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Diadenosine 5',5'""-P',P*-tetraphosphate (Ap,A)
phosphorylase from Mycobacterium tuberculosis
H37Rv (MtAPA) belongs to the histidine triad motif
(HIT) superfamily, but is the only member with an
alanine residue at position 149 (Ala-149). Enzymatic
analysis revealed that the Ala-149 deletion mutant
displayed substrate specificity for diadenosine 5',5"
'-P',P>-pentaphosphate and was inactive on Ap4A
and other substrates that are utilized by the
wild-type enzyme.
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Mycobacterium tuberculosis is the causative agent of
tuberculosis (TB). In 2012, approximately 1.3 million
people died from TB worldwide, and more than 8.6
million people developed TB. Furthermore, multidrug-
resistant and extensively drug-resistant TB strains pose
a growing public health threat and economic burden
globally (World Health Organization, http://www.who.
int/tb/publications/global report/en/). This has created
an urgent need to discover novel anti-TB drugs. To
facilitate the structure-based design of new anti-TB
drugs, our group has focused on a novel diadenosine
5'5"-P! P*-tetraphosphate (Ap4A) phosphorylase (EC
2.7.7.53), which converts ApsA to ATP and ADP in
the presence of inorganic phosphate, from M. tubercu-
losis H37Rv (MtAPA)."? Rv2613¢ gene, which
encodes MtAPA, is an essential gene in M. tuberculosis
H37Rv,” and in silico analyses have shown that MtAP-
A could be a target for new anti-TB drugs.” Mutations
in an Ap4A degradation enzyme lead to Ap4A accumu-
lation in cells, which in turn causes defects in transcrip-
tion, sigmaF-mediated gene regulation, and catabolite
repression.” Therefore, the development of specific
MtAPA inhibitors could lead to production of a novel
series of anti-TB drugs.

To facilitate the design of specific MtAPA inhibitors,
we previously determined the three-dimensional struc-
ture of MtAPA and elucidated structure—function rela-
tionships.” Since the amino acid sequence of MtAPA

has a histidine triad (HIT) motif (His-¢-His-@-His-¢-o,
where ¢ represents a hydrophobic amino acid) (Fig. 1),
the enzyme belongs to the HIT superfamily. This super-
family also includes nucleotide hydrolases and transfer-
ases, for example, Saccharomyces cerevisiae ApsA
phosphorylases 1 and 2 (APA1_Yeast and APA2 Yeast,
respectively) and Homo sapiens HIT family Ap,A
hydrolase (Fhit Human) (Fig. 1 and ). In addition to
MtAPA, the crystal structures of some HIT superfamily
proteins have been reported.” '" The overall and active
site structures of MtAPA are similar to those of other
HIT superfamily proteins.” However, some amino acid
residues that contribute to the active site of MtAPA are
divergent from those of other HIT superfamily proteins
(Fig. 1). In particular, an Ala residue at position 149
(Ala-149) is unique to MtAPA in comparison with all
other HIT superfamily members (Fig. 1). Furthermore,
Ala-149 is situated within a flexible loop that is located
at the active site of MtAPA, suggesting that it could
play a crucial role in modulating catalytic activity and
substrate specificity of this enzyme.

The Ala-149 deletion was introduced into Rv2613c
using the QuickChange Site-Directed Mutagenesis Kit
I (Agilent Technologies, Inc., Santa Clara, CA) and
the plasmid pMS2613c, which was previously con-
structed,” as the template. The Ala-149 deletion primer
(5'-ggceggetcgetggageacctgeac-3') and the Ala-149 dele-
tion antisense primer (5'-gtgcaggtgctccgegaccegee-3')
were designed using QuickChange Primer Design Pro-
gram (Agilent Technologies). The resulting plasmid
was sequenced with an Applied Biosystems 3130x/
Genetic Analyzer (Applied Biosystems, Carlsbad, CA)
to confirm the mutations; verified DNAs were used to
transform Escherichia coli BL21(DE3)pLysS (Promega,
Woods Hollow Road Madison, WI) for overexpression
of the Ala-149 deletion construct (A149A-MtAPA).
The A149A-MtAPA was purified to homogeneity by
a two-step column chromatography, as described previ-
ously."” Analysis of gel filtration chromatography indi-
cated that the molecular weight of the A149A-MtAPA
is approximately 100 kDa (data not shown), indicating
that this substituent formed a homotetramer of 25-kDa
subunits in solution, which was also observed with
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Fig. 1. Multiple sequence alignment of the active site region of
MtAPA and HIT superfamily proteins (S. cerevisiae ApsA phospho-
rylases 1 and 2; APA1 Yeast and APA2 Yeast, Schizosaccharomyces
pombe HIT family Ap,A hydrolase; APH1 Schpo, H. sapiens HIT
family Ap,A hydrolase; Fhit Human, Arabidopsis thaliana galactose-
1-phosphate uridylyltransferases; GalT Arath, and Oryctolagus cunic-
ulus AMP-lysine hydrolase; Hintl Rabbit).

