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Abstract. Intracellular folate homeostasis and metabolism is regulated by numerous genes. Among them, 
5,10-methylenetetrahydrofolate reductase (MTHFR) is of special interest because of its involvement in 
regulation of the homocysteine level in the body as a result of folate metabolism. Moreover, some stud-
ies demonstrated that the homocysteine plasma level in individuals may be influenced by polymor-
phisms present in the MTHFR gene. Two common, clinically relevant mutations have been described:  
MTHFR C677T and MTHFR A1298C. Although several laboratory techniques allow genotyping of 
both polymorphisms, PCR-RFLP analysis is simple to perform, relatively cheap, and thus one of the 
most utilized.  In the case of A1298C, the PCR-RFLP technique that utilizes MboII endonuclease class 
II requires an acrylamide gel electrophoresis, since agarose gel electrophoresis is unable to resolve short 
deoxyribonucleic acid (DNA) fragments after restriction digestion.  Agarose gel electrophoresis is com-
monly preferred over that of acrylamide. To resolve this inconvenience, a novel PCR-RFLP, AjuI- based 
method to genotype A1298C alleles has been developed that can be performed on standard agarose gel.
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Introduction

5,10-methylenetetrahydrofolate reductase 
(MTHFR) is a key enzyme for intracellular folate 
homeostasis and metabolism. Numerous studies 
demonstrated that homocysteine plasma level in 
individual patients may be influenced by polymor-
phisms present in different genes involved in folate 
metabolism. And indeed, clinically significant 
polymorphisms in the MTHFR gene have been de-
scribed to date, two of which are of particular im-
portance [1]. The first polymorphism, resulting in 
the expression of the so-called “thermolabile” vari-
ant of the MTHFR enzyme as an effect of alanine-
to-valine substitution at amino acid position 222, 
is a consequence of single nucleotide mutation 
C-to-T at nucleotide position 677 (C677T) [2]. 
The second clinically significant polymorphism is 

observed at the amino acid position 429, where the 
glutamic acid is substituted to alanine as a result of 
A-to-C mutation in the nucleic acid chain at posi-
tion 1298. Generally, in both types of mutation, 
decreased MTHFR activity has been observed in 
recessive homozygous individuals, resulting in an 
elevated homocysteine level (homocysteinemia, ho-
mocysteinuria), which is associated with mental 
retardation, neural and psychiatric abnormalities, 
and reproductive failure such as still-birth and 
spontaneous abortion [3,4,5].

The MRHFR A1298C polymorphism, as previ-
ously described [3], showed a correlation with neu-
ral tube defects [6] and with susceptibility to acute 
leukemia in adults [7].  Moreover, an association 
between homozygous variant AA and the preva-
lence of bipolar disorders has also been document-
ed (8).  Numerous studies reveal that both common 
MTHRF mutations, C677T and A1298C, are 
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involved in drug metabolism. Several published 
clinical studies have investigated the potential pre-
dictive role of MTHFR genetic variants on the tox-
icity and efficacy of antifolate and fluoropyrimidine 
agents, such as methotrexate (MTX), 5-fluorouracil 
(5-FU), and raltitrexed. Thus, common access to 
pharmacogenomics diagnostic tools may improve 
individualization of drug therapy [9].

Several techniques were developed in order to as-
certain the particular alleles, both in C677T and in 
A1298 polymorphisms.  These methods encompass 
direct sequencing, real-time fluorescent-based as-
says, ARMS-PCR, and polymerase chain reaction-
restriction fragment length polymorphism (PCR-
RFLP) [2,6,10].  RFLP is a well proven technique, 
often described in the literature, and is also the 
most convenient method, especially when com-
pared with other techniques based on fluorescent 
dyes, such as TaqMan assays or sequencing analysis 
[11]. PCR-RFLP is composed of two steps, each of 
which needs optimization.  Both elements, PCR 
and RFLP, may be performed independently, and 
no expensive equipment is needed. The final reac-
tion products are usually resolved on electrophore-
sis gels, and the results are interpreted according to 
expected band patterns.  In the case of the C677T 
polymorphism, the well-established PCR-RFLP 
technique described by Frosst et al [2] utilizes re-
striction digestion of 198-bp-length PCR product 
by HinfI endonuclease, and the reaction products 
are easily resolved on standard agarose gel electro-
phoresis.  In this method, the band patterns are as 
follows: C/C alleles: 198bp (no digestion occurs); 
C/T alleles: 198bp, 175bp and 23bp; T/T alleles: 
175bp and 23 bp.  In the case of A1298C polymor-
phism analysis, acrylamide gel electrophoresis has 
been used in most PCR-RFLP methods. For 

