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Abstract Caffeoyl coenzyme A-O-methyltransferases
(CCoAOMTs) which are characterized under class I plant
OMTs, methylates CoA thioesters, with an in vitro kinetic
preference for caffeoyl CoA. CCoAOMTs exhibit associa-
tion with lignin biosynthesis by showing a prime role in the
synthesis of guaiacyl lignin and providing the substrates for
synthesis of syringyl lignin. The sequence analysis of
CCoAOMT from Populus trichopora exhibits 58 nucleotide
substitutions, where transitions overcome transversions.
Validation of homology models of both CCoAOMT1 and 2
isoforms reveals that 92.4% and 96% residues are falling in
the most favorable region respectively in the Ramachandran
plot, indicating CCoAOMT2 as the more satisfactory model,
and the overall quality factor of both isoforms is 98.174. The
structural architecture analysis is showing very good packing
of residues similar to protein crystal structures data. The
active site residues and substrate-product interactions showed
that CCoAOMT2 possesses more affinity toward caffeoyl
CoA, feruloyl CoA, 5-hydroxy feruloyl CoA and sinapoyl
CoA than CCoAOMT1, therefore it exist in a more active
conformation. The affinity of CCoAOMT2 with feruloyl

CoA is highest among all the affinities of both CCoAOMT
isoforms with their substrates and products. This information
has potential implications to understand the mechanism of
CCoAOMT related enzymatic reactions in Populus tricho-
pora, however the approach will be applicable in prediction
of substrates and engineering 3D structures of other enzymes
as well.
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Introduction

The plant O- methyl transferases (OMTs), catalyzing the O-
methylation process by transferring the methyl group from
S- adenosyl methionine (SAM) to the hydroxyl group of an
acceptor molecules which are usually hydroxycinnamic
acid or its esters, can be divided into two groups indicated
as class- I and class- II plant OMTs [1–4]. Class- I plant
OMTs, represented by Caffeoyl CoA-O-methyltransferases
(CCoAOMT) and of molecular weight around 28 KDa.
CCoAOMTs are known to methylate coenzyme A (CoA)
thioesters including Caffeoyl CoA and 5- hydroxyferuloyl
CoA, with an in vitro kinetic preference for Caffeoyl CoA ,
results in formation of cross linked polymer lignin which
provides a physical barrier against pathogen infection. The
same enzyme also exhibits specificity for products feruloyl
CoA and sinapoyl CoA [1, 5–9]. On the other hand, class-
II plant OMTs of molecular weight around 40 KDa include
two types of enzymes; out of them, Caffeic acid-O-
methyltransferases (COMTs) exhibit substrate specificity
for free acids like caffeic acid and 5- hydroxy ferulic acid,
with a preference for 5-hydroxyl compounds and OMTs
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Table 1 Nucleotide substitution and amino acid change profile in the CCoAOMT isoforms

Nucleotide position Change Nucleotide position Change Nucleotide position Change Amino acid position Change

