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Partial purification and characterization of a jasmonic acid conjugate 
cleaving amidohydrolase from the fungus Botryodiplodia theobromae 
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Abstract A protein preparation from the mycelium of the 
tropical pathogenic fungus Botryodiplodia theobromae revealed a 
novel peptidase activity. This enzyme was capable of cleaving 
conjugates of jasmonic acid with a-amino acids. The protein was 
enriched 108-fold by gel filtration, ion exchange and hydrophobic 
interaction chromatography. The enzyme was found to be a 
glycoprotein with a molecular mass of about 107 kDa. The 
amidohydrolase seems to be very specific with regard to (—)-
jasmonic acid and a-amino acids with (5)-configuration. 
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1. Introduction 

Jasmonic acid (JA) and its methyl ester have been shown to 
occur ubiquitously not only in higher plants [1] but also in 
several fungi [2,3]- Jasmonates have hormone-like properties 
and are involved in various events of plant growth and devel-
opment, e.g. promoting, inducing or inhibiting responses of 
the plants at the cellular or molecular level [4,5]. 

In addition to its methyl ester, native JA conjugates with 
amino acids like tyrosine, t ryptophan, and phenylalanine have 
been reported to occur in flowers of the broad bean plant [6]. 
JA conjugates with isoleucine, leucine and valine were isolated 
as endogenous compounds from fruits and young leaves of 
Vicia faba L. [7]. The isoleucine derivative of (—)-jasmonic 
acid was also reported in pollen of Pinus mugo [8]. In addi-
tion, conjugates of JA and 9,10-dihydro-JA with amino acids 
could be isolated from Gibberella fujikuroi demonstrating that 
fungi are able to synthesize this type of conjugates too [9,10]. 

The stress-mediated conjugation of (—)-JA with amino 
acids in barley after treatment of leaf segments with several 
osmolytes, such as sorbitol, mannitol or polyethylene glycol 
6000, has been demonstrated [11]. Furthermore, jasmonic acid 
as well as its conjugate with isoleucine were found to be active 
inducers of specific abundant proteins, the so-called jasmo-
nate-inducible proteins (JIPs), in barley leaf tissue [12]. These 
observations raise the question whether the JA conjugate is 
active per se or alternatively needs cleavage of the amide 
structure giving free JA prior to the molecular response. 

But attempts to hydrolyze JA-amino acid conjugates using 
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Abbreviations: JA, jasmonic acid; (—)-JA-(5)-Ile, N-[(—)-jasmonoyl-
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commercially available proteases failed (Knöfel, unpublished 
results). 

However, preliminary experiments with the fungus Botryo-
diplodia theobromae using radioactively labelled jasmonic acid 
isoleucine conjugate showed that this fungus might be able to 
cleave the conjugate (Miersch, unpublished results). Earlier 
investigations of Botryodiplodia theobromae had indicated 
that this fungus produced both (+)-7-iso-jasmonic acid and 
several related structures [13,14], but the occurrence of pep-
tide-like conjugates of JA bound to amino acids in the culture 
medium or the mycelium had never been shown. These under-
lined the hypothesis of the putative existence of an amidohy-
drolytic activity in the fungus, schematically illustrated in 
Fig. 1. 

We now report on the partial purification and character-
ization of an enzyme from the mycelium of Botryodiplodia 
theobromae cleaving JA-amino acid conjugates. 

2. Materials and methods 

2.1. Chemicals and substrates 
The standard substrates were synthesized by first preparing a mixed 

anhydride between racemic JA and isobutyl chloroformate in the 
presence of triethylamine according to [15]. The reaction of this mixed 
anhydride with the respective (S)-amino acid, (Ä)-amino acids, ß-Ala, 
e-amino caproic acid, amines (p-nitroaniline, tyramine) or the peptide 
(5)-Val-(5)-Leu resulted in the formation of jasmonoyl conjugates. 
Mostly, formed diastereomers were separated using column chroma-
tography, and the products were characterized by RP-HPLC [16]. 
Methylesters (-)-JA-(S>IleOMe and (-)-JA-(S)-AlaOMe were pre-
pared from the acids by reaction with ethereal diazomethane for 15 
min. Esters (—)-JA-(S)-TyrOEt and (—)-JA-(S)-IleOBu were prepared 
with ethanol and n-butanol, respectively, using p-toluenesulfonic acid 
as catalyst. Reaction chemicals were from Merck (Darmstadt, Ger-
many) and Sigma (Deisenhofen, Germany). Coronatine and corona-
facic acid (Fig. 2) were a generous gift of Dr. F. Greulich (Friedrich-
Schiller-University Jena, Germany). Malt extract agar was purchased 
from Serva (Heidelberg, Germany). All other chemicals were of ana-
lytical grade. 

