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Abstract

Anthocyanins are responsible for the orange to blue coloration of flowers, fruits, and leaves. They are beneficial to human
health and widely used as food colorants. Anthocyanin acyltransferases (AATS) are the plant enzymes that catalyze the
regiospecific acyl transfer from acyl-CoA to the sugar moiety of anthocyanins. AATs are classified on the basis of their
acyl-donor specificity into two categories; i.e. aliphatic and aromatic acyltransferases. However, the acyl-acceptor specificity
of AAT differs greatly with the enzyme. Primary structural analyses of several AATs revealed that AATs form a subfamily
within the versatile acyltransferase family and share highly conserved sequences such as motif 1 gHispXaand
motif 3 (-Asp-Phe-Gly-Trp-Gly-) with each other. It is proposed that AAT-catalyzed acyl transfer proceeds with a general
acid/base mechanism, where the enzyme and both acyl donor and acyl acceptor form a ternary complex before catalysis can
occur. The histidine and aspartic acid residues located at motifs 1 and 3, respectively, appear to play very important roles
during the proposed general acid/base catalysis. AAT cDNAs have been expressed in heterologous systems, providing a basis
for applications of AATs in biotechnology, such as flower color modification and food colorant production by metabolic
engineering of anthocyanin biosynthesis in plants.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction numbering of anthocyanins are shownHig. 1 An-
thocyanins are associated, in many ways, with the
Anthocyanins, the largest subclass of plant fla- sensory and nutritional quality of foods of plant ori-
vonoids, are in most cases responsible for the orangegin [2,3]. Some anthocyanins, such as those extracted
to blue colors of flowers and other organs of plants from perilla (Perilla frutesceny red cabbageBras-
[1] and play important roles in attracting pollina- sica olerace® and sweet potatolfomea batatas
tors and protecting plants from various stresfds have been used as natural food colorants with high
The general structures, nomenclatures, and positionaldegree of safety to human health. Moreover, it has re-
cently been shown that anthocyanins have a variety of
mpondmg author. Tel81-22-217-7271: bio_ac_:tivities _o_f medical interesfc, _such as antioxidgnt
fax: +81-22-217-7293. activity, anti-inflammatory activity, anti-mutagenic
E-mail addressnakayama@seika.che.tohoku.ac.jp (T. Nakayama). activity, and visual function-improving effecfg,3].
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1a, R; =R, = H, Callistephin (pelargonidin 3-O-glucoside)
1b, R, = H, R, = OH, Chrysanthemin (cyanidin 3-O-glucoside)
1e, R; = R, = OH, Myrtillin (delphinidin 3-O-glucoside)

Fig. 1. General structure of anthocyanins. Anthocyanins are the
glycosides of anthocyanidins, which are the chromophore aglycons
of the pigments. Anthocyanidins (shadowed) have a commor2-(4
hydroxyphenyl)-3,5,7-trihydroxybenzopyrylium (or 357-tetra-
hydroxyflavylium) structure (at acidic pHs; see below). A, B, and
C indicate A-, B-, and C-rings in the anthocyanidin structures,
respectively. For positional numbering of the anthocyanidin struc-
ture, prime numbers are used for the positions on the B-ring
(which is always located on the right of the structure), whereas
the positions of the A- and C-rings are identified by numbers
without a prime. Anthocyanidins with'4ydroxy; 3,4 -dihydroxy;

and 3,4,5-trihydroxy B-rings are called pelargonidin, cyanidin,
and delphinidin, respectively. Glycosyl group(s), such as gluco-
syl group(s), is linked in it3-anomeric configuration to 3-, 5-,
7-, and/or 3-hydroxy groups of anthocyanidin to form antho-
cyanins (see alséig. 2). Positional numbering of hydroxyls of
3-O-glycosyl and 50-glycosyl moieties is indicated with double
and triple primes, respectively. It should be mentioned that, in in

vitro aqueous systems, anthocyanin is proposed to exist as sev-

eral distinct forms, depending on pH, as folloj4s3]. At acidic

pHs (pH < 2), anthocyanin is present in its cationic flavylium
form (red in color in aqueous solution), as shown in this fig-
ure. At physiological pHs of 4—7, however, anthocyanin is spon-
taneously tautomerized to 7-quinonoidal and 4-quinonoidal base
isomers (bluish-purple to blue in color; structures not shown). At
pHs higher than 5, the anthocyanins also undergo hydration to

produce a colorless carbinol pseudobase species (structures no

shown), and this hydration process is closely related to the insta-
bility of the anthocyanin coloration at these pHs (&=tions 1
and 7.3.

Anthocyanins exist as their acylated forms in many
plant specieq[1,4,5] The structures of such acy-
lated anthocyanins are exemplified by structutes
in Fig. 2 Two major types of acyl substituents of
anthocyanins exist, i.e. aromatic and aliphatic acyl
groups, both of which are commonly linked to a hy-
droxy group of a glycosyl moiety of anthocyanins.
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stacking of the anthocyanins with polyphenf@$and
that the aliphatic acylation of anthocyanin, such as
malonylation, is important for enhancing the pigment
solubility in water [7], protecting glycosides from
enzymatic degradatiofi8], stabilizing anthocyanin
structures[8,9], or uptaking anthocyanins into vac-
uoles[10]. Furthermore, anthocyanin acylation should
be of nutritional and biomedical importance because
some of the bioactivities of anthocyanins have been
shown to be strongly modulated by acylatidr].

During anthocyanin biosynthesis, acylation gen-
erally takes place on the glycosyl moieties of an-
thocyanins after the formation of anthocyanidin
3-O-glucosided7,12], a core part of the pigment, and
is catalyzed by anthocyanin acyltransferases (AATS),
a group of anthocyanin-specific, acyl-CoA-dependent
plant enzyme$.Although the pathway leading to an-
thocyanidin 30©-glucosides were well studied, AATs
were only recently characterized in terms of bio-
chemistry and molecular biology. Recent advances
in genetic engineering to modify flower color and
the elucidation of a variety of bioactivities of an-
thocyanins have attracted increasing attention to the
anthocyanin acylation by AATs and their applications
in biotechnology{12]. In this review, we will describe
the current knowledge on the enzymology of AATs
and focus on their specificities, reaction mechanism,
phylogenetic relationship with other acyltransferases,
and potential applications in biotechnology.

