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ABSTRACT: 3-Alkyl-2-methoxypyrazines (MPs) are an important food constituent and have been associated with detrimental
herbaceous flavors in red wines by consumers and the wine industry. The Vitis vinifera genesO-methyltransferase 1 and 2 (VvOMT1
and VvOMT2) have been isolated in the grapevine cultivar Carmenere. These genes encode S-adenosyl-L-methionine (SAM)-
dependent O-methyltransferases, which have the ability to methylate 3-alkyl-2-hydroxypyrazines (HPs)—the putative final step in
MPs production. Atomic studies were performed in order to explain the differences in these VvOMT activities through their
structural/functional relationship inMPs biosynthesis. Differences in enthalpy energy observed between the proteins may be due to
changes of equivalent residues in the active sites of VvOMT1 (F319, L322) and VvOMT2 (L319, V322). However, docking
simulations and QM/MM analyses described how residues H272 and M182 could explain the main functional differentiation
observed between VvOMT1 and VvOMT2 through steric impediment, which limits the formation of the transition state in enzymes
encoded by VvOMT2. Therefore, this finding could explain the decreasing catalytic efficiency observed for VvOMT2.
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’ INTRODUCTION

Nature is full of aromas and flavors, and they are directly linked
to food and beverage preference and palatability. Pyrazines are
compounds widely distributed in the plant and animal kingdoms
and include some of themost potent odorants known, such as the
3-alkyl-2-methoxypyrazines (MPs), which have extremely low
sensory detection thresholds as low as 2 ppt in water and 15
ppt in wine.1 MPs are an important group of natural flavor
constituents of some foods and raw vegetables 2�5 including
grapes (Vitis vinifera).6,7 In this regard, 3-isobutyl-2-methoxypyr-
azine (IBMP) and 3-isopropyl-2-methoxypyrazine (IPMP) have
been found to play an important role in the detrimental herbac-
eous flavor of several red wine cultivars such as Cabernet
Sauvignon, Merlot,8 Cabernet Franc,1 and Carmenere.9 How-
ever, it also contributes to a more acceptable vegetative varietal
aroma in white wine cultivars such as Sauvignon blanc, Char-
donnay, Semillon, and Riesling.10,11 The main aromatic descrip-
tor associated with IBMP is described as a green pepper aroma,
which provides unappealing features in Carmenere red wines.
Furthermore, this cultivar produces the highest levels reported in
the literature, and it is a recurrent aromatic attribute when
describing these wines.9

The first report on the role of MPs in the flavor of grapes or
wine was in 1975 concerning the Cabernet Sauvignon cultivar.6

Many papers have since been published and report on MPs
concentrations in different grapevine tissues, grape berries, and
wines of different cultivars and the association of this compound

with green or vegetal aromas.1,3�10,12,13 Different factors can
affect the presence of MPs in grapes and wines such as climate
and soil, temperature, light, grape ripening, as well as viticultural
and enological practices. Climatic conditions have a critical effect
upon MPs concentration in grapes.9 Vines planted in cool
climates tend to contain higher levels of MPs,14 but it is unclear
whether this is due to higher MPs production or a lower
degradation rate.11The role that light/temperature plays in the
degradation of MPs is not fully understood.11,15 It is known that
MPs levels in grapevines decrease during grape ripening, and this
occurs after veraison.1,16 The MPs location and concentration in
bunches and berries have also been determined.7,8 It has been
reported that field viticultural practices, such as irrigation re-
gimes, planting density, and canopy modifications, can modify
the MPs levels in grapes.12,15,17,18 Enological practices during
winemaking such as the amount of skin contact19 and the presence
of stem remnants during vinification also affect wine MPs con-
centrations.20 There are also studies covering the effects of the
lady beetle (Harmonia axyridis) or yeast strain (Saccharomyces
cerevisiae) used in winemaking and their relation toMPs.21,22 The
accumulation and degradation curves of MPs in grapevines and
how some factors can modify its concentration during the
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production cycle have been described. However, there is little
information on MPs biosynthesis. Some studies suggest that the
pathway for 3-alkyl-2-methoxypyrazine biosynthesis begins with
an amino acid such as valine and leucine,2,23�26 but the remain-
der of the biosynthetic pathway is not yet described. According to
Hashizume et al.,13 the final step in the biosynthesis of 3-alkyl-2-
methoxypyrazines involves the methylation of 3-alkyl-2-hydro-
xypyrazines, which ismediated by anO-methyltransferase (OMT)
in the presence of S-adenosyl-L-methionine (SAM) as the methyl
group donor (Figure 1).