2.2. Organism and culture condition 
The fungus Botryodiplodia theobromae strain D 7/2 (1) isolated 

from Cuban oranges was maintained and pre-cultured on malt extract 
agar plates at room temperature in the dark. After 5 days, the myce-
lium was homogenized with distilled water and used for inoculation of 
the main culture. The fungus was grown under surface culture con-
ditions at 25-27°C for 7 days in Phytacon pots (Sigma) containing 100 
ml of the medium described by Miersch et al. [3]. After harvesting, the 
mycelium was lyophilized and stored dry at 4°C. 

2.3. Enzyme assay 
The assay mixture contained 20 nmol (—)-JA-(S)-Ile in the standard 

assay or 20 nmol of another substrate for measuring substrate specif-
icity, 10-100 u.g protein and buffer of the corresponding purification 
step to a total volume of 100 ul. Incubation was carried out at 25°C 
for 30 min. The hydrolysis was stopped with 5 ul of 5 N HC1. After 
extraction with 100 ul CHCI3, free (—)-JA was separated from the 
substrate by chromatography on silica gel plates (Merck), solvent 
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Fig. 1. Scheme of the enzyme reaction of the amidohydrolase 
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system: CHCVEtOAc-HOAc (14:6:1). JA corresponding gel areas 
were scrapped off, substances recovered with CHC13 and methylated 
with ethereal diazomethane for 15 min and evaporated. Quantification 
was done with an enzyme-linked immunosorbent assay using mono-
clonal antibodies against (—)-JA methyl ester [17]. 

In the case of (+)-JA and coronafacic acid (Fig. 2) (corresponding 
to authentic reference compounds) silica plates were detected by anis-
aldehyde reagent [18] and spots estimated semi-quantitatively against 
test spots in the range of 0.1-2 u,g. 

2.4. Enzyme purification 
Buffer systems used were: buffer A (100 mM Tris-HCl, pH 7.4), 

buffer B (20 mM Tris-HCl, pH 8.2), buffer C (20 mM Tris-HCl, pH 
8.2, containing 1 M (NH4)2S04), buffer D (100 mM Tris-HCl, pH 8.2, 
containing 0.5 M NaCl), buffer E (20 mM Tris-HCl, pH 7.4, contain-
ing 0.5 M NaCl). 

Step 1 : Extraction. All operations were carried out at 0^l°C. 
Lyophilized mycelium (50 g) was homogenized with pestle and mortar 
in the presence of dry ice and sea sand and subsequently suspended in 
500 ml buffer A. After stirring for 2 h, the homogenate was pre-
centrifuged for 5 min at 5300 X g and then centrifuged at 50 000 X g 
for 30 min. 

Step 2: Desalting. The supernatant containing the enzyme activity 
was desalted on a Sephadex G 25 column (100x6 cm, flow rate 1 ml/ 
min), in buffer B. 

Step 3: Anion exchange. The protein solution from step 2 was 
applied to a Q-Sepharose Fast Flow column (22x3.4 cm, flow rate 
1 ml/min), which had been equilibrated with buffer B and further 
washed with 500 ml of the same buffer. Elution of bound protein 
was performed with 500 ml of 0.6 M NaCl in buffer B. Active protein 
fractions were concentrated by ultrafiltration using PM10 membranes 
(Amicon). 

