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The (-)-Epigallocatechin-3-o-gallate (EGCG) in tea extract is the 

promising nutraceutical agent. Due to various health effects of EGCG, it 

is used as dietary supplements or therapeutic drugs. However, many 

studies reported the poor bioavailability of EGCG on oral administration, 

which hamper its application. The site-specific methylation modification

to EGCG, especially 3`` hydroxyl group in D-ring, significantly enhanced

its stability and bioavailability in human body. Therefore, the methylation 

modification is the way to make EGCG more orally active and potent 

nutraceutical agents in the market. 

In this study, for the effective synthesis of the methylated EGCG, 

we adopted the enzymatic method with the S-adenosyl-L-methionine (SAM) 

dependent o-methyltransferase which carried out the methyl transfer

reaction. Previously, our lab found out o-methyltransferases from bacillus 

licheniformis and bacillus megaterium which transfer methyl group to 

EGCG. bmOMT with low regioselectivity produced the multiple methylated 

EGCG. In contrast, blOMT had relatively high regioselectivity and 

produced 3``Me EGCG as the major product. 

To improve the production of 3``Me EGCG, we conducted the 

site-directed mutagenesis based on PCR by using rational design. We 

engineered the blOMT which has high regioselectivity and confirmed that 
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the F163W mutant shows 2-fold increase of initial velocity. And we tried 

to seek the more active OMT by using bioinformatics tools, Subgrouping 

Automata and docking simulation. We found out the more active and 

regioselective bacterial OMTs from thermolongibacillus altinseunsis and 

bacillus subtilis. the catalytic activity of taOMT and bsOMT was better 

than blOMT. The catalytic ratio (Kcat/Km) of taOMT for EGCG is at 17.4 

M
-1

s
-1
, about 2-fold higher than that of blOMT at 8.7 M

-1
s
-1
. And the 

bsOMT is at 11.3 M
-1

s
-1
, about 1.3-fold higher than blOMT. 

Key Words: (-)-Epigallocatechin-gallate (EGCG), (-)-Epigallocatechin-3-

O-(3-O-methyl)-gallate (3``Me EGCG), SAM dependent O-

methyltransferase, Enzyme engineering, virtual screening

Student Number: 2020-28874

Abbreviations:

blOMT: bacillus licheniformis o-methyltransferase

bmOMT: bacillus megaterium o-methyltransferase

pcOMT: paenibacillus chondroitinus o-methyltransferase

hvOMT: heyndrickxia vini o-methyltransferase

taOMT: thermolongibacillus altinseunsis o-methyltransferase

bsOMT: bacillus subtilis o-methyltransferase
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1. Introduction

Tea is the one of the most famous traditional beverages in the 

world [1]. (-)-Epigallocatechin-3-O-gallate (EGCG) is the major polyphenol 

component of tea catechins. It is also the main active ingredient and 

shows various physiological and therapeutic effects, including anti-

inflammatory and anti-allergy[2, 3], anti-bacterial and anti-viral[4, 5], 

anti-aging[6], cardiovascular disease[7]. Recently, the anti-fibro effect for 

lung against to COVID-19 was reported[8]. The fact of the efficacy 

relieving the lung fibrosis makes EGCG be the more attractive item in 

the nutraceutical market.

However, EGCG is very unstable in the blood and intestinal tract. 

It is easy to be auto-oxidation and degraded by the intestinal microbiome.

Due to these traits, EGCG has low bioavailability on oral administration

[9]. To enhance its pharmacokinetics, we choose the methyl modification

which can induce the physicochemical change of EGCG. Especially, the 

D-ring of the EGCG has the main effect on its pharmacokinetics through 

oral administration. In fact, the bioavailability of (-)-epigallocatechin-3-

O-(3-O-methyl)-gallate (3`` Me EGCG) was 2.7-fold higher than that of 

EGCG [10]. Furthermore, 3``Me EGCG has more active effect against on 

high-blood pressure and periodontitis as drugs[7, 11]. The site-specific 

methylation is the effective method for improving the efficacy of tea 

polyphenols.
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The methylated EGCG rarely exists in nature tea extract (> 1 % 

w/w)[12]. the extraction of methylated EGCG from tea can`t meet the 

industrial needs. The alternative ways to obtain 3``Me EGCG are chemical 

and enzymatic synthesis. However, the chemical synthesis needs the 

protection for hydroxyl group by using 2-nitrobenzenesulfonyl(Ns)

protecting groups[13]. And then perform the deprotection reactions to 

remove protection group. These multiple extra reactions should need 

many reaction resources and time. Therefore, we thought that the 

enzymatic synthesis is the best way to produce the site-specific 

methylated EGCG for large scale.

