK was evaluated, using up to 50
mM sodium phosphate with Ado concentrations both above
and below the K,, for Ado, and little or no stimulation of
activity was observed (data not shown).

M. tuberculosis AK activity was dependent on pH. The op-
timum pH range for AK activity was from pH 8 to 11 (data not
shown), with activity decreasing rapidly at values above pH 11
and below pH 8. AK was inactive at its calculated pI of 4.3, and
activity was not restored by dialyzing the enzyme back to pH 8.
Although the enzyme is fairly stable, it cannot tolerate dra-
matic reductions in pH.

AK eluted from a Superose 12 size exclusion column as a
single peak near the aldolase standard (158 kDa), and absor-
bance at 280 nm correlated with AK activity. The molecular



VoL. 185, 2003

ADENOSINE KINASE FROM MYCOBACTERIUM TUBERCULOSIS

6553

TABLE 3. Comparative properties of M. tuberculosis and human AK

Value

Property Reference”
M. tuberculosis AK Human AK
Molecular mass (kDa) 343 38.7 2,27
Stoke’s radius (A) 49.4 26.4 2
Quaternary structure Dimer Monomer 2,34
pH optimum 8-11 5.5,7.5-8.5 34
pl 4.5 5.9 2
K; of iodotubercidin (nM) 210 = 100 3-30 8, 14
K, of Ado (pM) 0.80 = 0.08 0.15-0.4 23, 34, 35
K, of ATP (uM) 1,100 = 140 75 23, 34
K, of mAdo (uM) 79 + 26 961 = 385
Vmax of mAdo (nmol/mg-min) 72 =39 0.64 = 0.21
Catalytic efficiency of mAdo 0.91 0.00067
Phosphate donors dGTP > GTP > ATP > dATP, UTP, GTP, dGTP > ATP, dATP > CTP, 18
dTTP >> CTP, dCTP UTP > dTTP, dCTP

Substrates Adenosine Adenosine >> deoxyadenosine 18

“ Reference for properties of human AK. Properties of M. tuberculosis AK were generated as a result of the present work.

mass of native AK was determined to be 136 kDa, with a
Stoke’s radius of 49.4 A from the calibration curve (R = 0.99).

Light-scattering analysis of the peak of AK activity as it
eluted from the column indicated that the molecular mass of
the protein was 74,840 = 710 Da (n = 4) (Fig. 3); this molec-
ular mass is approximately that of a dimer. The molecular mass
distribution across the width of the peak was uniform, as indi-
cated by the line traversing the peak of the refractive index and
15 and 90° light scatter (Fig. 3). Sedimentation velocity and
sedimentation equilibrium analytical ultracentrifugation con-
firmed that the native form of the enzyme was a dimer with a
molecular mass of ~70 kDa and a sedimentation coefficient of

4.47. The dissociation constant for the dimer was 2.3 X 1077
M, and weight-fraction plots demonstrated that >90% of the
enzyme was a dimer at 1 mg/ml (~30 wM) (data not shown).

DISCUSSION

M. tuberculosis AK was studied in an attempt to characterize
the enzymes involved in the metabolism of methyl-Ado. AK
catalyzes the phosphorylation of Ado to AMP, an important
step in the purine salvage pathway. M. tuberculosis AK activity
was dependent on Mg>", exhibited substrate inhibition, and
demonstrated affinities for Ado and ATP that were similar to

M. Tuberculosis Adenosine Kinase
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FIG. 3. Native molecular mass of AK as determined by light scattering. Refractive indexes and 15 and 90° light-scattering data were acquired
for AK as it eluted from a Superdex 200 size exclusion column. The scale on the ordinate axis is a reference for the molecular mass distribution
line; the refractive index and 15 and 90° light-scattering traces are scaled to the maximum height of the plot. The plot of elution time versus
molecular mass shows the distribution of molecular masses across the width of the AK peak. M,, is the weighted-average molecular mass, Mn is
the average molecular mass, and Mp is the molecular mass associated with the maximum peak height.
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those of other AKs. However, the AK that we identified ex-
hibited some characteristics that are unique among this group
of enzymes, including its pH optimum profile, pI, quaternary
structure, and lack of stimulation by P;, which were markedly
different from those of other AKs (Table 3) (2, 9, 13, 35).