Step 4 : Hydrophobie interaction chromatography. The protein sol-
ution resulting from step 3 was adjusted with 2 M ( N H ^ S C ^ in 
buffer B to give a final concentration of 1 M (NH^SC^. This protein 
solution was purified in aliquots on a phenyl-Sepharose column 
( l l x l cm, flow rate 0.5 ml/min), equilibrated with buffer C. After 
washing the gel with 30 ml of buffer C, the enzyme activity was eluted 
using a decreasing linear gradient of buffer C to buffer B within a 
total volume of 50 ml. Step 4 was repeated once with the active 

fractions but with a gradient of 75 ml instead of 50 ml to elute the 
protein. 

Step 5: Gel filtration. The active protein peaks (AH-1, AH-2) de-
rived from step 4 were separately concentrated and adjusted to buffer 
D. Individual samples of protein solutions were applied in separate 
runs on a HiLoad column HR 16/60 prepacked with Superdex 75 prep 
grade (Pharmacia, Uppsala, Sweden), equilibrated with buffer D and 
eluted with the same buffer at a flow rate of 0.5 ml/min. 

Step 6: Con A chromatography. The active protein fractions of 
individual runs resulting f romstep 5 were combined, concentrated, 
adjusted to buffer E, and loaded on a Con A-Sepharose column 
(0.5x7 cm, flow rate 0.4 ml/min). The effluent was free of hydrolase 
activity. Enzyme activity was eluted with 0.5 M methyl-a-D-glucopyr-
anoside or the corresponding mannopyranoside. 

2.5. Determination of molecular mass 
For estimation of the molecular mass, gel filtration was carried out 

on a calibrated HiLoad column HR 16/60 prepacked with Superdex 
200 prep grade (Pharmacia, Uppsala, Sweden) with buffer D at a flow 
rate of 0.5 ml/min. The column was calibrated with the following 
molecular mass standards: chymotrypsinogen (25 kDa), ovalbumin 
(45 kDa), lipoxidase (96 kDa) and aldolase (158 kDa). 

2.6. Analytical methods 
Preparative native gel electrophoresis was performed with a PRO-

TAN electrophoresis unit (BioRad, Munich, Germany) overnight at 
4°C according to a modified method of Laemmli [19] on 10% running 
gel and 6% stacking gel. 

Protein concentrations were determined according to Bradford [20] 
using bovine serum albumin as standard. 

3. Results 

3.1. Enrichment and molecular mass 
A novel amidohydrolase cleaving conjugate of jasmonic 

acid with oc-amino acids has been detected for the first time 
in protein preparations from the fungus Botryodiplodia theo-
bromae. The enzyme was partially purified and characterized. 

Table 1 
Purification procedure for amidohydrolases (AH-1 and AH-2) from Botryodiplodia theobromae 

Purification step 

1. Crude extract 
2. Sephadex G 25 
3. Q-Sepharose 
AH-1 
4. Phenyl-Sepharose 
5. Superdex 75 16/60 
6. Con A-Sepharose 
AH-2 
4. Phenyl-Sepharose 
5. Superdex 75 16/60 
6. Con A-Sepharose 

Protein (mg) 

892 
868 
194.4 

30.5 
6.7 
1.4 

12.6 
2.8 
0.55 

Total 
— 
3715 
2449 

1656 
1196 
647 

262 
170 
92 

Total activity (pkat) Specific activity (pkat/mg) 

4.28 
12.6 

54.3 
178.5 
462.2 

20.8 
60.8 

167 

Purification (fold) 

1 
3 

13 
42 

108 

5 
14 
39 

Recovery (%) 

100 
66 

44.6 
32.2 
17.4 

7 
4.6 
2.5 
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Fig. 2. Substrates other than derived from (—)-JA and their enzymic products. 

Cell free extracts of the fungus were prepared from lyophilized 
mycelium by extraction with buffer A at 0°C and centrifuga-
tion. After desalting on Sephadex G 25 and ion exchange 
chromatography on Q-Sepharose Fast Flow the enzyme con-
taining fractions were combined and applied to phenyl-Seph-
arose. The hydrolyzing activity was eluted over a wide range 
of (NH4)2S04 concentration (0.65-0.21 M). Rechromatog-
rapy on phenyl-Sepharose with a flatter gradient revealed 
two peaks of amidohydrolase activity eluting at 0.53 M 
(AH-1) and 0.25 M (NH4)2S04 (AH-2) (Fig. 3). The steps 
listed in Table 1 have been proved to be suited for the puri-
fication giving a 108-fold enrichment for AH-1 and a 39-fold 
enrichment for AH-2. The native molecular masses of both 
amidohydrolases were estimated by gel filtration on Superdex 
200. For both enzyme activities a molecular mass of about 
107 kDa was calculated. Fig. 4 gives an example for the ami-
dohydrolase AH-1. 

