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The occurrence of modified bases in DNA is attributed to some major fac-

tors: incorporation of altered nucleotide building blocks and chemical reac-

tions or radiation effects on bases within the DNA structure. Several

enzyme families are involved in preventing the incorporation of noncanoni-

cal bases playing a ‘sanitizing’ role. The catalytic mechanism of action of

these enzymes has been revealed for a number of representatives in clear

structural and kinetic detail. In this review, we focus in detail on those

examples where clear evidence has been produced using high-resolution

structural studies. Comparing the protein fold and architecture of the

enzyme active sites, two main classes of sanitizing deoxyribonucleoside tri-

phosphate pyrophosphatases can be assigned that are distinguished by the

site of nucleophilic attack. In enzymes associated with attack at the a-phos-
phorus, it is shown that coordination of the c-phosphate group is also

ensured by multiple interactions. By contrast, enzymes catalyzing attack at

the b-phosphorus atom mainly coordinate the a- and the b-phosphate only.

Characteristic differences are also observed with respect to the role of the

metal ion cofactor (Mg2+) and the coordination of nucleophilic water.

Using different catalytic mechanisms embedded in different protein folds,

these enzymes present a clear example of convergent evolution.

Non-orthodox bases in DNA: production and elimination

The chemical space in DNA is considered to be highly

limited because only four major bases are responsible

for carrying out the primary role of storing informa-

tion (adenine, thymine, cytosine and guanine). How-

ever, this view is rather oversimplified because

additional DNA bases may also be present in most

organisms; for example, as a result of epigenetic modi-

fications [1,2] or DNA damage [3]. Chemically-modi-

fied bases not only serve as recognition foci for DNA

damage response processes, but also for signal trans-

duction. Among these pathways, regulation of gene

expression in several eukaryotes via 5-methylcytosine

present in CpG islands is especially well-known [4],

whereas methylated versus non-methylated bases

within specific sequence contexts in prokaryotes consti-

tute the signal recognition foci for restriction methylas-

es/endonucleases [5]. Hydrolytic deamination of bases

at exocylic amino-positions frequently leads to major

perturbation of Watson–Crick base-pairing character-

istics: hypoxanthine (deaminated adenine) [6] is a

guanine mimic, whereas uracil, a deaminated cytosine,

is a thymine mimic [7–9] during DNA synthesis. Simi-

larly, oxidation of bases may also lead to erroneous

base pairing, as in the case of 8-oxoguanine, which is
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considered to be a frequently occurring oxidation

product of oxidative stress that can be mismatched to

adenine (resulting in G:C to T:A base pair mutation)

[10].

For those chemical modifications that are usually

considered to be harmful and hence are the primary

foci for initiating DNA repair, reactions leading to the

modified base can occur without enzyme catalyzed

processes, in a spontaneous, uncontrolled manner [11].

From a chemical point of view, the cellular conditions

are highly reactive because water and other reactive

metabolites are always present. In aerobic organisms,

this situation is even amplified by the ubiquitous

occurrence of molecular oxygen and various reactive

oxygen species. These conditions lead to numerous

potentially harmful chemical reactions involving the

nucleic acid base moieties either in the deoxyribonu-

cleoside triphosphate building blocks (dNTPs) or

within the DNA context. Because of the less than per-

fect specificity of most DNA polymerases, modified

dNTPs can be easily incorporated into DNA if these

still offer base-pairing functional groups and are not

overly large. For example, deamination [12], oxo-

group formation [13], halogenation [14,15] and alkyl-

ation [16] of bases does not prevent these modified

bases from ending up in the DNA. Parallel to these

two possibilities for the appearance of modified bases

in DNA, there are also two general pathways acting

against their presence. First, the NTP building blocks

containing the modified bases may be hydrolyzed, and

hence removed from the nucleotide pool to prevent

their incorporation. Second, modified bases within the

DNA context are targeted principally by base excision

repair [17] and, in some cases, by the mismatch repair

machinery [18], or, rarely, by nucleotide excision repair

[19] as well. Recently, it has became evident that the

cellular ‘infrastructure’ for base excision and mismatch

repair is also exploited in signal transduction leading

to immunoglobulin gene diversification and active

DNA demethylation [20–24]. Hence, the distinction

between the harmful versus signalling role of modified

bases becomes less clear and such definitions require

an assessment of the cellular context (cell status, devel-

opmental stage, cell cycle stage, etc.) as well.

