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Abstract. Human MutT homolog  1 (MTH1) hydrolyses 
oxidised nucleotide triphosphates, thereby preventing them 
from being incorporated into DNA; MTH1 has been found to 
be elevated in many types of cancers, including lung, stomach 
cancer, melanoma and breast cancer. Thus, tumour‑targeted 
hMTH1 may be valuable for developing novel anticancer 
therapies. In the present study, we prepared human MTH1 
protein and its monoclonal antibody (mAb). The hMTH1 gene 
was cloned into the prokaryotic expression vector pET28a 
and optimally expressed in the E. coli Transetta (DE3) strain. 
Using an Ni‑NTA column and a G‑50 gel filtration column, 
20.1 mg of active hMTH1 was obtained from 1,000 ml of 
bacterial culture, and the purity was over 98%, as detected by 
high‑performance liquid chromatography (HPLC). The half 
maximal inhibitory concentration (IC50) of TH287 (hMTH1 
inhibitor) was determined to be 3.53±0.47  nM using the 
recombinant hMTH1 protein (rhMTH1). The enzyme activity 
assay showed the Michaelis constant (Km) and the catalytic 
constant (kcat) of the protein were 106.13±48.83 µM and 
3.64±0.58  sec‑1, respectively. The anti‑hMTH1 mAb was 
obtained via the hybridoma technique and validated by western 
blot analysis. In addition, an immunofluorescence assay (IFA) 
and ELISA determined that the mAb could efficiently bind 
to natural hMTH1 expressed on the human breast cancer cell 

line MCF‑7. Taken together, the results showed the rhMTH1 
is an active protein and has practical applications for inhibitor 
selection, and our prepared hMTH1 mAb will provide a 
valuable tool for the further characterisation of hMTH1 and 
antitumour medicinal development in future.

Introduction

Reactive oxygen species (ROS) are generated by tightly regu-
lated enzymes during normal cellular metabolic processes, 
and are known to convert deoxyribonucleoside triphosphates 
(dNTPs) into oxidised DNA bases in the dNTP pool when 
they are overproduced (1‑4). The damaged nucleotides are 
integrated into the DNA double chains during the process of 
replication, resulting in DNA structural damage that may ulti-
mately lead to apoptosis (5‑7). MutT homolog 1 (MTH1) can 
hydrolyse the oxidised forms of dGTP (8‑10), thus, preventing 
8‑oxo‑dGTP from being incorporated into DNA and leading 
to G to T transversions (11). The production and elimination of 
ROS is tightly regulated in normal cells during cellular metab-
olism, thus the role of MTH1 is non‑essential for normal cell 
survival (12,13). Unlike normal cells, tumours produce high 
levels of oxidants due to chronically hyperactivated mitogenic 
and pro‑survival signalling, as well as metabolic alterations, 
and have a greater reliance on MTH1 function. Thus, hMTH1 
may play a crucial role in the survival of many cancers, such as 
melanoma and breast cancer (3,14), and the expression level of 
hMTH1 is positively correlated with the malignant degree of 
lung cancer and gastric carcinoma (15,16). Data were published 
in 2014 lending further support to the hypothesis that MTH1 
has a role in the prevention of DNA damage and cancer cell 
survival. It was shown that MTH1 inhibitors, such as TH287, 
TH588 and (S)‑crizotinib, were sufficient to produce DNA 
breaks and induce tumour suppressor responses  (13,17). 
Researchers have expressed recombinant human MTH1 
protein in Escherichia coli for crystallisation  (18‑20) and 
inhibition experiments (13,17,21). However, there have been 
few reports on the optimised expression of hMTH1, as well 
as its purity and enzymatic activity, which are key factors for 
inhibitor screening and the functional analysis of hMTH1 
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protein. In addition, to generate an anti‑hMTH1 specific mAb, 
highly bioactive hMTH1 is required.

Since Köhler  and  Milstein  (22) proposed the method 
of hybridoma technology and prepared mouse monoclonal 
antibodies, many antibodies specific to various antigens have 
been obtained (23). They have applications in the diagnosis 
and therapy of cancer and infectious diseases. At present, the 
available therapeutic anticancer mAbs recognise extracellular 
or cell surface proteins. However, most tumour targets are 
nuclear or cytoplasmic tumour‑associated proteins. Therefore, 
generating therapeutic mAbs that recognise intracellular 
tumour antigens will facilitate possible cancer target selection 
and enhance therapeutic potency. Various efficient and safe 
methods of delivering an antibody into a living cell have been 
introduced, such as cell‑penetrating peptides (CPPs), micelles, 
liposomes and even pH‑sensitive antibodies (24‑27).

In our experiment, we optimised the gene sequence for 
optimal expression in E. coli, and the optimal induction condi-
tions of OD600, inducer concentration, temperature and time 
were obtained. The rhMTH1 was verified to have high purity by 
high‑performance liquid chromatography (HPLC) analysis. A 
series of assays were used to determine the enzymatic activity 
of MTH1. We injected soluble hMTH1 protein into mice as an 
antigen and produced an anti‑hMTH1 mAb. We showed that 
the anti‑hMTH1 mAb had a high binding affinity for hMTH1 
by western blotting, ELISA and an immunofluorescence assay. 
In summary, the bioactive rhMTH1 was suitable for the selec-
tion of hMTH1 inhibitors and the MTH1 mAb may be a novel 
tool for the detection of hMTH1 in tumour cells, with potential 
for further functional investigation and clinical applications.

