
Pergamon 

PII: SOO3G9422(97)0060>1 

Phj rochmisq. Vol. 47, No. 6. pp 969-974. 1998 
,& 1998 Elsevier Science Ltd. All rights reserved 

Printed in Great Bntain 
0031-9422/98 $19.00+0.00 

INDUCTION OF HYDROXYANTHRANILATE 
HYDROXYCINNAMOYL TRANSFERASE ACTIVITY BY OLIGO-N- 

ACETYLCHITOOLIGOSACCHARIDES IN OATS 

ATSUSHI ISHIHARA,*~$ HISASHI MIYAGAWA,~~ TETSUYA MATSUKAWA,~~ TAMIO UENO,? 
SHIGEYUKI MAYAMA~ and HAJIME IwAMURAf$ 

TDepartment of Agricultural Chemistry, Kyoto University, Kyoto 606-01, Japan; ZCREST, Japan Science and 
Technology Corporation (JST); §Faculty of Agriculture, Kobe University, Kobe 657, Japan 

(Received in revisedform 10 June 1997) 

Key Word Index-Avena sativa; Gramineae; avenanthramide; oats; anthranilic acid; 
hydroxycinnamoyl-CoA; biosynthesis. 

Abstract-An assay method for hydroxycinnamoyl-CoA: hydroxyanthranilate N-hydroxycinnamoyl trans- 
ferase (HHT) in oat leaves (Auena sativa L.), which is thought to be one of the key enzymes for the biosynthesis 
of avenanthramides, phytoalexins in this plant, was established. HHT activity was induced by treating the 
leaves with oligo-N-acetylchitooligosaccharides. Among the chitooligosaccharides tested, penta-N-ace- 
tylchitopentaose ((GlcNAc),) was the most effective in inducing activity. The induction by (GlcNAc), was 
dose-dependent, in which case HHT activity was initially detected after 6 hr and reached a maximum by 12 
hr. All of the putative precursors of avenanthramides acted as substrates for HHT, with 5-hydroxyanthranilic 
acid and feruloyl-CoA being the best substrates for the anthranilic moiety and the cinnamoyl moiety of 
avenanthramides, respectively. 0 1998 Elsevier Science Ltd. All rights reserved 

INTRODUCTION 

Higher plants express a variety of resistance responses 
to parasites, including fungal pathogens. Among 
these, the production of antifungal substances, such 
as phytoalexins is thought to be important in pre- 
venting the growth of microorganisms at the site of 
the attempted infection. 

In oats (Auena sativa L.), the production and 
accumulation of phytoalexins was demonstrated, fol- 
lowing the inoculation of a pathogen, crown rust 
fungus (Puccinia coronata f. sp. avenue) in incom- 
patible combinations [l]. These phytoalexins have 
been shown to be a series of substituted N-cin- 
namoylanthranilates, which are referred to as aven- 
anthramides (1-S) [2]. Structurally-analogous phe- 
nolic acid amides have also been found in other higher 
plants, some of which have been demonstrated to be 
related to stress responses [3-61, and are synthesized 
from phenolic acid-CoA thioesters and the cor- 
responding amines in plant tissues. 

Phytoalexins in oats can also be produced by treat- 
ment of leaves with various elicitors, such as chitin 
and chitosan oligomers [7], victorin C [8], heavy metals 
[9] and calcium ionophore A23 187 [IO]. Among these 

*Author to whom correspondence should be addressed. 

‘COOH 

1: Avenanthramide A, Rl=H, Rz=OH, RzH, n=l 

ii B, Rt=H, Fh=OH, Rs=MeO, n=l 

41 
D, RI=H, Rz=H, Rs=H, n=l 
G, RI=OH, Rz=H, Rs=H, n=l 

5: L, Rt=OH, Rz=H, Ra=H, n=2 

elicitors, the mode of action of chitin oligomers is of 
particular interest, since the cell walls of the crown 
rust fungus are composed largely of chitin and glucan 
[l 1, 121. The present study shows that the treatment 
of oat leaves with oligo-N-acetylchitooligosaccharides 
induces hydroxycinnamoyl-CoA: hydroxy- 
anthranilate N-hydroxycinnamoyl transferase (HHT) 
activity which catalyses the final reaction in the puta- 
tive route for phytoalexin biosynthesis in oats. 

