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Abstract: The bacterial restriction–modification (R-M) system has evolved as a defense mechanism 

against infectious phages and other types of integration of foreign DNA fragments into the host 

chromosome through recombination. In this study, we identified two endonucleases (wheat 

endonuclease 1-WEN1 and wheat endonuclease 2-WEN2) and the adenine-DNA methyltransferase 

WAD (involved in mitochondrial DNA methylation) in the vesicular fraction of coleoptiles of wheat 

Triticum aestivum. WEN1 and WEN2 have multidirectional sensitivity to DNA methylation and to 

the presence of S-adenosyl-L-methionine and Ca
2+ 

ions, which suggests their participation in the 

protection of mitochondrial DNA, similar to bacterial DNA. WEN2 has a GAT recognition site, 

which is part of the methylation site of adenine DNA methyltransferase (WAD-TGATCA) and 

hydrolyzes the CG (GC) bond upstream of the recognition site only if it is not methylated. Based on 

the interrelations between the two enzymes, we propose that an R-M system similar to that of the 

type IV observed in bacteria may exist in plants. 
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1. Introduction 

Restriction enzymes are commonly found in bacteria, where they help ward off attacks by 

foreign DNA from viruses, particularly bacteriophages [1,2]. Unlike higher organisms, in which the 

recognition and destruction of viruses, bacteria, and other pathogens occur extracellularly, in bacteria, 

protection against foreign DNA (DNA of plants and animals in which they live) occurs 

intracellularly (i.e., when foreign DNA penetrates the cytoplasm of bacteria). Bacteria have also 

evolved the ability to “label” their own DNA with methylating bases on certain sequences. 

Recognition sites in bacterial DNA are modified by enzymes called DNA methyltransferases, which 

transfer a methyl group to S-adenosyl-L-methionine (SAM), thereby protecting DNA from the action 

of nucleases [3]. Methylation occurs either at adenine or cytosine, resulting in the formation of N
6
-

methyladenine (m
6
A), N

4
-methylcytosine (m

4
C), or C

5
-methylcytosine (m

5
C). Methylation prevents 

restriction enzymes from cutting the genome at restriction sites. However, the genomes of viruses in 

which the restriction sites are not modified can be cut by restriction enzymes and destroyed. The 

combination of methylation and restriction is called the restriction–modification system (R-M) [4]. 

The molecular basis of R-M of DNA was first described in 1962 [5]. Host specificity was 

explained in molecular terms as an endonucleolytic cleavage of foreign DNA, where cellular DNA is 

protected from restriction by modification of adenosyl or cytosyl bases within defined recognition 

sites. Thus, R-M systems are composed of pairs of opposing enzyme activities: a restriction 

endonuclease (REase) and a DNA methyltransferase (MTase). R-M systems are currently classified 

into four groups, based on their molecular structure, sequence recognition, cleavage position, and 

cofactor requirements [6]. 

The type I R-M system consists of three subunits: S for sequence recognition, M for 

modification, and R for restriction [7–9]. The S and M subunits include DNA methyltransferase, 

which recognizes and modifies DNA within a specific sequence and shows a preference for DNA 

hemimethylation Type I enzymes nonspecifically cleave DNA at a considerable distance from an 

unmethylated site. The type II system is the simplest and most common R-M system, consisting of 

MTase and restriction enzyme activities. Type II restriction endonucleases, due to their unique 

specificity, are an indispensable tool in DNA recombination technology, which are of great use in 

both science and medicine. They are also used as model systems for studying aspects of DNA-

protein interactions and specific mechanisms of Mg
2+

-dependent phosphodiester hydrolysis [10].  

The type III system can be combined with the type I system as one family of ATP-dependent 

restriction enzymes [11]. However, they are similar in mechanism to type I enzymes [12].  

Finally, type IV enzymes recognize modified DNA with low sequence selectivity. It is believed 

that modification-dependent type IV enzymes arose as a result of a competitive coevolutionary 

interaction between phages and their hosts [2,13,14]; in other words, the hosts used the restriction 

blocked by the modification to protect against phage infection. The weak sequence selectivity of the 

Type IV systems might simply reflect the lack of endogenous targets for the enzyme. Selection 

would act to spare any co-resident MTases. This differs from Type II enzymes, where the MTase and 

REase must coevolve to allow the host to survive. Each Type IV system is compatible with some 

suite of Type I–III MTases. 

In addition to R-M systems, DNA can also be methylated via orphan MTases. Orphan MTases 

methylate DNA at site-specific sequences and do not have a related endonuclease [15,16]. In bacteria, 

the two best studied orphan MTases are Escherichia coli DNA adenosine methyltransferase (Dam) 
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and methyltransferase regulated by the Caulobacter crescentus cell cycle (CcrM) [15,16]. Orphan 

Mtases, which are not associated with true restriction endonucleases, help in self-defense against 

invasive DNA along with restriction endonucleases.  