7 A/G 8 9 3 T/A

25 26 27 A/G

28 29 G/C 30 C/T 10 S/T

34 35 36 A/C

43 44 45 C/T

46 47 48 G/A

100 101 102 C/T

106 107 108 T/C

115 116 117 T/C

145 146 147 C/T

148 149 150 G/A

154 G/T 155 156 52 V/L

214 215 216 T/C

223 224 225 G/A

232 G/A 233 234 78 V/I

241 242 243 A/G

256 257 258 C/T

265 266 A/T 267 89 V/F

292 293 294 C/T

295 296 297 G/T

313 314 315 C/A

355 T/C 356 357

364 365 366 A/G

367 368 369 A/G

385 G/C 386 387 T/G 129 V/L

388 389 C/A 390 G/A 130 A/E

400 401 402 T/G 134 D/E

421 422 423 A/G

430 431 432 T/C

451 452 453 G/A

457 458 G/A 459 153 C/Y

466 467 G/C 468 156 S/T

469 470 T/A 471 157 F/Y

472 473 474 T/C

508 509 510 A/T

511 512 513 T/C

514 515 516 T/C

538 539 540 A/C

544 545 546 T/C

547 548 549 T/A

553 C/T 554 555

562 563 564 C/T

571 572 573 T/C

595 596 597 T/A

601 C/G 602 603 T/C 201 P/A

607 608 609 A/G

610 611 612 A/G

634 635 636 C/T

649 T/C 650 651
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while other OMTs include OMTs causing methylation of
flavonoids, alkaloids and other secondary metabolites [1, 5,
6, 9]. A new class of OMTs has been demonstrated, which
includes enzymes of low molecular weight and are known
to exhibit substrate specificities for caffeoyl CoA and
flavonoids and are being used for regioselective synthesis
of flavonoids and other chemicals [1, 10–14].

The CCoAOMTs has been characterized from a number
of plants, including Poplar (Populus spp.) [15], Pine (Pinus
taeda) [16], Tobacco (Nicotiana tabacum) [17], Alfalfa
(Medicago sativa) [18], Zinnia (Zinnia elegans) [19],
Carrot (Daucus carota) [20] and Parsley (Petroselinum
crispum) [21]. It is very critical for lignifying tissues,
explained on the basis of immunolocalization and tissue
printing studies [22]. The CCoAOMTs cannot act on free
caffeic acid; CoA becomes very essential moiety for the
enzyme’s activity [8, 23, 24]. CCoAOMT contains a well
ordered active site, having characteristic divalent metal
(Ca+2) binding site suggests a metal dependent catalytic
mechanism [2, 5, 25]. The Ca+2, playing an important role in
transmethylation process and causing the deprotonation of 3-
hydroxyl of caffeoyl CoA, leads to the formation of oxyanion
which is in close proximity to methyl group of SAM (S-
adenosylmethionine), facilitating transmethylation [5].
CCoAOMT exist in dimeric form which is not critical for
substrate recognition and transmethylation. Substrates and
cofactors are known to interact with monomer only, while
other OMTs of the plant dimeric form plays an important
role in substrate recognition [5, 26, 27]. Plant CCoAOMTs
are related to mammalian catechol OMTs in structural,
functional and evolutionary parameters, explained on the
basis of similarity in substrate binding site and utilization of
a divalent cation in the catalytic mechanism. However
different oligomerization states are present with catechol
OMTs [5]. The crystal structure of alfalfa CCoAOMT is
already being studied and the structural information is being
applied to study the substrate preferences of CCoAOMTs of
other plants [5]. The present study deals with the analysis of
CCoAOMT gene from a model plant Populus trichopora, a
plant which is economically important for producing high
quality paper and plywood. It reports the comparative
sequence analysis, homology modeling and docking studies
of the enzyme caffeoyl CoA-O-methyltransferase of Populus
trichopora.

Methods

Sequence analysis

Gene sequences encoding Caffeoyl CoA-O-methyltrans-
ferases (CCoAOMTs) of Populus trichopora (GenBank
Accession numbers: XM_002313089 and XM_002298693)
were selected. Homologous gene sequences were retrieved
by using ‘BLASTN’ against non-redundant database of
NCBI. All the duplicate entries as well as partial sequences
were removed for the analysis. Multiple sequence align-
ment of Populus trichopora CCoAOMT genes was
analyzed to map the sequence conservation and variation
in all sequences. Amino acid conservation and substrate
binding motifs were mapped in translated sequences.
Conserved sequence positions in Populus trichopora
protein were identified in the multiple sequence alignment.

Molecular modeling of CCoAOMT

The 3D structures of both the isoforms of CCoAOMT were
constructed using MODELLER 9v7 [28, 29]. Alfalfa
CCoAOMT, PDB accession numbers: 1SUS.pdb and 1SUI.
pdb were chosen as templates for molecular modeling.
Coordinates from the reference protein (1SUS and 1SUI) to
the structurally conserved regions (SCRs), structurally vari-
able regions (SVRs), N-termini and C-termini were assigned
to the target sequence based on the satisfaction of spatial
restraints. All side chains of the model protein were set by
rotamers. The obtained structures from the Modeller were
evaluated for its stereochemical quality by using PROCHEK
[30] and environment profile using ERRAT graph [31].