Because the DNA context may easily render some

physicochemical protection against unwanted sponta-

neous reactions, especially within the heterochromatin

segments, reactions of the base moieties are more

frequent in the nucleotide pool, creating modified

dNTPs. Enzymes involved in removing these dNTPs

are termed as ‘sanitizing’ or ‘house-cleaning’ enzymes

[25,26]. Although this term is used for enzymes

degrading noncanonical nucleotide precursors for both

DNA and RNA or other harmful nucleotide metabo-

lites, we focus here on enzymes performing (d)NTP

pool sanitization. Typically, such enzymes are charac-

terized by high-specificity recognition pocket for the

modified base, similarly to DNA glycosylases. Several

of these enzymes catalyze the cleavage of the phosp-

hoanhydride linkage within the phosphate chain of the

NTPs, resulting in a nucleoside monophosphate

(nucleotide) and inorganic pyrophosphate, whereas

others are reported to possess phosphatase activity

instead, such as some representatives of Nudix

enzymes [27,28]. This reaction is associated with a

large free energy change because the triphosphate

chain is degraded, and hence it is strongly exothermic

and practically irreversible. This thermodynamic fea-

ture not only drives the sanitizing reaction, but also

constitutes an energy loss for the cell; hence, the high

specificity of the sanitizing enzymes towards the

unwanted species with the modified bases is of crucial

importance for avoiding wasteful hydrolytic futile

cycles. Moreover, in some cases, dNTP sanitizing

enzymes also need to possess high specificity towards

the sugar moiety to degrade only the deoxyribosenu-

cleotides and not their ribo-counterparts. For example,

for dUTPases, the hydrolysis of UTP would be

strongly unfavorable because UTP is the building

block for RNA synthesis and also contributes to other

metabolic pathways, such that these enzymes discrimi-

nate not only at the base, but also at the sugar moiety

[8,29–31].
To enhance the specificity of sanitizing enzymes and

to exclude the unwanted hydrolysis of the canonical

NTPs, in addition to specific recognition, a kinetic

control is also exploited. The catalytic rate constants

of sanitizing enzymes are within the order of 1–20 s�1,

and the moderate speed allows the escape of the

loosely bound canonical NTPs before they can be

hydrolyzed. In many cases, the modest kcat is paired

with a low KM value; hence the catalytic efficiency of

these enzymes is considerable [32,33]. Based on in vitro

kinetic analysis of some of these enzymes, the respec-

tive noncanonical nucleotide targets are assumed in

some cases to overcompete the hydrolysis of canonical

nucleotides, further increasing the selectivity of the

enzymes [34,35]. For several such housekeeping

enzymes, kinetic and structural biology studies, in par-

allel with high-resolution three-dimensional (3D) struc-

tures, became available in recent years (Table 1). In

the present review, we focus on those examples of the

sanitizing enzymes where delineation of the reaction

pathway has recently been described, based on a com-

bination of the 3D structures determined, in most

cases, by X-ray crystallography, as well as kinetic stud-
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ies in solution. Our main aim is to compare the char-

acteristics of catalytic water and phosphate chain coor-

dination for different groups of sanitizing NTP

hydrolyzing enzymes.

Protein families of sanitizing enzymes
with structural evidence for the
catalytic mechanism

Cleavage of the phosphoanhydride linkage of nucleo-

tides as catalyzed by the protein families of sanitizing

enzymes may be initiated by nucleophilic attack at

either the a- or the b-phosphorus atom of the triphos-

phate chain. Groups of these enzymes, belonging to

either class, are shown in Fig. 1 together with the pro-

tein fold characteristic for each, as well as a schematic

representation of the reaction chemistry. Below, we

address the different enzyme families following this

classification based on the site of the nucleophilic

attack. Figure 2 shows the conserved residues and

sequence motifs involved in substrate or cofactor

accommodation and in the catalytic reaction in the

case of each of these protein families. Both the protein

fold and the sequence motifs involved in coordination

of the substrate, the catalytic water and the cofactor

metal ions vary considerably between the families.

However, there are also some common characteristics.

In all cases where the catalytic water could be located,

the residue responsible for its coordination is a con-

served aspartate or glutamate and, similarly, conserved

aspartates/glutamates are also involved in coordination

of the divalent metal ion cofactor. An important

difference here is that, in all-b dUTPases, the Mg2+

cofactor assists catalysis by determining phosphate

chain coordination, whereas, in all-a dUTPase and

Nudix nucleotide pyrophosphohydrolases, the cofac-

tors play an additional role in the coordination and

deprotonation of the attacking nucleophile [36,37].

Figure 3 shows a panel of the active site close-up of

selected representatives for the groups of enzymes

listed in Fig. 1. Superposing the active sites, as shown

in Fig. 4, shows that, although the base and sugar

moieties are differently oriented, the phosphate chain

conformation is remarkably similar.

Nucleotide pyrophosphohydrolase
enzymes with sanitizing function

Nucleophilic attack on the a-phosphorus

all-b dUTPase

From the structural point of view, all-b dUTPases are

characterized by five well-conserved sequence motif

(motifs 1–5) (Fig. 2) and an antiparallel b-pleated fold,

aptly termed as ‘the dUTPase fold’ (c.f. Pfam

domains) [38]. This secondary and tertiary structural

arrangement requires an unexpectedly low level of

Table 1. Structures providing insight into the enzyme mechanism of nucleotide pyrophosphatases with housekeeping functions. References

to publications providing a structure-based determination of the enzyme mechanism are included. For dUTP at the active site of dimer

dUTPase (2CIC), the c-phosphate moiety was fitted in the electron density at 50% occupancy. In the crystal structure (PDB code: 1EXC) for

the Maf enzymes, the ligand dUTP is bound in a catalytically incompetent conformation within the active site: only the triphosphate part of

the nucleotide is recognized by the enzyme; other parts are not bound [116]. The YceF-type Maf proteins are active against 7-meGTP but

not towards canonical NTPs. The YhdE-type Maf enzymes are active against the conventional nucleotides dTTP, UTP and CTP, as well as

against 5-methyl-UTP, pseudo-UTP and 5-methyl-CTP. The KM for the respective modified nucleotide is one order of magnitude lower than

the KM for conventional nucleotides.

