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Apple flavor is characterized by combinations of ester compounds, which
increase markedly during fruit ripening. The final step in ester biosynthesis
is catalyzed by alcohol acyl transferases (AATs) that use coenzyme A
(CoA) donors together with alcohol acceptors as substrates. The gene
MpAATI, which produces a predicted protein containing features of other
plant acyl transferases, was isolated from Malus pumila (cv. Royal Gala).
The MpAATI gene is expressed in leaves, flowers and fruit of apple. The
recombinant enzyme can utilize a range of alcohol substrates from short
to medium straight chain (C3—-C10), branched chain, aromatic and terpene
alcohols. The enzyme can also utilize a range of short to medium chain
CoAs. The binding of the alcohol substrate is rate limiting compared with
the binding of the CoA substrate. Among different alcohol substrates there
is more variation in turnover compared with K, values. MpAAT] is cap-
able of producing many esters found in Royal Gala fruit, including hexyl
esters, butyl acetate and 2-methylbutyl acetate. Of these, MpAATI1 prefers
to produce the hexyl esters of C3, C6 and C8 CoAs. For the acetate esters,
however, MpAAT]1 preference depends upon substrate concentration. At
low concentrations of alcohol substrate the enzyme prefers utilizing the
2-methylbutanol over hexanol and butanol, while at high concentrations of
substrate hexanol can be used at a greater rate than 2-methylbutanol and
butanol. Such kinetic characteristics of AATs may therefore be another
important factor in understanding how the distinct flavor profiles of differ-
ent fruit are produced during ripening.

Apples have long been cultivated by humans for their
fruit. They produce a complex mixture of over 200
volatile compounds [1], including alcohols, aldehydes,
ketones, sesquiterpenes and esters. Esters are associ-
ated with “fruity’ attributes of fruit flavor and typically
increase to high levels late in the ripening process [2].
In the commercial apple cultivar, Malus pumila cv.
Royal Gala, over 30 esters have been identified [3.4].
These can be broadly separated into straight chain
esters and branched chain esters. In apples, straight

Abbreviations

chain esters are thought to be biosynthesized from
fatty acids via the lipoxygenase pathway [5]. In con-
trast branched chain esters are thought to be produced
from the metabolism of branched chain amino acids
such as isoleucine [6]. Of the esters produced by Royal
Gala, butyl acetate, hexyl acetate, and 2-methylbutyl
acetate dominate the flavor of ripe fruit, with the latter
two being identified by analytical sensory panels as
having the greatest impact on the attractiveness of the
fruit [4].

AAT, alcohol acyl transferase; coA, coenzyme A; IPTG, isopropy! thio-B-D-galactoside; MpAAT1, apple AAT1; SPME, solid phase

microextraction.
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The final step in ester biosynthesis is catalyzed by
acyl transferases (EC 2.3.1.x), members of the BAHD
superfamily [7]. These enzymes transfer an acyl group
from a donor (often CoA) to the hydroxyl, amino, or
thiol group of an acceptor molecule to yield an acyl
ester derivative. Plants contain a large family of such
acyl transferases with approximately 70 found in Ara-
bidopsis [8]. Alcohol acyl transferase (AAT) activity is
responsible for the production of volatile esters and
has been observed in plant tissues such as the flowers
and fruit [9-11]. A major question in the field has been
to identify which enzymes in the biosynthetic pathway
are critical for producing the distinct blends of esters
characteristic of different fruit. To address this, genes
encoding AATs have been isolated from fruit including
melon [12] and strawberry [11], and their activity stud-
ied after expression in yeast and bacteria, respectively.
These studies have found that AATs have the ability
to utilize a broad range of substrates suggesting that
substrate availability rather than AAT enzyme prefer-
ences are explanatory of different aromas of fruits.
Here we describe the cloning and characterization of
an AAT expressed in the fruit of Royal Gala and
report on the kinetic characterization of the enzyme.

Results

The MpAAT1 gene and its predicted protein

Gene mining identified 20 acyl transferase-encoding
genes from the HortResearch apple EST database of
which 13 contain full-length ¢cDNAs. One of these
(MpAATI) was chosen for characterization since it
includes EST accessions from fruit cDNA libraries, is
closely related to acyl transferases that can utilize alco-
hol as an acceptor, and it is able to be expressed in
Escherichia coli in a soluble form. The longest
MpAATI cDNA clone isolated is 1591 nucleotides in
length, and contains an open reading frame that
encodes a predicted protein of 455 amino acids (Gen-
Bank accession number AY707098) leaving a 5-UTR
of 24 and a 3-UTR of 202 nucleotides. Transcripts of
the MpAATI gene were detected by RT-PCR in leaves,
flowers and all stages of developing and ripening apple
fruit (Fig. 1). The predicted MpAAT]! protein has a
molecular mass of 50.9 kDa and pl of 7.9. MpAATI1
exhibits the features of other plant acyl transferases [7]
including an active site motif, HXXXDG (amino acids
181-186, Fig. 2). In MpAATI1 the His and Asp of the
active site are conserved but the Gly is substituted for
the slightly larger Ala. Several other plant acyl trans-
ferases also have an Ala at this position. It is not
known whether this amino acid substitution affects
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Fig. 1. MpAATT1 gene expression in apple tissues. (A) RT-PCR using
MpAAT 1-specific primers amplifying a fragment of 443 bp. (B)
Amplification products of 850 bp from actin-specific primers. Lanes:
(1) 1 kb-plus DNA ladder; (2) leaf; (3) phloem; (4) xylem; (5) flower;
(6) young fruit with seeds removed 59 days after full bloom
(DAFB); (7) fruit cortex 87 DAFB; (8) fruit cortex 126 DAFB; (9) fruit
core 126 DAFB; (10) fruit skin 150 DAFB; (11) water control; (12)
1 kb-plus DNA ladder.

activity or substrate preference. A second region
conserved amongst acyl transferases is the DFGWG
motif. MpAATI contains a similar motif (amino acids
445-449), however, the sequence is slightly different,
with Asn substituting for an Asp.