Molecular dynamics simulations

3D structure refinement of CCoAOMT were carried out
using energy minimization and molecular dynamics. It was
performed using VEGA ZZ [32], Nano Molecular Dynam-
ics (NAMD 2.6) [33] and Chemistry of Harvard Molecular
Modelling (CHARMM22) force field and charges for
proteins [34, 35]. The simulations and energy minimization
were carried out in 60,000 step minimization of the
designed side chains and solvent to remove bad contacts.
Minimum switching distance of 8.0 Å and a cut off of 12.0

Table 1 (continued)

Nucleotide position Change Nucleotide position Change Nucleotide position Change Amino acid position Change

658 659 660 C/T

670 671 672 T/A

715 716 717 C/T

739 C/A 740 741 A/G 247 Q/K
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Fig. 1 Multiple sequence alignments of CCoAOMT homologues showing conserved regions, where ‘ ─ ’ represents active site residues, and ‘ * ’
represents interacting active site residues of P. trichopora CCoAOMT isoforms
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Å for Vander Walls interactions was used, pair list of the
non-bonded interactions was recalculated every 20 steps
with a pair list distance of 13.5 Å. The resultant energy
minimized protein models were used for the active site
identification and for docking with substrates.

Structural and packing architecture of the models

Mean hydrogen bonds distances and mean dihedral angles of
the energy minimized structures were calculated. Accessible
surface area of the structures and packing volume were
analyzed by VADAR 1.4 [36]. The obtained statistics were
analyzed for the homology modeled structures quality.
PROCHECK and ERRAT graph analysis were done again
to check the residues falling in the most favored region in the
Ramachandran plot and overall quality factor of the models.

Docking studies

Preparation of the target and substrates for docking

The binding pockets and active sites of CCoAOMTs were
identified by Computed Atlas of Surface Topography of

Proteins (CASTp) program [37]. Conserved substrate
binding motifs and the active residues were identified in
the predicted binding pockets by motifs similarity profile.
The substrate molecules were obtained from Pubchem
database of NCBI [38], and all the substrate molecules
used for docking were converted in 3D with VEGA ZZ
software. Molecules were docked to the binding sites by
CCDC’s GOLD 3.2 (Genetic Optimization for Ligand
Docking, http://www.ccdc.cam.ac.uk) [39]. The binding
region for the docking study was defined as a 10 Å radius
sphere centered on the active site. One-hundred genetic

Fig. 2 Residue profile of CCoAOMT1 (a) and CCoAOMT2 (b) isoforms in Ramachandran’s plot

Table 2 Ramachandran plot statistics of CCoAOMT isoforms

Statistics CCoAOMT1 CCoAOMT2

Residues in most favored region 92.4% 96.0%

Residues in additionally allowed region 4.0% 3.0%

Residues in generously allowed region 1.5% 1.0%

Residues in disallowed region 2.0% 0.0% Fig. 3 CCoAOMT1 (a) and CCoAOMT2 (b) residue environmental
profile validated by ERRAT2 program
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algorithm (GA) runs were performed for each compound,
and 10 ligand bumps were allowed in an attempt to account
for mutual ligand/target fit. For each of the GA run a
maximum number of 100,000 operations were performed
on a population of 100 individuals with a selection pressure
of 1.1. The number of islands was set to 5 with a niche size
of 2. The weights of crossover, mutation, and migration
were set to 95, 95, and 10 respectively. The scoring

function GoldScore implemented in GOLD was used to
rank the docking positions of the molecules, which were
clustered together when differing by more than 2 Å in rmsd.
The best ranking clusters for each of the molecules were
selected.

Enzyme-substrate interactions

All the interactions were visually inspected in CCDC’s
SILVER 1.1.1 software (http://www.ccdc.cam.ac.uk). Hy-
drogen bonds within the 10 Å radius interaction space of
active site and close contacts with the substrate atoms were
analyzed.

