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Abstract

Main conclusion Two alcohol acetyltransferases,
LiAAT-3 and LiAAT-4, from L. x intermedia were
cloned, expressed in bacteria, and functionally
characterized.

Two monoterpene acetyltransferase cDNA clones (LiAAT-
3 and LiAAT-4) were isolated from L. x intermedia glan-
dular trichomes, expressed in bacteria to produce, and
functionally characterize the encoded proteins in vitro. The
recombinant LiAAT-3 and LiAAT-4 proteins had mole-
cular weights of ca. 47 and 49 kDa, respectively, as evi-
denced by SDS-PAGE. The K,, (mM) values for the
recombinant LiAAT-3 and LiAAT-4 were 1.046 and 0.354
for lavandulol, 1.31 and 0.279 for geraniol, and 0.87 and
0.113 for nerol, respectively. The V,.x (pkat/mg) values
for LiIAAT-3 and LiAAT-4 were 92.13 and 105.1 for la-
vandulol, 81.07 and 52.17 for geraniol, and 15.02 and 15.8
for nerol, correspondingly. Catalytic efficiencies (mM ™" -
min~") for LIAAT-3 and LiAAT-4 were 0.27 and 0.85 for
lavandulol, 0.19 and 0.54 for geraniol, and 0.052 and 0.4
for nerol, respectively. These kinetic properties are in the
range of those reported for other plant acetyltransferases,
and indicate that LiAAT-4 has a better catalytic efficiency
than LiAAT-3, with lavandulol serving as the preferred
substrate for both enzymes. Transcripts for both genes were
abundant in L. angustifolia and L. x intermedia flowers,
where monoterpene acetates are produced, and were un-
detectable (or present in trace quantities) in L. latifolia
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flowers, which do not accumulate significant amounts of
these metabolites.
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Introduction

Several species of Lavandula (lavenders), including L. x
intermedia, are cultivated worldwide for their essential oils
(EO), which are dominated by monoterpenes and their
esters, oxides, and ketones. In particular, monoterpene
esters linalyl acetate, geranyl acetate, and lavandulyl ac-
etate occur commonly in lavenders and contribute to the
characteristic aroma and flavor, and biological activities of
these plants (Lis-Balchin 2002). The monoterpene esters
are derived from their respective parent monoterpenes via
acetylation reactions. Although the vast majority of
monoterpene acetyltransferases have not been described,
two BAHD-type acetyltransferases were shown to mediate
the formation of geranyl acetate in rose and oil grass (Shalit
et al. 2003; Sharma et al. 2013). Based on these reports, we
hypothesized that BAHD acetyltransferases are also re-
sponsible for the biosynthesis of monoterpene acetates in
L. x intermedia.

The BAHD acyltransferases are cytosolic enzymes with
molecular masses ranging from 48 to 55 kDa. These en-
zymes, which require Acetyl Coenzyme A (Acetyl CoA) as
a cofactor, contain two highly conserved motifs (D’ Auria
2006). The first is the HxxxD motif, which is located near
the center of the molecule, and is important for general
base catalysis (D’ Auria 2006; Shaw 1992; St-Pierre and De
Luca 2000). The oxygen or nitrogen atom of the
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corresponding substrate is deprotonated by the histidine
residue of the motif, allowing a nucleophilic attack on the
carbonyl carbon of the coenzyme A thioester. This leads to
the formation of a tetrahedral intermediate between the
coenzyme A and the acceptor substrate. The intermediate is
subsequently reprotonated to produce the free CoA and the
acetylated ester or amide (D’Auria 2006). The second
highly conserved region is the DFGWG motif, which is
located at the carboxyl end of the protein, and is believed to
have a structural role in enzymatic function (D’ Auria 2006;
Garvey et al. 2009; Unno et al. 2007). Nearly all func-
tionally characterized BAHD enzymes contain both of
these motifs, and deletion or modification of one or both of
these motifs result in highly reduced enzyme activity
(D’ Auria 2006; Unno et al. 2007).

As part of an ongoing effort to complete mapping of
monoterpene biosynthetic pathways in Lavandula, exten-
sive genomic resources have been generated from three
economically important lavender species—L. angustifolia,
L. x intermedia, and L. latifolia (Table 1) (Demissie et al.
2012; Lane et al. 2010; Sarker et al. 2012). We identified
two BAHD alcohol acetyltransferases from L. x intermedia
glandular trichome database, and report here the cloning
and functional characterization of these enzymes, which
convert a variety of monoterpenes to monoterpene esters
using co-enzyme A as a cofactor.

Materials and methods

Candidate selection

The construction of a cDNA library and the corresponding
expressed sequence tag (EST) database from the floral

glandular trichomes of mature (30 % bloomed) L. x inter-
media flowers, and the transcript profiling experiment in

various tissues of L. angustifolia, L. x intermedia and
L. latifolia using microarray technique, were recently re-
ported (Demissie et al. 2012; Lane et al. 2010; Sarker
2013). Probe generation, array construction, RNA labeling,
array hybridization, washing, scanning, signal quantifica-
tion, and data analysis for microarray experimentation were
performed at the University Health Network Microarray
Centre (Toronto, Canada). After analyzing the microarray
data and homology-based searches, a total of four candi-
dates (LiAAT-1 to LiAAT-4) were selected for this study.
Candidates were further analyzed for the presence of
conserved and active motifs using the Conserved Domains
module of protein structure analysis software of NCBI
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), and
for transit peptides using ChloroP1.1 (http:/www.cbs.dtu.
dk/services/ChloroP/) and Signal 3L (http://www.csbio.sjtu.
edu.cn/bioinf/Signal-3L/) online software.