Cytosine DNA methylation in plants is more rich and diverse compared with animals [17,18]. 

These enzymes in plants, as well as in animals, are homologous to bacterial DMT. It is carried out by 

the families of specific enzymes that belong to at least three classes of DMTs: DNA 

methyltransferase (MET) and chromomethyltransferase (CMT) [19]. Plant genomes have three types 

of methylation sites CG, CNG, and CNN (where N = C, T, or A [20,21]. Methylation of previously 

unmethylated DNA de novo is carried out by the DMT family, called domains rearranged 

methyltransferases (DRMs). 

Until now, the role of adenine methylation in eukaryotes has not been determined. m
6
A was 

found in the genome of the nematode and genes encoding adenine DNA methyltransferase were 

found [22]. Gene orthologs are found in the genomes of many eukaryotes, including plants [17]. 

A previous study identified numerous cytoplasmic regions of various sizes surrounded by a 

closed membrane and containing one or several mitochondria, fragments of membranes of the rough 

endoplasmic reticulum, and polyribosomal complexes in vacuoles of coleoptile cells of wheat 

seedlings [23]. These were isolated cytoplasmic structures not associated with the main cytoplasm of 

the cell, and the cytoplasm in the detected vesicles had no signs of destruction, in contrast to the 

contents of the surrounding vacuole. 

Other studies have identified two endonucleases (WEN1 and WEN2) and an adenine DNA 

methyltransferase (WAD) in the vesicular fraction of aging etiolated wheat coleoptiles [24–26]. In 

this study, we investigated the specificity of enzymes in this system and consider the possible 

existence of such an R-M system in plants. 

2. Materials and methods 

2.1. Object of study 

Seeds of the winter wheat Triticum aestivum L cultivar Mironovskaya 808 were grown in the 

light and in the dark at 26°C on wet filter paper placed in plastic cuvettes immersed in water, which 

was changed daily [23]. 

2.2. Isolation of nuclear fractions, cytoplasmic vesicles, and mitochondria 

Coleoptiles of 7 day-old wheat seedlings were homogenized at 4°C in a homogenization buffer 

(50 mM Tris-HCl, pH 7.5, 0.4 M sucrose, 1 mg/ml BSA; 5 ml buffer/g tissue). The homogenate 

was filtered through four layers of gauze and one layer of Miracloth. The nuclei from the 

homogenate were separated by centrifugation at 600 g for 15 min. Then, the supernatant was 

centrifuged at 3000 g for 15 min, precipitating the vesicular fraction [27]. After the separation of the 

vesicular fraction of mitochondria, free mitochondria were obtained by the centrifugation of the 

supernatant at 8000 g for 15 min. Sediments (fractions) of nuclei, vesicles and free mitochondria 

were washed with homogenization buffer without BSA. The purification of cell compartments was 

carried out by ultracentrifugation in a sucrose gradient. The purity and integrity of the organelles 

were tested by microscopy. 
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2.3. Electron microscopy 

The electron microscopy investigation of the isolated subcellular particle fractions and serial 

sections of coleoptile was carried out by standard procedures described earlier [23]. 

2.4. Isolation and purification of WEN1 and WEN2 endonucleases 

The protein fraction containing nuclease activity was extracted from the vesicular fraction of 7 

day-old coleoptiles with a buffer containing 50 mM Tris-HCl, pH 7.5, 0.8 M sucrose and 0.35 M 

NaCl. The purification of enzymes was carried out according to the method presented in [24,25]. 

Protein concentration was determined spectrophotometrically with the Nanophotometer Implen by 

absorption at λ = 280 nm and by the Bradford method [28]. The analysis of protein preparations and 

determination of molecular masses of proteins were carried out by electrophoresis in 12.5% SDS-

PAGE according to the Laemmli method [29].  

The substrates used for the endonucleases WEN1 and WEN2 DNA λ phage were purchased 

from Fermentas (Lithuania); unlike unmethylated DNA (dcm
-
, dam

-
), methylated (dcm

+
, dam

+
) DNA 

of λ phage contains 5-methylcytosine residues in the Cm
5
CHGG sequences and N

6
-methyladenine 

residues in the Gm
6
ATC sites. RNA and DNA were thymic and were purchased from Fermentas 

(Lithuania). DNA hydrolysis products were analyzed in horizontal electrophoresis in 1.2% agarose. 

2.5. Isolation and purification of WAD adenine DNA methyltransferase 

Adenine DNA methyltransferase was also isolated from the vesicular fraction of mitochondria 

from coleoptiles of 7 day-old wheat seedlings by extraction with a buffer containing 0.4 M sucrose, 5 

mM EDTA, 1 mM dithiothreitol, 1 mg/ml bovine serum albumin and 20 mM Tris-HCl pH 7.5 as 

described in [26]. 