The S-adenosyl-L-methionine dependent o-methyltransferase

(SAM-dependent OMT) is the enzyme which can transfer the methyl 

group from SAM to the hydroxyl group by Sn2-like mechanism[14]. In 

the previous reports, several o-methyltransferases, which is isolated from 

camelia sinensis (tea) and flammulina velutipes (edible mushroom), were 

reported[15, 16]. They have activity for EGCG methylation. However, 

they had no regiospecific activity for 3`` Me EGCG. Therefore, we tried 

to find out the regiospecific OMT for 3``Me EGCG. Previously, our lab 

confirmed the bacterial enzymes from bacillus megaterium and bacillus 

licheniformis. The bmOMT was more active than blOMT. In the contrast,

the regioselectivity of bmOMT is lower than that of blOMT.

In this study, we conducted the enzyme engineering to improve 

the activity of relatively regioselective blOMT. we confirmed the two 

amino acid residues in active site that might play a key role in the 
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substrate binding and regioselectivity by docking simulation and alanine 

scanning. And then carried out the site directed mutagenesis by the 

rational design. 

We also tried to discover the more active for EGCG methylation.

To designate the candidate enzymes, we conducted bioinformatics analysis 

and docking simulation. Based on the blOMT sequence, we found out the 

more active bacterial OMT which can catalyze site-specific EGCG 

methylation. 
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2. Materials and methods

2.1.1. Chemicals and materials

EGCG, SAM-HCl were purchased from Sigma-Aldrich. Ethyl 

acetate was purchased from Junsei (Tokyo, Japan). LB Broth was

purchased from BD dicfo. Oligomers were purchased from Bionics (Seoul, 

South Korea) and sequencing were purchased from Macrogene (Seoul, 

South Korea). Enzymes involved in restriction reaction, ligation were 

purchased from Thermo Scientific, TAKARA, respectively. 

2.1.2. Sequence alignments and Docking simulation

Sequences of the o-methyltransferases were searched with PSI-

BLAST in NCBI. To exclude redundant sequences, sequence clustering 

with the identity threshold of 90% was conducted by using CD-HIT. The 

24 sequences were gathered and we used Clustal Omega to generation 

multiple sequence alignments[17].

The simulation for protein-ligand docking was conducted by 

AutoDock Vina. The pose with proper geometry for 3`` hydroxyl group 

methylation and minimum binding energy was selected.
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2.1.3. Site directed mutagenesis

The selected residues from multiple sequence alignment and 

docking simulation were mutated by using PCR. The plasmid vector 

containing blOMT sequence was used as a template. And then the proper 

primers were designed and applied for mutagenesis. The list of primers 

used in this study is in table 1.

2.1.4. Expression and purification of the enzymes

For the enzyme expression, the o-methyltransferase vector was 

transformed into E. coli BL21 (DE3) by using standard heat shock method. 

the colony was picked out from LB agar plate and cultured in 2 ml of 

LB broth with desired antibiotics under 37 'C overnight with shaking 

speed 200 rpm. 0.5 ml of cultured inoculum was added to 50 ml of LB 

and incubated at 37 'C until the OD600 reached around 0.8~1.0. The 

Isopropyl-β-D-1-thiogalactopyranoside (IPTG) induction was performed in 

the concentration of 0.1 mM and the cells were incubated at 18 'C, 200 

rpm for 16~18 hrs. After the induction, the cell was harvested and washed 

with 1X phosphate-buffered saline (pH 7.4) and resuspended in 5 ml of 

50 mM Tris-HCl buffer (pH 8.0). the cell suspension was sonicated and 

centrifuged. The his-tagged OMT in supernatant was purified by using Ni-
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NTA agarose bead (QIAGEN Korea Ltd., Seoul, Korea). The wash buffer (50 

mM Tris-HCl, pH 8.0, 300 mM NaCl, 20 mM imidazole, 0.05 % tween 20) 

and elution buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 250 mM 

imidazole) were used. The eluted enzyme solution was dialyzed by 

ultrafiltration for the removal of imidazole. The expression of enzymes was 

confirmed by SDS-PAGE gel analysis and the concentration of proteins 

was measured by Bradford assay.