Materials and methods

Strains, plasmids and culture medium. The E. coli Transetta 
(DE3) chemically competent cells were purchased from 
TransGen Biotechnology Co., Ltd. (Beijing, China). NcoI, 
EcoRI and T4 DNA ligases were purchased from New England 
Biolabs, Ltd. (Beijing, China). Isopropyl‑β‑D‑thiogalactopyra
noside (IPTG), kanamycin, malachite green and ammonium 
molybdate were obtain from Sangon Biotechnology Co., 
Ltd. (Shanghai, China). The dGTP and inorganic pyrophos-
phatase were obtained from Thermo Fisher Scientific, Inc. 
(Waltham, MA, USA). Anti‑His mouse monoclonal antibody 
(cat. no. D191001) and goat anti‑mouse IgG conjugated to 
horseradish peroxidase (cat. no. D110087) were purchased from 
Sangon Biotechnology Co., Ltd. Six‑week‑old female BALB/c 
mice were obtained from the College of Animal Science and 
Technology Yangzhou University (Yangzhou, China). Freund's 
adjuvant, bovine serum albumin (BSA), polyethylene glycol 
(PEG4000, 50% w/v), hypoxanthine/aminopterin/thymi-
dine (HAT) and hypoxanthine/thymidine (HT) were all 
from Sigma‑Aldrich (Merck KGaA, Darmstadt, Germany). 
Dulbecco's modified Eagle's medium (DMEM) and fetal 
bovine serum (FBS) were from Invitrogen (Thermo Fisher 
Scientific, Inc.). Mouse monoclonal antibody subtype identifi-
cation kit was purchased by ProteinTech Group Inc. (Wuhan, 
China). The anti‑mouse IgG (cat. no. A7028), FITC‑conjugated 
goat‑anti‑mouse IgG (cat. no. A0568) and DAPI were from 
Beyotime Institute of Biotechnology (Shanghai, China). The 
MCF‑7 cell line and SP2/0 myeloma cell line was purchased 

from the American Type Culture Collection (ATCC; Manassas, 
VA, USA).

Construction of recombinant hMTH1 expression plasmids. 
The hMTH1 sequence (GenBank accession number 
D38594.2) was optimised by Nanjing GenScript Co., Ltd., 
(Nanjing, China) to adapt the E. coli expression system, and 
the GenBank accession number of the optimised sequence 
was MH193376. The hMTH1 gene was amplified by PCR 
using forward (5'‑CCA​TGG​GCA​TGG​GTG​CA‑3') and reverse 
primers (5'‑GAA​TTC​GAC​CGT​ATC​AAC​TTC​G‑3'), cleaved 
with NcoI/EcoRI restriction enzymes, then ligated with 
pET‑280a plasmids to generate a series of recombinant expres-
sion vectors. The constructed vectors were transformed into 
E. coli Transetta (DE3) chemically competent cells, and the 
negative control was pET28a in this experiment. The positive 
clones were confirmed by colony PCR using the T7 forward 
and the reverse primers.

Optimised expression and purification of hMTH1 protein. For 
protein expression, pET‑28a‑MTH1/Transetta (DE3) single 
bacterial colonies were cultured in LB medium supplemented 
with 100 µg/ml kanamycin at 37˚C in a shaking incubator 
at 200 rpm until the OD600 of the culture medium reached 
0.5. IPTG (0.4 mM) was then added to the culture medium 
and incubated at 25˚C and 160 rpm for 12 h. The culture was 
centrifuged at 5,938 x g for 15 min, and the pellet of induced 
recombinant strains was resuspended in cell lysis buffer 
(50 mM Tris, 500 mM NaCl, 5 mM DTT, 0.1‰ PMSF; pH 7.5) 
and then placed in an ice bath for ultrasonic lysis (Ningbo 
Scientz Biotechnology Co., Ltd., Ningbo, China) for 30 min 
(250 Watts, 5 sec, 5 sec). The strain cell lysate was centri-
fuged at 1,3361 x g for 20 min to separate the precipitate and 
soluble parts. Supernatant and pellet were subjected to 12% 
SDS‑PAGE electrophoresis to assess the expression levels and 
solubility of the recombinant protein.

To improve the soluble expression of rhMTH1 protein, the 
induction conditions of the initial strain OD600 value (0.5/0.8), 
induction temperature (25/20/16˚C), IPTG concentration 
(0.1/0.2/0.4 mM) and induction time (12/16/20 h) were opti-
mised. The supernatant and precipitate of rhMTH1 (15 µl/lane) 
at different conditions were detected by 12% SDS‑PAGE and 
Tanon Image software 1.0 (Tanon Science and Technology, 
Co., Ltd., Shanghai, China) was used for semi‑quantitative 
analysis of the percentage fraction of soluble rhMTH1 by 
densitometry. In this experiment, the percentage of soluble 
rhMTH1 in the total protein was calculated.