2.6. DNA methylation 

The methylation of DNA was carried out in the presence of 
3
H–SAM (S-adenosyl-L-methionine) [26]. 

For DNA methylation, in order to isolate nucleic bases, 1 μl of a solution (0.2 mg/ml) of BSA was 

added to 100 μg of thymic DNA; then, 20 μl of the analyzed protein solution was added to 
3
H–SAM 

and the mixture was incubated at 37°C for 2–3 hours. The reaction was stopped by adding cold 

alcohol in a ratio of 1:3. DNA was applied to a plate with a thin layer of cellulose (10 g per 100 ml 

water). Chromatography was performed in a butanol–water–ammonia system in a ratio of 60:10:0.1 

to separate free 
3
Н–SAM. 

Methylation of λ phage (dcm
-
, dam

-
) 5-cytosine methyltransferase SssI (Thermo Scientific), 

which methylates the 5’-CpG-3’ site, was carried out according to the standard procedure. 

Methylation of λ phage (dcm
-
, dam

-
) at N

6
-adenine was carried out by WAD-DNA methyltransferase, 

which methylates the 5’-TGm
6
ATCA-3’ site, as described above using non-radioactive SAM. 

2.7. Determination of nuclease activity 

https://febs.onlinelibrary.wiley.com/doi/full/10.1016/S0014-5793%2899%2901025-X?sid=nlm%3Apubmed#feb2s001457939901025x-bib-BIB2
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Nuclease activity was determined spectrophotometrically at 260 nm using thymic DNA 

(A260 nm = 1.0 in 0.5M acetate buffer, pH 5.0). The reaction was carried out at 37°C for 1 h. An 

amount of enzyme was taken as a unit of activity that caused an increase in the optical density of the 

solution by 0.01 units under standard incubation conditions. In addition to thymus DNA, λ phage 

DNA [(dcm
-
, dam

-
) and (dcm

+
, dam

+
)] was used as a substrate. 

The nuclease activity was also determined in 12.5% polyacrylamide gel with fused thymic DNA 

(0.2 mg/ml) [30]. 

2.8. Site specifity of endonucleases WEN1 and WEN2 

To 7 μl of 10 mM Tris-HCL buffer pH 7.5, containing 2 μg of unmethylated DNA λ phage 

(dcm
-
, dam

-
) and methylated  by WAD methylase DNA (dam

+
) or by cytosine methyltransferase SssI 

DNA (dcm
+
), 1 μl of wheat endonucleases WEN1  or WEN2 was added. The mixture was incubated 

at 37°C for 2 h. The hydrolysis products were analyzed in horizontal electrophoresis in 1.2% agarose. 

5-carboxyfluorescein (FAM) oligos have been synthesized in various contexts containing either 

a CG site or a CNG site and FAM oligos containing methylcytosine at the CG and CNG sites were 

synthesized at Syntol (Russia).  

Synthetic oligos  (1 μg) were hydrolyzed with endonucleases WEN1 (2 × 10
-8

 M) and WEN2) 

(1.4 × 10
-8

) in the presence of 3 mM MgCl2 or in the absence of magnesium ions for 30 min or 2 h at 

37°C. The hydrolysis products were separated by electrophoresis in 20% polyacrylamide gel in Tris-

borate buffer containing 0.05 M EDTA. The gels were analyzed on a Fujifilm FLA 3000 Imager 

(Japan) at a wavelength of 413 nm.  

2.9. Site specifity of DNA methyltransferase WAD 

To solution, containing 2 μg of unmethylated DNA λ phage (dcm
-
, dam

-
) and methylated by 

WAD methylase, 1 μL of buffer (corresponding for different restriction endonucleases) and 1 μL of 

commercial restriction endonucleases were added. The mixture was incubated at 37°C for 2 h. The 

hydrolysis products were analyzed in horizontal electrophoresis in 1.2% agarose. 

3. Results 

3.1. Isolation of vesicles and electron microscopy 

Fractional centrifugation was used to isolate a fraction of closed-membrane vesicles and 

mitochondria from aging wheat coleoptiles. Electron microscopic examination of the fraction showed 

that it was a suspension of certain subcellular particles with a rather unusual organization [23]. These 

particles, surrounded by a membrane, were filled with a cytoplasmic matrix and contained one or 

more mitochondria (Figure 1). 
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Figure 1. Structure of parenchyma cells in the apical part of coleoptiles. Vesicles formed 

are seen in the cellular vacuole. Vesicles are forming shown by arrows. 