Results

Conservation and variation in the sequences

The aligned sequences of CCoAOMT isoforms contain 58
base pair substitutions in 744 base pairs (7.79% of the
nucleotide positions); there are no insertions or deletions.
Nucleotide transitions (A/G and C/T=38) greatly outnumber
transversions (A/T, A/C, G/C and G/T=20). Third positions
in codons were the most variable (74.1%) followed by first
positions (15.5%) and only six changes were observed in
second positions, which are responsible of only 13 amino
acid residues difference in the protein sequence. Table 1
describes detailed information of the nucleotide substitu-
tions and amino acid changes in the sequence. The
multiple sequence alignment of homologous CCoAOMT
protein sequences of 25 different plants including Populus
trichopora sequence are shown in Fig. 1. It clearly showed
the highly conserved motifs of homologous CCoAOMT
protein sequences and comparison of active site residues
which are participating in the protein substrate/product
interactions.

Structural quality of homology models

For both the isoforms (CCoAOMT1 and CCoAOMT2) out
of 10 structures generated by the MODELLER 9v7, the one
with the lowest value of the MODELLER objective function
was selected as the best model for CCoAOMT1 and

Fig. 4 Catalytic active sites of CCoAOMT1 (a) and CCoAOMT2 (b)
predicted by CASTp calculations, green colored region in the model
represents the active site cavity

Table 3 Structural characteristics and features of the models

Isoform MHBD(Å) MHBE MHPh MHPs MCG+ MCG- MRV (Å3) TV (Å3)

CCoAOMT 1 2.3 -1.5 -64.3 -39.9 -64.5 63.2 137.1 31131.6

CCoAOMT 2 2.2 -1.6 -64.5 -39.1 -68.0 62.9 136.9 31074.6

MHBD - Mean hbond distance; MHBE - Mean hbond energy; MHPh - Mean Helix Phi; MHPs – Mean Helix Psi; MCG+ - Mean Chi Gauche+;
MCG- - Mean Chi Gauche-; MRV - Mean residue volume; TV - Total volume (packing)
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CCoAOMT2. The first 20 residues are producing random
coils in both models, and were deleted from the structures.
These models were further refined by energy minimization
and molecular dynamics. The central core protein region is
forming Rossman fold which plays a very important role in
conformational change of the protein. This central core
region mainly consists of β sheets surrounded by helices.
The structural geometry of the models were checked by
Ramachandran plot computed by PROCHECK program,
before energy minimization and molecular dynamics the
models show the backbone 8 and = dihedral angles of
CCoAOMT1 and CCoAOMT2 are 91.4% and 94.5%
residues are located in the most favorable regions respec-
tively, the refined models show 92.4% of CCoAOMT1 and
96.0% of CCoAOMT2 residues are located in the most
favorable regions in the Ramachandran plot (Fig. 2a and b).
All the Ramachandran’s plot statistics are documented in
Table 2. The overall quality factor is 98.174 for both enzyme
isoforms (Fig. 3a and b), which indicates very good residues
environmental profile of the modeled enzymes.

Models packing architecture

In addition to mean helix phy, psi parameters and mean Chi
Gauche values, mean hydrogen bond distances and energy
in the models were similar to the known protein crystal
structures data. The CCoAOMT1 and 2 mean residue
volume were 137.1 Å3 and 136.9 Å3 respectively, which
shows very good packing. The whole CCoAOMT 1 and 2
models having 31131.6 Å3 and 31074.6 Å3 total packing
volume respectively; all the structural parameters are
recorded in Table 3.

Catalytic active site identification of CCoAOMT1 and 2
isoforms

The binding sites of CCoAOMT1 and CCoAOMT2 were
searched based on the CASTp calculation server. In the
present study, locating the cavity sites in the CCoAOMT1
and 2 structures and the largest cavity site displayed on the
structure is selected as active site shown in Fig. 4a and b. It