hMTH1 was purified using an Ni‑NTA column 
(GE Healthcare, Chicago, IL, USA) and eluted by different 
concentrations of imidazole (50, 100 and 250 mM, respec-
tively). The target sample was identified by 12% SDS‑PAGE 
and concentrated to 1 ml by ultrafiltration. SDS‑certified 
samples were further purified by Sephadex G‑50 Gel filtration 
chromatography (GE Healthcare). The LC system connected 
to the Ni‑NTA and gel filtration columns was provided by 
Nanjing University Puyang Institute of Scientific Instruments 
(Nanjing, China). After adding the sample to a G‑50 column, 
it was eluted by Tris‑HCl elution buffer (25 mM Tris, 75 mM 
NaCl and 10% glycerine) at a flow rate of 0.07 ml/min, and the 
collected solution was detected by 12% SDS‑PAGE.
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Western blot analysis. For western blotting, rhMTH1 
protein was separated by 12% SDS‑PAGE and transferred 
to polyvinylidene fluoride (PVDF) membranes using a wet 
transfer system (Bio‑Rad Laboratories, Inc., Hercules, CA, 
USA) at 300 mA for 30 min. The membrane was blocked 
with 5% non‑fat dried milk diluted in TBST at 37˚C for 2 h 
and incubated with anti‑His antibody (dilution 1:5,000) in 
TBST plus 3% non‑fat milk at 4˚C overnight, followed by 
horseradish peroxidase (HRP)‑conjugated goat anti‑mouse 
antibody (dilution 1:5,000) for 2 h at 37˚C. Visualisation via 
enhanced chemiluminescence was performed in a gel imager 
(Tanon Science and Technology, Co., Ltd.).

To analyse the specificity of the hMTH1 mAb by western 
blotting as described above, the prepared anti‑hMTH1 mAb 
was used as the primary antibody.

Purity and yield determination of recombinant hMTH1. The 
purity of the sample was determined via high‑performance 
liquid chromatography (HPLC; Shimadzu Corp., Tokyo, Japan). 
Tris‑HCl buffer in the sample was replaced with 0.05 mol/l 
phosphate buffer (25  mM NaHPO4, 25  mM NaH2PO4, 
300 mM NaCl; pH 6.7) for HPLC analysis by concentration 
and dilution. A total of 20 µl sample (20.1 mg/ml) was loaded 
on the TSK‑GW‑4000 column (Tosoh Corp., Tokyo, Japan) 
and eluted with 0.05 mol/l phosphate buffer at a speed of 
0.8 ml/min.

The concentration of total soluble protein was determined 
by bicinchoninic acid (BCA) assay and the purity of the soluble 
rhMTH1 in the total soluble protein was assessed by HPLC or 
SDS‑PAGE.

Enzymatic activity determination. The enzymatic assay was 
based on the hydrolysis reaction of dGTP catalysed by recom-
binant hMTH1 protein to form dGMP and pyrophosphate. 
The inorganic phosphates of the enzyme coupling reaction 
product can be quantitatively determined after an excess of 
pyrophosphatase is added to the assay. The absorbance of inor-
ganic phosphate was measured with malachite green (82.2 µM 
malachite green, 0.364  mM ammonium molybdate, 17% 
concentrated sulfuric acid, 0.17% Tween‑20) at OD630 nm (28).

The half‑maximal effective concentration (EC50) of hMTH1 
was determined by malachite green measurement. Human 
MTH1 was diluted in assay buffer (100 mM Tris‑acetate, 
40 mM sodium chloride, 10 mM magnesium acetate, 1 mM 
DTT and 0.005% Tween‑20; pH 7.5) to generate eight different 
concentrations (0, 0.006, 0.015, 0.045, 0.075, 0.12, 0.18 and 
0.24 nM). In the assay, rhMTH1 (0‑0.24 nM) and assay buffer 
were added to 96‑well plates and incubated with shaking 
for 15 min at 25˚C. dGTP and inorganic pyrophosphatase 
were added to a final concentration of 0.1 mM and 0.2 U/ml, 
respectively, and incubated with shaking for 45 min at 25˚C. 
The malachite green assay reagent was added, followed by 
incubation with shaking for 45 min at 25˚C. The absorbance 
of the assay plate was read at 630 nm using a full‑wavelength 
microplate reader (Thermo Fisher Scientific, Inc.). The EC50 
value was determined by fitting a dose‑response stimulation 
curve to the data points using non‑linear regression analysis 
in GraphPad Prism 5 software (GraphPad Software, Inc., 
La Jolla, CA, USA), where y represents the absorbance at 
630 nm and x is log(MTH1). Moreover, the concentration of 

MTH1 at which it reached its maximum enzymatic activity 
was used for the determination of the TH287 IC50 value.

TH287 IC50 value determination by recombinant MTH1. The 
method of determining the IC50 value of TH287 was similar to 
that of the enzymatic activity assay described above. TH287 
(provided by Professor Lai Yisheng, China Pharmaceutical 
University, Nanjing, China), known to be an hMTH1 inhibitor, 
was diluted in assay buffer to generate eight different concen-
trations from 100 to 0.4 nM. Briefly, the assay was developed 
with a final hMTH1 concentration of 0.18 nM, according to 
the calculation mentioned above. A dilution series of TH287 
was included on the assay plate as well as a negative control 
(lacking enzyme) and a positive control (lacking inhibitor). 
The IC50 value was determined by fitting a dose‑response 
inhibition curve to the data points using non‑linear regression 
analysis in GraphPad Prism 5 software (GraphPad Software, 
Inc.), where y is the rate of inhibition and x is log(TH287).