As for the physical attributes of M. tuberculosis AK, those of
the native form of the enzyme proved to be the most challeng-
ing to discern. M. tuberculosis AK was initially thought to be a
tetramer based on its elution from a gel filtration column, but
subsequent analysis by light-scattering photometry and analyt-
ical ultracentrifugation revealed that the native form of the
enzyme was a dimer. Gel filtration chromatography separates
proteins based on their sizes (Stoke’s radius), and molecular
weight is extrapolated from elution volume using the migration
of globular proteins of known molecular weight as standards.
Since it is not a direct measurement of molecular mass, mo-
lecular weight determination by gel filtration is prone to error.
Light-scattering photometry, sedimentation velocity, and sed-
imentation equilibrium analytical ultracentrifugation are con-
sidered to be direct measurements of molecular mass, and
their results are weighted accordingly. Even with buffer condi-
tions similar to those for gel filtration, these methods uniformly
indicated that the native form of the enzyme was a dimer.
Therefore, we concluded that the native form of M. tuberculo-
sis AK is a dimer.

The physical parameters of AKs from M. tuberculosis and hu-
man sources differed, and perhaps more interestingly, the sub-
strate and phosphate donor specificities also differed. M. tubercu-
losis and human AKs are different enough to permit selective
activation of Ado analogs like methyl-Ado. The MIC of methyl-
Ado for M. tuberculosis (3 pg/ml) is 50 to 70 times lower than the
concentration of methyl-Ado that inhibits 99% of growth in CEM
cells (150 to 200 wg/ml). Studies of methyl-Ado phosphorylation
by M. tuberculosis and human AK helped to explain the basis for
the selective activation of methyl-Ado in M. tuberculosis. The K,,,
values for methyl-Ado demonstrated that methyl-Ado is a better
substrate for M. tuberculosis AK than the human homolog (Table
3). These results suggest that the rate of phosphorylation of meth-
yl-Ado by M. tuberculosis AK is at least partially responsible for
the selectivity of the compound.

Initially, the difference in methyl-Ado metabolism was not
appreciated because assays for M. tuberculosis AK were per-
formed without added KCl; under these conditions, the K,,, for
methyl-Ado in M. tuberculosis was 710 uM, which was similar
to the 960 uM K,,, for methyl-Ado in human cells. After it was
observed that K™ had a stimulatory effect on Ado metabolism,
the K,,, for methyl-Ado was determined in the presence of KCl
and was found to have been significantly reduced, to 79 wM. In
the presence of KCl, the V,,,, for methyl-Ado increased from
60 to 180 nmol/mg-min. Overall, methyl-Ado phosphorylation
was stimulated 300-fold in the presence of K*. Since K™ exists
at millimolar levels within cells, stimulation by K* is physio-
logically relevant, and K, and V. values obtained in the
presence of K more closely reflect the true physiological state
of the enzyme than values obtained in the absence of K.

The influence of K* on M. tuberculosis AK activity could not
have been predicted based on its effects on other AKs, al-
though it is a characteristic of ribokinase (1). There are con-
flicting reports regarding the effect of K™ on Ado phosphory-
lation by mammalian AK (11, 13, 15, 20); however, the human
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enzyme requires K* in order to phosphorylate deoxyadenosine
(14, 15). Studies with AK from Leishmania donovani have
shown that KCI stimulates phosphorylation of formycin A but
not Ado (4), and emission spectral analysis of AK from rabbit
liver indicates that 0.9 mol of K* is bound per mol of AK (20).
Taken in context with the data from human and mammalian
AK studies, it appears that K* may be bound to AKs from
various sources with little effect on the phosphorylation of
Ado. However, phosphorylation of other nucleosides and nu-
cleoside analogs, such as deoxyadenosine and formycin A, may
be stimulated in the presence of K*. Unlike the other AKs, in
the M. tuberculosis enzyme, Ado phosphorylation was also
stimulated in the presence of K.