A SAM-dependent OMT enzyme capable of methylating
hydroxypyrazines has been detected in crude extracts from
grapevine tissues13 and subsequently purified, characterized
and sequenced, that is, the N-terminal partial sequence.27 These
data allowed the detection and characterization of two Vitis
vinifera O-methyltransferase genes (VvOMT1 and VvOMT2)
with the ability to methylate hydroxypyrazines,16 but there is
no evidence at atomic level that can explain the differences in the
kinetic activities observed. This study provides evidence to
understand why VvOMT1 and VvOMT2 proteins show different
activities in the final step of MPs biosynthesis. This information
could be useful for future agricultural applications in order to
modulate MPs concentrations in grapevines.

’MATERIALS AND METHODS

Grape Samples. Grapevine samples were collected from
commercial Carmenere vineyards during the 2008�2009 grow-
ing season in Colchagua Valley, Chile, 34�300 S, longitude 70�530
W. Cluster samples were frozen in liquid nitrogen and stored at
�80 �C until used.
Isolation of VvOMT1 and VvOMT2. Total RNA was isolated

from frozen berries using protocol described by Reid el al.28 RNA
was precipitated by adding 0.30 vol of 8MLiCl and stored at 4 �C
overnight. The pellet was suspended in 170 μL DEPC-treated
H2O. The eluent was cleaned using a spin column, RNA dilution
buffer and RNA wash buffer from the SV Total RNA Isolation
System (Promega), and resuspended in 100 μL DEPC-treated

H2O. Genomic DNA was removed from 50 μL aliquots of total
RNA preparations of each sample by digestion with RNase-free
DNase I (Ambion) according to the manufacturer’s protocol.
cDNAs were synthesized from 1 μg of total RNA using the
Revertaid First Strand cDNA Synthesis K1622 Kit (Fermentas)
using an oligo(dT)18 primer according to the manufacturer’s
instructions. VvOMT sequences were amplified by PCR techni-
ques using the same primers described by Dunlevy et al.16 PCR
products were cloned into a pGemT Easy Vector (Promega) and
sequenced (Macrogen, Korea, External service).
Homology Modeling. The reference structure used to build

the homology model was the isoflavone O-methyltransferase
(IOMT) of Medicago sativa (ID code: 1FP2; resolution: 1.4 Å;
R-Value: 0.217), which was obtained from the protein data bank
(Research Collaboratory for Structural Bioinformatics, RCSB,
http://www.rcsb.org/pdb). IOMT and Vitis vinifera OMTs
(VvOMT1 and VvOMT2) sequences were aligned using Clustal
W.29 Using this alignment and the softwareMODELLER version
9v6,30 homology models were built for both proteins.
Docking Simulations. AutoDock 431 was used to explore the

binding pocket of the IBHP and IPHP substrates in the active
sites of the VvOMT1 and VvOMT2 proteins. Density functional
theory (DFT) methods32 were used that considered B3LYP 33,34

and the 3-21 g* basis set. MAESTRO35 graphical interface and
OPLS36 force field were used to assign partial charges for the
VvOMT1:SAM and VvOMT2:SAM complexes. Autodock
Tools (ADT) was used to prepare both complexes and the
ligand. The grid size used was 50� 50� 50 point with a spacing
of 0.375 Å, which includes all the key residues of the active site.
Visual inspections of the results were performed using the MGL
Tools package.37