Table 2 
Substrate specifity of amidohydrolase AH-1 shown as specific en-
zyme activity given in pkat/mg protein 
-)-JA-(5)-Phe 
-)-JA-(S)-Ile 
-)-JA-(5)-Val 
-)-JA-(5)-Trp 
-)-JA-(5)-Leu 
-)-JA-(5)-AlaOMe 
-)-JA-Gly 
-)-JA-(5)-IleOMe 
-)-JA-(5)-IleOBu 
-)-JA-(5)-Val-(S)-Leu 
-)-JA-(5)-TyrOEt 
+)-JA-(S>Ilea 

-)-JA-(Ä)-Phe 
-)-JA-(Ä)-Ile 
±)-JA-(S>Pro 
± )- JA-Tyramine 
± )-JA-e-Amino caproic acid 
±)-JA-ß-Ala 
± )-JA-p-Nitranilide 

Coronatine" 

112.1 
86.8 
58.1 
57.2 
49.4 
25.4 
10.0 
6.3 
6.2 
5.2 
5.8 
4.5 
0 
0 
0 
0 
0 
0 
0 
0 

The assay mixture contained 20 nmol substrate and 28 ug AH-1 in a 
total volume of 100 ul of 20 mM Tris-HCl, pH 8.2. Incubation was 
carried out at 25°C for 30 min. (—)-JA was quantified with an en-
zyme-linked immunosorbent assay. 
a(+)-JA and coronafacic acid (cleavage product of coronatine) were 
estimated semi-quantitatively with TLC. 

3.2. Stability 
The partially purified amidohydrolase preparations ob-

tained after chromatography on phenyl-Sepharose were em-
ployed to characterize the enzymes. The enzymes were stable 
at -20°C for at least 8 weeks and at 0^1°C for at least 5 days. 
Even keeping these amidohydrolase preparations at 60°C for 
45 min leads to very little loss of enzyme activity. This result 
was consistent with temperature optima of 50°C for AH-1 and 
60°C for AH-2. 

The enzyme activity was completely inactivated by 1% SDS 
or treatment with 1 M guanidine thiocyanate for 1 h at room 
temperature. In contrast, both enzymes retained their activity 
in the presence of 6 M urea over a period of about 4 weeks at 
4°C. 

3.3. Protein characterization 
Both amidohydrolases proved to be glycoproteins, as 

shown by binding of the respective enzyme activity on Con 
A-Sepharose. Elution of the enzyme was possible with either 
0.5 M methyl-oc-D-glucopyranoside or 0.5 M methyl-a-D-man-
nopyranoside. 

3.4. Electrophoresis 
Amidohydrolases AH-1 and AH-2 obtained after purifica-

tion steps 1-6 were subjected to electrophoresis on a prepara-
tive native 10% polyacrylamide gel. By cutting the gel in strips 
of about 1 cm width and elution of the gel pieces with buffer 
A, the enzyme activities could be localized (Fig. 5). 

3.5. pH and ion requirements 
The influence of the pH on the enzyme activity was exam-

ined for amidohydrolase AH-1. This enzyme is active in the 
range of pH 6.2-10.9, tested in Tris-maleate-NaOH (pH 6.1-
8.6), Tris-HCl (pH 7.8-9.1) and CAPS (pH 9.6-10.9). There 
was no distinct pH maximum. 