2. Occurrence of AATs in plants

AAT activities have been shown to occur in the cell
cultures, flowers, and other plant organs that accumu-
tIate acylated anthocyanins. Some AAT activities have
also been identified in acyanic oned3]; Suzuki
et al., unpublished results). An AAT activity that cat-
alyzes the acylation of the @-rhamnosyl group of
anthocyanidin 39-rutinoside was first demonstrated
in the flowers ofSilene dioicain 1980 [14]. Since
then, many AATSs with different acyl-donor specificity,
acyl-acceptor specificity, and regiospecificity of acyl

1 An activity of 1-O-acylglycoside-dependent AAT has also been
identified in cell cultures ofDaucus carota This enzyme cat-
alyzes the acyl transfer from hydroxycinnamoyBiglucosides

It has been proposed that aromatic acylation makes g position 6 of the glucose moiety of cyanidinGB(6"-O-glu-
anthocyanins more stable and bluer by intramolecular cosido-2-O-xylosido)galactosidg46].
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2a,R;=HorOH,R, =H 3a,R;=HorOH,R, =
2b, R, =H or OH, R, = malonyl- 3b,R;=HorOH, R, = OH

§a, R; = H, Shisonin
5b, R; = malonyl-, Malonylshisonin

H

4a, R, = R, = H, Bisdemalonylsalvianin
4b, R; = malonyl-, R, = H, Monodemalonylsalvianin
4c, R; =R, = malonyl-, Salvianin

Ga, Rl =Hor OH, R2=R3 =H

6b, R; = H or OH, R, = malonyl-, R3
6¢, R;=H or OH, R,= acetyl, R3=
6d,R,=H or OH, Ry = malonyl—
6e, R;=H or OH, Ry= R3 acetyl-
6f, R;= H or OH, R,=H, R; = p-coumaryl- or caffeyl- 7, Gentiodelphin

Fig. 2. Example of acylated anthocyanins. Hundreds of acylated forms of anthocyanins have been found in plants.
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Table 1
Identification of acyl-CoA-dependent AATases and related activities in Flants
Source Enzyme Abbreviation References
Aliphatic acyltransferases
Cicer arietinumroots Malonyl-CoA:isoflavone B-glucoside 6-O-malonyltransferase [47]
Callistephus chinensis Malonyl-CoA:anthocyanidin 3-glucoside malonyltransferase [26]
flowers
Zinnia elegandlowers Acetyl-CoA:anthocyanidin @-glucoside acetyltransferase [28]
Centaurea cyanufiowers Succinyl-CoA:anthocyanidin @-glucoside succinyltransferase [27]
Dendranthema morifolium Malonyl-CoA:anthocyanidin 3-glucoside malonyltransferase [48]
flower buds
Lactuca sativaeaves Malonyl-CoA:anthocyanidin @-glucoside malonyltransferase [49]
Petroselium hortenseell Malonyl-CoA:flavone/flanvonol T3-glucoside malonyltransferdse [50]
cultures
P. hortensecell cultures Malonyl-CoA:flanvonol ®-glucoside malonyltransferdse [50]
Ajuga reptanscell cultures Malonyl-CoA:anthocyanin malonyltransferase [13]

Salvia splendenflowers
S. splendenfiowers

Malonyl-CoA:anthocyanin B-glucoside 6-O-malonyltransferase
Malonyl-CoA:anthocyanin ®-glucoside 4'-O-malonyltransferase

Ss5MaT1 [22]
Ss5MaT2 [22]

Dahlia variabilis flowers Malonyl-CoA:anthocyanidin 3-O-glucosidé€ ®-malonyltransferase Dv3MaT [8,51]

Senecio cruentufowers Malonyl-CoA:anthocyanidin ®-glucoside 68-O-malonyltransferase Sc3MaT [24]

Perilla frutescendeaves Malonyl-CoA:anthocyanin 6-glucoside 6'-O-malonyltransferase Pf5SMaT [22,52]

Aromatic acyltransferases

Silene dioicaflowers Hydroxycinnamoly-CoA:anthocyanidin@+hamnosyl(1— 6) [14]
glucoside 4'-O-hydroxycinnamoyltransferase

Matthiola incanaflowers Hydroxycinnamoly-CoA:anthocyanidin@-glucoside [53]
hydroxycinnamoyltransferase

A. reptanscell cultures Hydroxycinnamoly-CoA:anthocyanin hydroxycinnamoyltransferase [13]

Gentiana trifloraflowers Hydroxycinnamoly-CoA:anthocyanidin 3(Bdiglucoside Gt5AT [16,17]
6""-O-hydroxycinnamoyltransferase

P. frutescendeaves Hydroxycinnamoly-CoA:anthocyanin®8glucoside Pf3AT [19,20]

6""-O-hydroxycinnamoyltransferase
Hydroxycinnamoly-CoA:flavonol 3-triglucoside [54]
hydroxycinnamoyltransfera$e

Pisum sativunseedlings

aSeveral nomenclatures have been used for AATs. These enzymes can be best specified in terms of their acyl-donor specificity,
acyl-acceptor specificity, and regiospecificity of acyl transfer Seetion 3for details) using the systematic nomenclature proposed by
the Nomenclature Committee of the International Union of Biochemistry and Molecular Biology (NC-IUBMB//www.chem.gmul.
ac.uk/iubmb/enzymg/ Thus, for example, Ss5MaT1, which catalyzes the regiospecific transfer of malonyl group from malonyl-CoA to the
6"-hydroxyl group of anthocyanin ®-glucosides, is designated as “malonyl-CoA:anthocyanid-glucoside_6'-O-malonyltransferase”,
where the underlining indicates the site of acyl transfer. However, AATs may more simply be designated as, for example, anthocyanin
malonyltransferases and anthocyanin hydroxycinnamoyltransferases. These names have frequently been associated with the specification
the glycosyl moiety (e.g. ®-glucosyl, 50-glucosyl, 70-glucosyl, or 3-O-glucosyl) to be acylated, with emphasis on its significance in
biosynthesis. Thus, Ss5MaT1 and Ss5MaT2 may also be called anthocyanin 5-malonyltransferases.

