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Two hypothetical genes were functionally verified to be a pyrophosphatase and a PAP phosphatase in
Thermococcus onnurineus NA1. This is the first report of the pyrophosphatases and the PAP phosphatases being
organized in the gene clusters of the sulfate activation system only in T. onnurineus NA1 and “Pyrococcus
abyssi.”

Sulfate is assimilated through reduction to sulfite and incor-
poration into the sulfur metabolites such as cysteine, methio-
nine, or homocysteine (4) and through sulfation of various
metabolites by the action of sulfotransferases (13, 15, 22, 27)
(Fig. 1). The sulfate assimilation pathways require the activa-
tion of sulfate, forming adenosine 5�-phosphosulfate (APS) by
ATP-sulfurylase (EC 2.7.7.4) and 3�-phosphoadenosine-5�-
phosphosulfate (PAPS) by APS kinase (EC 2.7.1.25) (11). Pyro-
phosphatase (EC 3.6.1.1) favors the former reaction by
effectively removing inorganic pyrophosphates (PPi) to phos-
phates (6). Soluble pyrophosphatases from a wide variety of
sources have been identified and classified to two superfami-
lies, the inorganic pyrophosphatase superfamily (family I) and
the DHH (Asp-His-His) phosphoesterase superfamily (family
II) (5, 29, 32). However, a specific enzyme for the reaction has
not been pinpointed yet. In the latter reaction, PAPS enters
the reductive sulfate assimilation pathway involving PAPS re-
ductase or is utilized as a sulfate donor for sulfotransferase,
yielding 3�-phosphoadenosine-5�-phosphate (PAP). The spe-
cific PAP phosphatase has been known to remove the 3�-
phosphate of PAP to prevent the intracellular trapping of
adenine nucleotides and the inhibition of PAPS reductase,
sulfotransferase, and oligoribonuclease by the metabolite (19,

28). A 3�(2�),5�-diphosphonucleoside 3�(2�)-phosphohydrolase
from Chlorella species and a 2�(3�),5�-bisphosphate nucleoti-
dase from guinea pig liver could dephosphorylate PAP to AMP
(17, 26), and the proteins encoded by cysQ, Rv2131c, HAL2,
SAL1, and RHL genes from Escherichia coli, Mycobacterium
tuberculosis, yeast, and plants, respectively, and murine
bisphosphate nucleotidase were also reported to have phospho-
monoesterase activity toward PAP (12, 20, 23, 25, 30).

In the sequenced hyperthermophilic archaeal genome of
Thermococcus onnurineus NA1 (16), two genes encoding the
ATP sulfurylase (TON_1707) and the APS kinase (TON_1704)
could be identified by sequence similarity with their counter-
parts. Those genes flank two open reading frames, TON_1705
and TON_1706, which are annotated as hypothetical proteins.
The Sequence Similarity Database gene cluster search (http:
//www.genome.jp) of the Kyoto Encyclopedia of Genes and
Genomes revealed that clustering of all four genes was main-
tained in “Pyrococcus abyssi,” while Staphylothermus marinus,
Aeropyrum pernix, Ignicoccus hospitalis, and Pyrobaculum islandi-
cum showed clustering of only three genes except the TON_1706
ortholog (Fig. 2).

TON_1705 orthologs are annotated as hypothetical proteins
or type I phosphodiesterase/nucleotide pyrophosphatases, which
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FIG. 1. Sulfate assimilation pathways. All intermediates are shown in bold, and enzymes are shown alongside the reaction arrows.
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catalyze the cleavage of phosphodiester and phosphosulfate
bonds in NAD, deoxynucleotides, and nucleotide sugars.
TON_1705 exhibited 36 to 82% similarity in its amino acid
sequence to its orthologs and contained residues involved in
metal binding or catalysis which are conserved in the members
of the alkaline phosphatase superfamily (8–10). A motif search
of the protein sequence of TON_1706 using Pfam suggests that
it might belong to a DHH phosphoesterase superfamily includ-
ing functionally related enzymes such as the family II inorganic
pyrophosphatases, prune, a cyclic AMPase and RecJ, a single-
stranded DNA exonuclease (1). TON_1706 and its ortholog, P.
abyssi PAB1596 (a hypothetical protein with 62% identity),
bear the characteristic triplet motif, Asp-His-His, that contrib-
utes to the active site and also three other motifs conserved in
the DHH phosphoesterase superfamily. The phylogenetic tree
computed with the multiple sequence alignment produced by
T-Coffee revealed that TON_1706 and PAB1596 formed a
cluster distinct from all other members of DHH subfamilies 1
and 2 (data not shown).