Comparison and phylogenetics of MpAAT1

MpAATI1 was aligned with 11 other plant acyl trans-
ferases of known function (Fig.2). BEBT (Clarkia
breweri [13]) was the most similar to MpAAT]1 at 54%
identity at the amino acid level. A phylogenetic tree
constructed from this alignment contains two major
groupings (Fig. 3). MpAAT]1 clusters with the group
of AATs involved in ester biosynthesis from melon
and Clarkia (CM-AATI [12] and BEBT [13]). Basal to
these is an AAT from banana, BanAAT [14], and
more distant is an anthranilate acyl transferase from
Dianthus caryophyllus, HCBT [15]. The second group
also contains AATs including SALAT (Papaver som-
niferum [16]) and BEAT (Clarkia breweri [17]). Sister
to these is another clade of AATs involved in straw-
berry ester biosynthesis (SAAT [11] and VAAT [14])
and two acyl transferases from Catharanthus roseus,
DAT and MAT [18,19]. DAT and MAT are both
involved in indole alkaloid biosynthesis and use more
complex donor groups. The tree was rooted with an
anthocyanin acyl transferase [20].

E. coli expression of MpAAT1

Semi-purified protein from recombinant E. coli
includes the predicted fusion protein that contains the
expected MpAATI1 polypeptide. Two major proteins
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Fig. 2. Amino acid sequence alignment of MpAAT1 with other plant acyl transferases of known function. DAT, (Catharanthus roseus deace-
tylvindoline 4-O-acetyltransferase; AF053307 [19]); MAT (Catharanthus roseus minovincinine 19-hydroxy-O-acetyltransferase; AAO13736 [18]),
BEAT (Clarkia breweri acetylCoA:benzylalcohol acetyltransferase; AF043464 [10]); SALAT (Papaver somniferum salutaridinol 7-O-acetyltrans-
BEBT (Clarkia breweri benzoyl-CoA:benzyl alcohol benzoyl transferase; AF500200 [13]); MpAAT1 (Malus pumila
alcohol acyltransferase; AY707098); CM-AAT1 (Cucumis melo alcohol acyltransferase; CAA94432 [12]); SAAT (strawberry alcohol acyltrans-
HCBT (Dianthus caryophyllus anthranilate N-hydroxycinnamoy! benzoyltransferase; 784383 [15]); AnthocyaninAT
(Petunia frutescens, anthocyanin acyl transferase; BAA93453 [20]); VAAT (Fragaria vesca alcohol acy! transferase; AX025504 [14]); BanAAT
(Banana alcohol acyl transferase; AX025506 [14]). Black and grey boxes contain residues that are identical and similar, respectively. Asterisks

ferase; AF339913 [16]);

ferase; AAG13130 [11]);
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indicate the positions of the conserved amino acids in active site regions of plant acyl transferases.
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Fig. 3. Phylogram of plant acyl transferases of known function,
including MpAAT1. Taxa codes are as for Fig. 2. Percentage boot-
strap values (1000 bootstrap replicates) for groupings are given
below each branch.

were eluted from the HiTrap™ chelating column, one
of 58.1 kDa and a second of 57.2 kDa (Fig. 4A). A
western blot using an anti-His antibody against the

MpAAT1 —
E.coli GroEL —

Fig. 4. Semi-purification of MpAAT1
produced in E. coli. (A) 1, semipurified
recombinant MpAAT1; 2, IPTG-induced
sample; 3, noninduced sample. (B) 4, pre-
stained precision plus protein standards
(Bio-Rad); 5, immunodetection of semipuri-
fied MpAAT1 using His-tag antibodies.

FEBS Journal 272 (2005) 3132-3144 © 2005 FEBS

Characterization of apple alcohol acyl transferase

two proteins suggested only one contained a Hisg-tag
(Fig. 4B). Peptide electrospray MS-MS analysis of
these proteins identified the larger protein (58.1 kDa)
as containing the predicted MpAATI polypeptide with
confirmed peptides accounting for 28% coverage over
the protein sequence and the N-terminally fused
thioredoxin (58% coverage). The smaller 57.2 kDa
band was identified as the E. coli chaperon protein
GroEL, which presumably remained bound to
MpAATI1 during purification. The presence of E. coli
GroEL may assist MpAATI to remain soluble
throughout the purification procedure. It is also of
interest to note that soluble MpAATI was only
attained when C43 cells were used as host. All other
BL21 derivatives tested did not yield soluble recombin-
ant MpAATI1. Perhaps C43 cells contain a more highly
expressed or inducible version of GroEL.

In vivo recombinant MpAAT1 volatile trapping
experiments

Recombinant E. coli expressing MpAATI was able
to produce a wide range of volatile esters when fed
with alcohol substrates. For example, when supplied
with the alcohols 1-methoxy propan-2-ol, 3-methyl-
but-3-enol (E/Z)-hex-3-enol, furfuryl alcohol and
2-phenylethanol, the esters 3-methylbut-3-enyl acetate
(E/Z)-hex-3-enyl acetate, furfuryl acetate and 2-phe-
nylethyl acetate were produced (Table 1). In this sys-
tem not all acetate esters derived from the respective
added alcohols were detected (e.g. the acetate ester
of 1-methoxy propan-2-ol from above). MpAATI
can use endogenous E. coli acetyl-CoA since no exo-
genous source was provided. Moreover longer endo-

genous CoAs can also serve as substrates. For
A B
e —
e Y
- -
N — : 75kDa
— -
— S0kDa  75¢p, W
——MPpAAT1
2 3 4 5
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Table 1. Substrates utilized by MpAAT1 recombinant enzyme. ®Dominant esters in Royal Gala fruit [4].