P These enzymes are flavonoid glucoside acyltransferases.

transfer have been identifiedgble 1. The first pu-
rification to homogeneity and cDNA cloning of AAT
were achieved with hydroxycinnamoyl-CoA:antho-
cyanin 3,50-diglucoside 6'-O-hydroxycinnamoyl-
transferase, Gt5AT, which is involved in the biosyn-
thesis of gentiodelphin7j [15] in the blue flow-
ers of gentian Gentiana triflorg [16,17] To date,
the following AATs have also been cloned, se-
guenced, and biochemically characterized in their sage $alvia splendens flowers [22];

native and/or recombinant formBig. 3): Pf3AT, hy-
droxycinnamoyl-CoA:anthocyanin @-glucoside 6-
O-hydroxycinnamoyltransferase, which is involved
in the biosynthesis of malonylshisonirbh) [18]
in the red forma leaves oP. frutescens[19,20]
Ss5MaTl1, malonyl-CoA:anthocyanin G-glucoside
6"”’-O-malonyltransferase, which is involved in the
biosynthesis of salvianin4€) [21] in the scarlet
Dv3MaT,


http://www.chem.qmul.ac.uk/iubmb/enzyme/
http://www.chem.qmul.ac.uk/iubmb/enzyme/
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SsSMaT1
H malonyl-CoA CoASH
H H 7
R
(4a), (5a)

Dv3MaT, Sc3MaT

N

malonyl-CoA CoASH

(1)

P3AT

H / \

" hydroxycinnamoyl-CoA CoASH

(1)

L
Gt5AT R
H H o H
OH - \ H
H hydroxycinnamoyl-CoA CoASH
H
(6a) (6f)

Fig. 3. Regiospecific acyl transfer reactions catalyzed by some AATs. Enzymes are: Ss5MaT1, malonyl-CoA:anthoOyghicoSide
6"”-O-malonyltransferase o8. splendensDv3MaT, malonyl-CoA:anthocyanin @-glucoside 6-O-malonyltransferase ob. variabilis;
Sc3MaT, malonyl-CoA:anthocyanin G-glucoside 6-O-malonyltransferase oSenecio cruentysPf3AT, hydroxycinnamoyl-CoA:antho-
cyanin 30-glucoside 6-O-hydroxycinnamoyltransferase & frutescensGt5AT, hydroxycinnamoyl-CoA:anthocyanin 3®3-diglucoside
6"”"-O-hydroxycinnamoyltransferase @. triflora.
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malonyl-CoA:anthocyanidin 8-glucoside 6-O-ma-
lonyltransferase, which is involved in the biosynthesis
of anthocyanidin 39-glucoside-6-O-malonylgluco-
side @a) in the red dahlia Dahlia variabilis) flow-
ers [8]; and Sc3MaT, malonyl-CoA:anthocyanidin
3-O-glucoside 6-O-malonyltransferase, which is in-
volved in the biosynthesis of cinerafid3] in the blue
cineraria Genecio cruentysflowers [24]. Because

T. Nakayama et al./Journal of Molecular Catalysis B: Enzymatic 23 (2003) 117-132

donor specificity, i.e. aliphatic acyltransferases and
aromatic acyltransferase3able 7). Aliphatic acyl-
transferases do not act on aromatic acyl-CoAs, such as
p-coumaroyl-CoA and caffeoyl-CoA, and vice versa.
This is illustrated by the data presentedTable 2
which shows the acyl-donor specificities of some
AATs evaluated with their homogeneous enzyme
preparations.

these enzymes are currently the best characterized The malonyltransferases presented Table 2

AATs in terms of their primary structures, speci-

ficities, and molecular properties, this review will

mainly deal with these five AATs to survey their pri-

mary structure/function as well as the phylogenetic
relationships of AATSs.

3. Specificities of AATSs
3.1. Acyl-donor specificity

AATs have been shown to be clearly classified
into two distinct categories on the basis of their acyl-

i.e. SsbMaT1, Dv3MaT, and Sc3MaT, also utilize
methylmalonyl-CoA and succinyl-CoA as weak acyl
donors. The relatively broad specificity of malonyl-
transferases for aliphatic acyl-CoAs was also observed
with enzymes from the roots oficer arientinum
[25] and the flowers ofCallistephus chinensif26],

for which succinyl-, glutaryl-, methylmalonyl-, and
acetyl-CoAs could serve as weak substrates. Suc-
cinyltransferase o€entaurea cyanuilowers appears

to exhibit a comparable level of malonyltransferase
activity [27]. This enzyme has been designated as
“succinyltransferase” because the major anthocyanins
in the flowers exist in their succinylated forms. The

Table 2
The acyl-donor specificity of purified AATs
Acyl donor AAT
Ss5MaT# Dv3MaT® Sc3Mat Pf3AT Gt5Af
Aliphatic acyl-CoA
Malonyl-CoA 100 (57) 100 (18.8) 100 (61) - -
Acetyl-CoA 2 - -
Methylmalonyl-CoA 3 11 15
Succinyl-CoA 49 16 20
Aromatic acyl-CoA
p-Coumaroyl-CoA 619 (24¢ nd (190)
Caffeoyl-CoA 9 - 100 (45 nd (65)

Relative percentage activities of acyl donors are shown with tKgirvalues (in parenthesis; ipM). For the acyl acceptors and their
concentrations used for evaluation, see footnotes to this table. nd: not determined.

aValues are quoted frorf22]. Relative activities were determined at acyl-CoA and bisdemalonylsalvidgaincpncentrations of 60
and 12QuM, respectively. The enzyme activity with malonyl-CoA is taken to be 100%. For the determination &ffhealue, the

concentration ofla was set at saturating levels.

bvalues are quoted fronB]. Relative activities were determined at acyl-CoA and pelargonidid-@ucoside concentrations of 60
and 12QuM, respectively. The enzyme activity with malonyl-CoA is taken to be 100%. Kievalue was determined at the saturating

concentration of pelargonidin @-glucoside.

¢Values are quoted frorf24]. Assay conditions are same as in the previous footnote of this table.
dVvalues are quoted frorf20]. Relative activities were determined at acyl-CoA and pelargonidinCBgiglucoside concentrations of
220 and 20@uM, respectively. The enzyme activity with caffeoyl-CoA is taken to be 100%.

®Values are quoted frorfiL9].

fvalues are quoted frorfil6,17]} Ky, values were determined using 48® delphinidin 3,50-diglucoside as a counter substrate. The

keat Values are not reported for Gt5AT.
9(-) Relative activity is less than 0.1%.
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extracts of theZinnia elegansflowers have been
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cinnamylglucoside)-%3-glucosides 4a and 5a) but

shown to contain an anthocyanin acetyltransferase not on either anthocyanidin 3B-diglucosides §a)

activity that is responsible for the production of the
acetylated anthocyanins in the flowj@8]; the speci-
ficity of this enzyme toward aliphatic acyl-CoAs has
not been clarified.