Relative expression assay of LIAAT

Total RNA was extracted from different lavender tissues
using the RNeasy Plant Mini Kit and treated with DNase |
enzyme to remove genomic DNA (Qiagen, Canada). The
relative abundance of the four LIAAT candidates were
analyzed in young leaves, and mature flowers of all three
lavender species, and in glandular trichomes of L. angusti-
folia and L. x intermedia tissues by quantitative (qPCR),
using the SteponePlus Real-Time detection system (Ap-
plied Biosystem, Canada). Complementary DNA (cDNA)
for relative transcript analysis was synthesized using
iScript ¢cDNA synthesis kit (Bio-Rad) according to
manufacturer’s instructions. SYBR® Select Mastermix
(Life Technologies, Canada) along with approximately 150
ng of cDNA as a template and 500 nM of each of the
primers were used in a 10 pL reaction volume. Gene
specific primers (Table 2) used in quantitative real-time

Table 1 Major monoterpenes in lavender species (English lavender, Lavandin and Spike lavender) (Lis-Balchin 2002)

Content (%) of major terpenes in lavender oil

English lavender (L. angustifolia)

Lavandin (L. x intermedia) Spike lavender (L. latifolia)

Linalool 10-50
Linalool acetate 12-54
cis and/or trans-Ocimen 1.0-17
Lavandulol and acetate 0.1-14
Camphor 0-0.2
1,8-Cineiol 2.1-3.0
a-and B-Pinene 0.02-0.3
Borneol 1.0-4.0
Limonene 0.2-0.4

20-23 26-44
19-26 0-1.5
1.0-3.0 0-0.3
0.5-0.8 0.2-1.5
12 5.3-14.3
10 25-36
0.6-0.9 1.6-3.6
2.9-3.7 0.8-4.9
0.9-1.5 1.0-2.2
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Table 2 Oligonucleotides used

in this study Primer type

Target gene

primers

Full length LiAAT-3
LiAAT-4
qPCR LiAAT-3
LiAAT-4

Actin

18s RNA

F-5" AAT TGA ATT CAT GGC ATC CAC CAA AAC C 3’
R-5" AAA GCT CGA GCA ATG CTG AAA GAT TGA AAG 3’
F-5' CCC CGA ATT CAT GGC GAT GAT TAT TAC A 3
R-5' CCC CCC TCG AGA GTA TCC AAT TTA TTG TA 3’
F-5' GCC AAA GGC ACG ATT GAT TGG 3’

R-5" GAG AGT CCT GGC AGC CGT AAT 3

F-5" AGT TCG GCC TCT TCA TTC CG 3

R-5" CTC ACC CCG TCA CTA GAT GC 3

F-5" TGT GGA TTG CCA AGG CAG AGT 3

R-5'AAT GAG CAG GCA GCA ACA GCA 3’

F-5' GTG ACG GGT GAC GGA GAA 3’

R-5'GAC TCA ATG AGC CCG GTA 3’

PCR (qPCR) experiments were designed manually as
LiAAT-1, LiAAT-2, and LiAAT-3 share above 80 % nu-
cleotide sequence similarity. Primer sequences were ana-
lyzed for hairpin, self-dimer, and hetero-dimer formation
using IDT primer quest software (http://www.idtdna.com/
Scitools/Applications/Primerquest/). The following pro-
gram was used for qPCR: initial heat-labile Uracil-DNA
Glycosylase (UDG) activation step at 50 °C for 2 min, de-
naturation at 95 °C for 2 min, and 50 cycles of 3 s at 95 °C
and 30 s at 60 °C. Following threshold-dependent cycling,
melting dissociation was performed from 60 to 95 °C at 0.3
°C/s melt rates with a smooth curve setting. PCR efficiency
was calculated using LinRegPCR for all the primers used in
this experiment, and updated in the SteponePlus data ana-
lysis software (Ruijter et al. 2009). Normalized expression
values (AAT) of LiAAT candidates were calculated by
DataAssist™™ software (Life technologies, Canada) using p-
actin and 18S RNA as reference genes.

Treated RNA was reverse transcribed with Oligo-dT (80
1M) and random hexamers (40 uM) (Custom oligos, IDT
Canada) using M-MuLV reverse transcriptase enzyme
(New England Biolabs, Canada), following manufacturer’s
protocol. Transcriptional activities of LIAAT-3 and LiAAT-
4 were analyzed in the tissues described above by standard
PCR using specific primers (Table 2) with Tag DNA
Polymerase (New England Biolabs, Canada). The follow-
ing PCR program was used: initial denaturation at 95 °C
for 5 min, followed by 95 °C for 1 min, 60 °C for 30 s and
72 °C for 30 s for 25/30 cycles with a final elongation at 72
°C for 5 min.

Recombinant protein expression and purification

The coding regions of selected sequences were amplified
from L. x intermedia glandular trichome cDNA using ap-
propriate primers (Table 2) and iproof HiFi taq polymerase
(Bio-rad, Canada). The PCR program used was initial