Enzyme Catalyzed reaction

Position of

nucleophilic

attack

Number of

a-phosphate

interactions

Number of

b-phosphate

interactions

Number of

c-gamma

phosphate

interactions

PDB code

(resolution,

where applicable) Reference

all-b dUTPase dUTP ? dUMP + PPi aP 2 4 8 2PY4 (1.49 �A) [67,97]

ITPase (d)ITP ? (d)IMP + PPi

XTP ? XMP + PPi

aP 6 1 5 2Q16 (1.95 �A) [35]

Maf meNTP ? meNMP + PPi aP 1 1 5 1EXC (2.70 �A) [75,116]

all-a dUTPase dUTP ? dUMP + PPi

(dUDP ? dUMP + Pi)

bP 2 5 1 2CIC (1.70 �A) [63]

8-oxo-dGTP

pyrophosphatase

(MutT, hMTH1)

8-oxo-dGTP ? 8-oxo-

dGMP + PPi

bP 1 1 1 1TUM (NMR

structure)

3A6T 3ZR0

[84,118]

RS21-C6 Mazg-like

dCTP

pyrophosphatase

d(me)CTP ? d(me)

CMP + PPi

bP 1 2 2 2OIG (3.30 �A) [100,102]
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sequence conservation. Although human and Epstein–
Barr viral dUTPases show only 19% identity

[30,39,40], the same fold is displayed by the protein.

The quaternary structure of all-b dUTPases can either

be homotrimeric or monomeric. In trimeric enzymes,

three actives sites are formed and, in each one of these,

amino acids from conserved motifs from all the three

subunits participate in substrate binding and/or cataly-

sis [41]. Such intertwined cooperation of three subunits

is rather exceptional and directly couples quaternary

structure to enzyme activity, as subunits are expected

to be inactive on their own [42,43]. In some cases, the

trimeric organization is also reflected by the genomic

arrangement: in Caenorhabditis elegans, the gene of

dUTPase contains three slightly different copies in a

single reading frame without stop codons, which is

expected to result in a ‘pseudo-heterotrimeric’ protein

[44]. Very recently, the same genomic organization was

identified in Drosophila virilis and investigation of the

resulting polypeptide confirmed these expectations

(submitted manuscript). Presumably, the joint tran-

scription and translation of the covalently coupled

dUTPase ‘subunits’ may confer some advantage on

the phenotype, although these issues need further

investigation.

The other group of all-b dUTPases is monomeric,

although this notation is somewhat misleading. The

genes for these dUTPases, which are present in mamma-

lian herpesviruses but not in the herpesviruses of lower

eukaryotes, have evolved by gene duplication where two

original dUTPase genes were joined to be transcribed

and translated as a covalently coupled ‘pseudo-dimeric’

dUTPase. Following the presumed gene duplication

event, numerous mutations occurred rendering the two

copies highly dissimilar. Interestingly, in this protein,

the dUTPase fold is still preserved and the active site

architecture is also very reminiscent of the situation

found in trimeric dUTPases [40,45]. Yet, structural

investigation of Epsein–Barr virus dUTPase enabled the

hypothesis suggesting a unique conformational dynam-

ics of the C-terminal arm of monomeric dUTPases, with

the involvement of a disulfide bond that limits move-

ments of this segment [40].

The mechanism of action of all-b dUTPases has been

covered in numerous in-depth studies [8,32,46–55]. The
interest in these enzymes is highly motivated on the one

hand by the peculiar active site architecture and, on the

other hand, by the possibility of using these dUTPases

as targets for developing drugs against neoplastic,

as well as infectious diseases [31,56–65]. Substrate

Beta attack

Alpha attack

All-β
 dUTPase

ITPase
-like

Nudix

AlI-α
NTP PPase

ITPase

Maf

AlI-α
 dUTPase

MazG
-like

YjjX

N: nucleobase

N: nucleobase

Fig. 1. Catalytic mechanism and

evolutionary relationship of housekeeping

NTP pyrophosphatases. Housekeeping

enzymes are shown with two different

catalytic mechanisms leading to nucleotide

pyrophosphorolysis; nucleophile attack on

a-phosphorus (top), nucleophile attack on

b-phosphorus (bottom). The relevant 3D

enzyme structures are shown as cartoon

models with a stick model of the bound

nucleotide ligand (if available). The enzyme

structure models selected were (with PDB

codes): all-b dUTPase,

Mycobacterium tuberculosis dUTPase,

PDB 2PY4 [31]; ITPase, E. coli RdgB

ITPase, PDB 2Q16 [35]; Maf, B. subtilis

Maf, PDB 4HEB [75]; YjjX, PDB 1U5W

[74]; Nudix, E. coli MutT

pyrophosphohydrolase, PDB 1TUM [84];

all-a dUTPase, C. jejuni dUTPase, PDB

2CIC [63]; MazG, D. radiodurans, MazG-

like NTP pyrophosphohydrolase, PDB

2YFD [100]. All-b dUTPases also include

monomeric dUTPases [40].
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recognition and sharp distinction at both the sugar and

at the base level is ensured not only by the side chain of

residues but, very importantly, by the protein backbone.