Homogeneous preparations of Gt5AT and Pf3AT
exclusively utilize hydroxycinnamoyl-CoAs as acyl
donors but do not utilize malonyl-CoA#éble 9. Strict
specificity for aromatic acyl-CoAs has also been ob-
served so far for many other anthocyanin hydroxycin-
namoyltransferase§éble J).

3.2. Regiospecificity of acyl transfer

Many AATs have been shown to have strict speci-
ficities for the position of the acylation of antho-
cyanins. For example, Dv3MaT, Sc3MaT, and Pf3AT
specifically acylate the "Bhydroxyl group of the
3-O-glucoside moiety of anthocyaninBi¢. 3). Three
AATs with distinct regiospecificity are involved in the
biosynthesis of the salvianirg), which carries two
malonyl groups at its "4- and 6’-positions, along
with a caffeyl group at its Gposition. Specificity
analyses suggested that, during salvianin biosyn-
thesis, B-O-caffeylation takes place first, followed
by 6”-O-malonylation and 4-O-malonylation, in
this order. The 6-O-caffeylation should be cat-
alyzed by a 3-aromatic acyltransferase, and the
6”-O-malonylation ga—4b, see alsoFig. 3) and
4""-O-malonylation gb—4c) are shown to be catalyzed
by two distinct malonyltransferases called Ss5MaT1l
and Ss5MaT2Table J), respectively22].

3.3. Acyl-acceptor specificity

It has been generally observed that the number of
B-ring hydroxyls of substrate anthocyanifid. 1)
does not affect their reactivity to AATSs, which, there-
fore, can equally act on any anthocyanidin types—
the pelargonidin, cyanidin, and delphinidifiaple 3.
Moreover, some AATs have even been shown to act
on flavonoid glycosides, such as querceti@®-giuco-
side, though weakly Table 3. Depending on the
enzymes, the glycosylation and acylation of sub-
strate anthocyanin may affect their reactivity to
AATSs, as illustrated by the following observations. (i)
Ss5MaT1 acts on anthocyanidinCB{6-O”-hydroxy-

or anthocyanidin 39-(6-O”-malonylglucoside)-32-
glucosidesgb) [22]. In contrast, however, Gt5AT acts
on 6a, 6b, and6c but not on eitheda or 5a [16,17]
(Table 3. It should be mentioned that-coumaric
acid, which mimics the &"-hydroxycinnamyl moi-
ety of substrateda and5a, is a dead-end competitive
inhibitor of Ss5MaT1 with respect to substrate an-
thocyanins[22]. These results suggest the absolute
requirement of the '60-hydroxycinnamyl group
at the 30-glucosyl moiety of the substrate for its
efficient binding to Ss5MaT1. (ii) Anthocyanidin
3-O-glucosides 1, Fig. 1) are very good acyl ac-
ceptors for both Dv3MaT and Pf3AT. Pf3AT acts
on anthocyanidin 3,®-diglucoside 6a) as well,
whereas Dv3MaT does noffdble 3. Such broad
substrate specificity toward anthocyanins contributes
to forming “metabolic grid” in the biosynthetic path-
way. (iii) The reaction products of the AAT-catalyzed
acylation of anthocyanins no longer serve as acyl
acceptors. Thus, for example, the following acylated
anthocyanins are inert as substrates for respective
enzymes: anthocyanirt and5b for Ss5MaT1; an-
thocyanin2a for Dv3MaT; and anthocyanin8, 4a,
and 5a for Pf3AT. In contrast to these observations,
AAT activities of theAjuga reptanscell cultures ap-
pear to have relatively broad acyl-acceptor specifici-
ties with respect to the modifications (glycosylation
and acylation) of the substratgk3]. One of the hy-
droxycinnamoyltransferase activities &. reptans
showed the ability op-coumaroyl transfer to antho-
cyanidin 30-sophorosides, 3,8-diglucosides, and
3-O-sophoroside-%-glucosides. An anthocyanin
malonyltransferase activity of the same plant species
is also capable of catalyzing malonyl transfer to an-
thocyanidin 30-glucosides, 3,%3-diglucosides, 32-
sophoroside-%-glucosides, and ®-6"-O-p-cou-
marylglucoside-59-glucosides.

It is important to note that a wide variety of poly-
acylated anthocyanins, such as Heavenly Blue antho-
cyanins in morning glory, are known to exist in nature
[5], and the observed strict acyl-donor specificities,
acyl-acceptor specificities, and regiospecificities of
several AATs suggest that the polyacylation of an-
thocyanins may be, in many cases, completed by the
actions of a series of distinct AATs, each of which
is responsible for one specific acylation of substrate
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Table 3
The acyl-acceptor specificity of purified AATs

Acyl acceptor Ss5MaTL Dv3MaT? Sc3MaT Pf3AT Gt5ATf

Anthocyanidin 30©-glucosides
la - 100 (47) 100 (11) 100 (6)° -
1b 111 (40) 110 (nd) oA (11)F
ic 117 (46) 153 (nd) ™ (19F
2a -
3a -

Quercetin 30-glucosidé 15 (81) -

Anthocyanidin 3,50-diglucosides
4a 100 (101) - - -
4b -

5a 55 (36) - - -
5b -

6a (Ry = Ry = H) - - - 177 (138F nd (172)
6a (Ry = OH, R, = H) 77 (87¢ nd (113)
6a (R = R, = OH) 484 (227¥ nd (180)
6b - - nd (461)
6¢ nd (777)
6f -

Relative percentage activities of acyl acceptors are shown with Kygivalues (in parentheses; M). For the acyl donors and their
concentrations used for evaluation, see footnotes to this table. nd: not determined.

aValues are obtained frof22]. The ke Value for bisdemalonylsalvianirdd) is taken to be 100%Kn, values were determined at the
saturating concentration of malonyl-CoA.

bvalues are quoted frorf8]. Relative activities were determined at malonyl-CoA and acyl-acceptor concentrations of 60 goil,120
respectively. The enzyme activity with pelargonidinO3glucoside is taken to be 100%,, values were determined at the saturating
concentration of malonyl-CoA.