example, in one of the most cited papers, van der 
Put and colleagues [6] describe the use of MboII 
endonuclease for restriction digestion of the 163 
bp-length PCR fragment flanking A1298C SNP.  
Because there are additional MboII-specific sites in 
this PCR product, the analysis results in numerous 
bands that cannot be resolved by means of agarose 
gel electrophoresis (A/A alleles: 56, 31, 30, 28, 18 
bp; A/C alleles: 84, 56, 31, 30, 18 bp; C/C alleles: 
84, 31, 30, 18 bp).

Materials and Methods

Genomic DNA was extracted from 200µl of whole 
blood, using the QIAmp DNA mini kit (Qiagen, 
Germany), and the elution volume of DNA extracts was 
40 µl in each case. Blood samples were obtained from a 
stored back-up set, after commercial MTHRF analysis 
was performed by “Diagnostyka Sp z o.o.” company. 
Each sample was previously genotyped in order to deter-
mine the MTHFR C677T and A1298C alleles. 
Informed consent was obtained in every case when hu-
man genomic material was used.  As the study uses no 
clinical information, Bioethics Committee approval was 
not necessary. 

The genotyping of the A1298C polymorphism in the 
MTHFR gene was performed as previously described 
[6]. Briefly, polymerase chain reaction conditions were as 
follows: 92°C for 2 minutes; then 35 cycles of 92°C for 
60sec., 51°C for 60sec., 72°C for 30sec., and a final 
elongation step at 72°C for 7 minutes.  The reaction was 
performed on Mastercycler ep PCR thermocycler 
(Eppendorf, Germany) in the total volume of 25µl. The 
reaction mixture contained 1U of AmpliGold Taq poly-
merase (Life Technologies, Warsaw, Poland), 1x buffer A; 
0.2mM of each dNTPs; 3.0 mM MgCl2; 0.25µM of 
both MTHFR_Mbo2_F and MTHFR_Mbo2_R prim-
ers. Finally, 5µl of a sample extract of genomic DNA was 
added as template.  Restriction digestion of 10µ of PCR 
product with MboII endonuclease was performed ac-
cording to the manufacturer’s protocol (Thermo 
Fermentas, Lithuania).  The reaction mixture contained 

Figure 1. Restriction analysis of 
MTHFR gene fragment with AjuI 
endonuclease. Common allele (A) at 
the position 1298 of MTHFR gene is 
underlined; AjuI recognition se-
quence (GAANNNNNNNTTGG) 
is depicted by capital letters and an 
insertional mutation incorporated by 
mutagenic primer is depicted with the 
line above. Note, that there are two 
cut sites in case of an A allele at posi-
tion 1298 of MTHFR gene, giving 
147, 32 and 10 base pair DNA frag-
ments after digestion. Conversely, no 
cut site for AjuI is found, when A is 
replaced by C at position 1298 giving 
one fragment of 189 bp. Primer se-
quences are in grey.
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2 µl of 10x Buffer B and 10U of MBoII endonuclease in 
a total volume of 30 µl.  Hydrolysis of DNA proceeded 
for two hours at 37°C, and the reaction was subsequent-
ly terminated by thermal inactivation for 20 minutes at 
65°C. 

Thereafter, in order to improve the analysis technique, 
the methylenetetrahydrofolate reductase gene, exon 7 
fragment, containing the polymorphic site at position 
1298 (A-to-C ) was downloaded from the GenBank da-
tabase (accession number: AF105983) and analyzed in 
silico. Numerous primer pairs flanking the polymorphic 
site were designed, using EPRIMER3 software 
(EMBOSS) [12].  The PCR products proposed by the 
software were selected according to length and localiza-
tion with respect to the 1298 SNP site of the MTHFR 
gene. In the next step, one virtual PCR product sur-
rounding the selected PCR primer set was chosen and 
analyzed by RESTRICT and REMAP software 
(EMBOSS). Unfortunately no restriction site for any en-
donuclease class II was changed in the case of 1298 
A-to-C mutation stimulation, despite of that for MboII. 
However, subsequent silent mutation scanning (WatCut, 
University of Waterloo, Canada) showed that there is an 
AjuI –specific site after introduction of site-directed mu-
taganesis A-to-G at position 1313. Moreover, AjuI endo-
nuclease possess a recognition sequence as follows: 
(7/12) GAANNNNNNNTTGG (11/6), giving consid-
erably longer, and thus easier to resolve, hydrolysis 