denaturation at 95 °C for 5 min, followed by 95 °C for 1
min, 52 °C for 30 s, and 72 °C for 1.5 min for 35 cycles
with a final elongation at 72 °C for 5 min. PCR products
were purified using a Gel extraction/PCR purification kit
(Omega Bio-Tek, USA). The purified PCR products were
inserted in the Xhol/EcoRI site of the pGEX4T-1 bacterial
expression vector fused to the coding sequences for glu-
tathione S-transferase (GST). The resulting constructs were
transformed into E. coli BL21(DE3)plysS cells (EMD
Chemicals, Darmstadt, Germany) to allow production of
the recombinant proteins. Cells were grown and induced at
20 °C with isopropyl-B-p-thiogalactopyranoside (IPTG) at
a final concentration of 0.5 mM for 12-14 h in Luria—
Bertani (LB) media supplemented with 100 mg/L. ampi-
cillin and 34 mg/L chloramphenicol. The induced cells
were chilled on ice for 15-20 min, collected by centrifu-
gation at 3220g and 4 °C for 20 min, and stored at —80 °C
overnight. The harvested cells were thawed and resus-
pended in GST wash buffer (43 mM Na,HPO,, 14.7 mM
KH,PO,, 1.37 M NaCl, 27 mM KCI, pH 7.3) supplemented
with 1 mM protease inhibitor phenylmethanesul-
fonylfluoride (PMSF). Cells were further sonicated on ice
using a Sonic Dismembrator Model 100 (Fisher Scientific,
Ottawa, ON, Canada) to complete bacterial membrane
disruption after the freeze thaw cycle. The lysate was
centrifuged (10,000g, 20 min) and incubated for 90 min
with GST bind resin previously equilibrated with GST
wash buffer on ice. After centrifugation (600g, 5 min), the
supernatant was discarded and the resin was washed three
times with 10 volumes of GST wash buffer. Thrombin
(EMD Chemicals, Darmstadt, Germany) was applied to the
resin containing recombinant protein at 1 U/mg concen-
tration for 12 h at 4 °C in a tilted rocking platform. Treated
resin was centrifuged at 500g for 2 min and the supernatant
was collected carefully for the recombinant protein. GST
elution buffer (50 mM Tris—Cl, pH 8.0, 10 mM reduced
glutathione) was also treated to collect residual protein
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fragments for SDS-PAGE analysis. Protein samples were
filtered through an Amicon column (30 K cut off) to in-
crease the protein concentration by lowering the total
volume. Protein samples were stored in protein storage
buffer (50 mM Tris, 1| mM DTT, 1 mM EDTA, 0.5 mg
BSA, 10 mM NacCl, and 15 % glycerol at pH 7.5). Protein
concentration was determined by the Bradford method.

Enzymatic assay and Kinetic study

Initial enzyme activity was studied in 0.5 mL reaction
volume with protein storage buffer, 2 mM substrate
(geraniol, lavandulol, and linalool), 0.2 mM acetyl CoA,
and 10 pg of protein. After overnight incubation at 30 °C
with 80 rpm shaking, assay products were extracted into
0.5 mL pentane and concentrated ~ 50 times before ana-
lysis by gas chromatography and mass spectometry
(GCMS) (see below). Negative controls were performed
using protein extracted from bacteria harboring the empty
vector (without insert), maintaining all other condition of
the regular experiment. For linear kinetics study, assays
were performed at five different time points: 10, 30, 60, 90,
and 120 min. The optimum temperature was determined
from a set of reactions performed at 25-37 °C for 30 min.
The optimum pH was determined by performing assays at
pH 5.5-10.0 using different compatible buffers using the
method stated above. All assays were performed in dupli-
cate or triplicate for statistical significance. Reaction assays
contained camphor (1 mg/mL) as an internal standard to
quantify the amount of product formed.

The Michaelis—Menten saturation curve was constructed
using enzyme assays (n = 3) performed at optimum tem-
perature (32 °C) and pH (8.0) for 30 min in 0.5 mL reaction
volume containing 50 mM sodium phosphate buffer, 250
nM enzyme, 0.2 mM Acetyl CoA, and substrate concen-
tration from 10 uM to 5 mM. Reactions were terminated by
simple mixing followed by freezing at —80 °C. Assay
products were recovered in 0.5 mL pentane and analyzed
by GCMS, as discussed below. Kinetic parameters were
determined from a Michaelis—Menten saturation curve
constructed using SigmaPlot software version v.10.00
(Systat Software, Germany).

GCMS analysis

Assay products were analyzed using a Varian 3800 Gas
Chromatographer coupled to a Saturn 2200 Ion Trap mass
detector. The instrument was equipped with a 30 m x 0.25
mm capillary column coated with a 0.25 pm film of acid-
modified polyethylene glycol (ECTM 1000, Altech, Deer-
field, IL, USA), and a CO, cooled 1079 Programmable
Temperature Vaporizing (PTV) injector (Varian Inc.,
USA). Samples were injected on-column at 40 °C. The
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oven temperature was initially maintained at 40 °C for 1
min, raised to 100 °C at a rate of 30 °C/min, then set to 150
°C at a rate of 6 °C/min, then set to 230 °C at a rate of 35
°C/min, and finally held at 230 °C for 2 min. The carrier
gas (helium) flow rate was set to 1 mL/min. Identification
of the products was confirmed by comparing their retention
time and mass spectra to those of authentic standards (from
our collection) analyzed under the same condition. EO
constituents were identified by comparison of obtained
mass spectra to those of authentic standards, or to those in
the NIST library.

Multiple sequence alignment and phylogenetic tree
analysis

Amino acid sequences for LIAAT candidates were blasted
against those in the NCBI database using the BLASTp
function to identify the closest homologs, which were
analyzed by multiple sequence alignment using the default
parameters of the ClustalW tools available at the EBI
platform (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The
phylogenetic tree was created using neighbor-joining and
boostrap analysis of Geneious Tree Builder module (Gen-
eious 5.0.3 software, Auckland, New Zealand).

Accession number

The coding sequences for LIAAT-3 (Accession # KM275343)
and LiAAT-4 (Accession # KM275344) have been submitted
to NCBI.

Results
Candidate selection

Construction of a cDNA library and the corresponding
expressed sequence tag (EST) database from the secretory
cells of L. x intermedia flower glandular trichomes were
previously reported (Demissie et al. 2012). The annotated
EST database was initially searched using the keyword
“acetyltransferase” to identify putative alcohol acetyl-
transferase homologs. The selected candidates were further
screened by comparing their sequences to those of known
alcohol acetyltransferases (AAT) present in online
databases. The initial search yielded a total of 117 ESTs as
putative acetyltransferases. Among these, two ESTs were
singleton while the remaining 115 ESTs formed eight
contigs. Subsequent search, based on GO annotation, re-
vealed that four contigs were potentially viable terpene
alcohol acetyltransferases, while others corresponded
to histone acetyltransferase, amino acid acyltransferase,
and dihydrolipoamide acyltransferase, among others.
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The four selected contigs, LIAAT-1, LiAAT-2, LiAAT-3,
and LiAAT-4, contained six, 35, 20, and 35 ESTs, re-
spectively (Table 3), and produced transcripts with com-
plete ORFs for LiAA-1-LiAA-4 candidates.

