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The accurate replication, transcription, and maintenance of
genetic material requires housekeeping enzymes that prevent
the spontaneous mutagenesis of DNA by catalyzing the
removal of oxidized deoxynucleoside triphosphates (dNTPs).
These include the Nudix hydrolase superfamily member
human Mut1 homolog (MTH1, human NUDT1), which cata-
lyzes the removal of a variety of oxidized dNTPs such as
8-oxo-dGTP, 2-oxo-dATP, and 8-oxo-dATP (1, 2). The Nudix
hydrolases are divalent cation (Mg2+/Mn2+) dependent
enzymes that have protective, regulatory, and signaling func-
tions across all domains of life and share a Nudix box motif
GX5EX7REUXEEXGU (U is a bulky hydrophobic residue and X is
any amino acid other than the essential glutamates) that forms
the active site (1, 2). In addition to its role in DNA maintenance,
MTH1 is up-regulated in many tumors and is a chemothera-
peutic target. Thus, the architecture and catalytic mechanism
of MTH1 have been of considerable interest. The most exten-
sively characterized Nudix enzyme is Escherichia coli pyrophos-
phohydrolase MutT, a homolog of MTH1 that efficiently
catalyzes the excision of an oxidatively damaged 8-oxo-dGTP
to sanitize the nucleotide pool and avoid misincorporation of
8-oxo-G opposite dA during DNA replication (1). The reaction
occurs via a nucleophilic attack at the β-phosphorus to convert
8-oxo-dGTP to a nucleotide monophosphate (NMP) and inor-
ganic pyrophosphate. Kinetic and static structural studies of
MutT show that the hydrolytic reaction may proceed via a two-
metal-ion mechanism (1, 3–7). However, differences in sub-
strate binding, metal coordination, and number of metals
observed in the active site among the published structures
leave unanswered questions about the MutT reaction pathway
that are addressed by Nakamura and Yamagata in PNAS (8).

Inconsistencies among structures of similar enzyme–
substrate (ES) complexes occur because catalytically inactive
mutants or nonreactive substrate analogs are often used to
obtain homogeneous, well-diffracting crystals or stable com-
plexes for solution studies, which potentially perturb or mis-
represent the biologically accurate active site configuration.
Another downside of using static, nonreactive enzyme–
substrate complexes is that these structures do not capture
factors that appear during product formation, such as tran-
sient metals. The first solution structure of MutT in complex
with Mg2+ and a nonhydrolyzable adenosine analog AMPCPP
showed that one metal coordinates and aligns the γ- and
β-phosphates in 8-oxo-dGTP, and the second metal is coordi-
nated by four active-site residues, Gly38, Glu56, Glu57, and
Glu53 (9). X-ray crystal structures of MutT-Mn2+ and MutT-8-
oxo-dGMP-Mn2+ revealed features similar to the solution
structure but also exposed discrepancies (10). In both struc-
tures, Glu57 and Glu53 bind an active site metal, consistent
with kinetic data showing that these two residues have the
greatest catalytic defects when changed to Gln (11). However,
the other metal-binding residues differ between the structures.

Gly38 coordinates metal in the solution structure, but Gly37
directly coordinates the metal in the crystal structure, while
Gly38 is instead involved in β-sheet formation. In the solution
structure, Glu56 and Glu98 directly coordinate metals, whereas
in the crystal structures these residues interact with the waters
that coordinate the active-site metals. The crystal structures
also reveal three possible metal binding sites, with two metals
observed in the MutT-Mn2+ structure and one distinct metal
site observed in the MutT-8-oxo-dGMP-Mn2+ structure, allud-
ing to the possibility that these enzymes use three metals for
catalysis instead of two, in contrast to the earlier proposed
two-metal-dependent models (2, 9, 11).
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Fig. 1. The MutT active site in State 3 of catalysis. MutT active-site resi-
dues Glu57, Glu53, and Gly37 (green) coordinate three metal ions Mn2+

A,
Mn2+

B, and Mn2+
C (magenta) that interact with and align 8-oxo-dGTP (blue)

for catalysis. A possible path (black arrows) for nucleophile activation starts
with WatC (pink) coordination and deprotonation by Glu53 before it moves
to a new location WatN (red), which is coordinated by Mn2+

B and Mn2+
C

and positioned for inline nucleophilic attack at the β-phosphorus.
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Nakamura and Yamagata resolve these conflicts by using
in crystallo catalysis and time-lapse crystallography to observe
MutT catalyzed hydrolysis of the wild-type enzyme and its
genuine substrate, the mutagenic nucleotide 8-oxo-dGTP, in
the presence of divalent metal cations Mn2+ or Mg2+ (8). The
enzyme–substrate complex was initially cocrystallized in the
absence of Mg2+/Mn2+ and the reaction was initiated by
soaking the crystals in solutions containing divalent cations at
concentrations that support catalysis for discrete time peri-
ods and stopped by freezing (12). This was followed by classic
X-ray crystallography, where X-ray diffraction data were col-
lected at each reaction time point and trapped by freezing to
visualize the reaction as it progresses over time. This protocol
has successfully been applied to several polymerases and
nucleases thus far to visualize the entire reaction time
course, and in all cases additional metal ions (usually a third
divalent cation, and occasionally monovalent K+ ions as
observed in the RNase H1 cleavage of RNA) transiently
appear as the reaction proceeds to product formation. These
cations help position the substrates and nucleophile and sta-
bilize the reaction intermediate (13–21). Without the third
divalent cation, product does not form (18, 22).