BlOMT_F163A_F GCAAAAGGCCTTGTCGCATC

BlOMT_F163W_F TGGAAAGGCCTTGTCGCATC

BlOMT_F163Y_F TATAAAGGCCTTGTCGCATC

BlOMT_F163L_F ATTAAAGGCCTTGTCGCATC

BlOMT_F163A_R AAGGACATTGTCCGTAAAAATGATG

BlOMT_K164A_F GCAGGCCTTGTCGCATCAG

BlOMT_F164A_R GAAAAGGACATTGTCCGTAAAAATG

Table 1. List of plasmids used in this study.
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Origin Antibiotics Description Reference

pET-

24a(+)

pBR322 Km pET-ma24 with OMT 

from bacillus licheniformis

In this

study

pET-

24a(+)

pBR322 Km pET-ma24 with OMT 

from bacillus megaterium

In this

study

pET-28(+) pBR322 Km pET-28 (+) with OMT 

from 

paenibacillus chonroitinus

In this 

study

pET-28(+) pBR322 Km pET-28 (+) with OMT 

from heyndrickxia vini

In this 

study

pET-28(+) pBR322 Km pET-28 (+) with OMT 

from bacillus subtilis

In this 

study

pET-28(+) pBR322 Km pET-28 (+) with OMT 

from thermolongibacillus 

altinsuensis

In this 

study
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Table 2. List of plasmids constructed or used in this study.

2.1.5. Activity assay of O-methyltransferase

The 400 μl reaction mixture containing 50 mM Tris-HCl (pH 8.0), 

1 mM MgCl2, 0.4 mM L-ascorbic acid(LAA), 0.2 mM EGCG, 0.4 mM SAM, 

10 μM OMT. The reaction mixture was incubated with shaking speed 

200 rpm for 1h at 30 'C and the reaction was totally stopped by adding 

80 μl of 2 N HCl solution. methylated products were extracted by adding 

850 μl ethyl acetate to 150 μl of the reaction mixture. After vigorous 

mixing and centrifugation, 800 μl of the organic phase was collected 

and vacuum evaporated. The final sample was dissolved with 60 μl of 

HPLC-grade methanol with 0.1 mM caffeic acid as internal standard and 

then analyzed with HPLC. 

To determine kinetic parameters, the methylation reaction was 

conducted by varying the concentrations of the EGCG (0.025 mM ~ 0.4 
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mM). Except for the substrate concentration, other conditions were the 

same with those mentioned above. Vmax and Km were calculated by non-

linear regression based on Michaelis-Meten equation.

2.1.6. HPLC Analysis

The products were analyzed by HPLC(YL9100 HPLC, YoungLin, 

Korea) equipped with the phenomenex Luna® C18(2) column (5 μm

particle size, 100 Å, 150 x 4.6 mm) and UV detector. The mobile phase

was (A) acetonitrile with 0.1 % trifluoroacetic acid (TFA) and (B) water 

with 0.1 % TFA. the gradient method was started at 15 % B mobile 

phase, followed by a linear increase from 15 % to 27 % for 15 min and 

then additional increase to 40 % for 3 min. The flow rate was 0.6 ml/min 

and detection UV range was 280 nm. The methylated product peaks were 

previously confirmed by ESI-TSQ, NMR [18].

2.2.1. Virtual Screening

The sequence set of o-methyltransferases was collected by using 

blOMT and bmOMT as query sequence from BLAST at RefSeq database 

in NCBI. And then the top 100 sequences were gathered for the 

subgrouping analysis. In each case of blOMT and bmOMT, a total of 101 

sequences composed of 1 query sequence and 100 sequence collected by 

BLAST used for subgrouping by Subgrouping Automata (SA) algorithm 
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[19]. The homology modeling was carried out by using the representative 

sequences from SA. The possibility of the representative enzyme’s activity 

for EGCG methylation was estimated by docking simulation.