products while other common endonucleases class II 
usually cleave at, or just next to their recognition site. A 
schematic view of the polymorphic MTHFR gene frag-
ment with appropriate annotations and AjuI cut sites is 
shown on Figure 1. To create an AjuI- specific site at the 
position of A1298C SNP, a degenerate reverse primer 
has been designed.  The forward and reverse primer se-
quences are as follows: MTHFR_Aju_F: 5’-GGA GTG 
TGC CCT GAC CTC-3’, MTHFR_Aju_R: 5’-GAG 
AGG TAA AGA ACA AAG ACT CC-3’, where the mu-
tagenic nucleotide is underlined. Thermal conditions of 
PCR were as follows: 94°C for 10 minutes; then 40 cy-
cles of 94°C for 60sec., 51°C for 60sec., 72°C for 30sec., 
and the final elongation step at 72°C for 10 minutes. We 
utilized the same reaction components and concentra-
tions as in the reaction described above, i.e. 1U of 
AmpliGold Taq polymerase, 1x buffer A; 0.2mM of each 
dNTPs; 3.0 mM MgCl2 and 5µl of genomic DNA as 
template. Primer concentrations were finally optimized 
to 0.2µM for both MTHFR_Aju_F and MTHFR__
Aju_R. Restriction digestion reaction of 10µl of PCR 
reaction mixture was set up according to the following 
manufacturer’s protocol: 2µl of 10x Buffer R; 0.6µl of 
50x S-adenosylomethionine (SAM), and 10U of AjuI 
endonuclease in total volume of 30µl for two hours at 
37°C. Thereafter, the reaction was terminated by ther-
mal inactivation for 20 minutes at 65°C.

Figure 2. A. Acrylamide gel electrophoresis of MTHFR 1298 SNP genotyping assay using MboII and AjuI endonucleases. 
From the left: 1.- GeneRuler Ultra Low Ladder, 1μg of, [Thermo- Fermentas, Lithuania]; 2.- PCR product for MboII 
analysis; 3.- C/C genotype (MboII); 4.- A/C genotype (MboII); 5.- PCR product for AjuI analysis; 6.- C/C genotype (AjuI); 
7.- A/C genotype (AjuI); Appropriate product lengths are depicted below each of them. B. Integrated optical density (IOD) 
plots of the DNA bands after MTHFR 1298 SNP genotyping assay using MboII and acrylamide gel electrophoresis. From 
the left: 1.- IOD plot of PCR product for MboII; 2.- C/C genotype (MboII); 3.- A/C genotype genotype (MboII).  The high 
signal-to-noise ratio that is visible on the plot, confirming the high resolution quality and enabling automatic analysis by 
an appropriate software. DNA fragment lengths are depicted next to each of them. C. Integrated optical density (IOD) 
plots of the DNA bands after MTHFR 1298 SNP genotyping assay using AjuI and acrylamide gel electrophoresis. From 
above: 1.- IOD plot of PCR product for AjuI; 2.- C/C genotype (AjuI); 3.- A/C genotype (AjuI); As in case of MboII, high 
signal-to-noise ratio is visible on the plot, confirming the high resolution quality and enabling automatic analysis by an 
appropriate software. DNA fragment lengths are depicted next to each of them.
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The restriction digestion products of MboII and AjuI 
analysis were resolved on both 2.5% agarose and on 8% 
acrylamide gel in the presence of undigested control 
(PCR product). After electrophoresis, agarose as well as 
acrylamide gels were stained in ethidium bromide solu-
tion (0.5 µg/ml) for 20 minutes with rocking and washed 
briefly with distilled water.  DNA bands were then visu-
alized and digitalized using UV transilluminator and an 
appropriate software (Scientific Imaging System, East 
Kodak Company, USA). Integrated optical density 
(IOD) values for band pattern were calculated and plot-
ted using ImageJ software [13].

Results

For both AjuI and MboII PCR-RFLP methods investi-
gated in our study, the expected band patterns for each 
genotype were obtained. Acrylamide gel electrophoresis 
works well in both cases, i.e. in MboII as well as in AjuI 
analysis, giving clear, readable and easily interpretable 
results with high signal-to-noise ratio (Figures 2A, 2B 
and 2C).  A reasonable resolution in 2.5% agarose gel 
was observed only in the case of AjuI (Figures 3A and
3B). For MboII restriction analysis, agarose gel electro-
phoresis was insufficient to adequately separate DNA 
fragments, even if high-resolution agarose was used 
(MetaPhor Agarose, Lonza). These results are shown on 
Figures 4A and 4B. The intensities of DNA bands were 
also expressed as IOD values for better comparison 
(Figures 2B and 2C, Figure 3B and Figure 4B).