Notes: Sequence alignment was performed using the ClustalW 2.1
software.'? The HIT motif is underlined. The numbers along the top
refer to the positions of amino acids in the sequence of MtAPA. The
Ala-149 in MtAPA and the corresponding positions in other HIT
superfamily proteins are shown in the box. In addition to Ala-149,
the amino acids corresponding to Asn-139, Gly-146, Ser-147, His-
153, and His-155 in MtAPA are shown in black, since these amino
acids were previously presented as important residues for enzymatic
activity of MtAPA,? and other amino acids are gray. The secondary
structure of the active site based on the crystal structure of MtAPA is
shown. The SWISS-PROT or TrEMBL accession numbers are as fol-
lows: MtAPA (POWMKY), APAl Yeast (P16550), APA2 Yeast
(P22108), APHI_SCHPO (P49776), Fhit Human (P49789), Galt_Ar-
ath (Q9FKS51), and Hintl_Rabbit (P80912).

wild-type MtAPA. Because the tetrameric structure of
wild-type MtAPA is reported to be essential for the for-
mation of the Ap,A-binding site,” we believe that the
substrate-binding site of AI49A-MtAPA is also closely
linked to the tetrameric structure.

The enzyme activity of wild-type MtAPA and
A149A-MtAPA was measured using a high-perfor-
mance liquid chromatography system (Shimadzu,
Kyoto, Japan) to quantify the amount of substrate
remaining after the reaction as described previously."
The kinetic parameters of wild-type MtAPA and
A149A-MtAPA were then compared. The K, and kcy
values for ApsA of Al49A-MtAPA were 0.19
+0.048 mM and 1.25 £0.099 s™', respectively. On the
other hand, the K, and k. values for ApsA of

wild-type MtAPA were 0.10 £0.001 mM and 8.48
+0.313s7!, respectively (Supplemental Fig. 1)."”
Furthermore, the k.,/K, value for ApsA of A149A-
MtAPA (6.58 mM 's™') was approximately 10% of
that of wild-type MtAPA (84.8 mM ™' s7").

The substrate specificities of wild-type MtAPA and
A149A-MtAPA were then compared. Although wild-
type MtAPA could use a variety of substrates,
vA149A-MtAPA showed diadenosine 5',5’”—P1,P5—pen—
taphosphate (ApsA) specificity (Table 1). When
wild-type MtAPA activity was further examined using
various substrates, ApsA, Ap4G, Gp4G, and GpsG were
phosphorylated with approximately the same efficiency
as ApsA (Table 1). Furthermore, ApsG, ApsU, ApsU,
and ApsdT were phosphorylated with approximately
half the efficiency of ApsA (Table 1). On the other
hand, the phosphorylation of all the dinucleotide poly-
phosphates by the A149A-MtAPA mutant was less than
50% compared to that of the ApsA substrate (Table 1).
Moreover, the K, and k., values for ApsA of A149A-
MtAPA were 0.03 +0.006 mM and 2.21 +0.092s™",
respectively. On the other hand, the K, and k., values
for ApsA of wild-type MtAPA were 0.07 + 0.007 mM
and 8.29+0.218s™', respectively (Supplemental
Fig. 1). Therefore, the k.,/K,, value yielded by A149A-
MtAPA with ApsA as a substrate (73.7 mM ' s~ ') was
approximately 10-fold higher than that for ApsA
(6.58 mM ' s7"), but this difference was not observed
when wild-type MtAPA was tested (1184 mM 's™!
for ApsA and 84.8 mM ' s~ for Ap,A).