Given that the floral EOs of L. x intermedia and L. an-
gustifolia contain substantial amounts of monoterpene ac-
etates, we anticipated strong expression of EO-related
acetyltransferase in the floral tissue of these plants. How-
ever, we did not expect to observe strong expression of
these genes in flowers of L. latifolia, which do not accu-
mulate significant amounts of monoterpene acetates (Her-
raiz-Penalver et al. 2013; Lis-Balchin 2002; Sarker 2013).
Our microarray analysis experiments indicated that tran-
scripts corresponding to LiAAT candidates were more
abundant (by 1.9, 1.4, 18.5, and 18 fold for LiAAT-I,
LiAAT-2, LiAAT-3, and LiAAT-4, respectively) in L. x in-
termedia as compared to L. latifolia floral tissue (Table 3).
Similarly, transcript levels for all candidates were higher in
newly opened flowers (anthesis stage), which accumulate
monoterpene acetates, compared to unopened buds, which
do not produce these compounds (Table 3). A similar ex-
pression pattern was observed for LIAAT-3 and LiAAT-4 in
L. angustifolia flowers. However, transcripts for LiAAT-1
and LiAAT-2 were 52 and 11 fold down-regulated in L.
angustifolia compared to L. latifolia floral tissue, indicating
that these sequences are not likely to be involved in EO
metabolism. Based on these observations, LIAAT-3 and
LiAAT-4 were selected for further analysis.

Sequence analysis

The open reading frames (ORF) of LiAAT-3 and LiAAT-4
consist of 1344 and 1254 bp, coding for proteins of 447 and
417 amino acids with predicted molecular weights of 50.27
and 47.57 kDa, respectively. Proteins were predicted to be
cytosolic since none of the ORFs encoded a transit peptide.
Intracellular trafficking of isoprenoid metabolites is known
to occur in different organisms. For example, the inter-
mediates involved in the biosynthesis of the monoterpene
menthol in peppermint oil glands are believed to move
around the cell for hydroxylation and isomerization reac-
tions (Turner et al. 2000). LIAAT-3 and LiAAT-4 proteins

were highly homologous to alcohol acetyltransferases from
strawberry and apple fruit (FaSAAT, MpAAT), and in-
cluded all the conserve motifs present in typical plant al-
cohol acetyltransferases, specifically HxxxD and DFGWG
motifs (D’Auria 2006) (Fig. 1). However, in LiAAT-3,
aspartic acid (D) and phenylalanine (F) of DFGWG motif
were replaced with glutamic acid (E) and valine (V), re-
spectively. LiAAT-4 contained two HxxxD motifs
separated by 29 amino acids, and an unaltered DFGWG
motif at the C-terminal end (Fig. 1).

Heterologous protein expression and enzymatic
assay

The coding sequences of LIAAT-3 and LiAAT-4 candidates
were cloned into pGEX4T-1 vector using EcoRI and Xhol
restriction sites, which allowed for the production of
N-terminal GST tagged recombinant proteins. The GST tag
was removed by thrombin digestion, and the purified en-
zymes were used in enzymatic assays using monoterpenoid
alcohols, as substrates. Initially, 10 pg of each enzyme was
used in a reaction containing 2 mM of linalool, geraniol, and
lavandulol as substrate and incubated overnight at 30 °C.
The reaction was terminated, and assay products were ex-
tracted in 0.5 mL pentane after storing reaction vials at —80
°C, allowing volatile compounds to settle. Assay products
were concentrated around 50 times before analysis by
GCMS. LiLAAT-3 and LiAAT-4 both produced significant
amounts of respective esters from geraniol and lavandulol,
but not from linalool (Fig. 2). A small amount of linalyl
acetate was also present in all assays, including the negative
control, indicating that it was most likely a contaminant of
the substrate (linalool) preparation (not shown).

LiAAT Kinetic studies

The kinetic properties were determined at a pH of 8.0,
temperature of 32 °C, acetyl-CoA concentration of 0.2
mM, and substrate concentrations of 10 pM-5 mM. Sig-
nificant substrate inhibition was observed at the 5 mM
point, therefore was not included in the kinetic analysis
reported in Fig. 3.

Table 3 Microarray analysis

Candidate # of ESTs LIvs LA LI vs LL LA vs LL Bud vs Anth (LI-gland)
LiLAT-1 6 Up-44 Up-1.89 Down-52 Down-4
LiLAT-2 35 Up-2.4 Up-1.39 Down-11 Down-6
LiLAT-3 20 Up-1.47 Up-18.5 Up-20.79 Down-6
LiLAT-4 35 No change Up-18 Up-18 Down-7