Determination of Km and kcat for hMTH1. To draw the 
standard curve of inorganic phosphate, inorganic phosphate 
was diluted in the assay buffer to generate a series of concen-
trations (0‑24 µM) and incubated with malachite green in 
the plate at 25˚C for 45 min. The standard curve was made 
and analysed using GraphPad Prism 5 software (GraphPad 
Software, Inc.) to assess the linear relationship of the absor-
bance at 630 nm with different concentrations (0, 3, 6, 9, 12, 
15, 18 and 24 µM) of inorganic phosphate. hMTH1 activity 
was assayed in a reaction mixture containing assay buffer 
and various amounts of dGTP (0, 40, 80, 120 and 160 µM). 
The mixtures were incubated at 25˚C for 3 min with 1.5 nM 
hMTH1 protein. Malachite green assay reagent (50 µl) was 
added, followed by incubation with shaking for 45 min at 
25˚C. The hydrolysed products of nucleoside triphosphates 
were quantified using the inorganic phosphate standard curve, 
and the Lineweaver‑Burk curve was plotted using GraphPad 
Prism 5.0 (GraphPad Software, Inc.). The Michaelis‑Menten 
parameters (Km and Vmax), catalytic constant (kcat) and cata-
lytic efficiency (kcat/Km) were calculated using the following 
equations:

1/V = Km/Vmax[S] + 1/Vmax and kcat = Vmax/[S]hMTH1

Immunisation of mice and ELISA determination. A total of 
50 µg of the purified hMTH1 was emulsified with an equal 
volume of Freund's complete adjuvant, and then injected into 
the back and limbs of three six‑week‑old female BALB/c mice, 
while the negative control was an unimmunised and healthy 
BALB/c mouse. For the following two booster immunisations, 
50 µg hMTH1 in Freund's incomplete adjuvant was injected 
into each mouse at three‑week intervals. Three days before cell 
fusion, the mouse with the highest antibody titre was injected 
intravenously with 50 µg hMTH1 without Freund's adjuvant. 
Procedures involving animals and their care were conducted 
in conformity with NIH guidelines (NIH Pub.  no.  85‑23, 
revised 1996) and were approved by the Animal Care and Use 
Committee of the China Pharmaceutical University (Nanjing, 
China).

The serum titres of immunised mice were monitored 
by indirect ELISA as follows: rhMTH1 (1 µg/ml) in 0.1 M 
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carbonate coating buffer (15 mM Na2CO3, 34 mM NaHCO3; 
pH 9.6) was used to coat plates, which were incubated at 
37˚C for 2 h and blocked with 3% BSA at 37˚C for 2 h. 
Mouse serum was used as the primary antibody and was 
incubated for 2 h at 37˚C. The negative control was incu-
bated with serum from non‑immunised mice. Subsequently, 
the plate was incubated with horseradish peroxidase 
(HRP)‑conjugated goat anti‑mouse IgG (1:5,000) at 37˚C 
for 1 h. Finally, TMB was added to develop the colour, and 
the result was measured using a full‑wavelength microplate 
reader at 450 nm after the reaction had been stopped by 2 M 
H2SO4.

Production and purification of the monoclonal antibody 
against hMTH1. In this experiment, nine six‑week‑old female 
BALB/c mice were used for immunisation and antibody 
production. They were ~18 g and lived in a room with constant 
temperature and luminosity. In addition, we provided food and 
water on time every day. Spleen cells were collected from the 
immunised mice and suspended in DMEM, and then mixed 
with SP2/0 myeloma cells at a ratio of 10:1 in the presence 
of PEG 1450. The feeder layer cells from BALB/c mice were 
plated into 96‑well plates to create an environment conducive 
to the growth of fused cells. The selection of fused cells was 
performed with HAT medium and positive hybridoma clones 
were selected by indirect ELISA. A cell line with high affinity 
was obtained after being subcloned three times via the limiting 
dilution method. 0.5 ml sterile paraffin oil was injected intra-
peritoneally into five adult female BALB/c mice before the 
hybridoma injection. After 1 week, 1x106 hybridoma cells 
were injected into each mouse. The anti‑hMTH1 was purified 
from mouse ascites by protein A Sepharose chromatography 
(GE Healthcare) according to the manufacturer's protocol. The 
purified MTH1 mAb was analysed by SDS‑PAGE and western 
blotting.