RESULTS 

Detection of HHT activity 

Oat leaf segments were treated with (GlcNAc), at 1 
mM for 12 hr. On incubation of the crude extract 
from the treated leaf segments with p-coumaroyl-CoA 
and 5-hydroxyanthranilic acid for 60 min at 30”, the 
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formation of 1 was detected (24.5 nmol reaction mix- 
ture-‘). When the leaves were treated with H20 for 
12 hr, the extract exhibited only a slight activity for 
the formation of 1 (2.35 nmol reaction mixture-‘). 
The protein contents in the crude extracts from elici- 
tor- and HzO-treated leaves were 8.17 and 8.41 mg 
ml-‘, respectively. No amide was formed in the 
absence of the leaf extract, nor in the presence of 
boiled extract. 

Induction of HHT by oligo-N-acetylchitooligo- 

saccharides 

In order to establish analytical conditions for the 
assay of HHT activity, the formation of 1 in the reac- 
tion mixture was examined. The enzyme solution was 
extracted with 10 volumes of 0.1 M Na-Pi buffer, 12 
hr after treatment of the oat leaves with elicitor. The 
amount of 1 increased linearly up to 30 min, and 
thereafter the rate of formation gradually decreased. 
The initial rate of formation was in proportion to the 
amount of proteins added in the reaction mixture, as 
the diluted extracts (3- and 9-fold) expressed pro- 
portionally low activities. Based on these findings, the 
enzyme activity was determined by quantifying the 
product after a 20 min incubation period in the experi- 
ments described below. 

Time courses for the induction of HHT activity. Fig- 
ure 1 shows the time courses for changes in HHT 
activity in oat leaf segments treated with (GlcNAc),. 5- 
Hydroxyanthranilic acid and p-coumaroyl-CoA were 
used as substrates. Little HHT activity was detectable 
at 0 hr, but the activity increased dramatically as the 
result of elicitor treatment. HHT activity was sig- 
nificantly increased after 6 hr and reached a maximum 
at 12 hr, and then declined to 50% of the maximal 
value after 24 hr of treatment. Thereafter, the activity 
remained constant up to 60 hr. An increase in HHT 

Time (hours) 

Fig. 1. Changes in HHT activity. 5-Hydroxyanthranilic acid 
and p-coumaroyl-CoA were used as substrates. At time 0, 
oat leaf segments were floated in 1 mM (GlcNAc), solution 
(0) or distilled H,O (0) and incubated at 20” under artificial 
light. HHT activity is plotted as a function of time after the 
initiation of elicitor treatment. The results are expressed as 

the means of triplicate experiments with *SD. 
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Fig. 2. Effects of the degree of polymerization of oligo-ili- 
acetylchitooligosaccharides on the induction of HHT 
activity. Oat leaf segments were floated in various oligo- 
N-acetylchitooligosaccharide solutions at a concentration 1 
mM. After 12 hr incubation at 20” in the presence of light, 
the segments were extracted and HHT activity determined. 
HHT activity was measured using 5-hydroxyanthranilic acid 
and p-coumaroyl-CoA as substrates. The results are expre- 

ssed as the means of triplicate experiments with + SD. 

activity was also observed in the control leaf segments 
after 60 hr, probably due to damage caused by peeling 
off the lower epidermis. 

Effect of the degree of polymerization of oligo-N- 

acetylchitooligosaccharides on the induction qf HHT 
activity. A series of oligo-N-acetylchitooligo- 
saccharides, having degrees of polymerization of 1 to 
6 was examined, in terms of their ability to induce 
HHT activity (Fig. 2). The activity was clearly depen- 
dent on the degree of polymerization. Saccharides 
smaller than the triose showed little activity at 1 mM 
concentrations, while the pentasaccharide was most 
effective in inducing HHT activity. The tetra- and 
hexasaccharides also showed potent elicitor activities, 
although they were somewhat less active than the 
pentasaccharide. 

Effect of elicitor concentration. Figure 3 shows the 
induction of HHT activity in oat leaf segments treated 
with (GlcNAc), at different concentrations, using p- 
coumaroyl-CoA and 5-hydroxyanthranilic acid as 
substrates. The induced HHT activity increased sharply 
with an increase in the added elicitor, up to 0.25 mM. 
At 4 mM, the activity was reduced to 70% of the 
maximum value. 