LA = L. angustifolia; LI = L. x intermedia; LL = L. latifolia; LI-gland = glandular trichomes from L. x
intermedia bud and anthesis flower developmental stages. Unless otherwise stated, 30 % bloomed flower
tissues were used for all other species; up = up-regulation, down = down regulation in their respective

tissues
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LiAAT-3 MASTKTLTFKVTRKNRELIS -ML spIDB@D CLRFRF ISMK ExoPik1 DAVAKALVF FA LRECD SRKLVVDCTEEGY 101
MpAATI  MMSFS - - VLQVKRLQBEL I T AKS FLSDlD ESLRVQI 1 IMC SLNKNRNBVKAI Al.. RALYV E-NRKLVV CN 1 100
LIAAT-d = o e e e m - - MAMI I TKQILR| QAF NHKL s 8L EESKYIDQ! QRF EILTIF A TMRHN S - NDRGV 89
SAAT e - MEKTEVS INSKHBIK STS KL TLL IVEF lTDHDFNL.Q ADLRQAL EILTI. 'VENNL - DFE v 93
LiAAT-3  VFVEADADVMLQ EDALH NLEKLLLD lN c lLFl RLKC FILSISCN TICDAAGFVQFMSAVGEL -ATAISIQ RELLA 202
MpAAT] LFVEASADVTLEQLGDKIL LLEEFL LL[ ch FILALRLNHTMCDAAGLLLFLTAIAEMARG- AHABS IL RELLF 201
LIAAT-¢ EFV VRVHARL AQF - QD KMEELK l.l DCISH DFLLLVKI FDC EVVV VCMSHKIGDGI SLAAFMN AWAAMCRGES SSEI I LALHF 158
SAAT ARVNCDMTDFLRLRK!ECLNEFV 3% FSMEAl R-LLEVIVNVFD -IATL vsvs KL I TADCFLKSWGAVFRGCRENT I AALLF 105
LiAAT-3 ARN FT KTN ----- ETDKMVVRYFFFDAADT S AL -RYLQTC lVAACA CRTIALSLKIDE EVVFVNEBVNIRNK 205
MpAAT] ARD Rl CA H DVl HSDSYASSNQSNMVQ SFEFGAKEMR VL “HLISTC TF CRTLALN INBKE - AVRVE/CIVNARGKENN 301
LIAAT-¢ FREA- - - - - ------- IAQENIMTKRLVFDREKL EKL! Ru\ASSDEVRn v1-‘1 LlE:IKAESHMTETlAVSIASIAVNL
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LIAAT-3 --L E !NEIV VVTTAKKL SENBFQYAVELV- - - - - - - - - —KYEATDIYV' ------ SVAILMVMRDR svEAGMNYBIVED TS TA FEEVIV 380
MpAATI GNAFAFBAA 1 SKAEPL CKNBLEYALELV- - - - - - - - - KKAKATMNEEYLR- - - - - - SVA LLVLR.R YSST svm DNTRY ﬁnvnr 387
LIAAT-4 v QMDQTFl SAVVSWDEDYVHHSRLRAA- - - - - - - - - LREIDDDYINKVL- - - - - - KAD-lL QDQIGDLFK EN SWWREBVYKV 365
SAAT RMNME LDNATGNLFWWAQA ILEL SHTTHE I SDLKLCDLVNLLNGSVEQCNGDYFETFRGKEGYGRMCEMLDFQR TMS SME FSSWTNFFN.L 390

—

LIAAT-3  WCKIBVI VAK!TI EVNWI ..KNKK Q Kl cLBLn EFAKQFRMMITAAR - TLNLSAL- 447
MpAATI FA K AL L1 KNN- TEDG IL c1. Ss QELERITQE.KEDICNNLRSTSQ 455
LIAAT-4 LIlFTST.S DGIEAWVTHTHNEF VL NKLDT --------------- 47
SAAT !EVAE Kl s cxnu.vlroc SG1EAWVNL EEEKMAML HFLALAS.KTLI -------- 452

Fig. 1 Multiple sequence alignment of LIAAT-3 and LiAAT-4 with
respect to their closest alcohol acetyltransferase homolog MpAATI—
Malus pumila (pumila-) alcohol acyltransferase, and SAAT-strawberry
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Fig. 2 GCMS analysis of assay products formed in LiAAT-3 and
LiAAT-4 enzymatic assays. As an example, GCMS chromatogram of
reaction products formed from lavandulol by LiAAT-4 is shown.
Mass spectrum of lavandulol acetate also included

The Michaelis—Menten enzyme saturation curve was
generated using the hyperbolic enzyme kinetics analysis
module of the SigmaPlot software. The K, of LIAAT-3 for
geraniol, lavandulol, and nerol was calculated as 1.31,
1.05, and 0.87 mM, respectively. The V.« of the enzyme
for the same substrates was 81.07, 92.13, and 15.02 pkat/
mg, respectively (Fig. 3). Turnover number (k.,) and cat-
alytic efficiency (kc./K.,) of LIAAT-3 were calculated for
geraniol, lavandulol, and nerol with values of 0.245, 0.278,
and 0.045 min~' and 0.186, 0.266, and 0.052 mM '
min~!, correspondingly. Similarly, kinetic parameters of
LiAAT-4 candidate were calculated for geraniol, lavan-
dulol, and nerol. For these substrates K, was 0.279, 0.354,
0.118 mM, and V., was 52.17, 105.1, and 15.8 pkat/mg,
respectively (Fig. 3). Turnover number (k.,,) and catalytic
efficiency (kc./K.) of LIAAT-4 for geraniol, lavandulol,
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alcohol acetyltransferase. Black bar indicate the conserve motifs
HxxxD and DFEGWG

and nerol were found to be 0.151, 0.30, and 0.045 min~!
and 0.539, 0.848, and 0.40 mM ™' min~', respectively
(Table 4).

Tissue specific regulation of LIAAT

The expression patterns of LiAAT-3 and LiAAT-4 tran-
scripts in leaf, flower, and glandular trichomes of L. x in-
termedia and in L. angustifolia, and flower tissues of
L. latifolia were evaluated by standard and qPCR. The results
of the standard PCR assay revealed that transcripts for both
candidates were highly concentrated in L. x intermedia and
L. angustifolia floral glandular trichomes (Fig. 4). Transcript
levels were quantitated in flowers relative to leaves for the
gPCR study. The results of the gPCR experiment confirmed
these findings, demonstrating that LiAAT-3 transcripts were
up-regulated by 118 and 5866 fold in flowers and glandular
trichomes of L. angustifolia, respectively, and by 1.3 and 49
fold in flowers and glandular trichomes of L. x intermedia,
respectively. LIAAT-4 transcripts were up-regulated by 83
and 1601 fold in flower and glandular trichome of L. an-
gustifolia, and by 7.5 and 345 fold in flower and glandular
trichome of L. x intermedia, respectively. LIAAT-3 tran-
scripts were more abundant (3-fold) in L. latifolia flowers
compared to leaf tissues, and LiAAT-4 transcripts were not
detected at all (Fig. 5).