Isotype analysis. The subtype of the hMTH1 mAb was 
detected with a mouse monoclonal antibody (mAb) isotyping 
reagent (IgG1, IgG2a, IgG2b, IgG2c, IgG3 and IgM, κ, λ) 
(ProteinTech, Inc., Chicago, IL, USA). The heavy and light 
chain types of the hMTH1 mAb were determined by the 
absorbance at OD450 nm.

hMTH1 monoclonal antibody affinity constant determi‑ 
nation. Indirect ELISA was performed to determine the 
affinity constant (Kaff) of the hMTH1 mAb. The rhMTH1 
was diluted to two concentrations [(Ag')=1  µg/ml and 
(Ag)=2 µg/ml] with 0.1 M carbonate coating buffer (pH 9.6), 
and the plate was coated. The primary antibody was seri-
ally diluted to 105, 104, 103, 102, 10, 1, 0.1 and 0.01 ng/ml 
and added to the 96‑well plate, while the negative control 
was incubated with 1% BSA. The subsequent procedures 
were the same as for the indirect ELISA described above. 
The EC50 values [(Ab')t and (Ab)t] were determined by 
fitting a sigmoidal dose‑response curve to the data points in 
GraphPad Prism 5 software, where y represents the absor-
bance at 450 nm and y is the concentration of the hMTH1 
antibody. The affinity constant was finally determined using 
the following equation: Kaff = (n‑1)/2 [n(Ab')t ‑ (Ab)t], where 
n = (Ag)/(Ag').

Specificity of the purified monoclonal antibody. The speci-
ficity and affinity of this mAb against hMTH1 was determined 
by cell ELISA, which was similar to the indirect ELISA. 
First, 1x104 MCF‑7 cells were seeded in 96‑well plates and 
cultured at 37˚C with 5% CO2 until they reached 90% cell 
density. Subsequently, the cells were fixed with 4% parafor-
maldehyde for 20 min. Triton X‑100 (0.5%) was used to disrupt 
the cell membrane at room temperature for 20 min. The rest 
of the steps were the same as for the ELISA. The prepared 
anti‑hMTH1 was used as the primary antibody and the nega-
tive control was 1% BSA. The absorbance of the plate was 
measured at a wavelength of 450 nm.

Immunofluorescence assay. To analyse the specificity of the 
MTH1 mAb to MTH1 expressed on cells, a tumour cell line, 
MCF‑7, that overexpresses MTH1 was grown on 6‑well plates 
at 37˚C with 5% CO2 until 50% cell density was achieved. The 
plate was washed with PBS between each step. The plate was 
fixed in 4% paraformaldehyde for 20 min at 25˚C, blocked with 
10% FBS and 0.5% Triton X‑100 for 2 h at 25˚C, and incubated 
with prepared anti‑hMTH1 mAb (100 µg/ml) or anti‑mouse IgG 
(100 µg/ml) at 4˚C overnight. The negative control was incubated 
in PBS with 10% FBS. Thereafter, the cells were incubated with 
FITC‑conjugated goat anti‑mouse IgG (dilution 1:500) for 1 h at 
25˚C and counterstained with DAPI (dilution 1:10) for 10 min 
at 25˚C. The cells were then observed under a fluorescence 
microscope (Olympus Corp., Tokyo, Japan).

Results

Human MTH1 gene optimisation and expression plasmid 
construction. To improve the expression level, the MTH1 
DNA sequence was analysed and the codon was optimised 
according to the ideal codon for E. coli (GenBank accession 
no. MH193376) (Fig. 1). The hMTH1 gene was inserted into 
the C‑terminal His‑tag on the backbone of pET‑28a, as shown 
in Fig. 2A. The 691 bp gene band was obtained by colony 
PCR using the T7 forward and reverse primers, which demon-
strated that the hMTH1 gene was subcloned into the pET‑28a 
plasmid (Fig. 2B).

Expression optimisation of hM TH1. The plasmid 
pET28a‑hMTH1 was transformed into competent E.  coli 
Transetta (DE3) cells for protein expression. After inducing 
with 0.4  mM IPTG for 12  h at 25˚C and 160  rpm, the 
recombinant protein of 21  kDa in size was successfully 
expressed, with a 9.37% percentage of soluble MTH1 in the 
total protein (Fig. 2C). As previously reported, the amounts 
of various recombinant products in the soluble fraction may 
be improved effectively through optimisation of the induc-
tion conditions (29). Therefore, four parameters, including 
the OD600 value, IPTG concentration, induction temperature 
and induction time were investigated in a univariate analysis. 
The percentage fraction of hMTH1 was determined through 
densitometric semi‑quantitative analysis using TanonImage 
software (version 1.0). The results showed that the optimal 
conditions were OD600 = 0.5 with induction at 16˚C for 20 h 
with 0.4 mM IPTG, and the percentage of soluble hMTH1 
in the total protein expressed in the E.  coli increased to 
13.86% (Fig. 3A and B).
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Purification and determination of hMTH1. The human 
MTH1 protein we designed contained His‑tags, thus an 
Ni‑NTA column was used for purification and the eluents 
were detected by 12% SDS‑PAGE  (Fig.  4A). A total of 
100  and 250  mM imidazole eluting solution was treated 
with Sephadex G‑50 (GE Healthcare) for further purification 

after ultra‑filtering to 1 ml. There were no other bands apart 
from the target protein in the 12% SDS‑PAGE (Fig. 4B). In 
the western blot experiment, anti‑His antibody was used to 
target proteins with His‑tags, and the black band on the PVDF 
membrane proved that the purified protein we obtained was 
hMTH1 (Fig. 4A and B). In addition, HPLC was used to assess 

Figure 2. (A) Construction of the pET‑28a‑hMTH1 expression vector. The hMTH1 gene was inserted between NcoI and EcoRI sites, and thus was fused at 
the C‑terminal His‑tag. (B) Results of colony PCR. Lane M, DNA marker; lane 1, PCR verification of pET‑28a‑hMTH1; lane 2, PCR verification of pET‑28a 
vector control. (C) 12% SDS‑PAGE electrophoresis analysis of expression. Lane M, protein marker; lane 1, total protein of recombinant E. coli cells without 
adding IPTG; lane 2, total protein of recombinant E. coli cells with 0.4 mM IPTG; lane 3, supernatant of sonicated cells; lane 4, precipitate of sonicated cells. 
hMTH1, human MutT homolog 1; IPTG, isopropyl‑β‑D‑thiogalactopyranoside. 