Esters
Esters Esters produced by Reported from
Carbon produced produced semipurified Royal Gala
Alcohol added number Esters expected in E. coli in tobacco MpAAT1 apple fruit [3,4]
Ethanol C2:0 Ethyl acetate - - - -
Propanol C3:0 Propyl acetate + - + +
Propyl octanoate + - ND +
Butanol C4:0 Butyl acetate + + + +2
Butyl butanoate + - ND +
Butyl hexanoate + - ND +
Butyl octanoate + - ND +
Butan-1,3-diol C4:0 3-Hydroxybutyl acetate - - - -
1-Methyl-3-hydroxypropyl acetate - - - -
1-Methoxypropan-2-ol C4:0 1-Methoxypropan-2-yl acetate - - - -
Pentanol C5:0 Pentyl acetate + + + +
Pentyl propanoate + - ND +
Pentyl hexanoate + - ND +
Pent-3-en-2-ol C5h:1 Pent-3-en-2-yl acetate - - - -
Hexanol C6:0 Hexyl acetate + + + +°
Hexyl butanoate + - ND +
Hex-2-enol C6:1 Hex2-enyl acetate + - + +
(E/ 2)-Hex-3-enol C6:1 (E/ 2)-Hex-3-enyl acetate + + + +
(E/ 2-Hex-3-enyl propanoate + - ND +
(E/ 2)-Hex3-enyl hexanoate + - ND +
Hex-3-enyl octanoate + - ND +
Hex-3-enyl formate + - ND -
Octanol C8:0 Octyl acetate + + + +
Decanol C10:0 Decyl acetate + - + -
2-Methylpropanol C4:0 2-Methylpropyl acetate - - - -
3-Methylbut-3-enol C5:1 3-Methylbut-3-enyl acetate + - - +
2/3-Methylbutanol (30/70) C5:0 2/3-Methylbutyl acetate + + + +8
3-Methylbutyl octanoate + - ND -
Terpinen-4-ol C10:1 Terpinen-4-yl acetate - - - -
Geraniol C10:2 Geranyl acetate + + + -
Geranyl propanoate + - ND -
Geranyl butanoate + - ND -
Linalool C10:2 Linalyl acetate - - - -
Farnesol C15:3 Farnesyl acetate - - - -
Furfuryl alcohol C5:2 Furfuryl acetate + + + -
Benzyl alcohol C7:3 Benzyl acetate + + + -
Orcinol C7:3 Orcinyl acetate - - - -
Salicyl alcohol C7:3 Salicyl acetate - - - -
2-Phenylethanol C8:3 2-Phenylethyl acetate + + + -
2-Phenylethyl propanoate + - ND -
2-Phenylethyl butanoate + - ND -
Eugenol C10:4 Eugenyl acetate - - - -

example, at substantially lower levels (E/Z)-hex-3-enyl
propanoate, butyl hexanoate, ethyl octanoate, butyl
octanoate (E/Z)-hex-3-enyl hexanoate, hex-3-enyl octa-
noate, 2-phenylethyl propanoate and 2-phenylethyl
butanoate were also detected (Table 1). In total 25
alcohols were tested on the recombinant E. coli.
MpAATI] was able to produce esters using endogenous

3136

E. coli CoAs from 14 of these alcohols. In comparison,
recombinant E. coli expressing the deleted acyl trans-
ferase produced no volatile esters revealing that
MpAATI1 was involved in the biosynthesis of these
compounds.

A plant transient expression system expressing
MpAATI1 produced a smaller range of esters compared

FEBS Journal 272 (2005) 3132-3144 © 2005 FEBS
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with E. coli using the same set of alcohols as substrates
(Table 1). All the same acetate esters were detected as
in E. coli except for propyl acetate, hex-2-enyl acetate,
3-methylbut-3-enyl acetate and decyl acetate. Esters
made from the added alcohols and CoAs longer than
acetyl-CoA were not detected. However four esters
were detected (methyl-3-methyl pentanoate, methyl-3-
methyl butanoate, methyl octanoate, and methyl acet-
ate) formed from endogenous tobacco alcohols and
CoAs. None of these esters were detected in a P19
Agrobacterium infected tobacco leaves.

In vitro recombinant MpAAT1 volatile trapping
experiments

MpAATI, semipurified through a HiTrap™ column,
synthesized volatile esters in vitro when provided with
certain alcohol and CoA substrates. After SPME trap-
ping, overlaying each sample’s total ion chromatogram
with the boiled control traces clearly showed that
esters had been synthesized. In total, 25 alcohols were
tested with acetyl-CoA as a donor. MpAATI utilized
many of these straight, branched and aromatic alcoh-
ols (Table 1). MpAATI1 can use C3-C10 straight chain
alcohols as a substrate with acetyl-CoA as well as
aromatic and branched chain alcohols (Table 1). Using
(E/Z)-hex-3-enol as the acceptor, MpAATI1 shows a
range of responses to different CoA donors. Esters of
acetyl-CoA, propionyl-CoA, butyryl-CoA and hexa-
noyl-CoA could be detected while those derived from
malonyl-CoA and palmitoyl-CoA were not. Also
palmitoyl-CoA was inhibitory on enzyme activity with
acetyl-CoA and (E/Z)-hex-3-enol (data not shown).