Phylogenetic tree analysis

A non-rooted phylogenetic tree was developed for all four
candidates to examine their relationship with other known
BAHD acetyltransferases. The tree shows all five clades of
known BAHD acyltransferases (D’ Auria 2006) and a new
clade with one of the lavender acyltransferases (Landmann
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et al. 2011). LiAAT1-3 falls into a subgroup of clade five = Discussion

(V), which consists of enzymes capable of forming the
benzenoid ester benzylbenzoate. Benzyl alcohol benzoyl-
transferase from Clarkia breweri (CbBEBT) is the closest
related enzyme from this subgroup with a score of 67.34 %
identity with LIAAT-3. AtCHAT from Arabidopsis thali-
ana and MpAATI1 from Malus domestica are the two al-
cohol acetyltransferases from this subgroup with 60.93 and
60.15 % identity, respectively. LIAAT-4 belongs to clade
three (III) with 11 additional members in it accepting a
diverse range of alcohols as substrates, while Acetyl CoA
is a major acyl donor. There are two subgroups in this
clade, and LiAAT-4 belongs to the second subgroup closest
to RsVINS, vinorine synthase of Rauvolfia serpentine with
a score of only 40 % identity. LaATI1, a L. angustifolia
acyltransferase clone, shares approximately 40 % sequence
identity with all four LiAAT candidates and occupies clade
five in the phylogram (Fig. 6).

The EOs of most lavender species, in particular those of the
commercially propagated L. angustifolia and L. x inter-
media plants, contain substantial amounts of monoterpene
alcohols linalool, geraniol, lavandulol, and nerol and their
corresponding esters linalyl acetate, geranyl acetate, la-
vandulyl acetate, and neryl acetate (Lawrence 1990).
However, the EO of a few species, including L. latifolia, do
not produce a significant amount of monoterpene acetates/
esters (Herraiz-Penalver et al. 2013; International Standard
2002; Lawrence 1990). The monoterpene esters impart
pleasant aromas to the EO, and are among the key deter-
minants of EO quality. For example, the finest lavender
EOs, e.g., that of L. angustifolia, are highly enriched in
linalyl acetate and other monoterpene esters, and are
mostly used in the cosmetic industry or in aromatherapy
(Table 1). On the other hand, lavender EOs that lack
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Table 4 Kinetics data (0.2 mM acetyl CoA as co substrate)

Substrate Parameters LiAAT-3 LiAAT-4
Geraniol K., (mM) 1.31 0.279
Vimax (pkat/mg) 81.07 52.17
G o keae (min™1) 0.245 0.150
ke Kn (M~ min™!)  0.186 0.539
Lavandulol K, (mM) 1.04613 0.354
Vinax (pkat/mg) 92.13 105.1
CH,OH k. (min™") 0.278 0.3
keal Ky (mM ™' min™")  0.266 0.848
Nerol K., (mM) 0.87 0.113
Vimax (pkat/mg) 15.02 15.8
N kear (min~Y) 0.045 0.045
kel Kn (MM~ min™!)  0.052 0.4
CH,OH

LiAAT-3 158 bp
LiAAT-4 125 bp
Actin 118 bp

LF FL GL LF FL GL LF FL

LA LI LL

Fig. 4 Detection of transcripts for LIAAT-3 and LiAAT-4 by standard
PCR (LI L. x intermedia; LA L. angustifolia; LL L. latifolia; LF leaf;
FL flower; GL glandular trichomes). LiAAT-3 and LiAAT-4
transcripts were highly abundant in LA, and LI glandular trichomes.
B-actin was used as a reference gene

monoterpene acetates, for example that of L. latifolia, are
characterized by strong unpleasant scents due to the pres-
ence of high levels of other compounds such as camphor,
and are often used in alternative medicine (Cavanagh and
Wilkinson 2002). Despite the importance of monoterpene
acetates, the genes responsible for the production of these
metabolites in lavenders have not been described (Fig. 7).

In search of alcohol acetyltransferase genes responsible
for the synthesis of monoterpene esters in Lavandula, a
cDNA library constructed from L. x intermedia floral
glandular trichome (Demissie et al. 2012) was screened for
putative acetyltransferase homologs, and a number of
cDNA candidates were identified. It is well established that
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Fig. 5 Transcriptional activity of LiAAT candidates in different
tissues of lavender species. B-actin and 18s RNA were used as a
reference gene. Transcriptional activity of transcripts in flower and
glandular trichome tissues were normalized against leaf of their
respective plants (n = 6)

the expression of genes involved in monoterpene synthases
is transcriptionally regulated (e.g., menthofuran synthase in
peppermint leaves (Mahmoud and Croteau 2003), and li-
nalool synthase in L. angustifolia flowers (Lane et al.
2010)), and that this transcriptional activity directly cor-
relates with product (monoterpene) formation. Provided the
above, and given that L. angustifolia and L. x intermedia
plants accumulate monoterpene acetates but L. latifolia
plants do not, we anticipated that monoterpene acetyl-
transferases of interest would be exclusively (or more
strongly) expressed in L. angustifolia and L. x intermedia
flowers as compared to those of L. latifolia plants. We
therefore studied the expression pattern of the selected
candidates by microarray analysis and PCR in these three
closely related species. These experiments led to the
identification of two differentially expressed candidates,
LiAAT-3 and LiAAT-4, which exhibited strong transcrip-
tional activity in the floral tissue (in particular glandular
trichomes) of L. angustifolia and L. x intermedia as com-
pared to L. latifolia plants (Table 3; Figs. 4, 5).