Since TON_1705 and TON_1706 genes are flanked by ATP
sulfurylase and APS kinase, we predicted their functionalities
by considering which activities the enzymes in the respective
superfamily could show in connection with the sulfate assimi-
lation pathway. For TON_1705 belonging to the alkaline phos-
phatase superfamily, it was predicted to be a phosphatase, a
nucleotide pyrophosphatase, or a sulfohydrolase, which is re-
quired to modulate the concentrations of various adenylate
compounds such as PAPS, APS, AMP, or ADP and pyrophos-
phate. It has been reported that the sulfohydrolytic activities to
degrade PAPS and APS in rat liver and human placenta were
due to enzymes having a nucleotide pyrophosphatase nature
(7, 31). TON_1706 was predicted to function as a PAP phos-
phatase by the clue that YtqI from Bacillus subtilis belongs
to the DHH phosphoesterase superfamily and has PAP
phosphatase activity along with oligoribonuclease activity
(7, 18, 31).

The TON_1705 and TON_1706 genes were PCR amplified

from T. onnurineus NA1 genomic DNA and cloned into the
pET-24a(�) vector (Novagen, Madison, WI). Proteins were
overexpressed in E. coli Rosetta(DE3)pLysS (Stratagene, La
Jolla, CA) in Luria-Bertani medium by induction with 1 mM
isopropyl-�-D-thiogalactopyranoside at 37°C. The proteins
were purified to homogeneity using Talon metal affinity col-
umn chromatography (BD Biosciences Clontech, Palo Alto,
CA). The buffer of the proteins was then exchanged with 50
mM Tris-HCl buffer (pH 8.0), which includes 10% glycerol,
using Centricon YM-10 (Millipore, Bedford, MA). Each 37-
kDa and 56-kDa protein was shown to be the major compo-
nent of the purified protein samples by using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis.

The nucleotide pyrophosphatase, the sulfohydrolase, or the
phosphatase activity of the TON_1705-encoded protein was
examined using adenylate compounds such as ATP, ADP,

TABLE 1. Substrate specificity of the phosphatase activities of the
TON_1705- and TON_1706-encoded proteins

Substratea
Activityb

TON_1705 TON_1706

Pyrophosphate 100 �1
PAP ND 100
PAPS ND 23
ADP 5 �1
3�-AMP 4 �1
ATP 4 �1
AMP 1 �1
Polyphosphate �1 �1
3�-CMP ND �1
Fructose 1,6-bisphosphate ND �1
D-myo-Inositol 1-monophosphate ND �1

a Substrates were used at concentrations of 1.0 mM and 0.5 mM for
TON_1705 and TON_1706, respectively.

b Activity is indicated by considering the relative activities of TON_1705 and
TON_1706 toward pyrophosphate and PAP to be 100%, which are equivalent to
specific activities of 0.16 �mol min�1 mg�1 and 483.6 �mol min�1 mg�1, re-
spectively. ND, not determined.

FIG. 2. Organization of the gene cluster involved in sulfate activation system. Comparison of T. onnurineus NA1 gene cluster and the
corresponding region in other genomes. Open reading frames with sequence similarities are outlined using the same pattern.
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AMP, 3�-AMP, PAPS, and APS as substrates (2, 3, 11, 24), but
little or no phosphohydrolytic or sulfohydrolytic activity was
detected for those substrates (Table 1 and data not shown).
However, the protein exhibited very high pyrophosphatase ac-
tivity, hydrolyzing inorganic pyrophosphate to orthophosphate
(Table 1). Thus, this results in expanding the substrate spec-
trum of the alkaline phosphatase superfamily. The pyrophos-
phatase activity was pH dependent and evaluated to be maxi-
mal in the pH 9.0 to 9.5 range (Fig. 3A). In the absence of

metal ions, no activity was detected (data not shown), and the
enzyme activity relied on the presence of the Mg2� ion (Fig.
3B). The result confirms the metalloenzymatic nature of the
TON_1705-encoded protein, as all the members of the alkaline
phosphatase superfamily have strong dependency on divalent
cations. Maximal activity of the enzyme was observed with the
Mg2� ion at the concentration of 0.2 mM (data not shown).
The kinetic parameters of the enzyme, Km and kcat, toward
pyrophosphate were determined to be 18.8 �M and 2.1 s�1,

FIG. 3. Effects of pH (A) and divalent metal ions (B) on the pyrophosphatase activity of a TON_1705-encoded protein. (A) pH dependence
reactions were run with the following buffers (each at 50 mM) chosen on the basis of pH measured at room temperature: MOPS (4-morpho-
linepropanesulfonic acid) (triangles) and Tris-HCl (upside-down triangles). (B) Various divalent metal ions were added at a concentration of
1 mM.