Properties of the HHT activity induced by (GlcNAc), 

In order to study the dependence on pH and the 
substrate specificity of the induced HHT activity, a 
crude extract of the leaf segments, prepared after 12 
hr of elicitor treatment, was partially purified by salt- 
ing-out with (NH&SO,. Sixty percent of the initial 
activity was recovered in the fraction which pre- 
cipitated between 30 and 45% saturation. By storing 
at - 30” after addition of glycerol, the enzyme solution 
could be preserved for 1 month with a 10% activity 
loss. 
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Fig. 3. Induction of HHT activity by various concentrations 
of (GlcNAc),. Oat leaf segments were floated in solutions 
containing various concentrations of (GlcNAc),. HHT 
activity in oat leaf tissue was measured 12 hr after the 
initiation of elicitor treatment using 5-hydroxyanthranilic 
acid and p-coumaroyl-CoA as substrates. The results are 
expressed as the means of triplicate experiments with k SD. 

Dependence of HHT activity on pH. HHT activity, 
with respect to the formation of compound 1, was 
detected between pH 5.5 and 10. The maximum 
activity was observed at pH 7 using 0.1 M Na-Pi 
buffer, whereas pH 7.5 was the optimum in GTA (0.05 
M 3,3_dimethylglutaric acid, 0.05 M Tris, 0.05 M 2- 
amino-2-methyl- 1,3-propanediol) buffer solution. 

Substrate specljicity of elicitor-induced HHT 
activity. In view of the fact that five types of aven- 
anthramides (l-5) are found in the elicitor-treated 
oat leaves (Table l), the substrate specificity of HHT 
activity was investigated. Table 2 shows the elicitor- 

induced HHT activity in oat leaf segments with vari- 
ous substituted anthranilic acids, with p-coumaroyl- 
CoA being used as the acyl donor. All of the sub- 
stituted-anthranilic acids, which consist of naturally 
occurring avenanthramides, acted as substrates, while 
no conversion was detected for the case of 3-hyd- 
roxyanthranilic acid and tyramine. The lowest appar- 
ent Km and the largest V,,, value was observed for S- 
hydroxyanthranilic acid. These results suggest that 
HHT has a high specificity for the anthranilic moiety. 

Table 3 shows the HHT activity in the presence of 
various cinnamoyl-CoAs. 5-Hydroxyanthranilic acid 
was used as the acyl acceptor. All of the tested CoA 
derivatives acted as substrates. Based on V,,JKn2 

Table 1. Induction of avenanthramides by (GlcNAc),. Oat 
leaf segments were floated in 1 mM (GlcNAc), solution. Each 

value represents the mean k SD from three experiments 
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values, the best substrate was feruloyl-CoA, followed 
by avenalumoyl-CoA and cinnamoyl-CoA. Com- 
pared with these compounds, the acceptance of p- 
coumaroyl-CoA and caffeoyl-CoA was somewhat 
lower. 

The highest reactivity of 5-hydroxyanthranilic acid 
as an anthranilic substrate corresponded to the largest 
production of 1, among the induced avenanthramides 
in the elicited oat leaves, while the substrate specificity 
with respect to the acyl moiety did not correlate to the 
amounts of the products in the leaves (Table 1). In 
particular, no conjugate with cinnamic acid nor caffeic 
acid was detected in the elicitor-treated oat leaves 
under the experimental conditions employed in this 
study, although their corresponding CoA derivatives 
were active as HHT substrates. 

DISCUSSION 

The treatment of oat leaf segments with (GlcNAc), 
markedly induced HHT activity, suggesting that the 
activity of this enzyme is responsible for phytoalexin 
production in this plant. All the putative precursors 
of a series of avenanthramides found in the elicited 
leaves, acted to a greater or lesser extent, as substrates, 
suggesting that each of the avenanthramides was indi- 
vidually synthesized by the condensation of the cor- 
responding substituted anthranilic acids and the sub- 
stituted cinnamoyl-CoA thioesters. This is in contrast 
with the production of a series of substituted N-ben- 

zoylanthranilates, referred to as dianthramides, 
phytoalexins of carnation. Biosynthetic studies of 
dianthramides have shown that the substrate speci- 
ficity of amide-forming enzyme is not broad, and that 
substituents on the aromatic rings, such as hydroxyl 
and methoxy groups are introduced after amide for- 
mation [ 131. Similar biosynthetic pathways could also 
occur in oats for the case of avenanthramide 
production, since 1 could be formed from 3 by oxi- 
dative hydroxylation. Two possible routes for the 
biosynthesis of 1 are schematically shown in Fig. 4. 