The coding sequences for these candidates were cloned
into a pGEX4T-1 expression vector and expressed in
bacteria to produce the corresponding proteins. The par-
tially purified recombinant proteins were assayed for ac-
tivity using linalool, geraniol, lavandulol, and nerol as
substrates, and acetyl Co-enzyme A as a cofactor. The
assay reactions yielded geranyl acetate, lavandulyl acetate,
and neryl acetate, but not linalyl acetate, suggesting that
linalyl acetate formation is catalyzed by a different en-
zyme. In this context, the cell-free extracts of glandular
trichomes of lemon plants were able to catalyze the con-
version of linalool to linalyl acetate, indicating that an
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LiAAT-3

v

Lvan

1
Fig. 6 Phylogenetic tree analysis of BAHD acyltransferases includ-
ing LiAAT-1-4. The tree was constructed by neighbor-joining and
bootstrap distance analysis (adapted from D’Auria 2006; Landmann
et al. 2011). Candidates included that have been characterized by
either genetic mutant screening or biochemical assay. AsHHTI,
Avena sativa hydroxycinnamoyl-CoA: hydroxyanthranilate-N-hy-
droxycinnamoyltransferse (BAC78633); AtAT, Arabidopsis thaliana
acyltransferase (NP_197782); AtCER2, A. thaliana CER2-protein,
biosynthesis of C30-waxes (AAM64817)1; AtCHAT, A. thaliana (Z)-
3-hexen-1-ol-O-acetyltransferase (AAN09797); AtHCT, A. thaliana
hydroxycinnamoyl-CoA; shikimate/quinate hydroxycinnamoyltrans-
ferase (NP_199704); CaPunl, Capsicum annum Punl-Protein,
biosynthesis of capsaicin (AAV66311); CbBEAT, Clarkia breweri
benzyl alcohol-O-acetyltransferase (AAC18062); CbBEBT, C. brew-
eri benzoyl-CoA: benzyl alcohol-O-benzoyltransferase (AAN09796),
CmAATI1-4, Cucumis melo alcohol acyltransferase (CAA94432,
AA177060, AAWS51125, AAWS51126); CrDAT, Catharanthus roseus
deacetylvindolin-4-O-acetyltransferase (AAC99311); CrMAT, C.
roseus minovincinin-19-hydroxy-O-acetyltransferase (AAO13736);
DcHCBT: Dianthus caryophyllus anthranilate-N-hydroxycinnamoyl/
benzoyltransferase (CAB06430); Dm3MATI1-2, Dendramthema x
morifolium anthocyanidine-3-0-glucosid-6"-0-malonyl-trans-
ferase (AAQ63615, AAQ63616); Dv3AMAT, Dahlia variabilis mal-
onyl-CoA: anthocyanidine-3-0-glucosid-6"-O-malonyltransferase
(AAO12206); FaSAAT, Fragaria x ananassa (strawberry-) alcohol
acyltransferase (AAG13130); FvVAAT, Fragaria vesca alcohol
acyltransferase (CAC09062); Gt5AT, Gentiana triflora anthocyanin-
5-aromatic acyltransferase (BAA74428); HcACT, Hordeum vulgare
agmatine-coumaroyltransferase (AAO73071); LaATl and LaAt2,
L. angustifolia acyltransferase 1 and 2 (ABI48360 and ABI48361);
Lp3MATI, Lamium purpureum malonyl-CoA: flavonol-3-O-glu-
cosid-6"-0-malonyl- transferase (AAS77404); LuaHMT/HLT, Lupi-
nus albus tigloyl-CoA; 13a-hydroxymultiflorin/130-hydroxy-lupanin-
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O-tigloyltransferase (BAD89275); MpAAT1, Malus pumila (pumila-)
alcohol acyltransferase (AAU14879); MsBanAAT, Musa sapientum
(banana-) alcohol acyltransferase (CAC09063); NtBEBT, Nicotiana
tabacum  benzoyl-CoA, benzyl alcohol-O-benzoyltransferase
(AAN09798); NtHCT, N. tabacum hydroxycinnamoyl-CoA, shiki-
mate/quinate hydroxycinnamoyltransferase (CAD47830); NtHQT, N.
tabacum hydroxycinnamoyl-CoA: quinate hydroxycinnamoyltrans-
feras (CAE46932); NtMAT, N. tabacum malonyl-CoA:
flavonoid/naphthol-glucosid-acyltransferase (BAD93691); Pf3AT,
Perilla frutescens hydroxy cinnamoyl-CoA: anthocyanin-3-O-glu-
cosid-6"-0O-acyltransferase (BAA93475); PfSMAT, P. frutescens
anthocyanin-5-0-glucosid-6"-O-malonyltransferase (AALS50565);
PhAT, Petunia hybrida acyltransferase (BAA93453); PhBPBT, P.
hybrida benzoyl-CoA: benzyl alcohol/phenylethanol-benzoyltrans-
ferase (AAU06226); PsSalAT, Papaver somniferum salutaridinol-7-
O-acetyltransferase (AAK73661); RhAATI1, Rosa hybrida alcohol
acetyltransferase (AAW31948); RsVinS, Rauwolfia serpentina
vinorinsynthase (CAD89104); Sc3MaT: Senecia cruentus malonyl-CoA:
anthocyanidin-3-O-glucosid-6"-O-malonyl-transferase (AAO38058)
SsS5MAT1: Salvia splendens malonyl-CoA; anthocyanin-5-O-glu-
cosid-6"-0O-malonyltransferase (AAL50566); SsRAS: Solenostemon
scutellarioides rosmarinic acid synthase (CAK55166); TcaDBTNBT:
Taxus Canadensis 3’-N-debenzoyltaxol-N-benzoyltransferase
(AAM75818); TcBAPT, Taxus cuspidata baccatin-I1II-O-phenyl-
propanoyltransferase ~ (AAL92459); TcDBAT, T. cuspidata
10-deacetylbaccatin-III-10-O-acetyltransferase (AAF27621); TcDBBT,
T. cuspidata 2-debenzoyl-7, 13-diacetylbaccatin-III-O-benzoyltransferase
(Q9FPW3); TcTAT, T. cuspidata taxa-4(20),11(12)-dien-5a-0l-O-acetyl-
transferase (AAF34254); Vh3MAT1, Verbena x hybrida malonyl-CoA:
flavonol-3-O-glucosid-6"-O-malonyltransferase (AAS77404); VIAMAT,
Vitis labrusca anthranoyl-CoA:methanolacyltransferase (AAW22989);
ZmGlossy2, Zea mays Glossy2-protein, biosynthesis of C32-waxes
(CAA61258). Clade VI candidates have not been characterized
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Fig. 7 Proposed pathway for Lavandulyl acetate biosynthesis in
lavender

