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harmful effects resulting from the unbalanced presence of potentially toxic compounds (5).
Concerning actinomycetes, 10 putative nudix proteins have
been deduced from genome sequencing of different species of
Streptomyces. These include one from S. ambofaciens (accession no. Z19590), one from S. lividans (accession no. Z86111),
seven from the partial genome sequence of S. coelicolor A3
(accession no. AL021529, AL031035, AL035205, AL022374,
AL023797, AL031541, and StI30A [26]), and Pur7 from S.
alboniger (32). The latter is the deduced product from an open
reading frame within the pur gene cluster for the biosynthesis
of the aminonucleoside antibiotic puromycin (32). The pur
cluster (Fig. 1) has been cloned and characterized (16, 32),
which, in addition to biochemical work on several of the encoded products, permitted us to propose a puromycin biosynthetic pathway (32). Its substrate would be ATP, which is
converted into 3⬘-keto-3⬘-dATP by Pur10 (23). This intermediate was thought to be converted to 3⬘-keto-3⬘-dAMP by Pur7,
and this would be converted to 3⬘-amino-3⬘-dAMP by the putative aminotransferase Pur4. At this stage, a tyrosinyl moiety
would be linked to the 3⬘-amino group to produce N6,N6,Otridemethylpuromycin. A puromycin N-acetyltransferase, Pac,
would inactivate this intermediate (21, 35) to produce
N-acetylpuromycin, which would be dimethylated at N6 by an
N-methyltransferase (very likely Pur5) (32). The latter intermediate is O-methylated by DmpM, an O-demethylpuromycin
O-methyltransferase (21, 35). This would yield the last precursor, the biologically inactive N-acetylpuromycin, which is secreted and then hydrolyzed by NapH to produce the active
antibiotic (17).
In this work, we show that Pur7 is indeed a nudix hydrolase
which has a 3⬘-amino-3⬘-dATP pyrophosphohydrolase activity.
Therefore, the role of Pur7 proposed earlier (32) is apparently
wrong, and this study identifies what is likely the correct role.
The Pur7 reaction appears to be a key step in the biosynthesis
of puromycin because it inactivates the highly toxic intermediate 3⬘-amino-3⬘-dATP through its conversion into an inactive
3⬘-amino-3⬘-dAMP.