Avenanthramides nmol g fr. wt./’ % 

A (1) 1323.7k268.7 100 
B (2) 184.8 & 13.4 14 

D (3) 21.6k5.4 1.6 
G (4) 73.8 k 16.4 5.6 

L (5) 88.2k7.0 6.7 

The relative substrate specificity of HHT does not 
necessarily correlate with the amount of the individual 
avenanthramides induced by (GlcNAc), in oat leaves. 
For example, although HHT had the highest Vm,,/Km 
value for feruloyl-CoA, product 2 accounted for only 
a minor portion of the induced metabolites. This sug- 
gests that the amount of accumulated aven- 
anthramides depends largely on the amount of avail- 
able substrate for HHT in the oat tissue. Alternatively, 
the discrepancy can be explained by differences in the 
metabolic fate of each individual avenanthramide. It 
has been suggested that amine-conjugated phenolic 
acids, such as dianthramide in carnation [14], hyd- 
roxycinnamoyltyramine in potato [4] and feru- 
loyltyramine in tobacco [15], are integrated into the 
cell walls in the form of insoluble polymeric material. 
Avenanthramides might be analogously metabolized 
further in oat tissue. 

In addition to chitin oligomers, a variety of elicitors, 
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Table 2. Substrate specificity of HHT for the anthranilic moiety. p-Coumaroyl-CoA (0.5 mM) was 

used as the common acyl donner 

Substrate 

5-Hydroxyanthranilate 

Anthranilate 

4-Hydroxyanthranilate 

3-Hydroxyanthranilate 

Tyramine 

nd. = not detectable. 

lO’xK,(M) 

26 

63 

100 

n.d. 

n.d. 

Relative V,,, (%) 

100 

19 

76 

n.d. 

n.d. 

IO-’ x VrmlKm 

3.80 

1.26 

0.76 

Table 3. Substrate specificity of HHT for the cinnamoyl moiety. 5-Hydroxyanthranilic acid (I mM) 

was used as the common acyl accepter 

Substrate IO’x K,,, (M) 

Feruloyl-CoA 36 

Cinnamoyl-CoA 23 

p-Coumaroyl-CoA 9.6 

Caffeoyl-CoA 14 

Avenalumoyl-CoA 2.1 

4-Hydroxybenzoyl-CoA 15 

H”*~:id,, 
COOH 

Fig. 4. Proposed biosynthetic pathways of avenanthramides. 

such as chitosan oligomers, victorin C, heavy metal 
ions and calcium ionophore A23187, induce aven- 
anthramides. Recently, it was reported that an elici- 
tor-dependent difference was observed in the com- 
position profile of avenanthramides [16]. The possi- 
bility that induction of HHT activity is dependent on 
elicitors, merits further study. 

EXPERIMENTAL 

Plant material. Oat seeds (Avena sativa L., cv Sho- 
kan 1) were soaked in H,O at room temp. for 12 hr in 
darkness. The soaked seeds were then sown in wet 
vermiculite, and maintained at 20” for 7 days under 
continuous artificial light. 

Chemicals. Avenanthramide A (N-(4’-hyd- 
roxycinnamoyl)-5hydroxyanthranilic acid, l), aven- 
anthramide B (N-(3’-methoxy-4’-hydroxycinnamoyl)- 
.5-hydroxyanthranilic acid, 2) and avenanthramide D 
(N-(4’-hydroxycinnamoyl)anthranilic acid, 3) were 
synthesized according to the method of ref. [17]. The 
synthesis of avenanthramide G (N-(4’-hyd- 
roxycinnamoyl)-4-hydroxyanthranilic acid, 4) and L 
(N-[5’-(4”-hydroxyphenyl)-(2E, 4E)-2’,4 -pentad- 

Relative V,,,,, (%) 10m5 x V,,,/rc, 

100 2.8 
30 1.3 

7.8 0.81 
6.5 0.46 
5.1 2.4 
1.4 0.093 

ienoyll-5-hydroxyanthranilic acid, 5) have been 
reported previously [2, 181. 