3.2. Isolation and characterization of endonucleases 

Vesicles from coleoptiles were separated from nuclei and free mitochondria by fractional 

centrifugation in a sugar gradient. Because most vesicles contain more than one mitochondria, they 

sediment at lower g values than free mitochondria. This allowed us to isolate cytoplasmic structures 

that were not contaminated with free mitochondria. 

Nuclease activity was extracted from cytoplasmic vesicles from coleptiles of 7-day-old etiolated 

wheat seedlings. Sequential chromatography using DEAE cellulose as well as Superdex-200, 

Superdex-75, and Toyopearl HW-50 columns led to the isolation of two protein fractions with 

nuclease activity [24,25]. One of the enzymes, named WEN1, had an apparent molecular weight of 

about 27 kDa; the second enzyme, called WEN2, had an apparent molecular weight of about 43 kDa 

(Figure 2). 

Plant endonucleases do not have a high substrate specificity; therefore, the products of DNA 

hydrolysis are presented in electrophoretograms in the form of smears. Based on analyses of the 

products of λ phage DNA hydrolysis, the WEN2 endonuclease prefers unmethylated λ phage DNA 

as a substrate. By contrast, WEN1 preferentially hydrolyzes methylated λ phage DNA (Figure 3). 
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Figure 2. SDS-PAGE-electrophoresis of endonucleases WEN1 and WEN2 and the 

adenine DNA methyltransferase WAD. 

 

Figure 3. Analyses of DNA hydrolysis products on agarose gels of λ phages with (A) 

different methylation statuses (dcm
+
, dam

+
) and (B) (dcm

-
, dam

-
) with endonucleases 

WEN1 and WEN2. (A, B) 1: control DNA λ phage; 2: DNA + WEN1; 3: DNA + WEN1 

+ 3 mM MgCl2; 4: DNA + WEN1 + 3 mM CaCl2; 5: DNA+ WEN2; 6: DNA+WEN2 + 

MgCl2; 7: DNA + WEN2 + CaCl2. (C) Effect of S-adenosyl-L-methionine (SAM) at a 

concentration of 0.3 mM on the nuclease activity of WEN1 (lanes 1 and 2) and WEN2 

(lanes 3 and 4) in the hydrolysis of unmethylated DNA λ phage (dcm
-
, dam

-
) (lanes 1 and 

3) and methylated DNA λ phage (dcm
+
, dam

+
) (lanes 2 and 4). 
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Mg
2+ 

and Ca
2+ 

affect the activity of plant endonucleases. As shown in Figure 4, Mg
2+

 ions 

activate the action of both WEN1 and WEN2. In the presence of Mg
2+

 ions, an increase in the 

content of lower-molecular-weight products of DNA hydrolysis is observed. The composition of the 

products of DNA hydrolysis by endonucleases depends on the concentration of Mg
2+

 ions (data not 

shown). At a cation concentration of 1 mM in the reaction medium, oligonucleotide “smears” was 

seen in the gel; an increase in concentration to 3 mM was accompanied by a change in the 

composition of hydrolysis products, which mainly became oligonucleotides 120–140 bp in length. A 

further increase in the concentration of Mg
2+

 ions (above 10 mM) led to an increase in the proportion 

of higher-molecular-weight oligonucleotides, which indicates inhibition of enzyme activity. Thus, 

the optimal concentration of Mg
2+

 ions in the reaction medium was 3 mM. In the presence of Mg
2+

 

ions, both endonucleases cleaved methylated and unmethylated DNA of λ phages almost equally 

with the formation of mainly oligonucleotides with a length of 120–140 bp. It can be assumed that 

magnesium ions cause endonucleases to lose sensitivity to DNA methylation status. 

Ca
2+

 ions strongly activate WEN1 endonuclease, in a similar manner and almost to the same 

extent as Mg
2+

 ions in the hydrolysis of methylated DNA. However, it is interesting to note that, in 

the presence of bivalent cations, WEN1 endonuclease hydrolyzes unmethylated DNA almost into 

nucleotides. The composition of the hydrolysis products depends on the concentration of Ca
2+ 

ions. 

An increase in the concentration above 5 mM is accompanied by inhibition of endonuclease WEN1 

activity, which is expressed in the appearance of high-molecular-weight products (data not shown). 

Unlike WEN1, the activity of WEN2 is markedly inhibited by Ca
2+ 

ions. Such a multidirectional 

dependence of WEN1 and WEN2 on Ca
2+

 ions (i.e., an increase in the concentration of Ca
2+ 

ions) is 

optimal for one enzyme and acts as an inhibitor for the other, which is probably important for their 

functioning in the cell and affects the regulation of their activity. 