The nudix hydrolases constitute a large family of enzymes
whose members possess a highly conserved structural motif,
the nudix box or MutT signature. Its consensus sequence is
GX5EX7REUXEEXGU, where U usually is I, L, or V (5). It
has been proposed that this motif is the catalytic center of
nucleoside triphosphate (NTP)-pyrophosphohydrolases, which
produce PPi and the corresponding nucleoside monophosphate (6, 7). Of these hydrolases, the antimutator MutT from
Escherichia coli was the prototype (1, 7, 19, 36). Therefore, this
group of proteins was identified as the MutT family (5, 12).
However, it later became known that not all the enzymes which
share this conserved domain have an NTP-pyrophosphohydrolase activity, nor are they involved in preventing mutations.
Bessman et al. (5) redefined the family and clarified the field.
They proposed the term nudix hydrolases to replace MutT
family, due to their common property of hydrolyzing a nucleoside diphosphate linked to another moiety, X (5). So far, the
only exception is DIPP from rat, which hydrolyzes diphosphoinositol polyphosphates instead of a nucleoside diphosphate
derivative (24). Data bank searches indicated that nudix hydrolases are widely represented from viruses to humans and, at
present, some 20 enzymes have been characterized. Interestingly, Sheikh et al. (27) have discovered a nudix hydrolase in
the archaeon Methanococcus jannaschii, which indicates the
evolutionary conservation of the nudix motif in all kingdoms. It
has been proposed that, despite their different substrates and
specific functions, the nudix hydrolases have an important
common physiological function in sanitizing the cell of toxic
endogenous metabolites and in modulating the accumulation
of certain intermediates in biochemical pathways. They would
thus be “house-cleaning” enzymes, protecting the cell from
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Pur7 is the product of a gene from the puromycin biosynthetic pur cluster of Streptomyces alboniger. It was
expressed in Escherichia coli as a recombinant protein fused to a His tag and then was highly purified through
a Ni2ⴙ column. It showed a 3ⴕ-amino-3ⴕ-dATP pyrophosphohydrolase (nudix) activity which produced 3ⴕamino-3ⴕ-dAMP and pyrophosphate. This is consistent with the presence of a nudix box in its amino acid
sequence. As observed with other nudix hydrolases, Pur7 has an alkaline pH optimum and a requirement for
Mg2ⴙ. Among a large variety of other nucleotides tested, only 3ⴕ-amino-3ⴕ-dTTP was a Pur7 substrate, although
at lower reaction rates than 3ⴕ-amino-3ⴕ-dATP. These findings suggest that Pur7 has a high specificity for the
3ⴕ amino group at the ribofuranoside moiety of these two substrates. The Km and Vmax values for these dATP
and dTTP derivatives were 120 M and 17 M/min and 3.45 mM and 12.5 M/min, respectively. Since it is
well known that 3ⴕ-amino-3ⴕ-dATP is a strong inhibitor of DNA-dependent RNA polymerase, whereas 3ⴕamino-3ⴕ-dAMP is not, Pur7 appears to be similar to other nudix enzymes in terms of being a housecleaning
agent that permits puromycin biosynthesis to proceed through nontoxic intermediates. Finally, the identification of this activity has allowed a revision of the previously proposed puromycin biosynthetic pathway.
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FIG. 1. Gene organization of the pur cluster of S. alboniger. This figure is modified from Tercero et al. (32). Size of the genes is indicated by thick arrows. Transcripts
are indicated below by thin arrows. The first 8 nucleotides of pur7 overlap with napH, which encodes an N-acetylpuromycin-N-acetylhydrolase (17). pur10, pac, dmpM,
and pur8 encode NAD-dependent ATP dehydrogenase (23), puromycin-N-acetyltransferase (14), acetyl-O-demethylpuromycin-O-methyltransferase (15), and a
transmembrane protein which confers resistance to puromycin (33), respectively. pur6, pur4, pur5, and pur3 encode putative tyrosinyltransferase, aminotransferase,
methyltransferase, and monophosphatase activities, respectively (32).

MATERIALS AND METHODS

was determined as described previously (3) and then modified (6). One unit of
Pur7 was defined as the enzyme required to catalyze the hydrolysis of 1 mol of
3⬘-amino-3⬘-dATP/min.
TLC. The standard 3⬘-amino-3⬘-dAMP was obtained by treating 3⬘-amino-3⬘dATP with apyrase (see above). This standard (Rf, 0.58) was run alongside a
reaction mixture sample during thin-layer chromatography (TLC) on polyethyleneimine cellulose plates with 1 M LiCl as the ascending solvent. The 3⬘-amino3⬘-dAMP spots were detected by UV absorption.

RESULTS
Assay for mutator phenotype. To determine if, like other
nudix hydrolases, Pur7 could complement the mutT mutator
phenotype in E. coli, E. coli MK601 and MK602 were transformed with plasmids pUR7.EX and pRSETb, and mutation
frequencies were determined as described previously (11). The
result of this experiment showed that this phenotype was not
complemented (data not shown), which indicated that it should
participate in a different cellular function.
Expression and purification of Pur7. Expression in E. coli of
pur7, subcloned as described in Materials and Methods, gives
rise to a major band on an SDS-polyacrylamide gel, corresponding to a 22-kDa protein (Fig. 2). This molecular mass is
consistent with the expected size (21.5 kDa) for the predicted
Pur7 protein plus the extra residues corresponding to the tail
used for its purification. Most of this band appeared in the
soluble fraction and was not detected in the strain containing
pRSETb without the pur7 insert. The recombinant Pur7 was