For example, the recognition of the substrate within the

conserved b-hairpin formed by motif 3 relies heavily on

the protein fold and not just on amino acid conserva-

tion. This is especially true for the uracil ring, where the

specific interactions involve hydrogen bonds between

main chain atoms and the uracil functional groups. This

has been suggested to potentially resemble an ancient

nucleic acid recognition motif [30].

In all cases where data are available, there is clear

evidence for a mechanism initiated by nucleophilic

attack on the a-phosphorus atom by a water or hydrox-

ide molecule that is accommodated by the strictly con-

served aspartate residue in motif 3 (Figs 2 and 3A)

[31,39,40,52,66,67]. The other coordinating partners of

the nucleophilic catalytic water are usually some other

water molecules that are held in place by additional

conserved residues. A common characteristic of these

dUTPases is that the divalent metal ion cofactor does

not make any direct contact to the attacking water.

all- β
dUTPase

all-α 
dUTPase

MazG

Nudix
(d)NTP 
PPases

ITPase

Maf

catalytic water coordination
α-phosphate coordination
β-phosphate coordination
γ-phosphate coordination
direct metal coordination
indirect metal coordination

YjjX

Fig. 2. Amino acid sequence conservation

of housekeeping nucleotide

pyrophosphatase enzymes. All alignments

shown are retrieved from manually

curated and high quality Pfam A seed

alignments [38] using the Pfam accession

codes: all-b dUTPase, PF00692; ITPase,

PF01725; Maf, PF02545; YjjX, PF01931;

Nudix NTPase, PF00293; all-a dUTPase,

PF08761; MazG, PF03819. The alignments

were manually edited in JALVIEW [117]; a

CLUSTALX color code was applied. Sequence

conservation of the alignment is displayed

with the consensus sequence logo

annotation utility built into JALVIEW, with the

height of the symbol representing the

frequency of residue occurrence. The role

of the key conserved residues are

depicted as colored circles below the

sequence logo using the color code

shown. The interactions were identified

based on crystal structure with bound NTP

ligands, with the exception of YjjX

sequence where cognate residues were

identified based on sequence similarity to

Maf and ITPase enzymes [74].

Nonconserved regions in the sequence are

shown with three consecutive spaces. For

the sake of clarity, in the case of ITPase,

Maf, YjjX and MazG enzymes, only the N-

terminal part of the sequence conservation

is shown containing the conserved

residues that mediate key interactions

with the triphosphate part of cognate

nucleotides and catalytic divalent metal

ions. In the case of all-b and all-a

dUTPases, the conserved motifs are

displayed as described previously [36,67].
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A

B

C

D

E

Fig. 3. Close-up to the active site of

different dNTPases illuminates

triphosphate chain coordination of the

respective ligands. (A) all-b dUTPase (PDB

code: 2PY4). (B) RdgB ITPase (PDB code:

2Q16). (C) all-a dUTPase (PDB code:

2CIC). (D) MazG (PDB code: 2YFD). (E)

MutT (PDB code: 1TUM). Nucleotides and

residues, cofactors and solvent interaction

partners of their triphosphate chains are

shown as ball and stick models with

atomic coloring. Polar contacts are marked

with dashed lines; metal ion cofactors

(Mg2+ or Ca2+) cofactor and waters are

colored green and red, respectively,

whereas catalytic water (as well as an

arrow indicating direction of nucleophilic

attack) is colored pink. Important residues

(three-letter codes), metal ion cofactors

(CA, MG) and catalytic waters (HOH) are

labelled.
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Instead, it is coordinating the phosphate chain of the

substrate. Also, interestingly, for several dUTPase from

this class, it has been shown that the divalent metal ion

is not an absolutely required cofactor; in its absence, kcat
is decreased only by a factor of around two, whereas

KM shows an increase of one order of magnitude

[51,66,68]. By contrast, in other cases of enzymes using

a metal ion cofactor for catalyzing reactions on phos-

phate groups, the removal of the metal ion renders the

enzyme practically inactive. All-b dUTPase also invari-

ably employ a glycine-rich P-loop for catalysis (motif 5),

providing critical interactions with the c-phosphate of

the nucleotide substrate. The poor recognition and turn-

over of dUDP further emphasizes the importance of

these interactions [69]. This loop thus stabilizes the

catalytically competent phosphate chain conformation

involving tridentate coordination of a sole Mg2+ cofac-

tor. It also donates an aromatic residue for forming a p-
p interaction with the uracil ring [49]. Interestingly, in

Bacillus subtilis dUTPases, this interaction involves an

aromatic ring from another part of the protein

sequence, leading to a somewhat different catalytic

mechanism [52–54].

Sanitizing enzymes of the ITPase superfamily: ITPase,

YjjX and Maf

Defects in purine nucleotide metabolism can result in

the incorporation of hypoxanthine and xanthine into

DNA and RNA [70]. The respective noncanonical

A B

Fig. 4. Orientation of triphosphate chains of respective nucleotide ligands reveal dNTPases with a similar catalytic mechanism. (A)