2.2.2 Plasmid construction

The sequences of candidate protein were synthetized by LNC 

bio(Korea). The codon optimization was conducted for soluble expression 

of the enzymes. It was reported that rare codons in N-terminal sequences 

showed the effect on increasing the expression level of proteins.[20] We 

adopted the rare codon array to DNA sequence expressing 11 amino 

acids in the N-terminal region. The DNA sequence and pET-28(+) vector 

were cut by Nco1 and Xho1 restriction enzyme and then ligated.

.

3. Results and Discussion

3.1.1 Identifying putative EGCG and SAM binding site in blOMT.
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The bacterial enzyme was isolated from bacillus licheniformis and 

had regioselective methylation activity for EGCG. Therefore, we decided 

to improve the activity of blOMT. To obtain the more detailed prediction 

of the substrate binding pocket of blOMT, the 3D structure of blOMT 

was modeled by using SWISS-MODEL based on the tRNA 5-hyroxyuridine 

methyltransferase (trmR) from bacillus subtilis (Identity: 66.8 %, 

PDB :5ZW3).[21]

SAM dependent o-methyltransferases which use SAM as methyl 

donor are well studied. It was reported that the residues which interact 

with SAM in the binding site are highly conserved [14, 22]. We tried to 

predict the putative EGCG biding pocket based on the methyl-transfer 

mechanism and conserved catalytic residues. Through the multiple 

sequence alignments (MSA) and Homology modelling, we confirmed the 

catalytic residue Lys136, and Mg2+ interaction residues Asp133, Asp159, 

Asn160 (fig. 1). And then we carried out the docking simulation to the 

pocket located near Mg2+ ion and the opposite site against SAM by using 

the AutoDock Vina[23].
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Figure 1. Homology model of blOMT. The catalytic residues in 

active site were colored. 

3.1.2. Evolution of blOMT for synthesis of 3``Me EGCG
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To enhance the activity and regioselectivity of blOMT for 3``-O-

methylation of EGCG, we should choose the hot spot region which has 

effect on the enzyme reaction. The residues within 5 Å of substrate 

atoms were potential mutation sites for beneficial enzyme engineering

[24]. The docking simulation of EGCG into putative binding site indicated 

that six residues (I37, M38, E39, D208, F163, K164) were selected within 

5 Å from substrate atoms. Among these residues, three residues (I37, 

M38, E39) that the backbone of these amino acid seemed to interact 

with EGCG atoms were excluded from the list of mutation candidates. 

And D208 was also excluded because it is a highly conserved residue and 

known for interacting with hydroxyl group of the catechol substrate[25].

In this case, Asp may form the hydrogen boding with hydroxyl group of 

the gallate moiety. The remaining residues (F163, K164) constitute the 

insertion loop which is located between α-helix 8 and β-strand 5. 

Previously, several reports indicated that the insertion loops near the 

active site have effect on the enzyme activity and substrate binding[26, 

27]. From the multiple sequence alignments (fig. 2), the amino acid 

sequences of this region have low sequence homology, not conserved. 

Therefore, two residues (F163, K164) were chosen for assessing its effect 

on enzyme activity by conducting alanine substitution. 

The F163A mutant showed the change of its regioselectivity for 

EGCG methylation. The peak representing 3``Me EGCG from HPLC 

analysis was slightly separated. And the K164A mutant completely lost 

the activity of EGCG methylation. The HPLC analysis results of the 
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mutants (fig. 3A) suggested that Phe163 and Lys164 play a key role in 

determining the direction of the methylation and substrate binding.

The facts that the substitution of residues in insertion loop to 

aromatic or hydrophobic bulky amino acid showed the effect on enhancing 

the activity and regioselectivity were reported[28-30]. Therefore, we 

constructed the mutants, F163L, F163Y, F163W, and then confirmed their 

activity (fig. 3B). Among them, the F163W mutant showed about 2-fold 

initial reaction rate. F163Y decreased the initial rate and F163L completely 

lost its activity.