FIG. 2. Purification of recombinant Pur7. A Coomassie-stained SDS–11%
polyacrylamide gel is shown. Lanes: 1, crude extract of E. coli BL21(DE3)pLysS
(pRSETb); 2, crude extract of E. coli BL21(DE3)pLysS(pUR7.EX) 2 h after
addition of IPTG; 3, first eluate from the Ni2⫹-NTA agarose column; 4, eluate
with sodium phosphate buffer; 5, eluate with 20 mM imidazole-containing buffer;
6, eluate with 500 mM imidazole-containing buffer; M, molecular mass markers
(sizes are in kilodaltons). The arrow indicates recombinant Pur7.
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Strains and plasmids. E. coli DH5 (10), MK601 (mut⫹), and MK602 (mut
mutant) (11), and BL21(DE3)pLysS (31) are described in the indicated references. Plasmids used were pBluescript SK(⫺) (Stratagene) and pRSETb (13).
Cells were grown in Luria-Bertani medium (20). General DNA methodology was
followed as previously described (25). When required, ampicillin and chloramphenicol were used at concentrations of 100 and 34 g/ml, respectively.
Chemicals. 2⬘-Amino-2⬘-dATP, 3⬘-amino-3⬘-dTTP, 3⬘-azido-3⬘-dTTP, 3⬘-fluoro3⬘-dTTP, 8-oxo-dGTP, and dPTP (6-[2-deoxy-␤-D-ribofuranosyl]-3,4-dihydro8H-pyrimido-[4,5-C][1,2]oxazin-7-one-5⬘-triphosphate) were purchased from
Amersham Pharmacia Biotech. Unless otherwise indicated, other biochemicals
and enzymes were purchased from Sigma. 3⬘-Amino-3⬘-dAMP was obtained by
treating 3⬘-amino-3⬘-dATP with apyrase for 20 min at 30°C in a reaction mixture
(20 l) containing 20 nmol of 3⬘-amino-3⬘-dATP, 37.5 mM Tris-HCl (pH 6.5), 3
mM MgCl2, and 1 U of apyrase (see below).
Subcloning and expression of pur7. A 1-kb BsaAI-NruI fragment from plasmid
pPS6.3 (pBluescript including a ClaI-EcoRI fragment of 6.3 kb from the pur
cluster) (9) was isolated and cloned into the EcoRV site of Bluescript SK(⫺).
From the resulting construct (pUR7), a 0.8-kb NcoI-ScaI fragment containing
pur7 was cloned into the NcoI-HindIII sites of pRSETb. The NcoI restriction site
includes the proposed ATG initiator for pur7 (32). The resulting plasmid
(pUR7.EX) was transformed into E. coli BL21(DE3)pLysS cells for expression
of pur7 as generally described previously (13). These cells were grown at 37°C in
1 liter of Luria-Bertani medium supplemented with ampicillin and chloramphenicol to an A660 of 0.6 and induced by the addition of isopropyl-␤-D-thiogalactopyranoside (IPTG) to a final concentration of 0.4 mM. The cells were further
grown for 2 h and then harvested, washed at 4°C with an isotonic saline solution,
and kept at ⫺70°C. To extract the protein, the cells were resuspended in 20 ml
of 50 mM Na2HPO4 (pH 8.0), 300 mM NaCl, 1 mM MgCl2, and 5 mM ␤-mercaptoethanol and broken by three cycles of freezing and thawing, each followed
by sonication for 1 min at 15 m. The crude extract was centrifugated at 15,000 ⫻
g for 20 min to remove cell debris, and the supernatant was collected.
Purification of recombinant Pur7. To purify the His-tagged recombinant Pur7
protein, 4 ml of Ni2⫹-nitrilotriacetic acid (NTA) agarose (Qiagen) was added to
15 ml of supernatant and mixed gently by shaking at 4°C for 60 min (22). The
lysate-Ni2⫹-NTA mixture was loaded in a column and washed successively with
a mixture of 2 volumes of 50 mM Na2HPO4 (pH 8.0), 300 mM NaCl, 1 mM
MgCl2, and 5 mM ␤-mercaptoethanol; 2 volumes of a mixture of 50 mM
Na2HPO4 (pH 8.0), 300 mM NaCl, 20 mM imidazole, 1 mM MgCl2, and 5 mM
␤-mercaptoethanol; and 2 volumes of a mixture of 50 mM Na2HPO4 (pH 8.0),
300 mM NaCl, 50 mM imidazole, 1 mM MgCl2, and 5 mM ␤-mercaptoethanol.
Elution of Pur7 was achieved with 1 volume of a mixture of 50 mM Na2HPO4
(pH 8.0), 300 mM NaCl, 500 mM imidazole, 1 mM MgCl2, and 5 mM ␤-mercaptoethanol. The final eluate was dialyzed three times for 1 h against 100