Effect of pH, temperature and ionic strength
on MpAAT1 activity

Recombinant MpAAT] is active using acetyl-CoA and
(E/Z)-hex-3-enol as substrates from pH 5.0-10.0 with
maximum activity between pH 7.0-9.0 (data not
shown). The enzyme is active from 20 to 37 °C. How-
ever activity is dramatically reduced when the enzyme
is incubated at 45 °C (Fig. 5). Some activity was lost
after incubation for one hour (Fig. 5).

The effect of ionic strength on MpAATI activity
was studied with different concentrations of metal ions
(Table 2). Zinc has the most dramatic effect on activ-
ity, inhibiting the enzyme by 80-91% at concentrations
0.5-1 mMm, respectively. Magnesium, cobalt, nickel,
manganese and calcium all partially inhibit MpAATI1
activity while potassium only had an effect on activity
at the highest concentration of 5 mM. The reducing
agent dithiothreitol did not enhance MpAAT]1 activity
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Fig. 5. Influence of temperature on recombinant semipurified
MpAAT1 protein. Activities of MpAAT1 protein with octanol and
acetyl-CoA were measured at different temperatures and at differ-
ent incubation times [30 min (black bar), 1 h (grey bar) and 1 h
30 min (white bar)]. Data are means + SD of three replicates.

but instead was a strong inhibitor as was the sulfhyd-
ryl reagent, p-chloromercuribenzoic acid (74 and 98%
inhibition, respectively, at 5 mm).

Table 2. Effect of metal ions and reducing agents on the activity of
semipurified recombinant MpAAT1. Data are means of minimum
three replicates.

Concentration Relative
Metal ions and reducing agents (mm) activity (%)
Potassium 0.5 100

1 100

5 95
Magnesium 0.5 96

1 94

5 80
Cobalt 0.5 98

1 87

5 85
Nickel 0.5 97

1 99

5 87
Manganese 0.5 84

1 85

5 73
Calcium 0.5 84

1 93

5 80
Zinc 0.5 20

1 9

5 2
Dithiothreitol 0.5 76

1 43

5 26
p-Chloromercuribenzoic acid 0.5 20
(PCMB) 1 21

5 2
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Activity of MpAAT1 with different substrates

Kinetic parameters were determined for MpAATI1 by
using combinations of different CoAs and alcohols
(Table 3). Butanol, hexanol and 2-methylbutanol were
chosen as alcohol substrates as their respective acetate
esters are dominant esters found in Royal Gala fruit
[4]. When hexanol is used as the acceptor (Table 3),
the affinity for acetyl-CoA (K, = 2.7 mM) was not as
high as when either butanol or 2-methylbutanol were
used (K, = 110 and 90 pm, respectively). However,
the Vigax value was much higher for hexanol
(376.0 nmol'min~' mg protein™') in comparison to
Vmax values for butanol and 2-methylbutanol (20.0
and 16.6 nmol'min~"'mg protein™!, respectively). Kin-
etic parameters were also determined for hexanol,
butanol and 2-methylbutanol (Table 3) using different
CoAs as donors. The K, values for hexanol were
higher for acetyl-CoA (7.4 mMm) than for butyryl-CoA,
hexanoyl-CoA and octanoyl-CoA (1.5, 2.6 and
3.1 mM, respectively) (Table 3). V,.x values for hexa-
nol were similar with hexanoyl-CoA giving the highest
Vimax (320.0 nmol-min_l-mg protein_l). When butanol
was tested as a substrate (Table 3), the K, was lower
(2.7 mm) for acetyl-CoA than for octanoyl-CoA
(12.4 mm). No activity could be detected and therefore
no kinetics could be determined for butyryl-CoA and
hexanoyl-CoA as donors (Table 3). The K, values for
2-methylbutanol (Table 3) were similar for acetyl-CoA
and butyryl-CoA (1.11 and 1.7 mMm), however, K,
values were higher for hexanoyl-CoA (3.2 mM) and
octanoyl-CoA (6.2 mMm). V. values for 2-methyl-
butanol using the different CoAs were very similar.

E. J. F. Souleyre et al.

Discussion

Fruit produce a range of volatile compounds that
make up their characteristic aromas and contribute to
their flavor. An important class of these compounds is
esters, which can be formed from acids and alcohols
by AATs, members of the BAHD superfamily of pro-
teins [7]. A cDNA was isolated from the apple cultivar
Royal Gala that encoding a predicted protein
(MpAATI) that contains motifs found in other acyl
transferases including an active site region containing a
His and a conserved DFGWG motif [7].

We show that the MpAATI gene is expressed in
apple flowers and fruit, tissues that produce volatile
esters. As the method that we used (RT-PCR) is not
quantitative and since the number of amplification
cycles used was likely to be saturating, we would not
except to be able to detect varying levels of expression
of the gene between tissues or during fruit ripening.
MpAATI1 is identical at the amino acid level to
another recently sequenced AAT from apple
(AX025508 [14]) except for a His212Arg substitution,
and also an AAT isolated from apple cv. Greensleeves
[21]. The expression of the MpAATI Greensleeves
homologue has been studied using a quantitative PCR
method in ethylene treated fruit and revealed up-regu-
lation of the transcript upon ethylene treatment [21].
Our own microarray studies in both developing Royal
Gala fruit and ethylene treated fruit also show
up-regulation of the MpAATI transcript in both cases
(data not shown).

MpAATI1 is most closely related to other AATSs
including those from melon [12] and Clarkia [13], both

Table 3. Kinetic properties of semipurified recombinant MpAAT1 protein. ND, no detectable activity.