QM/MM Approach. Quantum mechanics/molecular me-
chanics (QM/MM) calculations were performed using the QSite
software38 of Schr€odinger’s 2008 suite, which combines the
Jaguar39 and Impact 40,41 codes. Jaguar was used for the QM
region and impact molecular modeling code for the MM region.
In order to evaluate enthalpy affinity, interaction energies were

calculated using the following equation:

Einteraction ¼ EcomplexðVvOMT:SAM:IBHP=IPHPÞ

� ðEVvOMT:SAM þ EIBHP=IPHPÞ

’RESULTS AND DISCUSSION

VvOMT Proteins. The pathway for 3-alkyl-2-methoxypyra-
zines (MPs) biosynthesis in plants is still relatively unclear. Some
alternatives have been proposed, but none have been proven.2,23�26

In previous work a S-adenosyl-L-methionine (SAM)-dependent
O-methyltransferase (OMT) enzyme was purified from cv. Caber-
net Sauvignon and described to be capable ofmethylating 3-alkyl-
2-hydroxypyrazines (HPs).27 Additionally, Dunlevy et al.16 iso-
lated the full-length sequences of two grape OMT genes
(VvOMT1 and VvOMT2) from cv. Cabernet Sauvignon and
demonstrated that both were able to methylate HPs to produce
MPs. VvOMT1 had higher catalytic activity against IBHP
compared to IPHP, whereas no differences were observed for
VvOMT2. However, kinetic parameters of each recombinant
protein using IBHP and IPHP as substrates showed that VvOMT1
had a similar substrate preference with similar Km values and
higher turnover number for IBHP compared to IPHP. On the

Figure 1. Proposed biosynthesis pathway for 3-alkyl-2-methoxypyra-
zine. The reaction implies that the methylation of 3-alkyl-2-hydroxypyr-
azine is mediated by a Vitis vinifera O-methyltransferase protein
(VvOMT) in the presence of S-adenosyl-L-methionine (SAM) as a
methyl group donor. As a product of this reaction, 3-alkyl-2-methox-
ypyrazine and S-adenosylhomocysteine are generated (based on Ha-
shizume et al. 200113).
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other hand, VvOMT2 had higher affinity for IBHP than IPHP
but conversely had a lower turnover number against IBHP than
IPHP.16 Furthermore, MPs accumulation in skin and flesh of cv.
Cabernet Sauvignon grapes berries was associated with higher
VvOMT1 gene expression in these tissues while high levels of
MPs in roots was correlated with VvOMT2 gene expression.16

It is well-known that the main methoxypyrazine red wine
problem is related to IBMP,1,7,8,15,17�19 which has been reported
in very high levels in Carmenere wines.9 Functional information
of VvOMT1 and VvOMT2 from cv. Cabernet Sauvignon has
been solved.16,27 However, there are no structural reports and the
molecular features responsible for the substrate-requirement of
these isoforms are unknown. In this paper, VvOMT1 and
VvOMT2 were isolated from cv. Carmenere and VvOMT1:
SAM:IBHP/IPHP and VvOMT2:SAM:IBHP/IPHP complexes
compared at the atomic level, identifying the crucial amino acid
residues responsible for the interaction during the methylation of
HP substrates, precursor of MPs.16,27

VvOMT1 encodes a protein of 368 amino acids, and
VvOMT2 encodes a 366 amino acid protein. These proteins
have 87% identity (96% similarity) to each other and 38% and
37% identity (68% similarity) respectively, to theMedicago sativa
isoflavone O-methyltransferase (IOMT) (Figure 2), a protein
with a characterized crystal structure.42 Some differences were
observed in residues near the active site of the protein, which have
implications for protein�substrate affinity. The main differences

in the equivalent residues in the active site were F319�L322
for VvOMT1 and L319�V322 for VvOMT2, respectively
(Figure 2). It was interesting to address whether there was a
possibility of gene mutation when comparing VvOMT1 and
VvOMT2 from cv. Carmenere and cv. Cabernet Sauvignon that
could explain the differences in MPs concentrations.9 After
alignment analyses of sequenced clones, no differences were
observed (data not shown).
VvOMT1 and VvOMT2 correspond to members of the class