volumes of the buffer used for the Pur7 reaction (see below). The purification
process was monitored by subjecting samples from every step to sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis followed by staining with Coomassie blue. Protein was quantitated by using the Bio-Rad protein assay kit.
Microsequencing of the purified recombinant Pur7. The 22-kDa band obtained after the last step of purification was isolated from the gel and treated with
trypsin, and the resultant peptides were separated and collected by using a Smart
HPLC device (Pharmacia). Two of the peptides were sequenced by tandem
mass spectrometry by the nanospray ionization method, using a LCQ quadrupole
ion trap (Finnigan, ThermoQuest, San Jose, Calif.).
Enzyme assays. To assay Pur7 activity, unless otherwise indicated, reaction
mixtures (50 l) contained 500 M substrate, 50 mM Tris-HCl (pH 9.5), 5 mM
MgCl2, 1 mM dithiothreitol (DTT), and the indicated amount of enzyme. These
were found to be the optimal conditions. Reactions took place for 15 min at
30°C, and they were terminated by the addition of a mixture (50 l) containing
one part 7% HClO4 and four parts 20% Norit A. The final mixture was incubated
on ice for 5 min. Samples (50 l) from the supernatant were collected, and PPi
was hydrolyzed with either 1 N HCl or inorganic pyrophosphatase. In the first
case, 250 l of 1 N HCl was added and the samples were boiled for 15 min. In
the second case, 1 U of inorganic pyrophosphatase (Boehringer Mannheim) was
added to the reaction mixtures. The concentration of inorganic orthophosphate
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highly purified by means of a Ni2⫹-NTA agarose column. Two
of the peptides resulting from its tryptic digestion had the
sequences DLYDDD (the first six residues of a longer peptide)
and IFVQRR, which corresponded, respectively, to the aminoterminal-end fusion and the residues at positions 65 to 70 of
the deduced amino acid sequence of Pur7. This indicated that
the purified band was indeed Pur7.
Enzymatic activity of recombinant Pur7 protein. Supernatants from cell extracts of E. coli(pUR7.EX) contained a 3⬘amino-3⬘-dATP pyrophosphohydrolase activity which was absent in the supernatants from the control E. coli BL21(DE3)
pLysS(pRSETb) (Fig. 3A). Pyrophosphate was also released
from 3⬘-amino-3⬘-dATP by purified recombinant Pur7 (Fig.
3B). Purification increased by 90-fold the specific activity of
Pur7 (Table 1). TLC showed that the migration of the reaction
product and that of 3⬘-amino-3⬘-dAMP were identical (data
not shown).
Substrate specificity. The substrate specificity of Pur7 is
summarized in Table 2. Under the experimental conditions
used, only 3⬘-amino-3⬘-dTTP, in addition to 3⬘-amino-3⬘dATP, was a substrate for Pur7, although at lower rates than
the latter. These findings suggest that the reaction catalyzed by
Pur7 in S. alboniger is that indicated in Fig. 4 (see Discussion).
Requirements of the reaction. The reaction conditions used
are indicated under Materials and Methods. Optimal enzymatic activity was at pH 9.5 (Fig. 5). Curiously, reaction rates
were lower in glycine than in Tris-HCl buffer. In addition, Pur7
requires Mg2⫹, which could not be replaced by other divalent
cations (Ca2⫹ or Mn2⫹), or the monovalent cation NH4⫹.
Furthermore, maximal activity was reduced by approximately
30% in the absence of DTT, 1 mM being the optimal concentration (data not shown).
Kinetic parameters. The Lineweaver-Burk plots of the initial reaction rates (up to 15 min) against the substrate concentrations (3⬘-amino-3⬘-dATP or 3⬘-amino-3⬘-dTTP) were all linTABLE 1. Effects of purification of recombinant Pur7
Treatment of Pur7