¢Values are quoted frorf24]. Relative activities were determined at malonyl-CoA and acyl-acceptor concentrations of 60 aod,120
respectively. The enzyme activity with pelargonidirO3glucoside is taken to be 100%. Tl&, value was determined at the saturating
concentration of malonyl-CoA.

dvalues are calculated from those presentef2j. Relative activities were determined at caffeoyl-CoA and acyl-acceptor concentrations
of 220 and 20QuM, respectively. The value with pelargonidin@Gglucoside is taken to be 100%.

€Values are quoted frorfiL9].

fvValues are quoted frorfil6,17] K, values were determined using 48B! caffeoyl-CoA as a counter substrate. Tkeg; values are
not reported for Gt5AT.

9This is a flavonol glucoside.

N (-) Relative activity is less than 0.1%.

anthocyanin to provide the necessary precursor for an approximate molecular mass of 50kDa. THe p
subsequent modifications. Corresponding to a variety value of native Gt5AT was determined by isoelectric
of acylation types of anthocyanins that exist in nature, focusing to be 4.6; predicted palues of other AATs
there must be a wide variety of AATs with different (Ss5MaT1, Dv3MaT, Sc3MaT, and Pf3AT) range from
specificities, and, currently, most of these enzymes acidic to neutral regions. The optimum pHs for the cat-
are yet to be isolated. alytic activities of these AATs are at neutral to slightly
alkaline pHs (7.0-8.5), as was observed for many other
AATs listed inTable 1 Thekcg; values (at pH 7.0 and
4. Other enzymatic profiles 30°C) are reported for the following malonyltrans-
ferases: Ss5MaT1, 7.8% [acceptor, bisdemalonyl-
Ss5MaT1, Dv3MaT, Sc3MaT, Gt5AT, and Pf3AT salvianin @a); [22]]; Dv3MaT, 7.3s ! [pelargonidin
are monomeric proteins of 446—469 amino acids with 3-O-glucoside 1); [8]]; Sc3MaT, 8.85! [pelargoni-
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din 3-O-glucoside 1); [24]]. The sensitivity of AATs

to metal ions varies with the source of enzyme. Gt5AT
activity is enhanced 1.2-fold by 1mM 2h [16],
which is highly inhibitory to Pf3AT[19] and shows a
negligible effect on many other AATs. Some AATSs are
strongly inhibited by 0.1-1mM Cd (e.g. Ss5MaT
[22], Dv3MaT [8], Sc3MaT [24], and C. chinensis
AAT [26]) and 0.1 mM Hg" (e.g. Ss5MaT, Dv3MaT,
and ScMaT). Ethylenediaminetetraacetic acid gener-
ally shows no or only small inhibitory effects on AATSs,
suggesting that divalent metal ions are not essential
for AAT activity. Many AATs are strongly inhibited
by p-chloromercuribenzoic acid, an SH reagent. These
AATs are also highly (e.g. Ss5Ma[R2], Dv3MaT

[8], and Sc3MaT[24]) or partially (e.g. Gt5AT and
Pf3AT [20]) inactivated by 1 mMN-ethylmaleimide.
The highly sensitive nature of Ss5MaT1 to the cysteine
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and Pf3AT revealed that these AATs have consen-
sus sequences (-His-Xaasp- (motif 1, Fig. 4) and
-Asp-Phe-Gly-Trp-Gly- (motif 3)) that have been
specifically identified in the members of the versatile
acyltransferase (VAT) family (also called BAHD su-
perfamily [29,30] or VPAT family [8,22]), indicating
the close phylogenetic relationship of these AATs
with this family. The VAT family has been identified
as a protein family consisting of acyltransferases in-
volved in the secondary metabolisms in plants and
fungi (Fig. 5), such as the biosyntheses of phytoalex-
ins [31], vindoline [29], benzylacetatd32], taxol
[33-35] and morphine[36]. These biochemically
characterized VATs show only low sequence similar-
ities to each other (20-40% identity) and should yet
represent only a small fraction of the total member-
ship of the family becausArabidopsiswas recently

modifiers (CEt, Hg?t, and SH reagents) is consistent estimated to contain about 70 related genes of the
with the observed instability of this enzyme to oxida- family [37], most of whose biochemical roles have
tion during purification, for which the addition of are- yet to be determined. In addition to the suggested
ducing agent such as 2-mercaptoethanol was essentialvidespread occurrence of members of this family in
to attain the maximum yield of enzyme activitg2]. plants, a limited number of the family members have
Some AATs (e.g. Pf3AT and Ss5MaT1) are shown to also been identified in fungal speci¢30]. These
be inactivated by 1 mM diethylpyrocarbonate, a histi- observations suggest that this new acyltransferase
dine modifier, which is also known to inactivate other family covers highly divergent members in terms of
acyltransferases of planf29] (see below). primary structure and biochemical functions. In addi-
tion, despite their similarity in the biochemical role,
SsbMaTl, Dv3MaT, Sc3MaT, Gt5AT, and Pf3AT
show only 30—-60% sequence identity with each other.
The molecular phylogenetic tree of the amino acid
sequences of the VAT family members constructed
The analyses of the deduced amino acid se- by the neighbor-joining method suggests that these
guences of Ss5MaTl1, Dv3MaT, Sc3MaT, Gt5AT, AATs may be categorized into a subfamily that is

5. Phylogenetics and primary structural
characteristics of AATs

Motif 1 Motif 2

Ss5MaTl* 165 NHHCL 310 ENYFGNCI 388
Dv3MaT* 171 NHHSL 322 ENYFGNCS 398
Sc3MaT* 173 NHHSL S 323 TAYFGNCG 399
PE£3AT* NHHTVS ENYFGNCL

Gt5AT* 172 AHHSI 331 PNYFGNCL 409
BEAT 150 FNHII F 291 NDVSGNFF 375
DAT 156 ISHKVADGG 209 ONSVGNLV 378
TCTAT 162 FHHGVCDGA 296 SGYYGNSI 371
HCBT 162 QHHHACDGM 307 KGYCGNVV 391

