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Abstract 

Human MTH1 hydrolyzes oxidized nucleoside triphosphates with broad substrate specificity and draws attention as a potential anticancer 
target. Recently, we determined the high resolution crystal structures of MTH1 and suggested that MTH1 recognizes different substrates via an 
exchange of the protonation state at Asp119 and Asp120. In order to validate this mechanism, it is essential to observe hydrogen atoms by 
ultra-high resolution X-ray crystallography and/or neutron crystallography using large high quality crystals. Here we carried out the 
crystallization of MTH1 in complex with a substrate, 8-oxo-dGTP, under microgravity in the Japanese Experiment Module ‘Kibo’. One of the 
crystals diffracted to 1.04-Å resolution, which is better than that we reported previously. We carried out bond length analysis of Asp119 and 
Asp120 using this updated data, which revealed the protonation state based on the bond lengths with higher accuracy and precision. 
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1. Introduction 

Reactive oxygen species generated during normal cellular 
metabolism oxidize not only DNA but also its precursor dNTP 
in the nucleotide pool. 8-Oxo-dGTP, one of the major oxidized 
nucleoside triphosphates, is a mutagenic substrate because it is 
incorporated opposite adenine as well as cytosine on the 
template strand by DNA polymerases 1). In Escherichia coli, 
MutT hydrolyzes 8-oxo-dGTP to 8-oxo-dGMP with quite high 
substrate specificity, and prevents transversion mutations caused 
by the misincorporation of 8-oxo-dGTP into DNA 1,2). The 
structural study on MutT revealed how MutT discriminates 8-
oxoguanine nucleotides from normal guanine nucleotides with 
its high substrate specificity 3,4). In human, MutT homologue-1 
(MTH1/NUDT1) is the counterpart of MutT, whose substrate 
specificity is different from that of MutT. MTH1 has broad 
substrate specificity for several oxidized nucleoside 
triphosphates including 8-oxo-dGTP and 2-oxo-dATP 5,6), and is 
the main mammalian enzyme among other enzymes (NUDT5, 
MTH2/NUDT15, MTH3/NUDT18) responsible for sanitization 
of the nucleotide pool 7–10). In regard to the recognition and 
hydrolysis of oxidized nucleotides by these enzymes, crystal 
structures of NUDT5 in complex with the oxidized nucleotides 
and NMR analysis for its hydrolysis reaction provided the 
structural basis for the diverse recognition of substrates and a 

unique catalytic mechanism of NUDT5 11). 
In 2014, human MTH1 was highlighted as a potential 

anticancer target because MTH1 highly expresses in cancer cells 
and avoids the misincorporation of oxidized nucleotides that 
result in DNA damage and cell death 12,13). Therefore, MTH1 
blockade was suggested as a novel strategy for anticancer 
therapeutics. However, there are recent reports which have 
questioned this suggestion, and the efficacy of MTH1 inhibition 
in cancer cells is still under discussion 14,15).  

Previous mutational and NMR studies on MTH1 showed that 
Asp119, Trp117, Phe27 and Asn33 are important residues for 
substrate recognition and each residue has different contribution 
to the catalysis of 8-oxo-dGTP and 2-oxo-dATP 16,17). The 
crystal structure of MTH1-8-oxo-dGMP complex revealed that 
Asp119 and Asp120 form hydrogen bonds with 8-oxoguanine 
base (8-oxoG) 18), and it was suggested that the protonation of 
Asp119 is required for the interaction with 8-oxoG 19). In 
addition, crystal structures of MTH1 in complex with inhibitors 
also showed that Asp119 and/or Asp120 make hydrogen bonds 
with all the inhibitors and are key residues for the design of 
more potent inhibitors 12–14,20–22). However, almost all the crystal 
structures were obtained at low pH and it was difficult to discuss 
the protonation state of Asp119 and Asp120 which is important 
information to understand the broad substrate specificity and the 
inhibitor-binding of MTH1. 
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We previously reported that the MTH1(G2K) mutant with a 
homogeneous N-terminus produces high-quality crystals at 
neutral pH 23). Recently, we have determined the crystal 
structures of MTH1(G2K) at neutral pH in complex with 8-oxo-
dGTP and another good substrate 2-oxo-dATP, at 1.21- and 
1.20-Å resolution, respectively 24). These crystal structures and 
mutational analysis suggested that MTH1 recognizes the 
different substrates via an exchange of the protonation state at 
Asp119 and Asp120. In order to validate the mechanism, it is 
essential to observe hydrogen atoms by ultra-high resolution X-
ray crystallography and/or neutron crystallography using large 
high quality crystals. Crystallization under microgravity has the 
advantage of being able to obtain large high quality crystals 
because microgravity condition eliminates convection effects 
near growing crystal surfaces 25). Here, we carried out 
crystallization of MTH1 in complex with 8-oxo-dGTP under 
microgravity. Crystals were grown in the Japanese Experiment 
Module ‘Kibo’ of the International Space Station (ISS). X-ray 
diffraction data using the crystal were collected at 1.04-Å 
resolution which is better than that of the 8-oxo-dGTP complex 
we reported previously (1.21 Å). In addition, we refined the 
structure and carried out bond length analysis of Asp119 and 
Asp120 using the updated 1.04-Å resolution data and 
investigated the protonation state. 