Nucleotides from enzymes effecting hydrolysis with nucleophilic attack on a-phosphorus are superimposed after alignment at the a-

phosphate reaction center; dUPNPP from M. tuberculosis all-b dUTPase (PDB code: 2PY4), inosine triphosphate from RdgB E. coli ITPase-

homologue (PDB code: 2Q16). Ball and stick representation with atomic coloring: carbon, green; nitrogen, blue; oxygen, red; phosphorus,

orange; Mg2+, light green; catalytic water, pink. Insets also show the geometry of the attacking nucleophile. (B) Nucleotides from enzymes

effecting hydrolysis with nucleophilic attack on b-phosphorus are superimposed after alignment at the b-phosphorus reaction center;

dUPNPP from C. jejuni all-a dUTPase (PDB code: 2CIC), adenosine-50-[(a,b-methylene)triphosphate] (AMPCPP) from E. coli MutT

pyrophosphohydrolase (PDB code: 1TUM). Ball and stick representation with atomic coloring: carbon, light blue and faded pink for all-a

dUTPase and MutT, respectively; nitrogen, blue; oxygen, red; phosphorus, orange; Mg2+, light green; catalytic nucleophile, pink. Insets also

show the geometry of the attacking nucleophile.
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deaminated purine NTPs, ITP and XTP, and their

reduced derivatives, dITP and dXTP, are degraded by

ITPase [71], with homologues HAM1 in yeast [72]

and RdgB in Escherichia coli [73], together with

YjjX [74]. These enzymes belong to the ITPase super-

family, together with Maf enzymes, possessing a

broad substrate preference towards both noncanonical

(pseudo-UTP, 5-methyl-CTP, 7-methyl-GTP and

5-methyl-UTP) and canonical (dTTP, UTP, CTP)

pyrimidine nucleotides [75]. The recently identified

HcgB enzyme also belongs here, although it is involved

in FeGP cofactor biosynthesis and not in noncanonical

nucleotide sanitization [76]. The high sequence similarity

of ITPase and Maf suggests their close evolutionary

relationship [75], whereas Maf displays a low overall

sequential yet high structural similarity to them, with a

remarkable correspondance in key conserved active site

residues [74], indicating a similar catalytic mechanism

(Fig. 2).

The first available 3D structure of the homodimeric

ITPase with a bound nucleotide ligand did not provide

immediate structure-based explanation for the 100-fold

preference of dITP over canonical purine nucleotides

GTP or dGTP [73] because, when the Methanococ-

cus jannaschii ITPase crystal was soaked with adeno-

sine-50-[(b,c)-imido]triphosphate (AMPPNP) nucleotide

analogue, the purine ring of the ligand pointed away

from the protein, without any specific interaction [71].

However, structure with bound own ligand ITP (Pro-

tein Data Bank (PDB) code: 2J4E) revealed the true

binding site for the physiological substrate, leaving the

cavity associated with AMPPNP coordination as a

secondary or artificial site [77]. Binding of ITP to the

active site of the homodimer enzyme appeared to uti-

lize an induced fit mechanism, including rigid body

displacement leading to the closure of active site, as

judged by a comparison of nucleotide bound and free

structures [35,78,79]. Mg2+ was also observed in prox-

imity to the b- and c-phosphates, directly coordinated

by a Glu residue, which is proposed to be the position

of the physiological divalent metal cofactor. The pres-

ence of a single metal ion in the active site of the

above ITPase, together with structural evidence from

other ITPase orthologues, indicated that a single diva-

lent cofactor is sufficient for ITPase catalysis [79].

This structure also revealed specific recognition of the

2-keto oxygen of ITP, with a hydrogen bond and

explained the enzyme reactivity differences between

inosine and guanosine nucleotides. The role of the

major residue determinants that were considered to be

responsible for the specific recognition or steric exclu-

sion of the respective purine bases was later also con-

firmed by site-directed mutagenesis [80]. A model for

the catalytic mechanism was provided based on struc-

tural insights from the ITPase homologue RgdB [35].

The role of a conserved Asp as a general base, coordi-

nating and deprotonating the catalytic nucleophile for

in-line nucleophilic attack on the a-phosphate, was

confirmed by structural analyses (PDB code: 2Q16)

(Figs 3B and 4A), as well as by site-directed mutagene-

sis [35,78,80]. Post-catalytic deprotonation of the gen-

eral base after completion of hydrolysis was suggested

to be performed by the nearby Lys53. A key role was

also indicated for Lys13 that contacts the bridging

oxygen between a-P and b-P and was suggested to en-

chance polarization of this scissile bond, thereby stabi-

lizing the developing negative charge on that oxygen

in the transition state. This lysine, together with the

general base Asp and the cofactor-binding Glu, was

suggested to form a catalytic triad within the active

site. Subsequently, it was shown that simultaneous

accommodation of IMP and a sulfate (or alternatively,

a phosphate) anion oriented the ITPase active site to

a closed position [81], highlighting the critical role of

c-phosphate coordination in ligand-induced active site

closure.