enzyme capable of catalyzing this reaction exists (Zaks
et al. 2008). Given that linalool is a tertiary alcohol (other
monoterpenes studied here are primary or secondary al-
cohols), it is possible that the linalool acetyltransferase is
different in structure and mechanism of action than en-
zymes reported here (Aharoni et al. 2000; Beekwilder et al.
2004; Zaks et al. 2008).

The optimum pH and temperature for LiAAT-3 and
LiAAT-4 were in the range of alcohol acetyltransferases
reported previously (Landmann et al. 2011; Sharma et al.
2013) and were determined to be 8.0-8.5 and 30-32 °C,
respectively. Both enzymes demonstrated linear catalytic
activity from 10 to 120 min. Based on the kinetics data,
LiAAT-4 has a much lower K, (mM) value than LiAAT-3
for all the substrates used in this experiment. However,
both enzymes had similar V,,,, values for all substrates
except for geraniol, in which case V.x was higher for
LiAAT-3 (81.07 pkat/mg) than LiAAT-4 (52.17 pkat/mg)
(Table 4). Therefore, LIAAT-4 had a better catalytic effi-
ciency than LiAAT-3 with a fold difference of 2.9, 3.19,
and 7.7 for geraniol, lavandulol, and nerol, respectively.
Among these three substrates, lavandulol was a preferred
substrate compared to geraniol and nerol. The catalytic
efficiency for lavandulol was approximately 1.5 fold higher
than that of geraniol for both enzymes. Also, geraniol was
the preferred substrate compared to nerol, as the catalytic
efficiencies of LiAAT-3 and LiAAT-4 were 3.1 and 1.35
fold higher for the former substrate. Kinetic parameters of
LiAAT-3 and LiAAT-4 are in the range of those reported
for previously cloned or biochemically characterized al-
cohol acyltransferase genes from a number of different
plants (Aharoni et al. 2000; Beekwilder et al. 2004; El-
Sharkawy et al. 2005; Shalit et al. 2003). In addition, en-
zymatic activity of FvVAAT, CmAAT-4, CbBEBT,
VpAAT]I for geraniol and nerol were reported to be in the
range of 10-3451 pkat/mg in the presence of acetyl CoA
(Balbontin et al. 2010; Beekwilder et al. 2004; D’Auria
et al. 2002; El-Sharkawy et al. 2005).

LiAAT-3 and LiAAT-4 were found to be associated
with clade V and clade III after a non-rooting phylogenetic
analysis with other characterized acetyltransferases from
different plants (Fig. 6). Although these proteins contain
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both conserved motifs found in acyltransferases, the as-
partic acid of DFGWG motif was replaced by glutamic
acid (E*’®) in LIAAT-3. It has been reported that HxxxD
and DFGWG motifs are highly conserved in all acyl-
transferase proteins, and alterations of these motifs result in
reduced enzyme activity (Bayer et al. 2004; D’ Auria 2006;
Suzuki et al. 2002; Unno et al. 2007). This could be the
reason for the lower enzymatic activity of LIAAT-3 com-
pared to LiAAT-4. In this context, other poorly active or
inactive acyltransferase homologs (e.g., AtCER2 and
ZmGlossy2) containing glutamic acid instead of aspartic
acid in DFGWG motif have been previously reported
(Tacke et al. 1995; Xia et al. 1996). In addition, a third
conserved motif, LSXTLxxxYxxxG (Aharoni et al. 2000;
El-Sharkawy et al. 2005; Gonzalez et al. 2009; Sharma
et al. 2013), which is less conserved among acyltransferase
genes, is present in LIAAT-4 with a modification of thre-
onine”® to isoleucine’>. Only leucine’®, tyrosine’® and
glycine®” are present in LIAAT-3 for the third motif.

In conclusion, we have cloned and functionally char-
acterized two alcohol acetyltransferases from L. x inter-
media glandular trichomes. Both enzymes are capable of
synthesizing geranyl acetate, lavandulyl acetate, and neryl
acetate from their respective monoterpene substrates,
although both enzymes exhibit a preference for lavandulol
as a substrate. Neither enzyme was able to convert linalool
to linalyl acetate, which is a major EO constituent in some
lavender species, indicating that a different acetyltrans-
ferase enzyme is likely involved in the production of linalyl
acetate. The cloning of these acetyltransferases has sig-
nificant implications in understanding the biology of
essential oil formation in higher plants and enables future
experiment aimed at improving EO quality and yield in
lavenders through metabolic engineering and targeted
breeding programs.
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