Fig. 4. Alignment of amino acid sequences of motifs 1, 2, and 3 (boxed) of AATs (indicated y)aand other members of the VAT
family. GenBankM accession numbers for amino acid sequences are as follows: Ss5MaT1, AAL50566; Dv3MaT, AF489108; Sc3MaT,
AY190121; Pf3AT, BAA93475; and Gt5AT, BAA74428. Explanation of enzyme names of other VATs and accession numbers for their
amino acid sequences are described in the legeridgto6.
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phylogenetically separate from other VATEIid. 6). Because the three-dimensional structures of AATs
It must also be mentioned that Ss5MaT1, Dv3MaT, and other VATs are not yet known, intensive sequence
Sc3MaT, Gt5AT, and Pf3AT also share the sequence comparison studies using these enzymes have been
-Tyr-Phe-Gly-Asn-Cys- (motif 2) with each other carried out to explore any primary structural charac-
[8,22]. This motif may serve as a sighature sequence teristics that may be responsible for catalytic activity,
of AATs; indeed, the Dv3MaT cDNA had been specif- acyl-donor specificity, acyl-acceptor specificity, and
ically isolated by a homology-based strategy taking the regiospecificity of the acyl transfer of enzymes
full advantage of the specific conservation of motif 2 [8]. It has been pointed out that a motif 1-like se-

in AATs [8]. quence also occurs in the sequence of chloramphenicol
T3IAT
BAB02518
BAB01203
POAT PfSMaT SsSMaTl BABO2519
Sc3MaT i ,BAB10378
881191 /" BAB10831
Dv3MaT 4 /s BABLOASH
/ BAB10839
GISAT
TBT  rarv
DBAT
BAPT
DBNTBT
PhAT4S
NTSHR
/
s/
/
/ AAB95283
MEL2 7
BAB10449
HCBT SAAT
SalAT
DAT
BEAT

Fig. 6. A non-rooted molecular phylogenetic tree of the VAT family. The tree was constructed by the neighbor-joining method. Enzymes
used for alignment are as follows: Pf5MaT, malonyl-CoA:anthocyan@dticoside 6'-O-malonyltransferase d®. frutescengAF405204);
HCBT, hydroxycinnamoyl/benzoyl-CoA:anthranildiehydroxycinnamoyl/benzoyltransferase Dfanthus caryophyllu§CAB06430); DAT,
deacetylvindoline 43-acetyltransferase ofatharanthus roseu§AAC99311); SalAT, salutaridinol B-acetyltransferase dPapaver som-
niferum (AAK73661); BEAT, benzylalcohol acetyltransferase ©farkia breweri (AAC18062); SAAT, alcohol acetyltransferase Bfa-
garia ananassgAAG13130); T3AT, trichothecene @-acetyltransferase dfusarium graminearunfBAA24430); TAT, taxadienol acetyl-
transferase offaxus cuspidatdAAF34254); TBT, taxane benozoyltransferase Tofcuspidata(AAG38049); DBAT, 10-deacetylbaccatin
111-10-O-acetyltransferase of. cuspidata(AAF27621); DBNTBT, baccatin Il (3-amino-3-phenylpropanoyl)transferaseT.otuspidata
(AAM75818); BAPT, N-debenzoyltaxolN-benzoyltransferase of. cuspidata (AAL92459); and NTSHR, Hsr201 protein ofico-
tiana tabacum(T03274). The following are putative acyltransferases whose biochemical function is not clahifdsidopsis thaliana
(BAB01191, BAB02518, BAB02519, BAB10378, BAB10831, BAB10830, BAB10829, BAB10449, and AAB95283), MELQuotimis
melo (CAA94432), PfAT48 ofPetunia hybrida(BAA93453), and GAT106 ofs. triflora (BAA93452).
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O-acetyltransferase (CAT[R9], in which the histi- Dv3MaT, Sc3MaT, and Pf3AT; unpublished results)
dine residue located in the sequence is proposed to actrevealed that these proteins have no signal for intra-
as a general acid/base catalyst during cataljag$. cellular translocation and no transmembrane domain
These observations, as well as the results of chemicalin their sequences. The immunochemical analysis of
modification studies of VAT$20,29], have suggested the subcellular localization of Gt5AT showed that this
that the invariant histidine of motif 1 of VATs may enzyme is localized in the cytosol of the outer epider-
be important for catalytic activity29]. Moreover, a mal cells of gentian petafd 7], although there was a
comparison of 12 VAT sequences as well as the muta- criticism to this conclusion (Tanaka, personal commu-
genesis studies of Ss5MaT1 has revealed that the as-nication). The observed optimum pHs for the catalytic
partic acid residue in motif 3 is also very important activity of AATs (seeSection 4 are consistent with
for the catalytic activity[39] (seeSection 6for de- their subcellular localization in the cytosol.
tails). Although motif 2 has been specifically identified
with AATS, the importance of motif 2 for the speci-
ficity of anthocyanin binding remains to be demon- 6. Proposed catalytic mechanism
strated. Mutagenesis studies of Ss5MaT1 revealed that
the replacement of the asparagine residue in this mo-6.1. Kinetic mechanism
tif by alanine resulted in 100-fold diminution in the
kcat value of this enzyme but did not significantly al- The kinetic and catalytic mechanisms of AATs
ter theK, values for malonyl-CoA and anthocyanins have been the most intensively studied with Ss5MaT1
[39], suggesting that, at least, the asparagine residue[39]. The steady-state kinetic studies of inhibitions of
in this motif should not be responsible for the affinity Ss5MaT1-catalyzed acyl transfer have been carried
of this enzyme to anthocyanins. out using product inhibitors [CoA-SH and malonyl-
The alignment of AAT sequences further led to shisonin bb), a malonylated anthocyanin product]
identify several conservations of amino acid residues [39] as well as the dead-end inhibitgs;coumaric
within each set of sequences of enzymes exhibiting acid, which mimics an aromatic acyl group linked to
the same acyl-donor specificit{8]. For example, the 3-glucosidic moiety of an anthocyanin substrate
Arg120 of Ss5MaT1 is found to be invariant in the se- [22] (seeSection 3.3 The results of these inhibition
guences of all malonyltransferases compaiéd.(2 studies predicted that Ss5MaT1-catalyzed acyl trans-
corresponding to Ar?® and Argt?8 of Dv3MaT1 and fer should proceed with the compulsory ordered Bi Bi
ScMarT, respectively). Furthermore, basic amino acid mechanism, where malonyl-CoA is the first substrate
residues (Lys and Arg) are conserved at a position to bind to the enzyme and CoA-SH is the last product
corresponding to position 353 of Ss5MaT1. Itis likely to leave Fig. 7A). During the catalysis, a ternary com-
that one or both of these cationic residues are involved plex consisting of acyl-CoA, an acyl acceptor, and an
in the specific binding of malonyl-CoA via electro- enzyme should be formed prior to chemical catalysis.
static interactions in these malonyltransferases. Simi-
larly, some aromatic amino acid residues are found to 6.2. General acid/base mechanism of
be conserved in the sequences of Gt5AT and Pf3AT SsSMaT1-catalyzed acyl transfer
(e.g. TyP8, Phe82 Tyr314 and Phé% of Gt5AT), one
of which may be responsible for possible aromaticin-  The formation of such ternary complex has also
teractions in the specific binding of aromatic acyl-CoA been identified in the kinetic mechanisms of other
by these aromatic acyltransferases. These observationsacyl-CoA-dependent acyltransferases, such as CAT
warrant future site-directed mutagenesis and X-ray [38] and histone N-acetyltransferase (HAT)40],
crystallographic studies to probe their role in acyl-CoA which are phylogenetically distant from AATs and
binding. At present, it is difficult to find any relevance other VATs. The catalytic mechanisms of CAT and
of the characteristics of the amino acid sequence or HAT have been established in relation to their three-
residue(s) to the regiospecificity of acyl transfer. dimensional structures and shown to share common
The PSORT analysis of the amino acid sequence of mechanistic features of acyl transfer: in the ternary
GtbAT [17] as well as those of other AATs (Ss5MaTl1, complex, a general base activates the nucleophilic
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(Ss5MaT1)(Malonyl-CoA)(Anthocyanin)
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(A)