II O-methyltransferase family in plants.16 This family of enzymes
is dependent on S-adenosyl-L-methionine (SAM) as the methyl
group donor. IOMT has a tertiary structure consisting of a large
C-terminal catalytic domain responsible for SAM binding and
substrate methylation with a small N-terminal domain involved
in dimerization and formation of the back wall of the substrate
binding site.42 Active site regions of VvOMT1 and VvOMT2
correspond to conserved sites in key catalytic residues of OMT
proteins.42

Molecular Simulations. During docking simulations, Auto-
Dock was used to explore the binding pockets of both VvOMT
proteins with IBHP and IPHP substrates. AutoDock uses a grid-
based method for energy evaluation providing high quality
predictions for ligand conformations, binding energies and good
correlations between predicted inhibition constants and experi-
mental ones (http://autodock.scripps.edu/). IBHP and IPHP
were poorly described in the force field used for these simulations.

Figure 2. Amino acid alignment, identity and similarity percentages for two Vitis vinifera O-methyltransferases (VvOMT1, XP_002277602.1 and
VvOMT2, XP_002277476.1) withMedicago sativa isoflavoneO-methyltransferase (IOMT, AF023481) used as the reference structure for building the
homology models.
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Therefore, and to improve electronic and structural property
characterizations of IBHP and IPHP (ligands), density func-
tional theory (DFT) methods32 were used, which considered
B3LYP33,34 and the 3-21 g* basis set. MAESTRO35 graphical
interface and OPLS36 force field were used to assign partial
charges for the VvOMT1:SAM and VvOMT2:SAM complexes.
Autodock Tools (ADT) was used to prepare both complexes and
the ligands. The grid size used was 50 � 50 � 50 point with a
spacing of 0.375 Å, which included all the key residues of the
active site. Visual inspections of the results were done using the
MGL Tools package.37

The homology models built for VvOMT1 and VvOMT2
showed good accuracy and stereochemical quality (Procheck
and Prosa analysis, data not shown). In order to explore the
pocket binding of the VvOMTs, docking simulations were
performed using IBHP and IPHP as a substrates against the
active site of the enzyme:SAM systems. The lowest energy and
cluster obtained showed mainly hydrophobic interactions be-
tween substrates and the amino acids that formed the active site.
Gradual increases in the field of vision around the substrate

showed differences in the number and type of residues around
IBHP and IPHP (Table 1). In the 2 Å field of view for the IBHP
substrate, just one catalytic residue (H272) was observed in the
VvOMT1:SAM:IBHP complex. For the VvOMT2:SAM:IBHP
complex, this residue only appears over 2.5 Å. At this distance,
two new residues (F319, L322) related to SAM binding were
only observed in the VvOMT1:SAM:IBHP complex. The
equivalent residues in the second complex (VvOMT2:SAM:
IBHP) were L319 and V322. L319 was visible at 2.5 Å, whereas
V322 only appeared over 5 Å in IBHP. As illustrated in Table 1,

over 3 Å both complexes share the same substrate binding
residues (M132, M182).
When observing the visual results using IPHP as a substrate, in

the 2 Å field of view for this substrate, just one catalytic residue
(H272) was observed in the VvOMT1:SAM:IPHP complex, the
same way as shown for the IBHP substrate. At 2.5 Å for IPHP,
two residues (L319, V322) related with SAM binding were
observed in the VvOMT1:SAM:IPHP complex, but not in the
second complex (VvOMT2:SAM:IPHP). At 3 Å both complexes
share just two residues (M129, M182). Thus, these spatial
conformation differences observed in VvOMTs:SAM complexes
using IBHP and IPHP as substrates, create differences in the
clustering of active site residues that distinguish these proteins.
This has implications in hydrophobicity, positioning and spatial
relationships.
In order to refine the structure obtained in the docking