Fig. 5 Hydrogen bond interaction of caffeoyl CoA (a), feruloyl CoA (b), 5-hydroxyferuloyl CoA (c) and sinapoyl CoA (d) with active site
residues of CCoAOMT1
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appears that CCoAOMT1 and CCoAOMT2 and their
templates 1SUS and 1SUI are well conserved in both
sequence and structure, hence, their biological function
may be identical. The comparison of active site residues
of both CCoAOMT1 and 2 reveals that the active site is
very much conserved with residues Lys1, Ser2, Leu3,
Leu4, Tyr10, Ile13, Trp38, Ile40, Met41, Tht42, Thr43,
Ser44, Asp46, Phe47, Ile66, Gly67, Val68, Tyr72, Ser73,
Met90, Asp91, Ile92, Gly118, Ala120, Phe141, Asp143,
Ala144, Asp145, Lys146, Tyr152, Asp169, Asn170,
Trp173, Asn174, Tyr188, Tyr192, Val216, Gly217,
Asp218. Therefore, these results are used to guide the
protein-ligand docking experiments.

Molecular docking analysis of CCoAOMT1 and 2
with substrates

Hydrogen bond interactions

Docking studies of CCoAOMT isoforms indicates that
hydrogen bond interactions of CCoAOMT2 with substrates

and products have much more affinity than CCoAOMT1.
The detailed hydrogen bond interactions of CCoAOMT1
with caffeoyl CoA (Fig. 5a), feruloyl CoA (Fig. 5b), 5-
hydroxyferuloyl CoA (Fig. 5c), and sinapoyl CoA (Fig. 5d);
and of CCoAOMT2 with caffeoyl CoA (Fig. 6a), feruloyl
CoA (Fig. 6b), 5-hydroxy feruloyl CoA (Fig. 6c), and
sinapoyl CoA (Fig. 6d) are represented in their respective
mentioned figures while the Gold Score with CCoAOMT1
and CCoAOMT2 are recorded respectively in Tables 4 and
5. The Gold Score of all interactions reveals that
CCoAOMT1, among all its substrates and products, exhibits
the highest binding affinity of 75.1856 with sinapoyl CoA ,
followed by 5- hydroxyferuloyl CoA, feruloyl CoA and
caffeoyl CoA. Sinapoyl CoA forms 6 hydrogen bonds with
ALA120:H, ASP145:H, LYS146:HZ1, LYS146:HZ2,
TYR152:HH, ASN170:HD2. The CCoAOMT2 active site,
among all its substrates and products, exhibits the highest
binding affinity of 110.1452 with feruloyl CoA, followed by
5-hydroxyferuloyl CoA, sinapoyl CoA and caffeoyl CoA.
The affinity of CCoAOMT2 with Feruloyl CoAwhich forms
5 hydrogen bonds with residues ILE92:H, ASP143:O,
LYS146:H, LYS146:HZ3, ASN170:2HD2; is also highest

Fig. 6 Hydrogen bond interaction of caffeoyl CoA (a), feruloyl CoA (b), 5-hydroxyferuloyl CoA (c) and sinapoyl CoA (d) with active site
residues of CCoAOMT2
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Substrate Protein residue atoms participating in hydrogen bonding Gold Score

Caffeoyl CoA MET41:O 67.6098
THR42:O

ASP91:OD2

ALA120:H

ASP143:OD2

ASP145:OD2

TYR152:OH

ASN170:1HD2

Feruloyl CoA ILE92:H 69.5752
ASP143:OD2

ASP145:H

TYR152:HH

ASN170:1HD2

5-hydroxyferuloyl CoA ILE92:H 72.2044
ALA120:H

TYR152:HH

Sinapoyl CoA ALA120:H 75.1856
ASP145:H

LYS146:HZ1

LYS146:HZ2

TYR152:HH

ASN170:HD2

Table 4 Hydrogen bond inter-
actions with active site residues
of CCOAOMT1

Substrate Protein Atom Participating in Hydrogen Bonding Gold Score

Caffeoyl CoA ASP91:OD1 95.0714
ALA120:H

ASP143:OD2

LYS146:H

LYS146:HZ3

TYR192:H

Feruloyl CoA ILE92:H 110.1452
ASP143:O

LYS146:H

LYS146:HZ3

ASN170:2HD2

5-hydroxyferuloyl CoA MET41:O 101.4282
ALA144:O

LYS146:H

LYS146:HZ3

TYR152:HH

TYR192:HH

TYR192:OH

Sinapoyl CoA LYS146:H 97.1207
LYS146:HZ3

TYR152:HH

TYR192:HH

Table 5 Hydrogen bond inter-
actions with active site residues
of CCOAOMT2
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among all the affinities exhibited by CCoAOMT isoforms
with their substrates and products.