2. Protein Purification and Crystallization 

For crystallization of MTH1 at neutral pH,  
MTH1(G2K/C87A/C104S) mutant was purified. The expression 
and purification were carried out as described previously 23,24), 
but a final purification step was newly added to improve the 
quality of crystallization sample. As the final step, MTH1 
solution was applied to TSKgel SuperQ-5PW column (Tosoh) 
and eluted using a linear NaCl concentration gradient (buffer A, 
20 mM Tris-HCl (pH 8.0); buffer B, 20 mM Tris-HCl (pH 8.0) 
and 0.5 M NaCl). The chromatogram showed two separated 
peak fractions containing MTH1. Native PAGE analysis of the 
two fractions showed that one contains homogeneous form but 
the other contains aggregated form. Then the purified 
homogeneous fractions were harvested and concentrated to 
16.92 mg/mL of MTH1 for crystallization experiments. 

 For crystallization under microgravity, we applied the gel-
tube method which is modified by JAXA based on the original 
counter-diffusion method 26–29). In the experiments, we used 
glass capillaries (40 mm length, 0.5 mm diameter or 6 mm 
length, 1.9 mm diameter), protein solution (5.92 mg/mL MTH1, 
6.3 mM 8-oxo-dGTP, 9.4 mM Tris-HCl (pH 8.0), 0.47 M 
sodium citrate, 47 mM NaCl, 0.05 M cacodylate (pH 6.5) or 
0.05 M Tris-HCl (pH 7.0), 4.7% glycerol, 0.02% NaN3), 
precipitant solution (1.37 mM 8-oxo-dGTP, 1 M sodium citrate, 
0.2 M NaCl, 0.1 M cacodylate (pH 6.5) or 0.1 M Tris-HCl (pH 

7.0), 10% glycerol) and pre-soaked solution (1 M sodium citrate, 
0.2 M NaCl, 0.1 M cacodylate (pH 6.5) or 0.1 M Tris-HCl (pH 
7.0), 10% glycerol). The crystallization device was assembled 
and micro-seeding was applied 30). Crystals were grown under 
293 K in the Protein Crystallization Research Facility on board 
the Japanese Experiment Module ‘Kibo’ of the ISS for 6 weeks. 
Crystals of the MTH1(G2K/C87A/C104S)-8-oxo-dGTP 
complex obtained using protein, precipitant and pre-soak 
solutions containing cacodylate (pH 6.5) are shown in Fig. 1. 

 

3. X-ray Data Collection and Structure 
Refinement 

 

Crystals of the MTH1(G2K/C87A/C104S)-8-oxo-dGTP 
complex were transferred to a cryoprotectant solution 
supplemented with 20% glycerol and were frozen at 100 K by a 
nitrogen gas stream. X-ray diffraction experiments of the 
crystals were performed on beamlines at SPring-8 (Harima, 
Japan) and at Photon Factory (Tsukuba, Japan). The diffraction 
data used for the following structure determination were 
collected on BL44XU of SPring-8 using an X-ray wavelength of 
0.9 Å with the MX-300 HE detector (Rayonix). Three data sets 
were collected at different positions in the same crystal, and 
were integrated, scaled and merged to 1.04-Å resolution using 
the program HKL2000 31). The X-ray data collection statistics 
are listed in Table 1. The resolution of this data is higher than 
that of the MTH1(G2K)-8-oxo-dGTP complex reported 
previously (PDB code: 5GHI, 1.21-Å resolution). Comparing 
the two data sets (1.04-Å vs 1.21-Å resolution), Rmerge and I/σ 
(I) in the resolution shell (1.23-1.20 Å) of the 1.04-Å resolution 
data set are 0.302 and 18.8, respectively, whereas those in the 
resolution shell (1.23-1.21 Å) of the 1.21-Å resolution data set 
are 0.433 and 2.8, respectively. 

 

Fig. 1 Crystals of the MTH1(G2K/C87A/C104S)-8-oxo-
dGTP complex grown under microgravity.  
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The structure was refined using the program PHENIX 32) with 
the structure of 5GHI as a starting model. The model was 
corrected using the program COOT 33). Hydrogen atoms were 

automatically added to the model using PHENIX 32), but  
hydrogens at N atoms in the side chains of His and those in the 
nucleotides were removed. Asp and Glu are deprotonated forms. 
Anisotropic refinements except hydrogen atoms were applied. 
The Rwork/Rfree values (%) of the structure at 1.04-Å resolution 
were converged to 13.3/15.8. The refinement statistics are listed 
in Table 2. The atomic coordinates and the structure factors 
were deposited in the Protein Data Bank under accession code 
6IJY. The bond length analysis to investigate the protonation 
state of Asp119 and Asp120 was carried out by unrestrained 
refinements using SHELXL 34) , and the refinement statistics are 
listed in Table 3. 