Figure 1. The amino acid sequence and gene sequence of hMTH1 (GenBank accession no. D38594.2). The codons of the hMTH1 nucleotides in the frame were 
optimised (GenBank accession no. MH193376). hMTH1, human MutT homolog 1.
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the sample purity, with the results revealing that the reten-
tion time of the protein was 14.556 min and the purity was 
>98% (Fig. 4C).

After two critical steps of purification, including purifica-
tion by Ni column and Sephadex G‑50, 20.1 mg hMTH1 was 
obtained with >98% purity from 1 l medium and the total yield 
was calculated to be 12.2% (Table I).

Recombinant hMTH1 enzyme activity and TH287 IC50 value 
determination. The enzymatic assay was based on the hydro-
lysis reaction of dGTP catalysed by the recombinant hMTH1 
protein to form dGMP and pyrophosphate. As shown in Fig. 5A, 
the concentration required for the 50% maximal effect (EC50) 
of rhMTH1 was 0.08543 nM. TH287 IC50 was determined 
using 0.18 nM rhMTH1, which reached its maximum enzy-
matic activity, and this concentration was consistent with the 

reference value (13). The IC50 curve of TH287 represented a 
clear S‑type trend with no apparent data offset (Fig. 5B). The 
IC50 of TH287 was 3.53±0.47 nM, similar to the reference 
value (13). It was confirmed that rhMTH1 protein with high 
activity was obtained and could accurately verify the IC50 
value of TH287 in an hMTH1 inhibitor screening model, as 
well as having the potential to be used to screen other MTH1 
inhibitors.

Kinetic parameters of hMTH1 for dGTP. According to the 
linear equation of the standard curve, y = 0.0465x + 0.0082, 
with a correlation coefficient  (R2) of 0.9947 (Fig. 5C), the 
inorganic phosphate (Pi) which was the hydrolysed product 
of nucleoside triphosphates was able to be quantified. In 
the enzymatic reaction, the reaction mixtures, containing 
various concentrations of substrates (0‑160 µM for dGTP), 

Figure 3. Optimisation of MTH1 expression by univariate analysis. (A) SDS‑PAGE analyses of MTH1 expression with different induction conditions. Lane M, 
protein molecular weight marker; lane S, soluble supernatant after cell disruption; lane P, insoluble precipitate. (B) The percentage of soluble hMTH1 in the 
total protein was calculated by densitometric semi‑quantitative analysis of the SDS‑PAGE. Data shown are the average from three independent experiments. 
hMTH1, human MutT homolog 1; SDS‑PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 
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were incubated with 1.5 nM rhMTH1 for 48 min at 25˚C. 
According to the 1/(dGTP)‑1/V curve that was plotted using 
GraphPad Prism 5.0, kinetic analysis of the dGTP substrate 
with rhMTH1 revealed a Km of 103.63±34.64 µM and a kcat 
of 3.64±0.58 sec‑1 as well as a catalytic efficiency (kcat/Km) of 
0.037±0.0064 sec‑1•µM‑1 (Fig. 5D).

Production, purification and identification of the hMTH1 
monoclonal antibody. Indirect ELISA was used to screen 

the highest titre among the mouse antiserum samples. The 
serum of three immunised mice was harvested and diluted 
into a series of concentrations (1:10,000; 1:20,000; 1:40,000; 
1:80,000; 1:160,000; 1:320,000; 1:640,000; and 1:1,280,000) 
after three immunisations. The titre results in Fig. 6A show 
that the antiserum titre of mouse three, was the highest, there-
fore spleen cells from this mouse were used to fuse with SP2/0 
myeloma cells to generate antibody hybridoma cells. After 
subcloning three times, a positive cell line, named 4A4, with 

Figure 4. Purity analysis. (A) Results of 12% SDS‑PAGE after purification by Ni‑NTA affinity chromatography. Lane M, protein maker; lane 1, supernatant of 
sonicated cells; lane 2, flow‑through collected from the Ni‑NTA column; lane 3, 50 mM imidazole eluent; lane 4, 100 mM imidazole eluent; lane 5, 250 mM 
imidazole eluent; lane 6, western blot analysis for recombinant hMTH1. The primary antibody used in the western blot analysis was the anti‑His monoclonal 
antibody. (B) Results of 12% SDS‑PAGE after purification by G‑50 Gel filtration chromatography. Lane M, protein marker; lane 1, the eluent collected by G‑50 
Gel filtration chromatography; lane 2, the recombinant protein hMTH1 that was analysed by western blot analysis. The primary antibody was the anti‑His 
monoclonal antibody. (C) HPLC analysis of rhMTH1. Only one peak was detected. hMTH1, human MutT homolog 1; HPLC, high‑performance liquid 
chromatography; SDS‑PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; rhMTH1, recombinant hMTH1 protein.