The properties of the amidohydrolases were checked in 
terms of sensitivity to various metal ions like Mg2+, Mn2+ , 
Fe2+ , Zn2+, Co2+ , Cu2+ and Hg2+ at a final concentration of 
1 mM and to 1 mM EDTA. The addition of metal ions or 
EDTA immediately to the enzyme did not have any significant 
effect. But a preincubation for 5 h at 4°C of the enzymes AH-
1 and AH-2 with EDTA or metal ions indicated that 1 mM 
EDTA inhibited both activities to about 70%. On the other 
hand, Zn2+ was able to activate AH-2 leading to a 50% higher 
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Fig. 3. Re-chromatography of pooled fractions of amidohydrolase activity on phenyl-Sepharose. The soluble protein extract was already parti-
ally purified using desalting on Sephadex G-25, anion exchange chromatography on Q-Sepharose Fast Flow and hydrophobic interaction chro-
matography on phenyl-Sepharose. For the re-chromatography a flat decreasing linear gradient of 1.0 M (NH4)2S04 in 20 M Tris-HCl, pH 8.2 
to 20 mM Tris-HCl, pH 8.2 without any (NH4)2S04 in a total volume of 75 ml was applied. (NH4)2S04 concentrations of 0.53 M and 0.25 M 
eluted two peaks of amidohydrolase activity (AH-1 and AH-2). 

activity than the control. Cu2+ revealed a strong inhibition 
of AH-1 and AH-2 of 60%, Hg2+ inhibited only AH-2 to 
50%. 

3.6. Substrate specificity 
To test the specificity of the amidohydrolase, various JA-

amino acid and amine conjugates were tested as substrate. 
These experiments were only carried out using AH-1 because 
of insufficient availability of AH-2 (Table 2; Figs. 1 and 2). 
The potential to be a substrate decreases in the order (—)-JA-
(5)-Phe, (-)-JA-(5)-Ile, (-)-JA-(5)-Val, (-)JA-(S)-Trp, ( - ) -
JA-(S)-Leu and (-)-JA-(S)-Val-(S)-Leu. The diastereomer 
(+)-JA-(5)-Ile (Fig. 2) turned out to be a poor substrate. JA 

conjugates with esters of amino acids like ((—)-JA-(5)-
AlaOMe, (-)-JA-(S>IleOMe, (-)-JA-(5)-IleOBu, (-)-JA-
(5)-TyrOMe) were found to be cleaved to a very small extent, 
indicating the necessity of a free carboxyl group. JA conju-
gates with amino acids of the (^-configuration ((—)-3A-(R)-
Ile, (—)-JA-(i?)-Phe) and JA conjugates with proline and non-
protein amino acids as well as with Tyr-NH2 and /7-nitraniline 
were not cleaved at all. The phytotoxin coronatine [21], an 
amide of coronafacic acid (Fig. 2), which is structurally re-
lated to jasmonic acid, and 2-ethyl-l-amino cyclopropane-1-
carboxylic acid (coronamic acid), was not cleaved by the en-
zyme. 

From these experiments, the amidohydrolase seems to be 

100 Ve[ml] 

Fig. 4. Estimation of the molecular mass of the amidohydrolase AH-1 by gel filtration on Superdex 200. Partially purified enzyme was applied 
onto the column. From the elution volume a molecular mass of about 107 kDa was calculated. 
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Fig. 5. Native PAGE on a 10% polyacrylamide gel of pooled frac-
tions AH-1 (lane 1) and AH-2 (lane 2). The enzyme extracts were 
obtained after partial purification by anion exchange chromatogra-
phy, hydrophobic interaction chromatography, gel filtration and af-
finity chromatography. After electrophoresis the gel was cut into 
pieces of 1 cm width. Enzyme activities were localized by extraction 
of the gel segments followed by the enzyme test. 

very specific with regard to the (—)-JA moiety and certain oc-
amino acids with (5)-configuration (Phe, He). 

4. Discussion 

The fungus Botryodiplodia theobromae produces large 
amounts of secondary metabolites, among them (+)-7-iso-jas-
monic acid and several minor jasmonates [13,14]. The obser-
vation that conjugates of jasmonic acid with amino acids 
could not be isolated from this fungus was supported by the 
putative presence of a mycelium-bound conjugate cleaving 
enzyme (Fig. 1). 

Now we have detected a novel amidohydrolase, cleaving 
conjugates of JA with oc-amino acids, in protein preparations 
of the fungus Botryodiplodia theobromae for the first time. 

We achieved a 108-fold enrichment for AH-1 and a 39-fold 
enrichment for AH-2, by 6 purification steps. 