Discussion

Plant Caffeoyl CoA-O-methyltransferases (CCoAOMTs),
belonging to class-I plant OMTs [1], plays a prime role in
the synthesis of guaiacyl lignin and is essential in providing
substrates for the synthesis of syringyl lignin. It also plays a
pivotal role in the methylation of thioesters including
methylation of 3-hydroxyl group of caffeoyl CoA, and
CCoAOMT-mediated methylation reactions are vital to
channel substrates for 5-methoxylation of hydroxycinna-
mates [1, 40]. The studies indicate that suppression of
CCoAOMT enzyme in transgenic tobacco caused a decrease
in lignin content, exhibiting the association of CCoAOMT
with lignification [41]. However, in many plants CCoAOMT
exist in two or more isoforms but it is not known whether the
genes are expressed in a tissue specific manner or not and
their functional redundancy. The variation analysis of both
the isoforms indicates the existence of 13 amino acids
differences which may be responsible for the difference in
enzyme substrate interactions of CCoAOMT1 and
CCoAOMT2, where CCoAOMT2 exhibits stronger inter-
actions with substrates and products. To understand the
structural and functional characteristics, the 3D structures of
CCoAOMT1 and CCoAOMT2 of Populus trichopora were
built by homology modeling, which revealed their possible
interactions with substrates and products. CCoAOMT2
model with 96% residues falling in the most favorable
regions of Ramachandran plot, is a more favorable confor-
mation than CCoAOMT1 model, where only 92.4% residues
fall in the most favorable region (Fig. 2) and the quality
factor value of 98.174 is the same for both the isoforms
(Fig. 3). The mean residue volume of isoforms 1 and 2 is
137.1 Å3 and 136.9 Å3, respectively. The active site residues
are present in Rossman fold domain in models of both
isoforms, where helices surrounded the β sheets are present
in the center. The 3D structures of CCoAOMT1 and 2
isoforms show specific interactions of key amino acid
residues in the active site with the substrates caffeoyl CoA,
5-hydroxyferuloyl CoA and products feruloyl CoA, sinapoyl
CoA. These interactions are consistent with all of the
previously reported experimental data concerning the cata-
lytic activity of CCoAOMT1 and CCoAOMT2. Our models
demonstrate the substrate-binding active site residues of the
enzymes, which were not reported previously. Residues
MET41, THR42, ASP91, ILE92, ALA120, ASP143,
ASP145, LYS146, TYR152 and ASN170 of CCoAOMT1,
are participating in the enzyme – substrate and product
interaction and residues MET41, ASP91, ILE92, ALA120,
ASP143, LYS146, TYR152,ASN170 and TYR192 of

CCoAOMT2, are participating in the enzyme – substrate
and product interaction by forming hydrogen bonds with
substrates and products. As already known, the hydrogen
bonds play a very important role in maintenance of the
enzymatic structure and catalytic activity of enzymes. The
docking results indicated that CCoAOMT2, having highest
affinity with feruloyl CoA which is also highest among all
the affinities exhibited by both CCoAOMT isoforms with
their substrates and products, binds with much higher affinity
with all the substrates and products than CCoAOMT1 which
has highest affinity for sinapoyl CoA. The results reveal that
CCoAOMT2 is the active conformation that exists in
Populus trichopora and it supports the work done by
Nataraj, 2009, who stated the CCoAOMT2 as the active
conformation in subabul plant [4]. All the informations of
CCoAOMT and substrates interaction, concluded from
results are beneficial for the mechanism study of CCoAOMT
enzymatic reactions in Populus trichopora. The approach
will be applicable for engineering regioselectivity of already
existing enzymatic reactions, predictions of substrates and
engineering 3D structures of enzymes, also for catalytic site
study and docking analysis for enzyme substrate interactions
of other enzymes.
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