The enzymatic methylation of DNA is carried out by specific cytosine and adenine DNA 

methyltransferases using SAM as a methyl group donor [31]. In the R-M system, the activity of some 

restriction endonucleases is modulated by the presence of SAM [32]. Due to the fact that 

endonucleases WEN1 and WEN2 are sensitive to the status of DNA methylation, we studied the 

possible effects of SAM on their activity (Figure 4C). We found that SAM inhibited the activity of 

WEN1 during the DNA hydrolysis reaction but significantly activated WEN2 regardless of 

methylation status, both during the hydrolysis of λ phage DNA (dam
-
, dcm

-
) and λ phage DNA 

(dam
+
, dcm

+
). In the presence of SAM, unmethylated DNA hydrolysis by WEN2 resulted in almost 

entirely oligonucleotides of 120–140 bp in size. 

It can be assumed that there are specific regions responsible for binding to SAM in 

endonucleases WEN1 and WEN2, similar to restriction endonucleases. The different modulations of 

the activities of these endonucleases by allosteric effectors may indicate a different organization of 

enzymes, as well as their regulatory and possibly catalytic centers. 

Thus, the DNA methylation status and the allosteric effects of SAM, a donor of methyl groups 

for methylation including DNA, are effective regulators of the nuclease activity of WEN1 and 

WEN2 in vitro, and possibly in vivo. 

3.3. Localization of endonucleases in the cell 

Nuclease activity was tested in mitochondria, nuclei, and in the vesicular fraction (Figure 4). 

Nuclease activity corresponding to the WEN1 endonuclease was found in all tested subcellular 
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structures: free mitochondria, mitochondria in the vesicular fraction, and mitochondria in the nuclear 

fraction. Nuclease activity corresponding to WEN2 was found only in nuclear and vesicular fractions 

(Figure 4). In the process of seedling development, the nuclease activity corresponding to WEN2 

increases in the nucleus until the fifth day of seedling growth (Figure 3). Then it begins to gradually 

accumulate in the vesicular fraction and reaches its maximum value on day 7 of seedling 

development (see Figure 4). 

 

Figure 4. Dynamics of the accumulation of nuclease activity of polypeptides with 

molecular masses of 43 kDa (WEN2) and 27 kDa (WEN1) in wheat seedlings growing in 

the dark under standard conditions. Values represent three repeats (n = 500) of the test 

and their standard deviations.  

Nuclease activity corresponding to WEN1 is localized in free mitochondria in young seedlings. 

However, unlike WEN2, WEN1 is found in vesicles, which are already formed in coleoptiles on the 

third day of development of seedlings grown under etiolated conditions, albeit in insignificant 

amounts. With the further development of seedlings (day 5), the nuclease activity corresponding to 

WEN1 is already detected in the nuclear fraction. However, there are no exact data on the pathways 

of WEN1 transport into the nucleus: either part of the enzyme goes into the nucleus, and the rest into 

the vesicles, or the whole enzyme goes into the vesicles, and then some into the nucleus. However, 

the most realistic option is the first scenario 

Based on the dynamics of nuclease activity corresponding to WEN1 and WEN2, we developed 

a scheme of their localization in various subcellular structures during wheat seedling development 

(Figure 5). First, WEN1 in young seedlings is localized in free mitochondria. During the process of 

development, the enzyme is released from mitochondria and is transferred to the nuclear fraction and 

the vesicular fraction, which is a marker of apoptosis in plants. However, the appearance of WEN1 in 
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the vesicular fraction together with mitochondria cannot be ruled out, because vesicles are formed 

through the formation of a dense membrane around mitochondria. WEN2, on the other hand, is 

localized in the nuclear fraction and moves to the vesicular fraction during seedling development 

(Figure 5). 

 

Figure 5. Scheme of the localization of the WEN1 and WEN2 endonucleases in 

subcellular structures in seedling coleoptiles during development.  

3.4. Isolation, characterization, and localization of adenine DNA methyltransferase 

Sequential purification of the extract from the vesicular fraction was carried out via ion-

exchange chromatography using DEAE cellulose, gel filtration using Sephadex G-200 and G-50 

columns, and chromatography using DNA cellulose resin. Elution was performed in 10 mM Tris-

HCl buffer pH 7.0 in the presence of 5 mM EDTA. The use of 5 mM EDTA was needed to inactivate 

endonucleases. This made it possible to isolate the adenine DNA methyltransferase WAD in a 

homogeneous form; according to SDS electrophoresis, the apparent molecular weight of the enzyme 

was 39 kDa (Figure 2) [26]. 

Next, we analyzed the incorporation of a radioactive label from 
3
H-methyl-SAM into the 

adenine base of thymus DNA in wheat coleoptile extract, and found that its accumulation in 

coleoptiles reached a maximum value by day 7, after which it decreased (Figure 6). 

The most probable localization of adenine DNA methyltransferase was found to be in the 

vesicular fraction (Figure 7). 