Co-substrate S2 Vinax Vinax/ Kn

Co-substrate S1 (saturating Km (nmol-min~""mg (1078 L'min™"
(variable concentration) concentration) (mm) protein™") mg protein™")
Acetyl-CoA Butanol 0.11 + 0.04 200+ 25 181.8
Acetyl-CoA Hexanol 27 +0.2 376.0 + 16.1 139.3
Acetyl-CoA 2-Methylbutanol 0.09 + 0.02 16.6 £ 1.2 184.4
Hexanol Acetyl-CoA 7.4 +09 148.6 + 6.4 20.1
Hexanol Butyryl-CoA 1.5+0.2 207.6 + 6.2 138.4
Hexanol Hexanoyl-CoA 26+04 320.0 + 15,5 123.1
Hexanol Octanoyl-CoA 3.1+06 252.3 £ 14.0 81.4
Butanol Acetyl-CoA 27 +06 354+ 1.8 13.1
Butanol Butyryl-CoA ND ND

Butanol Hexanoyl-CoA ND ND

Butanol Octanoyl-CoA 124 £ 0.2 474 £ 2.4 3.8
2-Methylbutanol Acetyl-CoA 1.1 £0.1 66.8 + 2.3 60.7
2-Methylbutanol Butyryl-CoA 1.7 +0.7 413 +4.4 24.3
2-Methylbutanol Hexanoyl-CoA 32+03 471 £1.2 14.7
2-Methylbutanol Octanoyl-CoA 6.2 £ 0.7 53.7 + 2.4 8.7

3138

FEBS Journal 272 (2005) 3132-3144 © 2005 FEBS



E. J. F. Souleyre et al.

of which have been shown to produce esters. In our
phylogenetic analysis another separate clade also con-
tains AATs (BEAT [10], SALAT [16], SAAT and
VAAT [14]), suggesting that the ability to use an alco-
hol acceptor may have evolved several times within the
plant acyl transferase family. The evolution of two sep-
arate AAT families is also clearly resolved when all
approximately 70 Arabidopsis acyl transferases are
included in a phylogenetic analysis (data not shown).

The overexpression of MpAATI! in C43 E. coli cells
allowed the enzyme to be characterized in the cultures
and using protein substantially purified from these bac-
teria. Transient expression in Nicotiana benthamiana
also allowed rapid screening of potential substrates for
MpAATI. In these three cases, we employed the use
of cocktails of potential alcohol substrates and ana-
lyzed headspace samples by GC-MS to identify which
esters can be produced by the enzyme. This technique
allowed many alcohol and CoA substrates to be
screened. This screening revealed that MpAATI1 can
use a large range of alcohols as substrates including
C3 to CI10 straight chain alcohols, as well as some
branched, aromatic and terpene alcohols. The
MpAATI enzyme can also use CoA donors of varying
chain length (C2-C8). However, when the CoA chain
length is longer than C8 no products were detected. It is
likely that these longer CoAs are still able to bind to the
CoA binding site as, for example, palmitoyl-CoA is able
to inhibit activity of the enzyme when acetyl-CoA and
(E/Z)-hex-3-enol are used as substrates, even though no
palmitoyl-CoA derived products were detected.

We have been careful to avoid concluding that
MpAATI1 does not produce esters that are undetecta-
ble. Unfavored substrates are likely to be out com-
peted by more favored substrates in the same cocktail
resulting in the products of unfavored alcohols being
at low levels and difficult to detect. Moreover, not all
products are equally detectable due to differences in
vapor pressures of the esters and different affinities of
these products to the specific absorptive SPME matrix
used. Again this may result in some products being
difficult to detect and not being identified in our analy-
sis. However given these shortcomings, the use of mix-
tures allowed many potential substrates to be rapidly
identified for further kinetic characterization.

We also note that there are differences between the
bacterial and plant expression systems in terms of the
ester products that were detected. Twice as many esters
were identified in headspace above E. coli cultures
compared with the transient plant expression system.
For many of the added alcohols, esters were detected
above cultures made from longer CoA donors whereas
in the plant only acetyl esters were produced from
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added alcohols. However, in the E. coli system when
longer alcohols were added, ester products using lon-
ger CoA substrates (e.g. octanoate) were not detected.
The alcohol substrates were incubated with recombin-
ant enzymes for a longer period of time in the E. coli
cultures (20 h) than in leaves (1 h), potentially allow-
ing more minor products to be produced. This may
explain the differences in product profiles. However, it
is also reasonable to expect some differences since the
biosynthetic environments are quite different. For
example in the plant system, MpAATI! is also produ-
cing esters from endogenous alcohols (e.g. methanol)
to further compete with its ability to produce esters
from added alcohols.

MpAATI1 shows comparable enzyme characteristics
with other fruit AATs. Like semipurified protein from
strawberry [22], MpAATI1 exhibits a broad range of
activity across the pH range 5.0-10.0 with a preferred
temperature range of 20-37°C at pH 8.0 and
decreased activity above 45 °C. As found with the
anthocyanin 3-aromatic acyltransferase from Perilla
frutescens, zinc is a strong inhibitor of MpAATI [23]
and MpAAT!I is also inhibited by the sulfhydryl react-
ive compound, p-chloromercuribenzoic acid, and
dithiothreitol. These inhibitor results may reflect the
proximity of cysteine residues in the substrate binding
pockets and/or catalytic region since zinc ions often
use cysteine residues as coordinating ligands. In con-
trast to these results, many members of the BAHD
superfamily are activated by dithiothreitol [7].

Acyl transferases are all thought to share a com-
mon fold and use a simple two-step reaction mech-
anism [7,24,25] and we presume MpAATI1 is not
different. The active site is embedded in the middle
of a solvent accessible tunnel that passes through the
globular enzyme. On one side of the active site is a
binding site for the CoA while on the other is an
alcohol binding site [24,25]. The active site histidine
(His181 in MpAATI) is thought to deprotonate the
hydroxyl group on the alcohol allowing the oxygen
to conduct a nucleophilic attack of the carbonyl car-
bon of the CoA acid forming a tetrahedral intermedi-
ate that contains both the carboxyl and thiol ester
groups. Finally the thiol ester breaks down with the
addition of the same proton from the active site histi-
dine and free enzyme is liberated together with ester
and free CoA as products.