Ala-149 is present on a loop that is located in the
active site of MtAPA and does not appear to directly
impact catalytic activity (Fig. 2(A)). The deletion of
Ala-149 leads to shortening of the loop. Because other
HIT superfamily proteins do not have the correspond-
ing Ala-149 residue (Fig. 1), their loops are likely
shorter, as exemplified by other HIT superfamily pro-
teins (Fig. 2(B)). Furthermore, other HIT superfamily
proteins do not show broad substrate profiles such as
MtAPA; for example, the activities of APA1 Yeast and
APA2 Yeast with Ap4A are higher than those observed
with Ap;A and ApsA,” and Fhit Human has higher
activity toward ApsA when compared to other

Table 1. Nucleotide substrate utilization by wild-type MtAPA and A149A-MtAPA.

Nucleotides®

Relative activity (%)

Wild-type MtAPA® A149A-MtAPA®

5',5"-P' P’-triphosphate (Ap;A)

Ap4A

ApsA

5'5"-P' P®-hexaphosphate (ApgA)
P'-(5"-adenosyl)P*-(5'-guanosyl) tetraphosphate (Ap,4G)
P'-(5'-adenosyl)P’-(5'-guanosyl) pentaphosphate (ApsG)
diguanosine 5 5"-p' p* -tetraphosphate (Gp;G)

diguanosine 5',5""-P',P>-pentaphosphate (GpsG)
P'-(5'-adenosyl)P*-(5'-uridyl) tetraphosphate (Ap4U)
P'-(5'-adenosyl)P>-(5'-uridyl) pentaphosphate (ApsU)
P'-(5"-adenosyl)P*-(5'-(2'-deoxy-thymidyl)) tetraphosphate (Ap,dT)
P'-(5"-adenosyl)P*-(5'-(2'-deoxy-thymidyl)) pentaphosphate (ApsdT)

194 10
100¢ 34
106¢ 100

254 <1°
100¢ 23

764 7
1074 18
106¢ 33

53 12

66 7

6 <1

41 24

“Substrate concentration 0.1 mM; the structures of the nucleotides are described in Supplemental Fig. 2.

°The relative activity in the presence of 0.1 mM Ap4A was taken as 100%.
“The relative activity in the presence of 0.1 mM ApsA was taken as 100%.
YValues are from".

Relative activity was below 1%.
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(A)

Fig. 2. Ribbon model of the active site of MtAPA (A) and the comparison of the loop conformation within it (B).

Notes: Ribbon diagrams were generated by PyMOL (W.L. DeLano, http://www.pymol.org). The atomic coordinates of crystal structures were
downloaded from PDB (www.rcsb.org). It is likely that the phosphate ion-binding site of MtAPA (PDB ID; 3ANO) is the bona fide active site. In
this site, Asn-139, Ser-147, His-153, and His-155 coordinate the phosphate ion, whereas Gly-146 is in close proximity.” (A) The loop in the active
site is shown in green, with the start and end of the loop indicated by arrows. Asn-139, Gly-146, Ser-147, Ala-149, His-153, His-155, and the
phosphate ion are represented by sticks. Carbon, nitrogen, oxygen, and phosphorus atoms are shown in green, blue, red, and orange, respectively.
(B) The ribbon models of the active site of MtAPA, Fhit Human (PDB ID; 6FIT), and GalT Arath (PDB ID; 1Z84) are shown in green, blue, and
red, respectively. The position of Ala-149 in MtAPA is shown in black. The phosphate ion in the active site of MtAPA is represented by sticks.
The positions of the start and end of the loop in the active site are indicated by arrows.

dinucleotide polyphosphates.'® This has led to the
suggestion that the flexibility of this loop might be
correlated with substrate specificity. Therefore, the
flexibility of this loop could be useful for designing
MtAPA-specific inhibitors, which bind the substrate-
binding site of MtAPA.
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