The distribution of the r/a label between cytosine and adenine bases in subcellular structures 

(mitochondria, nuclei and vesicles) of 7 day-old wheat seedlings is shown in Table 1.  
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The label accumulated in the vesicular fraction of coleoptiles. It is interesting to note that the 

label accumulated to a much lower degree in the cytosine base in vesicles than in the adenine base. In 

addition, it mostly accumulated in young seedlings (3 days old) and in the DNA of the nuclear 

fraction. These results suggest that cytosine DNA methyltransferases exhibit nuclear localization, 

while adenine DNA methyltransferases are mainly in the mitochondria. In young wheat seedlings, 

adenine DNA methyltransferase is inactive or weakly active. During the development of the 

coleoptile with the formation of vesicles, some mitochondria pass into this fraction; during this 

period, the activity of adenine DNA methyltransferase increases. 

 

Figure 6. Accumulation of a radioactive label in the vesicular fraction of etiolated wheat 

coleoptiles during development. Values represent three repeats (n = 500) of the test and 

their standard deviations.  

 

Figure 7. Distribution of the radioactive label in different cell compartments of 7-day-old 

etiolated wheat coleoptiles. Values represent three repeats (n = 500) of the test and their 

standard deviations. 
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Table 1. Content of the r/a label in (methyl group) adenine and (methyl group) cytosine 

bases in subcellular structures of 7-day-old wheat seedlings. cpm ×1000. The mean 

values in 3 repeats (n = 500) and their standard deviations. 

 Mitochondria Nuclei Vesicles 

(Methyl)cytosine 311 ± 12 2852 ± 48 183 ± 21 

(Methyl)adenine 392 ± 23 260 ± 19 962 ± 32 

3.5. Site specificity of the adenine DNA methyltransferase WAD 

The DNA methyltransferase WAD methylates DNA in the presence of SAM to form N
6
-

methyldeoxyadenosine, which was isolated by high-performance liquid chromatography in a gradient 

of 0–100% acetonitrile on С-18. The characteristic positions of the extrema of the UV absorption 

spectrum of the isolated base, corresponding to Vmax = 262 nm and Vmin = 236 nm, confirmed that 

N
6
-methyldeoxyadenosine formed during DNA methylation with the isolated enzyme, thus 

confirming that the enzyme was adenine DNA methyltransferase. 

To determine the site specificity of WAD-methylase, we assessed the protective effect of 

methylated DNA of λ phage (dam
-
, dcm

-
) WAD-methylase against restriction by bacterial restriction 

endonucleases. This protective effect is manifested only against the restriction endonuclease BclI 

(Figure 8). This restriction endonuclease cleaves DNA at the 5’-TGATCA-3’ site; however, if the site 

is methylated at adenine, then the BclI endonuclease can no longer cleave it. Thorough analyses of the 

obtained λ phage DNA fragments after treatment with the MboI restriction endonuclease revealed the 

absence of low-molecular-weight DNA fragments compared to control samples. This slight difference 

is probably due to the fact that the GATC site is included in the TGATCA site, and after methylation, 

this site becomes inaccessible for cleavage by the MboI endonuclease. Comparative analyses of the 

restriction enzymes of unmethylated and methylated WAD methylase DNA obtained by hydrolysis 

with other restriction endonucleases did not reveal any differences in the composition and position of 

DNA fragments. Thus, the WAD methylase site 5’-TGATCA-3’ was determined. 

 

Figure 8. Electropherograms based on 1.2% agarose gels. (1): unmethylated DNA of λ phage 

(dcm
-
, dam

-
). (2): products of hydrolysis by restriction endonuclease BclI of methylated DNA 

of λ phage by WAD methylase. (3): same analysis but for unmethylated DNA. 
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3.6. Site specificity of the endonucleases WEN1 and WEN2 

Unlike in bacteria, endonucleases in plants do not have a pronounced site specificity of action. 

Although analyses of the products of λ phage DNA hydrolysis by endonucleases WEN1 and WEN2 

did not reveal clear discrete bands (fragments) in agarose gel electrophoresis (Figure 3), the nature of 

the hydrolysis still indicated the existence of some specificity, for example, they did not cleave 

monotonic polymers and deoxyribooligonucleotides (oligos). WEN1 prefers to hydrolyze methylated 

DNA λ phage (dcm
+
, dam

+
), while WEN2 prefers unmethylated DNA λ phage (dcm

-
, dam

-
). 

Unmethylated DNA λ phage (dcm
-
, dam

-
) was methylated at the adenine bases with the wheat 

DNA methyltransferase WAD at the 5’-TGATCF-3’ sites and at the cytosine bases with bacterial 

DNA methyltransferase SssI at the 5’-CpG-3’ sites. WEN1 hardly hydrolyzed DNA methylated at 

adenine bases (Figure 9); even an increase in the exposure time did not lead to new hydrolysis 

products. Hence, we concluded that WEN1 does not possess dam endonuclease specificity of action. 