In the purification strategy ammonium sulfate or acetone 
precipitation were not successful to clean up the fungal ex-
tract, because enzyme activity was observed in all fractions 
without any enrichment (data not shown). Chromatography 
on phenyl-Sepharose was proved to be an essential step for 
the enzyme purification resulting in two partially purified 
peaks of amidohydrolase activity (AH-1 and AH-2). Native 
PAGE of protein solutions of AH-1 and AH-2 still reveals 
impurities after the given purification procedure (Fig. 5). But 
the purification by native PAGE did not result in higher spe-
cific activity because of high losses in total enzyme activity. 
The binding on Con A-Sepharose characterized both amido-
hydrolases to be glycoproteins as shown for several amido-
peptidases of animal tissue [22,23]. 

Gel filtration showed both enzymes to have a molecular 

mass of 107 kDa. For the purpose of purification the appli-
cation of Superdex 75 was sufficient, but for the determination 
of the molecular mass it was necessary to use a Superdex 200 
column. 

A remarkable stability of the enzymes AH-1 and AH-2 to 
high temperature and in the face of denaturing agents is in 
accordance with results for an aminopeptidase occurring in 
pig kidney [24] and for a lysosomal prolyl carboxypeptidase 
from beef spleen [25]. 

Results with regard to the influence of EDTA and metal 
ions suggest that the amidohydrolases could be metallo-en-
zymes like a vacuolar aminopeptidase described by Cueva 
[26]. But the sensitivity of the amidohydrolases to Cu2 and 
Hg2 makes a clear classification difficult. The results suggest a 
complex structure of the enzyme. McDonald and Barrett 
[22,23] in their overview give some examples of amidohydro-
lases from animal tissues, which are affected by inhibitors with 
different effects on the enzyme molecule. 

Our present results describe the amidohydrolases AH-1 and 
AH-2 to be very similar to each other. It would be interesting 
to get some data on the substrate specificity of AH-2 and to 
compare them with the data on AH-1. Further experiments 
including isoelectric focussing and a more detailed kinetic 
study are necessary to finally characterize the amidohydro-
lases from Botryodiplodia theobromae and to decide if AH-1 
and AH-2 are real iso-enzymes. 

The presence of a specific jasmonate amide hydrolyzing 
activity in this fungus raises the question of a possible role 
of this enzyme. As Botryodiplodpia theobromae does not pro-
duce in vitro amino acid conjugates, we would assume that 
the fungus may need this enzyme during the attack on the 
host plant for starting or modifying special plant processes, 
e.g. senescence, release of nutrients, beneficial for the fungal 
growth. The principle of jasmonate amidohydrolyzing is also 
realized in other fungi. Protein preparations, made from a 
Cladosporium species which was isolated from senescent 
anthers of Petunia, were also able to cleave jasmonate amides 
(Knöfel and Hertel, preliminary results). 

There is as yet no information on a similar enzyme in 
plants. Our preliminary attempts to show a JA amino acid 
conjugate cleaving enzyme activity in plants using soluble 
protein fractions made from primary leaves of barley and 
maize failed (data not shown). Membrane-bound protein frac-
tions of these plants were not investigated. This result 
strengthens the observation that JA-amino acid conjugates, 
especially (—)-JA-Ile, have biological activity with regard to 
the induction of specific proteins at least in barley [4]. 
Whether or not this fact is realized in other plants as well 
remains an open question. 

Conjugates of plant hormones are discussed to be storage 
forms in processes regulating the active hormone level [4]. In 
the case of auxins, conjugation of indole-3-acetic acid (IAA) 
with amino acids has been shown to give a storage pool for 
IAA [27,28]. An IAA-Ala hydrolase from carrot has been 
partially purified [29] and an Arabidopsis ILR1 gene encodes 
an enzyme cleaving IAA-amino acid conjugates [30]. An IAA-
L-aspartic hydrolase was induced in a bacterial strain and 
partially characterized [31]. The hydrolyzing enzymes are dis-
cussed to be very important in modifying the active auxin 
level in processes of microbe-plant interactions [32]. The en-
zyme activities described in this paper could point to similar 
mechanisms with respect to jasmonic acid. 
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