We assumed that the substitution to Trp might change the 

geometry of substrate binding to proper 3``OH methylation. EGCG was 

docked into F163W mutant and compared with WT (fig. 4). The distance 

between the oxygen atom of the hydroxyl group and the carbon atom 

of the methyl group was shortened in F163W simulation.
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Figure 2. Multiple sequence alignment of OMTs. The box with gray color 

is the key residues for methylation. D133, D160, N161 hold Mg2+
ion. 

K136 removes the hydrogen of gallate moiety. D208 forms hydrogen bond 

with hydroxyl group. 
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Figure 3. The activities of mutants analyzed by HPLC. (A) Alanine 

substitution mutant substrate conversion and HPLC chromatogram. (B) the 

reaction rate comparison of mutants (F163W, F163Y, F163L) with WT.
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Figure 4. Docking simulation comparing F163W with WT. the distances 

between C atom of SAM and O atom of gallate were indicated. The 

EGCG with blue color is docked to F163W mutant. and pink one is docked 

to WT. 
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3.2.1. Virtual screening for discovering more active EGCG o-

methyltransferase

To find out the more active o-methyltransferase, we carried out 

virtual screening which is combination of the method based on sequence 

and structure analysis. First of all, we gathered 2 sequence data sets

from blOMT and bmOMT each and conducted phylogenic analysis (fig. 5, 

6). To evaluate the average similarity of sequences in each subgroup, 

pairwise similarity was assessed by using multiple sequence alignments. 

The node which showed the drastic increase of average similarity was 

selected as the optimum node. As a result, input sets of blOMT and 

bmOMT have two subgroups each. To select the representative sequence 

in the subgroup, we found out the most consensus sequence by using

self-scoring method in Subgrouping Automata. Finally, the 4 OMTs from 

thermolongibacillus altinseunsis (taOMT), bacillus subtilis (bsOMT), 

paenibacillus chondroitinus (pcOMT), heyndrickxia vini (hvOMT) were 

selected as candidates to examine the activity for EGCG. To estimate 

whether to have the methylation activity for EGCG, homology modeling 

and docking simulation were conducted (fig. 7). From the docking 

simulation, we assumed that the 4 enzymes might produce the 3``Me 

EGCG and show higher activity because the distant between the sulfur 

atom of SAM and hydroxyl group of EGCG was shorter. To compare the 

residues which were predicted to interact with EGCG atoms, candidates 
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were aligned by clustal omega (fig. 8). It was confirmed that the 

sequences of the region interact with substrate are not identical.

Figure 5. The phylogenic tree of bmOMT group. the total of 101 

sequences contained bmOMT was found by using BLAST at Refseq. The 
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representative enzymes from paenibacillus chondroitinus and heyndrickxia 

vini were chosen by Subgrouping Automata.

Figure 6. The phylogenic tree of blOMT group. the total of 101 

sequences contained blOMT was found by using BLAST at Refseq.
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representative enzymes from thermolongibacillus altinseunsis and bacillus 

subtilis were chosen by Subgrouping Automata

Figure 7. The docking simulation results of candidate enzyme and 

EGCG. the distances between hydroxyl group and methyl group were 

calculated.

Bacillus subtilis OMT Thermolongibacillus altinsuensis OMT

Paenibacillus chondroitinus Heyndrickxia vini OMT
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Figure 8. Sequence alignment of representative and identified 

sequence (blOMT, bmOMT, pcOMT, hvOMT, taOMT, bsOMT). The box 

with colored indicate the residues located within 5 Å from docked EGCG 

atoms.
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3.2.2. Enzyme expression and purification

The candidate enzymes selected by bioinformatics tools were 

completely cloned in E. coli BL21 (DE3). the heterologous expression and 

His-tag purification was confirmed by SDS-PAGE gels (fig. 9).

Figure 9. SDS-PAGE gel of bsOMT, taOMT, pcOMT, hvOMT. 

M: marker, T : total fraction, S : soluble fraction, E : Elution.

3.2.3 O-methyltransferase activity assay



31

The methylation reaction was conducted by purified enzyme and 

analyzed by HPLC. The activities of the 4 enzymes were higher than 

blOMT and bmOMT. The reaction rates and product compositions were 

compared. (fig. 10). hvOMT and pcOMT showed reaction rates about 2-

fold and 1.3-fold higher than bmOMT, respectively. taOMT and bsOMT 

also showed reaction rates about 1.7-fold and 1.3-fold higher than blOMT. 