Nucleophilic attack on the b-phosphorus

Nudix dNTP pyrophosphatases

Nudix enzymes, characterized by the conserved Nudix

domain GX5EX7REUXEEXGU (where U represents

hydrophobic residues such as Ile, Val and Leu) consti-

tute a large enzyme superfamily [82]. They were ini-

tially associated with the sanitization of potentially

toxic compounds; subsequently, their participation

in various signalling and metabolic pathways has been

revealed. To fulfil their diverse functions, these

enzymes employ various substrates yet, in this review,

we focus only on enzymes performing (d)NTP conver-

sion. MutT from E. coli was identified as the first Nu-

dix enzyme with a key role in maintaining both DNA

replication and translational fidelity by performing py-

rophosphorolysis on oxidized nucleotides 8-oxo-dGTP

and 8-oxo GTP [83]. The catalytic mechanism of this

enzyme was assessed firstly by the determination of its

solution structure in complex with AMPCPP substrate

analogue [84], and secondly, by in-depth kinetic char-

acterization [85]. Briefly, similar to all other Nudix

enzymes, MutT shows an absolute requirement for

divalent cations. This is correlated with the high con-

servation of acidic residues within the Nudix box,

which is responsible for positioning these ions at the

active site. The two coordinated metal ions in turn

position the catalytic nucleophile for an in-line attack
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on the b-phosphorus of the substrate. An additional

key role was determined for a Glu catalytic base,

which provides substantial rate acceleration as a result

of nucleophile deprotonation and the Lys and Arg res-

idues involved in substrate and catalytic base coordi-

nation. Although MutT exhibits high substrate

specificity for the hydrolysis of 8-oxo dGTP [86], its

human homologue, hMTH1, sanitizes numerous other

oxidized purine nucleotides, such as 2-OH-dATP, 2-

OH-ATP and 8-OH-dATP, and has a much lower

preference for the hydrolysis of 8-oxo dGTP over its

natural nucleotide counterpart dGTP [87].

Dimeric dUTPase

A group of dUTPases has been shown to form

homodimers in solution and possess sequence conser-

vation that is different from the monomeric or trimeric

dUTPases [88]. These results, combined with phyloge-

netic analysis, allowed the definition of a new super-

family of d(C/U)TPases [36], including several distinct

enzyme families (dUTPases in trypanosomatides,

Campylobacter jejuni and dCTP/dUTPases in some

Gram-negative bacteria and T4-like phages, as well as

dUTPases in various Gram-positive bacteria and their

phages) [89–91]. This branch of dUTPase enzymes was

later confirmed to belong to the all-a NTP pyrophos-

phohydrolase superfamily, possessing house-cleaning

functions [92].

Kinetic characterization of these novel forms of

dUTPases showed that they accepted either dUDP or

dUTP as a substrate, whereas the dUMP product was

found to be their potent inhibitor, which clearly indi-

cated the distinct mode of action of these enzymes

[88,93]. The first dimer dUTPase structure (Trypano-

soma cruzi dUTPase) revealed many structural and

mechanistic aspects [94]. The predominantly helical

structure contains two distinct domains with a rigid

and mobile character. The rigid domains create the

dimer interface where the two active sites of the dimers

are located. The mobile domains go through a series

of structural rearrangements upon substrate binding,

with a loop covering the active site in a stable and

tight conformation. A catalytic Mg2+ binding site was

proposed based on the negative potential at the active

site induced by acidic residues; however, the metal

cofactor was omitted from the crystallization condi-

tions. Phosphates of bound dUDP were found in a

staggered conformation, in contrast to the eclipsed

conformation found for trimeric dUTPases [95]. The

deoxyuridine part of the substrate adopted a signifi-

cantly different conformation from that observed in

all-b dUTPases.

The structure of C. jejuni dUTPase enabled a more

precise understanding of the mechanism of action of

dimeric dUTPases [36]. This 3D structure displayed

the accommodation of 20-deoxy-uridine-50-[(a,b)-imido]

diphosphate (dUPNP) substrate analogue at the active

site, together with physiologically relevant metal ions,

coordinated by three conserved glutamate residues and

one aspartate residue. In addition, the catalytic nucleo-

phile was clearly indentified within the active site. The

proposed water molecule is coordinated by two Mg2+

ions and is geometrically well positioned for an in-line

attack on the b-phosphate, being only 17° off the

direct line expected from an associative SN2-type

mechanism, at a distance of 3.2 �A from the b-phos-
phorus (Fig. 3C). Sequence and structural comparisons

of homologous proteins revealed a high degree of con-

servation for most of the ligand binding residues. This

enabled the formation of a conserved uracil binding

site that has a critical role in nucleobase discrimina-

tion.

A further study investigated how substrate binding

promoted an induced fit that creates the pre-catalytic

conformation of dimeric dUTPases [63]. To reveal the

molecular determinants of this motion, dU and dUMP

binding was assessed in solution by tryptophan fluores-

cence and in a crystalline state. Both approaches indi-

cated that the presence of pyrophosphate or phosphate

mimics substantially alleviated binding of the uridine

molecule and the concomitant active site closure,

which emphasizes the critical role of a-phosphate coor-

dination. Furthermore, for the first time, a dimeric

dUTPase structure with bound NTP analogue was

reported (PDB code: 2CIC) [63]. The fact that two

instead of three Mg2+ ions are accommodated at the

active site, compared to the structure with the nucleo-

tide diphosphate analogue (PDB code: 1W2Y) [36],

was explained by the differing cofactor involvement in

the catalytic mechanism when converting its dUTP or

dUDP substrates. The c-phosphate of the substrate

was only loosely coordinated, with very few interac-

tions observed, and could be fitted to the electron den-

sity only with much higher crystallographic B-factors

than the a- or b-phosphates upon structural refine-

ment. Subsequent study of typanosomatyde dUTPases

provided a solid basis for the confirmation of the

mechanism of dimeric dUTPases featuring nucleophilic

attack on b-phosphorus [96]. 31P NMR studies per-

formed in H2
18O enriched water reported 18O incorpo-

ration into PPi upon dUTP hydrolysis, in accordance

with the similar approach used for all-a dUTPase [97].