simulations, QM/MM calculations were performed. Due to the
fact that interactions between ligands and proteins are no
covalent, ligands (IBHP, IPHP substrates and SAM) were
defined as the QM region and the protein as the MM region.
The QM region was studied using density functional theory
(DFT) methods, B3LYP and the 6-31þþG(d,p) basis set. The
MM region was studied using the OPLS-AA molecular me-
chanics force field.43,44

The results indicated several hydrophobic interactions existed
between substrates and the binding pockets of VvOMT1 and
VvOMT2. Figure 3 shows the active site of the VvOMT1/2:
SAM:IBHP/IPHP complexes, and the spatial arrangement
adopting H272 and M182 with SAM and substrates as a part
of these complexes can be observed. In VvOMT1:SAM:IBHP/
IPHP, the layout acquired by IBHP and IPHP were favorable for
achieving the transition state necessary for the transfer of the
methyl group from the donor (SAM) to the receptor (IBHP,
IPHP). An important hydrogen bond between NIBHP- - -H-
NIMIDAZOLE of the H272 residue, which had a distance of 1.9 Å
for both complexes (VvOMT1:SAM:IBHP/IPHP), was also
observed (Figure 3a and b). Previous reports have shown that
H272 is a catalytic residue in SAM-dependent O-methyltransfer-
ase enzymes.42 The distance between the IBHP and IPHP
oxygen atom (receptor) and carbon atom of the methyl group
of the SAM (donor) were 6.3 Å and 6.6 Å respectively. Between
them, it was possible to observe the M182 residue interacting
with SAM and IBHP and IPHP substrates.
Figure 3c and d shows the active site formed in the VvOMT2:

SAM:IBHP/IPHP complexes. In this interaction, both substrates
(IBHP, IPHP) acquired an unfavorable layout to attain the
transition state necessary for transfer of the methyl group. It
was possible to measure the distances between these molecules
(Figure 3c and d). Therefore, the distance between the IBHP/
IPHP substrate nitrogen atom and the hydrogen atom of the
NIMIDAZOLE group of H272 were 7.4 Å and 7 Å, and the distance
between the IBHP/IPHP oxygen atom and the carbon atom of
the SAM methyl group were 7.2 Å and 7.8 Å, respectively.
Dunlevy et al.16 showed VvOMT1 has greater catalytic activity

toward IBHP than VvOMT2. Therefore, it is possible to see
differences in kcat/Km such as 108.7 � 10�3 (M�1s�1) for
VvOMT1 and 11.9 � 10�3 (M�1s�1) for VvOMT2. During
this methylation, the recombinant VvOMTs showed specific
activity values of 1.4 (pkat mg�1) for VvOMT1 and 0.2 (pkat
mg�1) for VvOMT2.16

The evidence presented here explains previously reported16

kinetic differences between VvOMT1/2 through an atomic level

Table 1. Residues Observed in the Active Site of VvOMT1:
SAM:IBHP/IPHP and VvOMT2:SAM:IBHP/IPHP Com-
plexes at Different Visual Openings in the QM/MM Grid

complex

residues 2 Å

from substrate

additional

residues 2.5 Å

from substrate

additional

residues 3 Å

from substrate

VvHPMT1:SAM:IBHP H272 M129 M132

F319 M182

L322 H326

M323

VvHPMT2:SAM:IBHP W269 H272 M129

T185 L319 M132

M182

C184

L358

VvHPMT1:SAM:IPHP H272 M129 H135

M132 M182

F319 F178

L322 M323

H326

VvHPMT2:SAM:IPHP T185 C184 M129

W269 M182

L319

L358
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vision on how IBHP and IPHP substrates interact with these
proteins and SAM. High correlation (r2 = 0.92) between affinity
enthalpy (Table 2) and experimental data16 show that the entropic
contribution in this interaction is low, allowing a direct correlation
between enthalpy and affinity free energy to be established.
VvOMT1 shows a more favorable enthalpy affinity for IBHP