Discussion

Methylenetetrahydrofolate reductase gene is of spe-
cial importance in the cases of several malignancies, 
mental retardation, neural and psychiatric abnor-
malities, and reproductive failure. In the latter case, 
it is meaningful to perform a panel of analysis, in-
volving Leiden V factor, prothrombin G20210A 
gene mutation, and C677T and A1298C MTHFR 
gene mutations, since all of these factors may play 
an important pathogenic role, especially in the case 
of the homozygous genotypes.  In fact, a number of 
such diagnostic screening results are in agreement 
with our own observations. The most widely de-
scribed techniques for genotyping particular SNP- 
type mutations are sequencing by PCR-RFLP and 
by allele-specific PCR.

To meet our objectives, we have chosen PCR-RFLP 
because of its versatility with respect to other analy-
ses performed in the laboratory.  In high-through-
put laboratories, the use of agarose gel electropho-
resis is preferred over acrylamide, because it is rapid 
and simple to perform, more efficient, and easily 
scalable, allowing the simultaneous analysis of 
many samples. 

Our goal was to develop an improved, original, and 
reproducible protocol for A1298C polymorphism 
analysis with results that will be clearly readable on 
agarose gel electrophoresis.  The shorter the nucleic 
acid fragments that are resolved on agarose gel, the 
less staining dye they accumulate, becoming hardly 

Figure 3. A. Electrophoretogram of MTHFR 1298 SNP 
genotyping assay using AjuI endonuclease and agarose gel 
electrophoresis. From the left: 1.- GeneRuler Ultra Low 
Ladder, 1μg of, [Thermo- Fermentas, Lithuania]; 2.- PCR 
product for AjuI analysis; 3.- C/C genotype (AjuI); 4.- A/C 
genotype (AjuI); Appropriate product lengths are depicted 
on the right. B. Integrated optical density (IOD) plots of 
the DNA bands after MTHFR 1298 SNP genotyping as-
say using AjuI and agarose gel electrophoresis. From above: 
1.- IOD plot of restriction fragments for C/C genotype 
(AjuI); 2.- IOD plot of restriction fragments for A/C geno-
type (AjuI); IOD plot of PCR product for AjuI analysis is 
not shown on the picture due to its very high signal strength. 
Please note, that the high signal-to-noise ratio is visible on 
the plot, confirming the high resolution quality. DNA frag-
ment lengths are depicted beneath.
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visible. Thus, according to the data given by Karcher 
[14] the smallest double stranded DNA size that 
can be used with an agarose gel is about 100 bp.  If 
shorter DNA fragments are to be analyzed, acryl-
amide gel electrophoresis is recommended.
In previously described techniques, PCR products 
and HboII hydrolysis products were too small to be 
clearly visible on agarose gel, and genotypes were 
therefore indistinguishable.  In our novel method, 
the use of polymerase chain reaction with standard 
forward and mutagenic reverse primer followed by 
the hydrolysis of the PCR product with an AjuI re-
striction enzyme allows satisfactory results even if 
standard 2.5% agarose gels are used.
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Figure 4. A. Electrophoretogram of MTHFR 1298 SNP 
genotyping assay using MboII endonuclease and agarose gel 
electrophoresis. From the left: 1.- GeneRuler Ultra Low 
Ladder, 1μg of, [Thermo- Fermentas, Lithuania]; 2.- PCR 
product for MboII analysis; 3.- C/C genotype (MboII); 4.- 
A/C genotype (MboII); Appropriate product lengths are 
depicted on the right. B. Integrated optical density (IOD) 
plots of the DNA bands after MTHFR 1298 SNP genotyp-
ing assay using MboII and agarose gel electrophoresis. From 
above: 1.- IOD plot of PCR product for MboII RFLP anal-
ysis. 2.- IOD plot of restriction fragments for C/C genotype 
(MboII); 3.- IOD plot of restriction fragments for A/C 
genotype (MboII); Please note, that the weak signal-to-
noise ratio is visible on the plots of restriction fragments, 
making the resolution quality questionable. DNA frag-
ment lengths are depicted beneath.
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