The method used for the synthesis of aven- 

anthramide C (N-(3’,4’-dihydroxycinnamoyl)-5-hyd- 
roxyanthranilic acid) was similar to that described in 
ref. [ 191 for the prepn of feruloyltyramine. Caffeic acid 
(2 mmol) was mixed with 5-hydroxyanthranilic acid 
(1 mmol), and dicyclohexylcarbodiimide (2.2 mmol) 
in anhydrous pyridine (10 ml). After 24 hr, the pyri- 
dine was evapd in vacua. The residue was then dis- 
solved in 25 ml MeOH and cooled on an ice bath. 
After filtration, 25 ml 1 M KOH was added to the 
filtrate and the mixt. stirred for 24 hr at room temp. 
The MeOH was then evapd in vacua and aven- 

anthramide C was extracted in EtOAc, after neu- 
tralization of the KOH with HOAc. The ODS HPLC 
system (Wakosil II 5C18HG column; mobile phase of 
45% MeOH in H,O containing 0.5% TFA) was used 
to purify avenanthramide C. The other reference 
amide compounds, N-(4’-hydroxycinnamoyl) 
tyramine, N-(4’-hydroxybenzoyl)-5-hydroxyan- 
thranilic acid, N-cinnamoyl- 5 - hydroxyanthranilic 
acid and N-(4’-hydroxycinnamoyl)-3-hydroxy- 
anthranilic acid were similarly synthesized. The spec- 
troscopic data of the prepared compounds are as 
follows: 

N-(4’-Hydroxybenzoyl)-5-hydroxyanthranilic acid. 
‘H NMR 6 (MeOH-d,): 6.91 (2H, d, 8.7) 7.06 (lH, 
dd, 9.0, 3.0), 7.44 (lH, d, 3.0) 7.79 (2H, d, 8.7) 8.52 
(lH, d, 9.0). EI-MS m/z: 273 [Ml+, 255, 153, 121, 93, 
65. 

N-Cinnamoyl-5-hydroxyanthranilic acid. ‘H NMR 
6 (MeOH-d,): 6.72 (lH, d, 15.7) 7.03 (lH, dd, 9.0, 

3.0), 7.38-7.43 (3H, m), 7.52 (lH, d, 3.0) 7.62 (2H, 
dd, 7.7, 2.3), 7.65 (lH, d, 15.7) 8.46 (lH, d, 9.0). EI- 
MS m/z: 283 [Ml+, 265,264, 153, 131, 103,77. 
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N-(4’-Hydroxycinnamoyl)-3-hydroxyanthranihc 
acid. ‘H NMR 6 (MeOH-&): 6.70 (lH, d, 15.5), 6.84 

(2H, d, 8.6) 7.167.21 (2H, m), 7.52 (2H, d, 8.6), 7.61 
(IH, dd, 7.1, 2.2) 7.67 (lH, d, 15.5). EI-MS m/z: 299 
[Ml+, 281,254, 147, 131. 

The spectroscopic data of other standard samples 
have been previously described [2, 4, 17, 181. 

Hydroxycinnamoyl- and hydroxybenzoyl-CoA 
thioesters were prepd by transesterification of 
hydroxycinnamoyl- and hydroxybenzoyl-N-hydroxy- 
succinimide esters, as described in ref. [20]. Concns of 
the obtained CoA derivatives were calcd and adjusted 
on the basis of known molar extinction coefficients 
[20, 211 except for avenalumoyl-CoA. Avenalumoyl- 
CoA was quantified by HPLC analysis of avenalumic 
acid liberated from CoA thioester by alkaline treat- 
ment (30 min, 0.1 M NaOH at room temp.). 4-Hyd- 
roxyanthranilic acid was synthesized from 2,4-dini- 
trobenzoic acid according to the method of ref. [ 131. 