(Ss5MaT1)(CoA-SH)(Malonylanthocyanin)

(B)

Fig. 7. The proposed kinetic mechanism (A) and catalytic mechanism (B) of AAT. The most likely candidates for the general base (Enz-B:)

involved in the Ss5MaT1 catalysis are Hi&and/or Aspg.

group of the acyl acceptor by deprotonation, promot-
ing its nucleophilic attack on the carbonyl carbon
of the acyl-CoA. It is proposed that the residues to
fulfill the role of a general base during catalysis are
His'® and GId"3in CAT [38] and HAT[41], respec-
tively. Because the kinetic mechanism of Ss5MaT1-
catalyzed malonyl transfer also agrees with the
ternary-complex mechanism, the Ss5MaT1 catalytic
mechanism likely shares such common features with
the CAT and HAT mechanisms. Thus, in the ternary
[malonyl-CoA-anthocyanin-Ss5MaT1] complex, a
general base would deprotonate tHé-Ieydroxyl of
the acyl acceptor to facilitate its nucleophilic attack on
the carbonyl carbon of acyl-CoA={g. 7B). Phyloge-
netically distant groups of proteins could be evolved

R;

genesis studies have been carried [3%). Because
the three-dimensional structure of SsSMaT1 is not yet
known, intensive sequence comparison of Ss5MaT1
with other 11 VATs has been performed to select tar-
gets for mutagenesis. Eight polar or ionizable amino
acid residues that are invariant among 12 VATs were
identified and replaced by alanine, and the mutant
enzymes were kinetically characterized. A signifi-
cant diminution of thek.at value was observed with
the substitution of H¥’ (relative keay, 0.02%) and
Asp*®© (less than 0.01%), strongly suggesting that
these residues are very important for the proposed
general acid/base mechanism of Ss5MaT1 catalysis.
The logkcat versus pH plots of the Ss5MaT1-catalyzed
malonyl transfer suggested that a deprotonated

to enzymes having such the common mechanism of active-site group of a K3 = 7.0 &+ 0.1 may be

acyl transfer, and this will be an interesting issue to
be addressed in future studies.

6.3. Importance of HX7 and Asp®° during
Ssb5MaT1 catalysis

To probe the functional amino acid residues of

involved in the catalytic steps of the “substrate to
product” conversion in the ternary enzyme—substrate
complex. Although the Ig; value of 70 & 0.1 likely
reflects the ionization of the histidine resid{#2],

to which His®%” could be assigned, it is also pos-
sible that this value represents the ionization of a
perturbed carboxylic acid residue (i.e. aspartic acid

Ss5MaT1 catalysis on the basis of general acid/baseor glutamic acid residue; e.g. A%) or that of some
mechanism presented above, alanine-scanning muta-other residue within the specialized environment of
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the complexX42]. It should be pointed out that there acylation is known to stabilize the coloration of an-
are many examples of enzyme mechanisms, suchthocyanins at pHs of intracellular milieus of flowers
as those of serine proteinasedp hydrolases, and  (pH 4—7; see also legend Eig. 1) and to intensify the
CAT (see above), which utilize a histidine residue as blue color as a result of a bathochromic effect; these
a general base to deprotonate the primary-alcoholic effects are enhanced as the number of aromatic groups
hydroxyl group to enhance the nucleophilicity of the increaseqg43]. Thus, the accumulation of polyacy-
hydroxyl oxygen. Thus, H¥$ itself might serve as  lated anthocyanins carrying multiple aromatic acyl
the general base involved in the Ss5MaT1l mecha- functions in the flowers of transgenic plants may serve
nism. It is tempting to speculate that, in the Ss5MaT1 as one of strategies for the creation of blue flowers,
mechanism, there may be a “carboxylate-imidazole and genes coding for anthocyanin aromatic acyltrans-
(His'®)-hydroxyl (substrate)” relay system, which is ferases with different specificities will be important
analogous to the catalytic triads of serine proteinasestools for such flower color modificatidi2,17,20,24]
anda/B hydrolases, as the machinery to enhance the Malonylation (or aliphatic acylation) is also an im-
nucleophilicity of the hydroxyl group of substrate portant modification of anthocyanins to control flower
anthocyanin: Asp® could be a carboxylate member color. Although malonylation does not intrinsically al-
of such a system. Three-dimensional structural infor- ter the absorption spectra of anthocyanins, it enhances
mation on AATSs is necessary to address these issues.the stability of anthocyanin coloration and prevents the
pigments from the attack @-glycosidas¢8]. Indeed,
many anthocyanins exist to be malonylated as their ul-