At the same time, the enzyme hydrolyzed methylated DNA λ phage at cytosine bases even without 

cofactors (Figure 9). 

In plants, the most common methylated site is CG [17]. Another methylated site in eukaryotic 

DNA is the CNG sequence; in plant DNA, more than 30% of 5-methylcytosine residues are localized 

precisely in these sequences [17]. 5-carboxyfluorescein (FAM) oligos have been synthesized in 

various contexts containing either a CG site or a CNG site. Versions containing methylcytosine at the 

CG and CNG sites have also been synthesized. 

 

Figure 9. PAAG-Electrophoes of products hydrolysis Fam-oligo by the endonucleases 

WEN1 and WEN2 in the presence 3 mM MgCl2 Left, 1: CCC CCC CCC CCC m
5
CAG 

CCC CCC-FAM; 2: CCC CCC CCC CCC m
5
CAG CCC CCC-FAM + WEN1; 3: CCC 

CCC CCC CCC CAG CCC CCC FAM; 4: CCC CCC CCC CCC CAG CCC CCC-FAM 

+ WEN1; Right, 1: CCC CCC CCG GAT CCC CCC CCC-FAM; 2: CCC CCC CCG 

GAT CCC CCC CCC-FAM + WEN2; 3: CCC CCC CCC Gm
6
AT CCG CCC CCC-

FAM, 4: CCC CCC CCG Gm
6
AT CCC CCC CCC FAM + WEN2. 
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The endonuclease WEN1 weakly hydrolyzed FAM-oligos with the CG site, even with 

methylcytosine present. All FAM-oligos with CNG sites we used in any nearest surrounding 

nucleotide context, with the exception of the CCCG combination, were hydrolyzed by the WEN1 

enzyme (Figure 9). Based on the results of analyses of the products of FAM oligo hydrolysis by the 

endonuclease WEN1, we concluded that the enzyme prefers to hydrolyze oligos with a CNG site and 

with a methylated cytosine base inside the site between the meC and N bases. 

The endonuclease WEN2 differs in specificity from WEN1. WEN2 hydrolyzes FAM-oligos 

with CG sequences only if the oligo contains a GAT site. The enzyme cleaved the oligo in front of 

the GAT site regardless of context (Figure 9). However, hydrolysis did not occur if the oligo was 

methylated at the adenine base. Thus, WEN2 preferentially cleaves CG sequences directly adjacent 

to the unmethylated recognition site, similar to type III restriction endonucleases [1]. 

4. Discussion 

The coleoptile is the first germinal (colorless, green or reddish) leaf of cereals that does not have 

a leaf blade and is a closed tube. It has protective properties for subsequent leaves, functions for a 

relatively short period of time, and quickly dies as the seedling forms and grows. In vacuoles of 

coleoptile cells of wheat seedlings, numerous cytoplasmic regions of various size surrounded by a 

closed membrane and containing one or several mitochondria, fragments of membranes of the rough 

endoplasmic reticulum, and polyribosomal complexes have been found [23]. These are isolated 

cytoplasmic structures not associated with the main cytoplasm of the cell. The cytoplasm in the 

detected vesicles has no signs of destruction, in contrast to the contents of the surrounding vacuole [23]. 

WEN1 and WEN2 are eukaryotic endonucleases that recognize substrate DNA according to 

their methylation status. This phenomenon is common for highly specific bacterial and protozoal 

(Chlamidomonas) restriction endonucleases belonging to the R-M system [4,33]. During the DNA 

hydrolysis reaction, SAM inhibits the activity of WEN1 regardless of methylation status but 

significantly activates WEN2, both during the hydrolysis of λ phage DNA (dam
-
, dcm

-
) and λ phage 

DNA (dam
+
, dcm

+
). In the presence of SAM, unmethylated DNA hydrolysis by WEN2 results in 

almost entirely oligonucleotides 120–140 bp in size. 

It can be assumed that there are specific regions responsible for binding to SAM in the WEN1 

and WEN2 endonucleases, similar to restriction endonucleases. The different modulations of their 

activities by allosteric effectors may indicate a different organization of enzymes, as well as their 

regulatory and possibly catalytic centers. 

Ions of divalent metals are essential components involved in the catalytic hydrolysis of 

substrates in most nucleases. Mg
2+

 and Ca
2+

 are the most common divalent cations in living 

organisms [34,35], and Mg
2+ 

ions are predominantly localized inside the cell [36]. Other ions such as 

Fe
2+

,
 
Zn

2+
, and Cu

2+ 
are also widespread and actively involved in cellular processes. The ions Mn

2+ 

and Ni
2+

 are also essential for the functioning of organisms, but in cells, they are found in lower 

concentrations than Mg
2+ 

and Ca
2+ 

[35]. 