In the first step of this reaction acetyl-CoA is bound
much more rapidly than the alcohol. Estimates of K,
for CoAs when alcohols are saturating are generally
lower than K, estimates for alcohols when CoAs are
saturating. However the ability of the CoA to bind
depends on which alcohol is already in the alcohol
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binding pocket. For MpAATI the K, for acetyl-CoA
when hexanol is saturating is 2.7 mM. This is 25 times
higher than for butanol (0.11 mm) and 2-methylbuta-
nol (0.09 mm). The longer hexanol may be interacting
with the enzyme to alter its conformation making it
less able to bind acetyl-CoA or slowing its progression
to the transition state. For both MpAATI1 and
CM-AATI from melon [12], while there is variation in
their K, values for acetyl-CoA with alcohols at satur-
ating concentrations, K, values are generally in the
micromolar range. In contrast, K, values for alcohols
with acetyl-CoA saturating are in the mm range. Over-
all this will mean that the K, for the alcohol will have
more impact on the kinetic ability of the enzyme since
its binding is rate limiting compared with the ability
of the CoA to bind.

Alcohol acyl transferases show a wide range of sub-
strate specificities for different alcohol acceptors
[11,12,14]. Using kinetics we have been able to dissect
where the differences in specificity occur within the
reaction. For MpAATI, K, estimates for various
alcohol substrates when acetyl-CoA is saturating are
similar, ranging from 1.1 to 7.4 mM. Similarly for
CM-AATI, the K, for two straight chain alcohols
(C3, C6) was 8.0 mMm and 1.4 mm, respectively. CoA
chain length also has little effect on the ability of var-
ious alcohols to bind. When hexanol is bound in the
alcohol binding site, K;,, values are similar for the dif-
ferent CoAs, ranging from 1.5 to 7.4 mm (C2-C8).
Where large differences are seen between different
alcohols is in their rate of hydrolysis as estimated by
Vmax- Whenever hexanol is the alcohol acceptor, when
it is saturating or not, the V. for hexanol is always
approximately 10-fold higher compared with the other
alcohols tested. Similarly a threefold difference in V.
was observed in CM-AATI between butanol and hexa-
nol. Together this suggests that the second step of the
reaction mechanism proceeds more rapidly for some
alcohols compared with the others. In these cases hexa-
nol is a preferred alcohol. Perhaps for its product with
acetyl-CoA, hexyl acetate, the transition state and
His181 are more ideally positioned to generate the end
products of the reaction.

Royal Gala apple fruit produce at least 34 esters
upon ripening [3]. Of these, MpAATI prefers to pro-
duce hexyl esters from mid length CoAs at both low
and high concentrations of alcohol substrate. For the
substrates used in the kinetic analysis both the
Vinax/ K and V. values for hexyl butanoate, hexyl
hexanoate and hexyl octanoate are the highest when
CoAs are saturating. These compounds are all found
in the headspace of Royal Gala fruit with hexyl hex-
anoate being the most abundant of all esters from a
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recent report [3]. It is not always the case that same
esters are preferred by MpAATI1 at different concen-
trations of substrate. For the three important esters of
acetyl-CoA [4], 2-methylbutyl acetate, butyl acetate
and hexyl acetate the role of MpAATTI in their biosyn-
thesis varies depending on the availability of alcohol
and CoA substrates. Both these substrates types are
likely to vary in the fruit during the different phases of
fruit ripening. For example, early in development when
acetyl-CoA and alcohols are more limited, MpAATI
will more likely contribute to producing 2-methylbutyl
acetate, as the Via/Km for this alcohol (60.7 1076 1
min~"mg protein™') is three times greater than for
butyl acetate (13.1 x 107° L-min~"'mg protein™') and
hexyl acetate (20.1 x 107® L-min~"'mg protein™"). How-
ever later in ripe fruit when the concentration of both
acetyl-CoA and alcohols are higher, more hexyl acetate
will be produced by the enzyme as the concentration
of hexanol will not be rate limiting and the Vmax for
this alcohol (148.6 nmol'min~"'mg protein™) is greater
than for butanol (35.4 nmol'min~"'mg protein™') and
2-methylbutanol (66.8 nmol'min~"'mg protein~"). This
varying preference by flavor biosynthetic enzymes at
different concentrations of substrates may be import-
ant in explaining the changing profile of compounds
produced by fruit as they develop and ripen.

MpAATI is also capable of producing many esters
that are not found in apple cultivars such as terpene
and aromatic esters. Thus the broad substrate prefer-
ences of the enzyme are not totally explanatory of the
range of esters found in this fruit. In contrast, the pool
of available substrates in apple is also likely to dictate
what ester compounds are produced. This parallels the
situation found in strawberry and melon where the
AATSs characterized from these fruit are also capable
of making a broad range of esters, more than are
found in each fruit [11,12,14]. Further complicating the
situation, there are other AATSs in fruit that might be
contributing to ester biosynthesis. From our EST
sequencing of Royal Gala apple fruit we have identi-
fied at least a further 12 acyl transferases from apple,
seven of which have been identified from fruit libraries
(data not shown). It is likely that some, if not all of
these seven enzymes are also contributing to volatile
ester biosynthesis. These enzymes may have different
substrate preferences and thus contribute to different
groups of esters being produced.

In conclusion, there are many factors that contribute
to the ability of a fruit to synthesize its distinctive
aroma. These include substrate availability, the num-
ber of AATs, their regulation and the different kinetic
characteristics of these enzymes under different sub-
strate concentrations.