7. Potential applications of AATs timate stable forms in many plant species; therefore,
malonylation should also serve as a strategy for pig-
7.1. Heterologous expressions ment stabilization in the flowers. Moreover, multiple

modifications of anthocyanins may proceed in a se-
The AAT cDNAs have been expressed as a soluble, quential manner (se8ection 3.3, and the malony-

catalytically active form of protein in prokaryotic and lation of anthocyanins should provide the necessary
eukaryotic heterologous systems usikgcherichia intermediates for subsequent modifications. Overex-
coli [8,17,20,22,24]and yeast§17,20] respectively, pression of malonyltransferase genes in the heterolo-
as host strains. Moreover, Dv3MaT cDNA has been gous plants may overcome endogeneous anthocyanin
introduced into petuniaRetunia hybridd, whose red modification and result in color-modified plants.
flower color is provided by cyanidin ®-glucoside
and 3,50-diglucoside, and functionally expressed in 7.3. Modification of the functional properties of
the cells of the transgenic plant, resulting in the accu- anthocyanins by acylation
mulation of cyanidin 39-6"-O-malonylglucoside and
cyanidin 30-6"-O-malonylglucoside 5-glucoside in Acylation is a powerful means for the structural
the flowers[8]. Successful expressions of AAT cD- and functional modification of medicines and many
NAs in heterologous systems should provide the basis other bioactive compounds. Acylation may also mod-
for applications of AATs in biotechnology, some of ify the bioactivities of anthocyanins because the an-
which are exemplified below. timutagenic activities of anthocyanins purified from

sweet potato with purple-colored flesh are shown to
7.2. Metabolic engineering to modify flower color be significantly higher than those of their deacylated

forms [11]. Moreover, the acylation of anthocyanins

To date, many attempts have been made to engi- may improve the solubilities, physicochemical stabil-

neer the flavonoid pathway in pursuit of flower color ities, biological half-lives, membrane permeabilities,
novelty by genetic engineering approachgsl2]. and intestinal absorption of the pigments. Thus, there
Metabolic engineering of the anthocyanin biosynthe- has been a growing interest in the modification of
sis to create blue flowers such as “blue rose”—an the functional properties of anthocyanins by means
unknown blue cultivar ofRosa hybrida—is one of of specific acylations. Until recently, the use of spe-
such examples. As mentioned $ection 1 aromatic cific AATs for this purpose had been hampered by
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the restricted availability of enzymes. An alternative

may be to use transacylation catalyzed by lipases and
esterases. In this case, however, there exists the prob-
lem of regiocontrol with respect to the acyl acceptor

that carries multiple hydroxyl functions. Recently, the
regioselective acylation of cyanidin G-glucoside

with aromatic acids has been attained by means of

cultured cells ofpomoea batats that probably con-
tain an aromatic AAT activity{44]. This enzymatic
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[2] J.B. Harbone, C.A. Williams, Phytochemistry 55 (2000) 481—
504.

[3] G. Forkmann, S. Martens, Curr. Opin. Biotech. 12 (2001)
155-160.

[4] J.B. Harbone, Phytochemistry 25 (1986) 1887-1894.

[5] T. Honda, N. Saito, Heterocycles 56 (2002) 633-692.

[6] T. Goto, T. Kondo, Angew. Chem. Int. Ed. Engl. 30 (1991)
17-33.

[7] W. Heller, G. Forkmann, Biosynthesis of flavonoids, in:
J.B. Harbone (Ed.), The Flavonoids, Chapman & Hall,
Washington, DC, 1994, pp. 499-535.

method has been proved to be useful for the SyntheSiS [8] H. Suzuki, T. Nakayama, K. Yonekura-Sakakibara, Y. Fukui,

of acylated anthocyanins, whose productivity exceeds
that of lipase-catalyzed transesterification. During the

N. Nakamura, M.-A. Yamaguchi, Y. Tanaka, T. Kusumi, T.
Nishino, Plant Physiol. 130 (2002) 2142-2151.

large amounts of AATs in heterologous systems as
described above, and this would allow the efficient
and specific acylation of anthocyanins to enhance

their health-giving functions.
Finally, the importance in biotechnology may be ex-

(1988) 2963-2966.

[10] W. Hopp, H.U. Seita, Planta 170 (1987) 74-85.

[11] M. Yoshimoto, S. Okuno, M.-A. Yamaguchi, O. Yamakawa,
Biosci. Biotech. Biochem. 65 (2001) 1652-1655.

[12] Y. Tanaka, S. Tsuda, T. Kusumi, Plant Cell Physiol. 39 (1998)
1119-1126.

tended to other VATSs because they are involved in the [13] A. Callebaut, N. Terahara, M. Decleire, Plant Sci. 118 (1996)

syntheses of a wide variety of metabolites of pharma-
ceutical and agricultural importance, such as taxol (an
anti-cancer drug) and morphine (an anodyne). Com-

109-118.

[14] J. Kamsteeg, J. van Brederose, C.H. Hommels, G. van
Nigtevecht, Biochem. Physiol. Pflanzen 175 (1980) 403-
411.

mercially feasible total chemical syntheses have not [15] T. Goto, T. Kondo, H. Tamura, H. Imagawa, A. lino, K.

yet been achieved for some of these industrially im-

portant compound$§36], and VATs should serve as

Takeda, Tetrahedron Lett. 23 (1982) 3695—-3698.
[16] H. Fujiwara, Y. Tanaka, Y. Fukui, M. Nakao, T. Ashikari, T.
Kusumi, Eur. J. Biochem. 249 (1997) 45-51.

useful molecular catalysts for regiospecific acylation [17) 4. Fujiwara, Y. Tanaka, K. Yonekura-Sakakibara, M. Fukuchi-

for the production of compounds of such importance.

Moreover, VATs will be an important target in efforts

Mizutani, M. Nakao, Y. Fukui, M.-A. Yamaguchi, T. Ashikari,
T. Kusumi, Plant J. 16 (1998) 421-431.

to specifically accumulate such compounds in |arge [18] K. Takeda, J.B. Harbone, R. Self, Phytochemistry 25 (1986)

amounts in plants or other alternative biotechnologi-
cal sources through metabolic engineering approaches.

2191-2192.
[19] H. Fujiwara, Y. Tanaka, Y. Fukui, T. Ashikari, M.-A.
Yamaguchi, T. Kusumi, Plant Sci. 137 (1998) 87-94.

Further studies will be needed to overexpress VAT [20] K. Yonekura-Sakakibara, Y. Tanaka, M. Fukuchi-Mizutani,

genes in transgenic plants and cells to establish the

efficient production$45] of these useful compounds.
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