Table I. Purity and yield of hMTH1.

Purification step	 Total soluble protein (mg)a	 Soluble hMTH1 (mg)a	 Purity of hMTH1 (%)b	 Yield (%)

Cell lysate	 410.0	 164.0	 40.0	 100.0
Supernatant	 162.0	 81.0	 50.0	 49.4
Ni column	 57	 42.8	 75.0	 26.1
G‑50	 20.1	 20.1	 >98%	 12.2

aThe protein concentration after each step was determined by bicinchoninic acid (BCA); bThe purity of protein was evaluated by SDS‑PAGE 
or HPLC. hMTH1, human MutT Hhomolog 1; HPLC, high‑performance liquid chromatography; SDS‑PAGE, sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis.
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a relatively high binding affinity to hMTH1, was successfully 
obtained. After that, 1x106 hybridoma cells were injected 
into BALB/c mice intraperitoneally to induce the formation 
of ascites containing mAb directly against hMTH1 protein. 
Within 7 to 10 days, ascites were collected and purified via 
protein A column (GE Healthcare). The hMTH1 mAb was 

identified by SDS‑PAGE. The integrated MTH1 mAb was 
~170 kDa with one clear heavy chain at 55 kDa and a light 
chain at 23 kDa, with a purity >90% (Fig. 6B). The specificity 
against hMTH1 was identified by western blot analysis. The 
results demonstrated that the hMTH1 mAb was able to specifi-
cally combine with the recombinant hMTH1 (Fig. 6C).

Figure 6. Characteristic determination of MTH1 monoclonal antibody (mAb). (A) The titre of the mouse antiserum, detected by indirect ELISA. Mouse 1, 2 
and 3 were immunised with rhMTH1, and the negative control was an unimmunised healthy BALB/c mouse. (B) hMTH1 mAb was detected by SDS‑PAGE. 
Lane M, the protein marker; lane 1, the sample mixed with non‑reduced loading buffer. Lane 2, the monoclonal antibody treated with reduced loading buffer. 
(C The specificity of hMTH1 mAb was identified by western blot analysis. Lane 1, the recombinant protein hMTH1 was analysed by western blot analysis. The 
primary antibody was the prepared anti‑hMTH1 mAb. hMTH1, human MutT homolog 1; rhMTH1, recombinant hMTH1 protein.

Figure 5. MTH1 enzyme activity assay. (A) EC50 value of rhMTH1 as determined by malachite green measurement. The EC50 of MTH1 was 0.08543 nM 
and the x‑axis represents the concentration of log(MTH1), while the y‑axis represents the absorbance at 630 nm. (B) IC50 value of TH287 as determined by 
malachite green measurement using 0.18 nM rhMTH1. The IC50 value of TH287 was 3.53±0.47 nM and the x‑axis represents the concentration of log(TH287), 
while the y‑axis represents the percentage of inhibition. (C) Phosphate standard curve. The equation was y = 0.0465x + 0.0082 and was used to calculate the 
consumption of dGTP. (D) Lineweaver‑Burk plot for hMTH1. The purified rhMTH1 has a Km of 103.63±34.64 µM and Vmax of 0.33±0.053 µM/min. Data are 
shown as the average ± SD from three independent experiments. Pi, inorganic phosphate; hMTH1, human MutT homolog 1; rhMTH1, recombinant hMTH1 
protein. 
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Specificity and affinity of the purified monoclonal antibody. 
The isotype of the hMTH1 mAb was detected using a 
subtyping kit. The results demonstrated that the type of heavy 
chain was IgG2b and the type of light chain was kappa (κ), as 
shown in Fig. 7A. Sigmoid curves were plotted using the OD 
values against the antibody concentrations (1e‑2, 1e‑1, 1e1, 1e2, 
1e3, 1e4, 1e5 ng/ml) in two different antigen concentrations, 
as shown in Fig. 7B. The EC50 of the antibody at concentra-
tions of 1 and 2 µg/ml of rhMTH1 in this experiment were 
8.739 and 4.377 ng/ml, respectively. Therefore, the affinity 
constant of the anti‑hMTH1 antibody was 8.73x10‑9 M.

Cell ELISA was used to further validate the specificity 
of the purified mAb against hMTH1 in human breast cancer 
MCF‑7 cells. hMTH1 mAb purified from ascites had a specific 
binding capacity to the natural hMTH1 expressed on MCF‑7 
cells (Fig. 7C).

Immunofluorescence assay. It has been reported that MCF‑7 
cells express a high level of MTH1, as previously measured 
using mass spectrometry (30) and novel probes (31). Therefore, 
we performed an immunofluorescence experiment to further 
confirm the binding to natural hMTH1, as shown in Fig. 8. 
hMTH1 mAb purified from ascites served as the primary anti-
body to incubate with the MCF‑7 cells. After incubation with 
FITC‑conjugated goat‑anti‑mouse IgG and counterstaining 
with DAPI, the hMTH1 mAb‑treated cells displayed obvious 
green fluorescence compared with the negative control and 

mouse IgG treatment. The results also showed that green fluo-
rescence was mainly accumulated in the cytosol of the MCF‑7 
cells, with a minor proportion at the mitochondria and nuclei, 
which corresponds with the distribution of hMTH1. This 
indicates that the purified MTH1 mAb was able to specifically 
combine with hMTH1 expressed on the MCF‑7 cells.