Elicitor treatment and induction of avenanthramides. 
The lower epidermis of 7-day-old primary oat leaves 
was peeled off, and 5 cm segments taken l-6 cm from 
the leaf tip. The segments were floated on 10 ml of 
elicitor soln in a Petri dish with the peeled surface in 
contact with the soln. Concns of oligo-N-ace- 
tylchitooligosaccharides at 1 mM were used as elici- 
tors. The amounts of induced avenanthramides were 
determined by HPLC analysis of the elicitor soln after 
24 hr elicitation. Most of the avenanthramides pro- 
duced by oat leaf segments are secreted in the soln 

[161. 
Enzyme extraction and assay. Enzyme extraction 

was carried out at o-4”. Frozen oat leaf segments (ca 

350 mg) were ground in 2 vol. 0.1 M Na-Pi buffer (pH 
7.5) for detection of HHT activity. After cen- 
trifugation (12 000 g, 10 min, 4”), the supernatant was 
used as the crude enzyme soln. The reaction mixt. 
consisted of 25 ~1 of crude enzyme, 20 ~1 of 10 mM 5- 
hydroxyanthranilic acid, 15 ~1 of 0.5 mM p-coum- 
aroyl-CoA and 40 ~1 of 0.1 M Na-Pi buffer at pH 
7.5. After 60 min incubation at 30’, the reaction was 
stopped by adding 20 ~1 of HOAc. The mixt. was then 
filtered, followed by the addition of 380 /*l of MeOH 
to remove the ppt., and a 10 ~1 aliquot was analysed 
by HPLC. Protein content was determined according 
to the method of ref. [22]. 

For examining the elicitor activity of oligo-hi-ace- 
tylchitooligosaccharides, the enzyme was extracted by 
grinding the frozen oat leaf segments in 10 vol. 0.1 
M Na-Pi buffer at pH 7.5 containing 14.4 mM 2- 
mercaptoethnol (ME). After centrifugation (12 000 g, 
10 min, 4)) the supernatant was used as the enzyme 
soln. The reaction mixt. consisted of 10 ~1 of the 
enzyme, 10 ~1 of 10 mM 5-hydroxyanthranilic acid, 
10 ~1 of 0.5 mM p-coumaroyl-CoA and 70 ~1 of 0.1 
M Na-Pi buffer at pH 7. After 20 min incubation at 
30”, the reaction was stopped by adding 20 ~1 of 
HOAc, and the products analysed by HPLC as 
described above. 

For determination of the pH optimum and sub- 

strate specificity, the enzyme soln was further frac- 
tionated by adding (NH&SO, (30-45%). The ppt. 
was desalted on a Sephadex G-25, equilibrated with 
0.02 M Na-Pi buffer (pH 7, 14.4 mM ME). After 

adding 1 vol. glycerol, the enzyme soln was stored at 
-30” prior to use. The stored enzyme was diluted 
with 0.02 M Na-Pi buffer (pH 7) and glycerol (1: 1) 
for reactions. The reaction period was set at 10 min. In 
experiments relative to the pH optimum, the following 
buffers were used: 0.1 M Na-Pi (pH 6-8); GTA (pH 
5-10). 

HPLC conditions. The quantity of avenanthramides 

and other phenolic acids conjugated with amines was 
determined by HPLC, using an ODS column (Wakosil 
II 5C18HG 4.6 x 150 mm). Four different mobile 
phases were used; (1) 48% MeOH in Hz0 containing 
0.5% TFA for the analysis of 1, 2, 4, and N-(4’- 
hydroxycinnamoyl)-3-hydroxyanthranilic acid, (2) 
53% MeOH in H,O containing 0.5% TFA for 3, 5 
and N-cinnamoyl-5-hydroxyanthranilic acid, (3) 43% 
MeOH in H,O containing 0.5% TFA for aven- 
anthramide C and N-(4’-hydroxybenzoyl)-5-hy- 
droxyanthranilic acid, (4) 40% MeOH in H,O 
containing 0.5% TFA for N-(4’-hy- 
droxycinnamoyl)tyramine. All phenolic acids con- 
jugated with amines, except the tyramine, were 
monitored at 340 nm. N-(4’-hydroxycinnamoyl) 

tyramine was monitored at 300 nm. 
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