None (crude
extract)
Ni2⫹ purification

Protein
(mg)

124
1.8

Activity
(U)

Specific
activity
(U/mg)

Fold
purification

Yield
(%)

25.3

0.2

1

100

32.9

18.3

91.5

130

ear. The calculated Km and Vmax for 3⬘-amino-3⬘-dATP were
120 M and 17 mol/min, respectively, and for 3⬘-amino-3⬘dTTP the values were 3.45 mM and 12.5 mol/min, respectively (data not shown).
DISCUSSION
pur7 was previously identified as an open reading frame
included in the puromycin biosynthetic gene cluster (pur) from
S. alboniger (Fig. 1) (32). The deduced protein has a highly
conserved structural motif, the nudix box, which allowed its
inclusion in the family of nudix hydrolases, as defined by Bessman et al. (5). Despite its location within the pur cluster, which
suggested a role in the biosynthesis of the antibiotic puromycin, we initially tested whether, like other members of this
family, pur7 could complement the mutT mutator phenotype in
E. coli. The fact that it failed to complement this phenotype
indicated a different role in the cell, most likely in the biosynthesis of puromycin. In this respect, it is now known that the
antimutator nucleoside triphosphatase activity is shared by
only some of the nudix hydrolases (reference 27 and references
therein). In the present work, we have shown that the recombinant Pur7, expressed and purified from E. coli as a Histagged fused protein, has a 3⬘-amino-3⬘-dNTP pyrophosphohydrolase activity and that in S. alboniger, 3⬘-amino-3⬘-dATP
seems to be its substrate. 3⬘-Amino-3⬘-dTTP was also hydrolyzed, although at lower rates than 3⬘-amino-3⬘-dATP. This
pyrophosphohydrolyzing activity is consistent with the exisTABLE 2. Substrate specificity of recombinant Pur7
Substratea

Specific activity
(U/mg of protein)

3⬘-Amino-3⬘-dATP .................................................................... 54.6
3⬘-Amino-3⬘-dTTP..................................................................... 20.2
2⬘-Amino-dATP .........................................................................⬍0.1
8-Oxo-dGTP...............................................................................⬍0.1
dPTP ...........................................................................................⬍0.1
3⬘-Azido-3⬘-dTTP ......................................................................⬍0.1
3⬘-Fluoro-3⬘-dTTP .....................................................................⬍0.1
3⬘-Deoxy-ATP (cordycepin triphosphate) ..............................⬍0.1
Nucleoside triphosphates..........................................................⬍0.1
2⬘-Deoxy-nucleoside triphosphates..........................................⬍0.1
a
Substrate concentrations were 2 mM except in the cases of 3⬘-amino-3⬘dATP and 3⬘-amino-3⬘-dTTP, for which concentrations were 1 mM.
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FIG. 3. 3⬘-Amino-3⬘-dATP pyrophosphohydrolase activity. (A) Reactions were carried out with supernatants from cell extracts of E. coli BL21(DE3)pLysS
transformed with either pRSETb (E) or pUR7.EX (䊐). (B) Reactions were carried out with purified Pur7 (1 mU) in the presence (䊐) or absence ({) of inorganic
pyrophosphatase. The latter, as a negative control, shows that Pur7 does not release orthophosphate. Other details are described in Materials and Methods.
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FIG. 4. Reaction catalyzed by Pur7.