The mechanism was also confirmed by an intrinsic

tryptophan fluorescence experiment, with the involve-

ment of known transition state mimics, AlF3 and
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MgF3
–. In contrast to the addition of dU + AlF3, only

dUMP + AlF3 co-addition exhibited an increased

affinity for the enzyme; thus, this complex, mimicking

nucleotide diphosphate, was shown to be the more

authentic analogue of the transition state of the

enzyme. Crystallization of the enzyme with the MgF3
–

and AlF3 provided further valuable illustration of the

transition state structure of the enzyme [96]. This well-

described catalytic mechanism may have relevance for

other members of the all-a NTP pyrophosphohydro-

lase enzyme family.

MazG

The MazG domain-containing enzymes, widespread

among bacteria, eukaryotes and Archaea, were initially

identified as highly conserved NTP pyrophosphatases

that are able to hydrolyze all eight canonical nucleo-

tides, albeit with low specificity [98]. The first 3D

structure of a MazG enzyme from Sulfolobus solfatari-

cus (PDB code: 1VMG) enabled its classification into

the newly-identified all-a NTP PPase superfamily by

sequence- and structure-based comparisons [92]. The

cognate ligand, found with poor resolution at the

active sites of the tetramer structure was identified as

2-oxo dATP. Although this was proposed to be the

physiological substrate of the enzyme, there was an

initial challange in identification of the natural sub-

strate for MazG enzymes [26]. Subsequently, in addi-

tion to the hydrolysis of canonical (d)NTPs, a rather

diverse substrate specificity on noncanonical nucleo-

tides was reported by the characterization of various

MazG homologues. The biological role of tandem

MazG domain proteins was reported to be the regula-

tion of ppGpp (guanosine 30,50-bispyrophosphate) cel-

lular levels, extending the period of bacterial cell

survival under nutritional stress [99,100]. MazG from

Deinococcus radiodurans displayed not only structural,

but also functional similarity to dimeric dUTPases by

its high specificity to dUTP along with the inability to

hydrolyze dTTP, leading to the hypothesis of a MazG-

like ancestor as the evolutionary precursor of dimeric

dUTPases [100]. The RS21-C6 mammalian MazG dis-

played preference for 5-halo-dCTP analogues [101],

whereas the MazG from Mycobacteria was shown to

be responsible for the degradation of 5-OH-dCTP [99].

Numerous structural and mutational studies have shed

light on the active site architecture and mechanism of

these enzymes [100,102,103]. In the MazG enzymes,

the EEXXE12–28EXXD conserved sequence motif posi-

tions Mg2+ in the active site, identically to other

enzyme representatives from the all-a NTPases super-

family (Fig. 2). Comparing open and closed active site

conformations in the apo and dUMP hydrolysis prod-

uct complexed states revealed a MazG-specific latch

that goes through major conformational changes upon

forming contact with the deoxyribose and a-phosphate
moieties of the bound nucleotide. In addition, a water

bound to Asp of the EXXD motif was identified as the

catalytic nucleophile [100] based on its similar position

to the catalytic water identified in C. jejuni dUTPase

[36] (Fig. 3C,D).

Enzymes with different fold employ
different catalytic mechanism to
perform similar function

Having reviewed the biochemical, kinetic and struc-

tural insights obtained from the noncanonical (d)NTP

sanitizing enzymes, it is apparent that they are involved

in (d)NMP formation, in most cases by performing

pyrophosphorolysis. The production of the monophos-

phate, as opposed to the diphosphate, is likely to be

important for preventing regeneration of the congate

NTP by the non-base specific nucleotide diphosphate

kinase [104]. By contrast, base-specific (deoxy)nucleo-

side monophosphate kinases are employed for (d)NDP

generation, which circumvents the effective recycling of

modified nucleotides. To our knowledge, this may

apply to all of the nucleotide sanitizing enzymes and

hence implicates a direct link between their biochemical

role and the chemical mechanism. The functional role

of (d)NTP PPases fulfils the employment of two main

types of catalytic mechanisms promoting different reac-

tion chemistry. Studies on all-b dUTPases present

potentially the most in-depth enzyme kinetic and

structure-based evidence for the mechanism of action

leading to nucleophilic attack on nucleotide a-phos-
phate. The key features of this mechanism include (a) a

conserved acidic residue (Asp) coordinating the nucleo-

phile in an in-line position to a-phosphorus and

deprotonating it before attack; (b) triphosphate chain

positioned for catalysis by a single Mg2+ cofactor; (c)

charge-stabilization of the bridging oxygen between

a- and b-phosphate by a conserved Ser residue; and

(d) tight c-phosphate coordination upon catalysis per-

formed by a mobile glycine-rich P-loop [8,29,30,32,

39,51–53,65,67,69]. The catalytic mechanism of ITPases

exhibits high similarities in all of these structural solu-

tions, with a Lys performing the role described previ-

ously [35] and providing an alternative solution for

c-phosphate coordination compared to the P-loop

motif [35,79,81]. Less evidence is provided for the cata-

lytic mechanism of Maf enzymes; nevertheless, because

these are evolutionary and structural homologues of

ITPases, a similar mechanism was proposed for them
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[35]. Indeed, analysis of the recently published Maf

structures identified the same set of key conserved resi-

dues as in the case of ITPases (Fig. 2): an Asp as gen-

eral base, a Lys that stabilizes the protonated form of

the former and another Lys that assists the transition

state by charged stabilization [75].