FEBS Journal 272 (2005) 3132-3144 © 2005 FEBS



E. J. F. Souleyre et al.

Experimental procedures

Bioinformatics and molecular biology

Previously published plant alcohol acyl transferase (AAT)
genes from GenBank were used to mine AAT genes from
an apple EST database (HortResearch, unpublished work)
using BLAST searches with an expect value of < exp
[26]. Amino acid alignments of predicted proteins were con-
structed using CLUSTAL X [27]. Criteria such as the presence
of an active site histidine residue embedded in the
HXXXDG motif were checked in alignments [7]. Phylo-
genetic analysis was carried out using the PHYLIP suite of
programmes [28]. Distances were calculated using PROTDIST,
and the FITCH method was used to construct a tree. Boot-
strap analysis was conducted using 1000 bootstrap repli-
cates implemented in SEQBOOT [28]. TREEVIEW (v.1.6.6) was
used to display resulting trees [29].

Reverse transcriptase PCR (RT-PCR) was performed on
1 pg of total RNA extracted from aerial tissues of Royal
Gala apples trees using a method developed for woody plants
[30]. cDNA synthesis was performed using oligo dT as a pri-
mer and SuperScript III (Invitrogen) as per the manufac-
turer’s conditions. Resulting cDNA was used as a template
in 50 uL PCR reactions that contained 10 pmol of each pri-
mer, 1.5 mm MgCl,, 20 mMm Tris/HCI (pH 8.4), 50 mm KCl,
2.5 U recombinant Taq polymerase (Invitrogen) and 200 mM
dNTPs. MpAATIRTF (5-CTCAGATATTGACGACCAA
GAAA-3) and MpAATIRTR (5-CGGTCAGGAACAA
GAGCAAT-3") primers were used to detect MpAATI tran-
script. The presence of mRNA was confirmed using actin
primers ApActl (5-GAGCATGGTATTGTGAGCAA-3’)
and ApAct2 (5-CGCAATCCACATCTGCTGGA-3"). PCR
conditions for MpAATI RT-PCR were 94 °C 2 min then 35
cycles of 94 °C 10 s, 50 °C 30 s, 72 °C 30 s with a final elon-
gation step of 72 °C 10 min. PCR for actin was performed
using the same conditions. Five microliters of PCR sample
was resolved on 1% agarose gels stained with ethidium
bromide.

MpAAT1 overexpression construct

A full-length cDNA clone of MpAATI was subcloned into
the E. coli expression vector pET32Xa/LIC using the pET
Ligation Independent Cloning System (Novagen) resulting
in the clone pET32Xa/LIC-MpAAT1. PCR amplification
was conducted using MpAATI cDNA as template with
FMpAATI1 (5-GGTATTGAGGGTCGCATGATGTCATT
CTCAGTACTTCA-3) and RMpAAT! (5-AGAGGAG
AGTTAGAGCCTCATTGACTAGTTGATCTAAGG-3")
primers to generate the insert. PCR amplification, T4 DNA
polymerase treatment, vector annealing and E. coli transfor-
mation were carried out as recommended by the manufac-
turer for directional cloning of PCR products. A construct
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was made for use as a negative control that encoded a trun-
cated version of an acyl transferase missing the active site
region of the enzyme (pET32Xa/LIC-deletion). All con-
structs were verified by restriction enzyme analysis and
DNA sequencing, and transformed into C43 (DE3) cells [31].

Expression of MpAAT1 recombinant protein
in E. coli

For recombinant expression of protein, E. coli was grown
in 500 mL 2YT broth in 3 L flasks inoculated with 500 pL
overnight liquid cultures. Resulting cultures were incubated
at 37 °C with continuous agitation (250 r.p.m.) until
Dgoo = 0.6, then equilibrated to 20 °C and induced with
0.4 mMm IPTG. The cells were further incubated at 20 °C
for 20 h and then harvested by centrifugation at 10 000 g.
Cell pellets were resuspended in 20 mL of a cold buffer of
20 mMm Tris/HCl (pH 7.9) containing 0.5 M NaCl, 5 mMm
imidazole and protease inhibitor cocktail tablets (EDTA-
free, Roche). The cells were disrupted using an Emulsi-
Flex®-C5 high pressure homogenizer (AVESTIN Inc.) with
a pressure setting between 15 and 20 kpsi. The resulting cell
debris was centrifuged at 10 000 g for 15 min at 4 °C. Pro-
tein purification was performed on the supernatant using
a 5mL HiTrap™ chelating HP column (Amersham
Biosciences) according to the manufacturer’s instructions.
The soluble lysate and the eluate fractions (0.3 M imidazole,
30 pL) from the HiTrap™ columns were analyzed on 10%
SDS/PAGE gels stained with colloidal Coomassie G-250
[32]. Proteins were transferred from SDS/PAGE gel to a
nitrocellulose membrane using semidry electrophoresis
(Trans-Blot Semi-Dry Cell, Bio-Rad Laboratories)). To
detect the Hisg motif, the blots were incubated with anti-
1 :1000),
followed with anti-mouse IgG alkaline phosphatase conju-
gated antibodies (Stressgen, dilution 1 :2000). Proteins
were visualized using a 1-STEP™ NBT/BCIP alkaline
phosphatase detection reagent according to the manufac-
turer’s instructions (Pierce).

Hiss monoclonal antibody (Roche, dilution

LC-MS analysis of proteins

Colloidal Coomassie-stained gel bands were excised from
1-D SDS/PAGE gels. Proteins were digested using trypsin
and subjected to nanospray mass spectrometry using an
LCQ Deca ion trap mass spectrometer fitted with a nano-
electrospray interface (ThermoQuest, Finnigan) coupled to
a Surveyor™ HPLC. The mass spectrometer was operated
in positive ion mode and the mass range acquired was m/z
300-2000.