group of the ribofuranoside moiety appears to be an essential
requirement for this activity, since other nucleotides tested,
including 3⬘-dATP (cordycepin 5⬘-triphosphate), 3⬘-azido-3⬘dTTP, and 3⬘-fluoro-3⬘-dTTP, were not substrates for Pur7
(Table 1). In this respect, 3⬘-keto-3⬘-dATP, which could not be
tested in this work due to its extreme instability (23), should
have a stereochemical conformation of the ribofuranoside
moiety quite different than that of the 3⬘ amino derivatives.
This could prevent its activity as a Pur7 substrate. Therefore,
3⬘-keto-3⬘-dATP should be the substrate for Pur4 to produce
3⬘-amino-3⬘-dATP. This intermediate is a strong inhibitor of
DNA-dependent RNA polymerase (4, 28, 34) and, consequently, a highly toxic compound for the cell. However, its
hydrolysis by Pur7 converts it into 3⬘-amino-3⬘-dAMP, which
lacks biological activity (29, 30), and allows the pathway to
continue. Pur7 appears, therefore, to be a key enzyme in the
biosynthesis of the antibiotic puromycin, which, by preventing
the accumulation of the toxic intermediate 3⬘-amino-3⬘-dATP,
permits both puromycin biosynthesis and cell viability. Therefore, Pur7 is, as a member of the nudix hydrolase family,
another example of a house-cleaning enzyme (5). This reflects
the importance of these enzymes, which, despite their different
specific functions, have a common role in the maintenance of
cell viability. It is also an example of the involvement of a nudix
hydrolase in secondary metabolism, which extends the function
of these proteins to apparently nonessential processes. Despite
this, some of these processes, as is the case of antibiotic biosynthesis, have been well conserved in nature. Pur7 is, to the

FIG. 5. Effect of pH and cations on the reaction catalyzed by Pur7. Assays were performed as described in Material and Methods, except that the pH (A) or cations
(B) of the reactions, which contained 1 mU of Pur7, were changed as indicated. In panel A, buffers used were 50 mM Tris-HCl (E) or 80 mM glycine (䊐). In panel
B, salts used were MgCl2 (E), CaCl2 ({), NH4Cl (⫻), or MnCl2 (‚).
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tence of a nudix motif in the amino acid sequence of Pur7.
Parameters of the reaction catalyzed by Pur7, i.e., an optimal
alkaline pH or the requirement for a divalent cation, are coincident with the optimal reaction conditions found for other
nudix hydrolases. Interestingly, none of the other similar nucleoside triphosphates tested, which lacked a 3⬘-amino group
at the ribofuranoside moiety, was a substrate for Pur7. These
results suggest, therefore, that this residue is important for
substrate specificity and that 3⬘-keto-3⬘-dATP is not a substrate.
What is the function of Pur7 in the puromycin biosynthetic
pathway? Antibiotic biosynthesis is a complex process which
often requires self-protection mechanisms in the producer organism against both the produced antibiotic and some harmful
intermediates (8). Tercero et al. (32) proposed that puromycin
biosynthesis starts with ATP, which would be dehydrogenated
by Pur10 in the first step of the pathway. Indeed, this was later
shown to be the case (23). The product of this reaction, 3⬘keto-3⬘-dATP, was initially thought to be the substrate for Pur7
(32). The resulting 3⬘-keto-3⬘-dAMP, similar to other substrates for secondary metabolism aminotransferases (2, 18),
would be the substrate for the putative aminotransferase Pur4,
which would introduce the amino group at the 3⬘ position (32).
However, the results from the present work indicate that this
part of the pathway proceeds differently. Firstly, 3⬘-amino-3⬘dATP and, although less well, 3⬘-amino-3⬘-dTTP were substrates for Pur7, which hydrolyzes them to produce PPi and
the corresponding 3⬘-amino-3⬘-dNMP. Secondly, the 3⬘ amino

4918

ESPINOSA ET AL.

best of our knowledge, the first nudix enzyme of actinomycetes
to be characterized and the first which has been shown to be
implicated in secondary metabolism. Finally, the pyrophosphohydrolysis of 3⬘-amino-3⬘-dTTP by Pur7 might be used to synthesize a new hybrid antibiotic, which would contain a dT
backbone instead of dA.
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dmpM gene encoding an O-demethyl puromycin O-methyltransferase from
Streptomyces alboniger. Gene 109:55–61.

J. BACTERIOL.