By contrast, the catalytic mechanism of dimeric dU-

TPases is governed by multiple metal cofactors that

play determinant roles in both the coordination of the

triphosphate chain and nucleophile catalysis, directly

coordinating the nucleophile and assisting with the

departure of the leaving group. This was predicted [36]

to be similar to that deciphered for DNA polymerases

in clear-cut structural detail [105]. The conserved gen-

eral base Asp or Glu positions the nucleophile for an

in-line attack on the b-phosphate. A cluster of con-

served acidic residues is responsible for coordination

of the two or three Mg2+ required for catalysis.

Importantly, although the a- and b-phosphates of the

nucleotides are coordinated with multiple residue inter-

actions, the c-phosphate position is less fixed. This

mechanism is reminiscent of that determined for Nudix

(d)NTP pyrophosphatases [84,85] (Fig. 3E; for a

superposition of the respective NTPs, see Fig. 4B).

Within the enzymes utilizing the two above dis-

cussed catalytic mechanisms, all-a (dimeric) and all-b
(monomeric or trimeric) dUTPases are peculiar repre-

sentatives satisfying the same enzymatic function [26].

Both dUTPase enzymes display a kinetic trend for a

low kcat paired with a low KM, suggesting that high

specificity is their key functional role [8]. These

enzymes provide very good additional evidence for the

phenomenon of functional convergence in enzyme evo-

lution having emerged in the form of analogous

enzymes with recurrence of the same enzyme activity

within different structural scaffolds [106].

Functional role of (d)NTP
pyrophosphatase enzymes in
preventive repair and drug
development aspects

Nucleotide pool sanitizing enzymes are working hand

in hand together with DNA repair enzymes, such as

the 8-oxo-G repair enzymes (MutY, MutM, MutT)

[107], and have key role in maintaining genomic integ-

rity. In addition, many NTP pyrophosphatase enzymes

were shown to be involved in both noncanonical

nucleotide sanitization and canonical (d)NTP pool bal-

ance, either directly through catalytic conversion

(dCTPP1, belonging to MazG protein family [75,108]

or indirectly through nucleotide salvage pathways,

such as dUTPase [8] and ITPase [109].

The importance of these enzymes becomes apparent

when considering naturally occurring enzyme deficien-

cies and single nucleotide polimorphisms, as well as

induced gene silencing or knockout studies. In some

cases, sanitizing enzymes of different origin display

overlapping substrate preferences. dUTP elimination is

performed by a plethora of enzymes, including MazG

RS21-C6 and DR2231 [100] enzymes, as well as iso-

forms of all-a and all-b dUTPases.

The ubiquity of the dut gene in Eukarya, Eubacteria

and Archaea implies its existence in the last common

ancestor of the three domains of life. The contribution

of dUTP hydrolysis to preventive DNA repair, as well

as dTTP synthesis, by supplying dUMP as a precursor,

indicates that this pathway may have emerged during

the advent of thymine instead of uracil incorporation

in the nucleic acid carrying the genetic code.

Differences of dUTPase enzymes from parasites and

the human host were suggested to contribute to differ-

ent drug–enzyme recognition characteristics that can

be exploited in the design of drugs against protozoan

infections [64]. Human dUTPase is also an important

target for chemotherapeutic agents that combat a vari-

ety of neoplastic diseases [58,110]. The discovery of a

novel class of potent human dUTPase inhibitors

remarkably enhanced the antitumor activity of thymi-

dylate synthase inhibitors and the efficacy of 5-fluoro-

uracil-based chemotherapy.

The incorporation of dITP or dXTP into DNA is not

mutagenic in itself. However, as the DNA repair

machinery attempts its removal, this can lead to DNA

strand breaks [109]: the biological significance of ITPase

is indicated by the lethal effect of the knockout (–/–
genotype) of the respective gene encoding ITPase in

mice [111], as well as the reported adverse drug reactions

associated with a common human ITPase polymorph

allele 94C/A (Pro32T) [112]. The ITPA variant in

humans is associated with drug sensitivity [112], as well

as with elevated level of DNA strand breaks.

Catalytic activity of the Nudix MTH1, the normally

non-essential human orthologue of MutT, was demon-

strated to be required for cancer cell survival through

sanitization of the high level of oxidized DNA metab-

olites [113]. Therefore, this enzyme may represent a

new attractive target strategy for difficult-to-treat

tumours that display high levels of replicative and oxi-

dative stress. It has been shown that structurally differ-

ent selective inhibitors of MTH1 bind to the enzyme

via hydrogen-bond interactions with the base moiety

recognition pocket, ensuring selectivity over other

NTP PPases [114]. A selective inhibitor of MTH1

induced an increase in DNA single-strand breaks,

activated DNA repair in human colon carcinoma cells
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and effectively suppressed tumour growth in animal

models. It has been further reinforced that these recent

studies resolve the apparent paradox that inhibition of

an anti-oxidant enzyme suppresses tumorigenesis,

which may in turn result in a change to the present

dietary recommendation of antioxidants for cancer

prevention [115].
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