FIG. 4. Effects of pH (A), metal ions (B), divalent metal ion concentrations (C), and monovalent metal ion concentrations (D) on the PAP
phosphatase activity of a TON_1706-encoded protein. (A) pH dependence reactions were run with the following buffers (each at 50 mM) chosen
on the basis of pH measured at room temperature: sodium acetate (circles), MES (4-morpholineethanesulfonic acid) (squares), MOPS
(4-morpholinepropanesulfonic acid) (triangles), HEPES (diamonds), and Tris-HCl (upside-down triangles). (B) Various metal ions were added
at a concentration of 1 mM. (C) Divalent metal ion (Ni2�, Co2�, Mn2�, and Mg2�) dependence over a concentration range of 0 to 2 mM.
(D) Monovalent metal ion (Li�, Na�, and K�) dependence over a concentration range of 0 to 100 mM in the presence of 0.4 mM NiCl2. Activities
are expressed as percentages of the activity observed in the absence of monovalent cations.

VOL. 191, 2009 NOTES 3417



respectively. The affinity of the enzyme for pyrophosphate was
between Km values of smaller than 10 �M for most family I
pyrophosphatases and high Km values of 90 to 160 �M for
family II pyrophosphatases (21). The kcat/Km value of 1.1 � 105

M�1 s�1 is 1 or 2 orders of magnitude lower than those of the
family I pyrophosphatase from Pyrococcus horikoshii (6.6 �
106) (14) and the family II pyrophosphatase of Bacillus subtilis
(2.0 � 107) (21).

The purified TON_1706-encoded protein displayed phos-
phatase activity toward PAP as predicted, proving the func-
tionality. The PAP phosphatase activity of the TON_1706-
encoded protein was investigated as a function of pH and
various metal ions (Fig. 4). The optimum pH was found to be
7.0, and the enzyme retained 50% of its activity between pHs
6 and 8.5 (Fig. 4A). The enzyme was most active in the pres-
ence of a Ni2� ion and Co2� or Mn2� could replace Ni2�,
affording 92% and 80% of the activity observed with Ni2�. Less
than 10% activity was observed with the other metal ions (Fig.
4B). Maximal activity of the enzyme was observed with NiCl2
and CoCl2 at a concentration of 0.4 mM (Fig. 4C). The enzyme
activity was very weakly inhibited by Li� with 58% activity
remaining in the presence of 100 mM Li� while it was activated
by 50 mM each of Na� and K� by 2.2-fold and 1.8-fold,
respectively (Fig. 4D). The enzyme showed high activity to-
ward PAP (100%) and PAPS (23%) but not toward PAP an-
alogues, including 3�-phosphate (3�-AMP and 3�-CMP) or
other tested phosphorylated compounds (Table 1), indicating
that the enzyme is a very specific PAP phosphatase. The kinetic
parameters of the enzyme, Km and kcat, toward PAP were
determined to be 288 �M and 509 s�1, respectively. The
kcat/Km value of 1.8 � 106 M�1 s�1 is comparable to that of
other PAP phosphatases, E. coli CysQ (2.3 � 107 M�1 s�1),
yeast HAL2 (2.8 � 107 M�1 s�1), murine bisphosphate nucle-
otidase (6.9 � 107 M�1 s�1), and M. tuberculosis Rv2131c (7 �
105 M�1 s�1) (12, 30).

In this study, two hypothetical genes, TON_1705 and
TON_1706, were identified as functioning as a pyrophosphatase
and a PAP phosphatase, respectively. Although various enzymatic
functions such as alkaline phosphatase, phosphonoacetate hydro-
lase, phosphonate monoesterase, phosphoglycerate mutase, and
sulfatases have been reported for the alkaline phosphatase
superfamily, inorganic pyrophosphatase activity was for the
first time demonstrated among that the superfamily in this
study. Furthermore, this is the first time that the pyrophos-
phatases and the PAP phosphatases have been shown to be
organized in the gene clusters of the sulfate activation system
only in T. onnurineus NA1 and P. abyssi.

It is not clear whether PAPS, formed by the sulfate activa-
tion system, serves as a sulfate donor for the formation of
sulfated metabolites or is enzymatically reduced to sulfite,
which enters the cysteine biosynthetic pathway, in T. onnuri-
neus NA1. Genes encoding a sulfotransferase and a PAPS
reductase (EC 1.8.4.8) have not been detected in the T. onnu-
rineus NA1 genome by bioinformatic analysis.

Nucleotide sequence accession numbers. The TON_1705
and TON_1706 sequences have been deposited in GenBank
under accession number CP000855.
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