The authors have captured five distinct reaction states
of MutT-catalyzed 8-oxo-dGTP hydrolysis and take advan-
tage of the anomalous signal from Mn2+ to track three dis-
tinct Mn2+ cations that appear stepwise as the reaction
proceeds, with the third metal reaching its maximum occu-
pancy prior to nucleophilic attack and decreasing in inten-
sity as substrate is converted to product. In State 1, Mn2+

A

interacts with the α-phosphate of 8-oxo-dGTP, which other-
wise adopts two conformations in the ES complex and in
the absence of Mn2+

A to stabilize a single conformation.
Two additional metals appear in State 2: Mn2+

B, which
helps to rotate and orient the γ-phosphate, and Mn2+

C,
which partially occupies a position that is overlapping with
a water molecule coordinated to Glu53. In State 3, the
occupancy of Mn2+

C is at its maximum, the occupancy of
the water coordinated to Glu53 is reduced (WatC), and a
new water appears between Mn2+

B and Mn2+
C (WatN).

State 3 represents the active-site configuration prior to
nucleophilic attack (Fig. 1) and has the highest anomalous
signal for each of the three metals. In this state, the 8-oxo-
dGTP is aligned for catalysis and WatN coordinated by
MnB

2+ and MnC
2+ is positioned for the in-line attack of the

β-phosphorus in the 8-oxo-dGTP. Based on the solution
structure, Lys39 was proposed to function as a Lewis acid
that promotes the departure of NMP given its interactions
with the leaving group, and the K39Q mutation decreases
the first-order rate constant (kcat) eightfold and eliminates
the pH dependence of the reaction (9, 11). In State 4, Lys39
makes interactions with the γ-phosphate of 8-oxo-dGTP to
align the substrate and neutralize charges that help pro-
mote product release. Overall, the in crystallo structures
support the three-metal-ion-dependent mechanism, which
is also consistent with previously published data from
kinetics and mutational analyses (11).

One of the main questions addressed in the study is
nucleophilic water deprotonation. Earlier kinetic studies
proposed a role for Glu53 as the general base, supported
by an E53Q mutation that decreases the kcat by 104.7-fold
and eliminates the pH dependence of the reaction (11).
In the solution structure, a water that is proximal to Glu53
is positioned 4.2 Å away from the β-phosphorus and
predicted to be the nucleophile (9). In the crystal structure
the distance between Glu53 and the nucleophilic water
is too large for deprotonation. However, the simultaneous
decrease in water occupancy near Glu53 and appearance
of the nucleophilic water in State 3 supports the possibility
of Glu53-mediated deprotonation occurring prior to the
water’s moving from Glu53 to a new position of in-line,
nucleophilic attack. The authors do not rule out alternative
routes of deprotonation, which may occur by water mole-
cules in the solvent or the γ-phosphate of 8-oxo-dGTP.
However, proton density cannot be directly observed by
X-ray crystallography at these resolutions, and sub-Ångstr€om
resolution or neutron crystallography are needed to provide
a more direct way to visualize and verify the deprotonation
of the nucleophilic water (23, 24).

This study demonstrates two important
points. First, in crystallo catalysis and time-
lapse crystallography are powerful tools
for observations of how a reaction pro-
ceeds. The use of wild-type enzyme and
biological substrate removes uncertainties

arising from mutant enzymes or nonreactive analogs,
which perturb both the active site and catalytic process.
Second, the results show the ubiquity of the three-metal-
ion mechanisms and ion trafficking in nucleic acid
enzymes. Although the active sites of MutT and the previ-
ously characterized polymerases and nucleases differ,
many of these enzymes require a third metal ion, usually
Mg2+ or Mn2+, for catalysis. Interestingly, the third metal
ion interacts with active-site residues of MutT, whereas the
third metal does not contact active-site residues in DNA
polymerase and RNase H (13–15, 17–21).

Overall, in crystallo studies are reshaping how we think
about nucleic acid enzymes, whose active-site residues form
a scaffold for metal-ion binding, and the metal ions are doing
the hard work of driving catalysis by aligning substrates and
stabilizing the negative charges formed during the reaction
process. There are drawbacks and challenges to using the
method. Crystals need to be readily reproducible, stable
under reaction conditions, and diffract to a resolution that
allows the detection of transient elements. Protons are not
observable, and the time scale of cryo-crystallography is
slower than the lifespan of a transition state. Thus, the
appearance of a transition state, such as the pentacovalent
phosphoanion intermediate that occurs in synthesis and
hydrolyses reactions, is inferred from indirect studies and
has not been directly observed using this method. Neverthe-
less, in crystallo catalysis has unequivocally illustrated the
ubiquitous role of three metal ions in reactions formally
known for two-metal ion catalysis.
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In crystallo catalysis has unequivocally illustrated
the ubiquitous role of three metal ions in reactions
formally known for two-metal ion catalysis.
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