MS/MS data were analyzed using TurboSEQUEST™
(ThermoFinnigan) [33,34] with the spectra being pattern-
matched against virtual digested translated apple EST

sequences (HortResearch, unpublished work) and the
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E. coli predicted protein set from GenBank. The criteria
used for positive peptide identification for a doubly charged
peptide were a correlation factor (XCorr) greater than 2.0,
a delta cross-correlation factor (dCn) greater than 0.1 and
a high preliminary scoring (Sp) value. For triply charged
peptides the correlation factor threshold was set at 2.5. All
matched peptides were confirmed by examination of the
spectra.

Headspace analysis of recombinant MpAAT1
activity

One hour after induction with IPTG, cocktails of up to
eight alcohols (10 uM of each alcohol) were added to E. coli
cultures expressing pET32Xa/LIC-MpAATI1 or pET32Xa/
LIC-deletion. Alcohols tested included straight chain alcoh-
ols [ethanol (BDH), propanol, butanol (BDH), butan-1,3-
diol, 1-methoxypropan-2-ol, pentanol, pent-3-en-2-ol, hexa-
(E/Z)-hex-3-enol, octanol, decanol],
branched chain alcohols [2-methylpropanol, 3-methylbut-3-
enol, 2/3-methylbutanol (30 : 70)], terpene alcohols (terpi-
nen-4-ol, geraniol, linalool, farnesol) and aromatic alcohols
[furfuryl alcohol, benzyl alcohol (BDH), orcinol, salicyl
alcohol, 2-phenylethanol, eugenol (BDH)]. Unless otherwise
stated alcohols were from Sigma-Aldrich. Each cocktail
included 10 um of (E/Z)-hex-3-enol as a standard. Incuba-
tion continued at 120 r.p.m. for a further 18 h at 20 °C.
The headspace volatiles were collected using SPME fibers
(75 um Carboxen™ /polydimethylsiloxane, Supelco). The
fibers were checked for background contamination using
GC-FID prior to use. All experiments were conducted at
least twice.

The trapped headspace material was thermally desorbed
at 260 °C onto a GC column [J] & W DB Wax
(B0m x 0.25 mm i.d., 0.5 um film)] in an HP 5890 gas
chromatograph coupled to a VG-70SE mass spectrometer
via a heated (210 °C) capillary interface. The GC oven was
temperature programmed at 30 °C for 6 min, 3 °C'min~" to
102 °C, 5 °C'min~" to 210 °C, and held for 5 min. The car-
rier gas was helium at 30 cm's™' and the MS electron
impact ionization was at 70 eV with a scan range 30-320
atomic mass units. Component identification was assisted
by reference to mass spectra of authentic standards (Wiley,
NIST and in-house libraries) and GC retention indices.

To identify if MpAAT1 produces esters in planta, an
enhanced transient expression system in Nicotiana bentha-
miana was used [35]. An MpAATI cDNA clone was trans-
ferred into the pHEX2 vector [36], transformed into the
Agrobacterium strain GV3101 (MP90) and selected by
growth on Lennox plates containing spectinomycin, rifa-
mycin, gentamycin (100, 25 and 10 pgrmL™', respectively).
Transformed Agrobacterium strains containing MpAATI
and a viral suppressor of silencing, P19, or P19 construct
only were prepared for Agrobacterium infiltration [35].
Maturing leaves were infiltrated with the constructs [35]

nol, hex-2-enol
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and after 14 days were infiltrated again, this time with the
alcohol cocktails described above. After 1 h the treated
leaves were removed and placed in 50 mL tubes with Chro-
mosorb traps attached (100 mg Chromosorb® 105). The
volatiles were trapped for 18 h using purified dry air pur-
ging at a rate of 50 mL'min~". Prior to analysis traps were
brought to ambient temperature and dried with a stream
of nitrogen (35 °C, 10 psig) for 15 min. Traps were then
thermally desorbed at 150 °C with cryo-trapping onto a
column ready for GC-MS analysis as described above.

Enzymatic characterization of the recombinant
MpAAT1

The utilization of different alcohols and different acyl-CoA
substrates were determined for MpAAT1 using the first 0.3 M
imidazole eluate fraction (9 mL) from the HiTrap ™ column.
Enzyme assays were conducted at 20 °C as a modification of
Aharoni et al. [11]. Control samples using boiled protein
were also performed. The headspace volatiles were trapped
with SPME fibers for 18 h at 20 °C and analyzed by GC-MS
as described above. Experiments were performed at least
twice.

The activity of MpAATI1 was also determined using
14C-labeled acetyl-CoA, butyryl-CoA, hexanoyl-CoA or
octanoyl-CoA (American Radiolabeled Chemical) and var-
ious alcohols following [11]. Protein was concentrated using
Vivaspin columns (Vivascience) and concentration deter-
mined by absorbance at 280 nm. Reactions (1 mL) were
conducted in triplicate and contained 3.6 pg of semipurified
protein, 10 mMm of each alcohol, 1 mM CoA in 50 mm
Bis-Tris propane pH 8.0. Resulting esters were extracted
with hexane and counted in a 1214 Rackbeta liquid scintil-
lation counter (Wallac). Preferred conditions for MpAAT1
activity were assessed using octanol and acetyl-CoA as sub-
strates for pH (5.0-10.0), temperature (20-45 °C) and for
various ionic strengths (0.5, 1 and 5 mm) of a range of
mono and divalent ions, the reducing agent, dithiothreitol,
and the sulfhydryl reagent, p-chloromercuribenzoic acid.
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