Another appreciable difference between human and M. tu-
berculosis AKs lies in their respective preferences for phos-
phate donors. M. tuberculosis AK has demonstrated a prefer-
ence for dGTP and GTP as phosphate donors, with 4.7 and 2.5
times the activity of ATP, respectively. Human AK has also
demonstrated a preference for GTP and dGTP, although the
preference is not as profound as that for M. tuberculosis AK. In
the presence of GTP and dGTP, human AK exhibited at most
1.5 times the activity seen with ATP (23). Since dGTP, GTP,
and ATP exist at different intracellular concentrations, it is not
yet possible to determine which of these phosphate donors is
used intracellularly or what affects the phosphate donors will
have on Ado and methyl-Ado metabolism. Differences in the
metabolism of methyl-Ado and a preference for dGTP and
GTP as phosphate donors suggest that the active sites in M.
tuberculosis and human AKs may contain differences that can
be exploited for drug development.

The amino acid sequence of M. tuberculosis AK was highly
conserved among Mycobacterium spp., with 86 to 100% homol-
ogy; however, it was different enough from other AKs that no
specific function could originally be assigned. In light of the iden-
tification of the function of the Rv2202c gene product as AK, we
propose that the gene be renamed adoK in order to be consistent
with the nomenclature of homologous genes. Human AK shows
=50% sequence homology with AKs from diverse sources, while
it showed only 24% homology with M. tuberculosis AK. Based on
primary structure, the M. tuberculosis enzyme could not be iden-
tified as AK but was annotated as a member of the PfkB family of
carbohydrate and purine nucleoside kinases. Although the per-
cent homology is still low (~35%), M. tuberculosis AK shows as
much or more sequence homology with bacterial ribokinase and
fructokinase as other AKs.

According to amino acid sequence homology, M. tuberculosis
AK appears to be evolutionarily more closely related to other
members of the PfkB family than other AKs, indicating that
AK activity may have arisen in M. tuberculosis as a result of
convergent evolution. Indeed, phylogenetic analysis has indi-
cated that M. tuberculosis AK is more closely related to riboki-
nases than other AKs (Fig. 2). It is possible that M. tuberculosis
AK represents a new class of bacterial AKs within the PfkB
family that is distinguished from other AKs by its unique pri-
mary structure, quaternary structure, preference for reactants,
and regulatory mechanisms. This work describes the first bac-
terial AK to be characterized; however, several other bacteria
contain genes that show >50% sequence homology with AK
from M. tuberculosis that have not yet been assigned specific
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functions. Based on this homology, it is possible that AKs will
be found in these other bacteria.

At this time, it is unclear why M. tuberculosis should contain AK
while many other intracellular bacteria do not. AK-deficient
strains of M. tuberculosis and M. smegmatis survive well in vitro,
suggesting that AK is not essential under these conditions. My-
cobacterium spp. contain both de novo synthesis and salvage path-
ways for nucleotide metabolism (18, 30, 31, 32). It has been
suggested that a limiting factor in the growth of M. tuberculosis is
the low rate of nucleic acid biosynthesis (33). Therefore, it is
possible that the purine salvage pathway in these bacteria has
been specialized to allow the bacteria to take full advantage of
nutrients available in their intracellular environment. Very small
quantities of Ado and other nucleosides are available exog-
enously; however, nucleotides are readily available. M. leprae has
demonstrated the ability to salvage purine nucleosides from nu-
cleotides by using phosphatase adsorbed from its host (30), and it
is possible that M. tuberculosis utilizes a similar mechanism for the
salvage of exogenous nucleotides.

The purine salvage pathway in M. tuberculosis is an avenue
for drug development that has not yet been exploited, and
drugs with novel mechanisms of action are needed to combat
emerging drug-resistant strains of M. tuberculosis. The selective
activity of methyl-Ado against M. tuberculosis has provided
proof of concept for the use of nucleoside analogs as antimy-
cobacterial agents. An understanding of the mechanism of
action of methyl-Ado may reveal novel drug targets in the
purine salvage pathway and pave the way for development of
other nucleoside analogs.
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