The new enzymes had similar reaction tendencies to the identified 

enzymes. Among the candidate enzymes, hvOMT and pcOMT showed 

better activities but still performed the additional methylation reaction, 

whereas taOMT and bsOMT showed lower reaction rates but had higher

regioselectivity for 3``Me EGCG. we thought the engineering of taOMT 

and bsOMT to enhance the activity and maintain the regioselectivity is 

the better way. Therefore, we carried out the further kinetic assay for 

taOMT and bsOMT. The kinetic parameters were calculated by nonlinear 

regression applied to Michaelis & Menten equation (fig. 11).

The structural differences between blOMT group and bmOMT

group are the amino acid constitution in the insertion loop and the size 

of the active site pocket. The residues, Phe and Asp was reported that 

they have effect on gating elements which is important for substrate 

specificity. The change of the gating element to small amino acid 

enhanced the activity of enzyme but substrate selectivity was to be broad. 

[31] blOMT group containing taOMT and bsOMT has the Phe residue in 

the insertion loop near active site, whereas bmOMT group has no bulky 
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amino acid. Therefore, bmOMT group could produce di-methylated EGCG 

and show the higher activity.
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Figure 10. Specific methylation activities of 6 OMTs. (A) the initial 

rate of OMTs (B) the content of products by enzymatic reaction. 
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Figure 11. The kinetic parameters of blOMT, bsOMT, taOMT.
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4. Conclusion

We confirmed that the insertion loop of the blOMT, especially 

163, 164 residues, has the effect on binding of EGCG and regioselectivity. 

The mutation to hydrophobic aromatic ring amino acid enhanced the 

methylation activity and it can be adopted to other o-methylatransferase.

We also found out the more active o-methyltransferases by using 

bioinformatics tools based on previous identified enzyme and confirmed 

their activity for EGCG site-specific methylation. These enzymes can be 

used for 3``Me EGCG production or other methylated EGCG. In further 

studies, we will conduct the mutation to insertion loop of taOMT and 

OMT and confirm the activity of mutants.
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국문 초록

에피갈로카테킨 갈레이트(EGCG)는 녹차 추출물의 대표적인 생리

활성 물질로 유망한 뉴트라슈티컬 물질이다. 다양한 생리적 및 약리적

효과로 건강기능식품이나 화장품 재료로 많이 사용된다. 하지만

에피갈로카테킨 갈레이트(EGCG)의 체내 환경에서의 불안정성과 낮은 막

투과율로 인해 생체이용율이 낮아 활용에 제한이 있다. 따라서 본

연구에서는 생체이용율이 높은 3`` 메틸 에피갈로카테킨 갈레이트의

효과적인 합성을 목적으로 위치특이적으로 메틸화 변형이 가능한 효소의

개량과 발굴에 관한 연구를 진행하였다.

이전 활성을 확인했던 bacillus licheniformis의 활성부위에서 기질

결합과 반응에 영향을 미치는 잔기를 확인하고 변이를 통해 반응속도가

2 개 증가한 변이주를 찾았다. 해당 부위는 다른 메틸전이효소에도

적용이 가능하다.

더 높은 활성을 가지는 효소를 찾기 위해 서열과 구조 기반의

생물정보학 분석을 통해 활성이 높을 것으로 예상되는 효소를 후보를

골라 활성을 시험했다. 결과적으로 Thermolongibacillus altinsuensis, 

bacillus subtilis, paenibacillus chondroitinus, heyndrickia vini 4 개 효소를

대장균에서 발현하고, 기준 효소보다 특이적인 메틸화 반응의 활성이 더

높은 것을 확인하였다. 이를 통해 ‘Subgrouping Automata’와 도킹

시뮬레이션을 통한 예측이 효과가 있음을 확인하였고, 하위 서브 그룹

시험을 통해 추가적인 효소 발굴이 적용할 수 있다는 점에 의의가 있다.    
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주요어: 에피갈로카테킨 갈레이트, 위치 선택성, 메틸전환효소, 
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