than IPHP during MP production. This could be explained by
differences in the number of aliphatic carbons between IBHP (4
carbons) and IPHP (3 carbons) resulting in greater hydropho-
bicity for IBHP. Furthermore, in order to produce the catalytic
reaction a hydrogen bonds network between substrate and the
catalytic residue H272 is required. This interaction promotes
methyl group transfer from SAM to substrate in order to
produce MP.
VvOMT2 shows a mutation in two important residues (L319,

V322) in the microenvironment of the active site. These muta-
tions produce a less hydrophobic cavity in VvOMT2 than in
VvOMT1. Under these conditions, substrate aliphatic chains

generate interactions on a cavity that is located beyond of the
H272 residue, hampering the generation of hydrogen bonds with
this catalytic residue and decreasing the probability that the
substrates acquire the conformation required for generating the
transition state.

Figure 3. Representation view of the VvOMT1:SAM:IBHP/IPHP and VvOMT2:SAM:IBHP/IPHP complexes obtained through QM/MM
calculations. The residue in surface representation corresponds to M182, which correspond to a substrate-binding residue. For a and b, the hydrogen
bond interaction between the nitrogen atom of hydroxypyrazine (IBHP/IPHP) and the hydrogen of the imidazole group of H272 amino acid are
visualized. (a) Representation view of VvOMT1:SAM:IBHP complex. The distance between the oxygen atom of IBHP and the carbon atom of the SAM
methyl group is 6.3 Å. (b) Representation view of VvOMT1:SAM:IPHP complex. The distance between the oxygen atom of IPHP and the carbon atom
of the SAMmethyl group is 6.6 Å. (c) Representation view of the VvOMT2:SAM:IBHP complex. The distance between the nitrogen atom IBHP and the
hydrogen atom of the H272 imidazole group is 7.4 Å. The distance between the IBHP oxygen atom and the carbon atom of the SAMmethyl group is 7.2
Å. (d) Representation view of the VvOMT2:SAM:IPHP complex. The distance between the nitrogen atom ofIPHP and the hydrogen atom of the H272
imidazole group is 7 Å. The distance between the IPHP oxygen atom and the carbon atom of the SAM methyl group is 7.8 Å.

Table 2. Theoretical Results for Enzymatic Activities in
VvOMT1:SAM:IBHP/IPHP and VvOMT2:SAM:IBHP/
IPHP Complexes

protein substrate enthalpy energy QM/MM (kcal mol�1)

VvOMT1 IBHP (108.7a) �151.6

IPHP (65.7a) �134.3

VvOMT2 IBHP (11.9a) �56.7

IPHP (13.9a) �77.2
aKcat/Km � 10�3 (M�1 s�1) extracted from Dunlevy et al. (2010)16.
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In all complexes, the distances between the substrate oxygen
atom and the carbon atom of the SAM methyl group showed no
significant differences and thus it is not possible to ascribe to it
differences in the observed catalytic activity.16 Furthermore,
evidence suggests that the main structural difference between
VvOMT1 and VvOMT2 is related to the fact that the substrate
affinity site is closer to the M182 residue in VvOMT2, forming
a steric impediment between substrate and SAM, limiting the
formation of the transition state formethyl transfer (Figure 3c, 3d).
Both genes (VvOMT1 andVvOMT2) encode proteins capable

of methylating HPs to produce MPs. However, VvOMT1
appears to be more important in the biosynthesis of this
compound in grapevines. Therefore, M182 and H272 could be
very important residues to be manipulated in order to modulate
MPs levels in grapevines.
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