Discussion

MutT homolog 1 (MTH1) protein is a homologous enzyme 
of MutT and is widely distributed in mitochondria and the 
nucleus (32). The human MTH1 gene is located in the second 
sub‑band of the second band of the short arm of the seventh 
chromosome, with a total length of ~12 kb and a total of six 
exons. It is an essential sanitiser of the free nucleotide pool that 
prevents lethal DNA damage in cancer cells, which has been 
known to maintain the growth of tumours and promotes their 
development.

In the present study, we developed a brief protocol to 
produce hMTH1 in a cost‑ and time‑effective manner through 
an optimised E.  coli expression system and generated an 
antibody against hMTH1. The present study showed that the 
percentage of soluble hMTH1 in the total protein was 9.37% 
without any optimisation. After optimisation, the percentage 
improved to 13.86%. We were thus able to acquire 20.1 mg 
hMTH1 protein from 1,000 ml medium with over 98% purity, 
and the total yield was 12.2%. In the analysis of enzyme 

Figure 7. The isotype, affinity and specificity of the hMTH1 monoclonal antibody (mAb) were tested by ELISA. (A) The results of the MTH1 mAb isotyping. 
The type of heavy chain was IgG2b and the type of light chain was κ. (B) The results of the hMTH1 monoclonal antibody affinity constant determination. Two 
concentrations (1 and 2 µg/ml) of hMTH1 were utilised in indirect ELISA to calculate the affinity constant, which was 8.73x10‑9 M. (C) The results of the cell 
ELISA. The MCF‑7 cells were used to confirm the specificity of the hMTH1 antibody against natural hMTH1. The negative control was 1% BSA. hMTH1, 
human MutT homolog 1.
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activity determination, the EC50 of rhMTH1 was 0.08543 
nM and the IC50 of TH287 was 3.53±0.47 nM, which were 
similar to the reference values (13). It was demonstrated that 
we obtained rhMTH1 protein with high purity and activity, 
which accurately verified the IC50 of TH287 in the hMTH1 
inhibitor screening model and may be used to screen other 
MTH1 inhibitors. Fujikawa et al reported that the purified 
hMTH1 has a Km of 258  µM and kcat of 15.7  sec‑1  (8,33) 
after purification by DEAE Sephacel column, HiTrap Butyl 
Sepharose 4FF column and HiPrep 26/60 Sephacryl S‑100 
HR gel filtration chromatography (34). In the present study, 
the Michaelis constant (Km) and the catalytic constant (kcat) 
were 103.63±34.64 µM and 3.64±0.58 sec‑1, respectively. From 
this perspective, our protein appears to have greater enzymatic 
activity.

To the best of our knowledge, the success rate of hybridoma 
cell construction may be affected by many factors, such as the 
growth state of the myeloma cells, the concentration of PEG, 
the ratio of spleen cells to myeloma cells, and the number of 
feeder layer cells (35). In the present study, 7% PEG was used 
for cell fusion at 1 min of incubation. Additionally, 1x105 feeder 
layer cells were plated into each well of the 96‑well plates to 
provide growth factors for the cells to survive and proliferate 
in vitro. Western blotting and ELISA analysis showed that this 

mAb had a high affinity for hMTH1. In addition, the results 
of the immunofluorescence assay determined that the hMTH1 
mAb purified from ascites had specific binding capacity to 
the natural hMTH1 expressed on the human breast cell line 
MCF‑7. Though hMTH1 is a cytoplasmic protein, various 
methods have been reported to transduce antibodies into 
cells (24‑27). MTH1 is a non‑essential enzyme in normal cells 
that is overexpressed in tumours, so its antibodies could play 
a role in targeted therapy for the broad‑spectrum treatment of 
cancers.

To summarise, we reported an expression and purification 
method for human recombinant hMTH1 protein, by which 
milligrams of high purity  (>98%) protein with bioactivity 
could be produced in 5 working days. The ability to produce 
milligram quantities of bioactive hMTH1 with simple steps 
will certainly facilitate in vitro or in vivo studies. This expres-
sion and purification strategy should also have reference 
value for the production of hMTH1 on a large scale. Using 
the rhMTH1, the anti‑hMTH1 mAb was obtained via a 
hybridoma technique, and it showed high affinity and binding 
ability. Considering that this mAb has good selectivity to its 
corresponding antigen, it is expected to have potential for the 
functional and mechanistic study of hMTH1 in tumours, and 
for antitumour drug development in the future.

Figure 8. Immunofluorescence of cultured MCF‑7 cells with the MTH1 monoclonal antibody (mAb). Green fluorescent labelling of protein stained with 
anti‑hMTH1 mAb, blue nuclear staining with DAPI, and merged images of FITC and DAPI are presented. Calibration bar, 100 µm for all images. hMTH1, 
human MutT homolog 1.
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