 

4. Results and Discussion 
 

There are two molecules (MolA and MolB) in the asymmetric 
unit of the crystal of MTH1(G2K/C87A/C104S)-8-oxo-dGTP. 
We use the structure of MolA for the following discussion 
because MolA shows clearer electron densities of 8-oxo-dGTP 
than MolB as is the case with the structure of 5GHI. The overall 
structure of MTH1(G2K/C87A/C104S)-8-oxo-dGTP is quite 
similar to that of 5GHI with root mean square deviation of 0.45 
Å for the corresponding 156 Cα atoms although 
MTH1(G2K/C87A/C104S) has two additional mutation sites 
compared to MTH1(G2K). The binding mode of 8-oxo-dGTP is 
also identical to that in 5GHI. Briefly, the 8-oxoG base is 
recognized by a hydrogen bond with Asp119 (2.5 Å distance), 
two hydrogen bonds with Asp120 (2.8 Å and 2.9 Å distance, 
respectively) and two hydrogen bonds with Asn33 (2.8 Å and 
3.0 Å distance, respectively) (Fig. 2).  

The bond length analysis using high resolution X-ray 
structures has been performed to determine the protonation 

Table 1 Data collection statistics 

Wavelength (Å)  0.9 

Space group P212121 

Unit-cell lengths (Å)  
a = 45.49 
b = 48.10 
c = 123.94 

Resolution range (Å)  38.0-1.04 
(1.06-1.04)  

No. of observed reflections 1,657,713 

No. of unique reflections 131,109 

Completeness (%)  99.9 (100.0) 

*Rmerge (%) 10.9 (90.0) 

<I> / <σ(I)> 65.7 (4.8) 
  

*Rmerge = 100 x Σhkl Σi |Ii(hkl) - <I(hkl)>| / Σhkl Σi Ii(hkl), 
where <I(hkl)> is the mean value of I(hkl). 

 

Table 2 Refinement statistics using PHENIX 

Resolution range (Å)  38.0-1.04 

No. of reflections used 131,001 

Completeness (%)  99.8  

*Rwork /Rfree (%) 13.3/15.8 

Ramachandran plot (%)  

    Favored 99.7 

    Allowed 0.3 

R.m.s.d. in bonds (Å) 0.008  

R.m.s.d. in angles (deg.) 1.376 
  

*Rwork = 100 x Σ||Fo| - |Fc|| /Σ|Fo|. Rfree was calculated 
from the test set (5% of the total data). 

 

Table 3 Refinement statistics using SHELXL 

Resolution range (Å)  38.0-1.04 

No. of reflections used 130,992 

Completeness (%)  100  

*Rwork /Rfree (%) 13.0/15.4 

Ramachandran plot (%)  

    Favored 99.0 

    Allowed 1.0 
  

*Rwork = 100 x Σ||Fo| - |Fc|| /Σ|Fo|. Rfree was calculated 
from the test set (5% of the total data). 

 

 

 

 

Fig. 2 Binding mode of 8-oxo-dGTP. 8-Oxo-dGTP, Asp119, 
Asp120 and Asn33 are shown in ball and stick 
representation. 2Fo－Fc map (blue) and Fo－Fc map 
(positive, green; negative, red) are contoured at 2.0σ 
and 3.5σ, respectively. Molecular graphics were drawn 
using PyMOL 35). 
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states of ionizable residues such as Asp and Glu 36,37). In the 
carboxylic group (protonated state), the expected bond lengths 
of the C=O and C-OH bonds are 1.21 and 1.31 Å, respectively. 
While, in the delocalized carboxylate group (deprotonated state), 
the C-Oδ1 and C-Oδ2 bonds have similar bond lengths, 1.26 Å 
36). Previous bond lengths analysis of Asp119 and Asp120 by the 
unrestrained refinements with 1.21-Å resolution data showed 
that C-Oδ1 and C-Oδ2 of Asp119 are 1.313 (32) and 1.200 (31) 
Å, respectively, whereas those of Asp120 are 1.254 (27) and 
1.198 (26) Å, respectively 24). Values in parentheses show the 
estimated standard deviations of bond lengths calculated by 
SHELXL. There is a significant difference in the two bond 
lengths of Asp 119 at 4σ level, whereas no significant difference 
was found in the two bond lengths of Asp120 when considered 
with the σ values, indicating that Asp119 is protonated and 
Asp120 is deprotonated to make hydrogen bonds with 8-oxo-
dGTP. The updated 1.04 Å structure after the unrestrained 
refinements showed bond lengths closer to the ideal ones 36) and 
smaller associated standard deviations; that is, C-Oδ1 and C-
Oδ2 of Asp119 are 1.311 (15) and 1.206 (15) Å, respectively, 
whereas those of Asp120 are 1.264 (14) and 1.236 (13) Å, 
respectively (Fig. 3). These results also showed that protonated 
Asp119 and deprotonated Asp120 are required for the 
recognition of 8-oxo-dGTP. 
 Here, we obtained crystals of the MTH1-8-oxo-dGTP 
complex under microgravity and determined the 1.04-Å 
resolution structure. In order to obtain large high quality crystals 
for ultra-high resolution X-ray crystallography and/or neutron 
crystallography, further refinements of the crystallization 
conditions are in progress.  
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