WEN1 and WEN2 are neutral Ca
2+

, Mg
2+

 -dependent enzymes. Mg
2+

 ions activate both of them. 

In the presence of Mg
2+

 ions, an increase in the yield of lower-molecular-weight products of DNA 

hydrolysis is observed. Ca
2+

 ions strongly activate WEN1 in the same way and almost to the same 

extent as Mg
2+

 ions. However, they markedly inhibit WEN2. This multidirectional dependence of the 

action of WEN1 and WEN2 on Ca
2+

 ions is probably important for their function in the cell and is 
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aimed at regulating their activity: an increase in the concentration of Ca
2
 

+
 ions is optimal for one 

enzyme and inhibits the other. 

Thus, the status of DNA methylation and the allosteric effects of SAM, a donor of methyl 

groups for methylation including DNA, are effective regulators of the nuclease activity of WEN1 and 

WEN2 in vitro, and possibly in vivo. 

The bacterial R-M system includes a highly specific restriction endonuclease and DNA 

methyltransferase [1,2]. We do not know exactly what the role of the R-M system in plants might be. 

However, we speculate that, because pathogens can trigger programmed cell death (PCD) in plants 

and because a dying cell is an excellent target for attack by pathogens, vesicles are formed to protect 

the mitochondrial genome from the penetration of foreign DNA. One of the mechanisms of 

protection against foreign DNA in bacteria is the process of DNA methylation and restriction. In 

wheat seedlings, the vesicular fraction contains DNA methyltransferase, which methylates adenine at 

the TGm
6
ATCA site, and the WEN2 endonuclease, which has a GAT recognition site and 

hydrolyzes the CG (GC) bond in front of the recognition site only if it is not methylated. Thus, it can 

be assumed that these two enzymes are interconnected and may form an R-M system analogous to 

that observed in bacteria, or the individual elements of such a system. We assigned the R-M system 

in wheat to type IV, because the WEN2 endonuclease does not have such a high specificity as the 

restriction endonucleases, and the WEN2 recognition site (GAT) is only a part of the WAD 

methylase methylation site (TGATCA). 

We do not know exactly what may be the role of the R-M system in plants. However, accepting 

the fact that pathogens can launch PCD in plants, and that a dying cell is an excellent target for attack 

by pathogens, it can be imagined that vesicles are formed to protect the mitochondrial genome from 

the penetration of foreign DNA. One of the defense mechanisms against foreign DNA in bacteria is 

the process of DNA methylation and restriction. The bacterial R-M system includes a highly specific 

restriction endonuclease and DNA methyltransferase [1,2]. In wheat seedlings, DNA 

methyltransferase is found in the vesicular fraction and methylates adenine at the TGm
6
ATCA site, 

where WEN2, which has a GAT recognition site, hydrolyzes the CG (GC) bond in front of the 

recognition site only if it is not methylated. Therefore, these two enzymes can be considered to be 

interconnected and to possibly serve as an R-M system. Thus, it can be considered that these two 

enzymes are related to each other and they can be attributed to an R-M system similar to bacterial. 

We assigned the R-M system in wheat to type IV, because the WEN2 endonuclease does not have 

such a high specificity as the restriction endonucleases, and the WEN2 recognition site (GAT) is 

only a part of the WAD methylase methylation site (TGATCA). Strong evidence of the protective 

role of this system in plants is the active process of replication in mitochondria localized to vesicles, 

while the fragmentation of nuclear material actively occurs in the cell [37]. Adenine-DNA 

methyltransferase is involved in the replication process, and wheat mitochondrial DNA contains 

about 1% N6-A of all adenine bases [38,39]. 

5. Conclusion 

The formation of vesicles is necessary for the cell to preserve the genetic material located in the 

mitochondria. The presence of two endonucleases that are sensitive to the status of DNA methylation, 

namely, WEN1 and WEN2, and adenine DNA methyltransferase in the vesicular fraction is most 

likely associated with the existence of the epigenetic control (DNA methylation) of nuclease activity 
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in plants. Multidirectional sensitivity to the status of DNA methylation and to the presence of 

cofactors SAMa and Ca
2+

 ions suggests the participation of WEN1 and WEN2 in mitochondrial 

DNA protection. WEN2 has a GAT recognition site, which is part of the methylation site of adenine 

DNA, and it hydrolyzes the CG (GC) bond upstream of the recognition site only if it is not 

methylated. Based on the relationship between the two enzymes, we assume that an R-M system 

similar to that of the type IV observed in bacteria, or some of its elements, may exist in plants. 

However, this system appears in cells formed at an early stage of PCD in an unusual vesicular 

fraction. It can be assumed that this system in plants is part of the immune response to the action of a 

pathogen and is aimed at protecting the cellular material. 
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