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Comparative study on the proteolytic activities
and storage globulins in seeds of Theobroma
grandiflorum (Willd ex Spreng) Schum and
Theobroma bicolor Humb Bonpl, in relation to
their potential to generate chocolate-like
aroma
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Abstract: The cocoa relatives T grandifiorum (cupuacu) and T bicolor (macambo) are promising crop
plants for sustainable agroforestry in the Amazon region of South America. The market for cupuacu is
expanding since the fruit flesh is utilised by the foodstuffs industry. Attempts to commercialise chocolate-
like wares from the seeds have failed so far because of unreliable product quality. It is not known whether
this is due to an insufficient aroma potential of cupuacu seeds. We therefore investigated the proteolytic
enzymes and the seed storage globulins which are both decisive for the formation of aroma precursors
in cocoa. We found that the activities of the aspartic endopeptidase and the carboxypeptidase in T
bicolor and T grandiflorum differed slightly from those in cocoa. The specificity of the carboxypeptidase
for hydrophobic amino acids was quite similar across the three species, while the optimal pH of the T
grandiflorum enzyme was lower than that of the other species. The qualitative and quantitative differences
between the globulins indicate a lower maximum yield of aroma precursors in T grandiflorum and a
higher maximum yield of aroma precursors in T bicolor, compared to cocoa. We conclude that the
quality of chocolate-like products made from the studied cocoa relatives can be improved by adapting
fermentation procedures to particular biochemical features of these seeds.
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INTRODUCTION
The close phylogenetic relationship between the
cupuagu tree (Theobroma grandiflorum Willd ex
Spreng, Schum), the macambo-tree (Theobroma bicolor
Humb Bonpl) and the cocoa tree (Theobroma cacao
L) is reflected in their growth habit, in their floral
characteristics and in the morphology of their fruits
and seeds.!"? The close relationship of these species has
been confirmed in terms of the biochemical properties
of their seeds, eg the purine alkaloids, the composition
of lipids and the vicilin class storage proteins.>~7

In tropical South America the cultivation of T
grandiflorum trees is currently expanding for two main

reasons: the plant’s high suitability for sustainable
agroforestry systems and the high market potential of
the aromatic fruit flesh.® The seeds of T grandiflorum
are usually discarded, despite their high fat and
protein content which is comparable to that of cocoa
seeds.® This results in a loss of valuable dietary
resources accounting for 350-450gkg™! of the dry
weight of fruit. Some efforts have been made to
produce types of chocolate wares from T grandiflorum
seeds such as the so-called cupulate.”!® However,
attempts to commercialise those products have not
yet been successful, mostly owing to problems in
obtaining a satisfactory and uniform aroma quality
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in the processed seeds. It is not known whether these
problems are due to a lack of aroma potential of the
primary material or whether the processing procedure
used for cocoa seeds is not suitable for seeds of T
grandiflorum or T bicolor, thus requiring the processing
procedure to be adapted to particular biochemical and
morphological features of the different seeds. In our
studies we addressed these questions by comparative
investigations on those inherent seed factors which
are known to be decisive for the generation of aroma
precursors in the case of cocoa seeds.

It has been shown in recent years that the typical
aroma of cocoa is formed in stages in the course
of fermentation, drying and roasting of the seeds.
During the anaerobic phase of fermentation, yeasts
degrade the sugars of the adhering pulp to ethanol
which is oxidised by bacteria to acetic acid in the
subsequent aerobic phase. The acetic acid passes
through the shell of the cocoa seeds and penetrates the
cotyledon tissue, leading to cell death, disintegration of
cell compartments and formation of cellular aqueous
reaction phases with lowered pH values.!!~1* These
alterations trigger a cascade of proteolytic reactions
which result in the formation of aroma precursors
from the major seed storage proteins which belong to
the vicilin-class globulins.!>1® The reliable formation
of aroma precursors during fermentation depends
on the simultaneous activity of two proteolytic
enzymes, an aspartic endopeptidase (EC 3.4.23)
and a serine-type carboxypeptidase (EC 3.4.16).!7
After fermentation—during drying, roasting and
conching—the mixture of hydrolysates undergoes
Maillard reactions in the presence of reducing sugars.
These Maillard products contribute essentially to the
characteristic aroma of cocoa products.18-2!

It has not yet been established to what extent
the seeds of T grandiflorum (and T bicolor) possess
the fundamental biochemical prerequisites for the
formation of aroma precursors and we therefore
studied the proteolytic activities and the protein
patterns of unfermented ripe seeds of T grandiflorum
in comparison with those of T cacao. Most of the
experiments were carried out in parallel with seeds of
T bicolor, which is considered to be of less economic
relevance but nevertheless is a promising species for
agroforestry systems in the humid tropics of south
America.®

EXPERIMENTAL

Ripe fruits of T grandiflorum and T bicolor were
harvested from primary selected plants grown on an
experimental area of the West Amazonian Agroforestry
Research Centre EMBRAPA near the city Manaus,
Brazil. Cocoa fruits of the forastero type were obtained
from local producers on the outskirts of Manaus.
The fruits were opened and the seeds were separated
from the adhering pulp. After careful removal of
the seed shells the cotyledons were shock frozen in
liquid nitrogen and subsequently freeze-dried. After
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removal of phenolic compounds and fat, the activities
of the respective seed proteases were tested in crude
extracts. The protein patterns of the seeds were
analysed using sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and paying special
attention to the seed globulin fraction.

Chemicals

If not otherwise stated, all chemicals used were
pa (pro analysis) grade. Acetic acid, acetone,
ascorbic acid, bovine serum albumin (fraction V,
for biochemistry), citric acid, Coomassie Blue R-
250 (for electrophoresis), CuSO4-2H,0, glycerol,
glycine, iodoacetic acid, leucine (for biochem-
istry), mercaptoethanol, methanol, Na,B,07-10H,O,
Na,HPO,-2H,0, light petroleum (bpt 40-60°C)
(purest grade), trichloroacetic acid and Triton X-
100 were obtained from Merck, Darmstadt, Germany.
From Fluka, Steinheim, Germany we obtained 2,4,6-
trinitro benzene sulfonic acid (1 M solution in water),
bromophenol blue (Reag Ph Eur), Na,-EDTA-2H,0
(BioChemika Ultra), pepstatin A (BioChemika),
phenylmethylsulfonyl fluoride (BioChemika) and
sodium ascorbate (Biochemika). Sodium dodecyl sul-
fate and Tris-(hydroxymethyl)aminomethane were
obtained from Serva, Heidelberg, Germany, urea
(ultrapure) from Biomol, Hamburg, Germany, and
N-benzyloxycarbonyl-dipeptides from Bachem Bio-
chemica, Heidelberg, Germany.

Removal of phenolic compounds and fat

The fat-free acetone dry powder (acdp) was prepared
according to the procedure described by Kirchhoff
et al.?? In order to prevent interactions between pro-
teins and phenolic compounds the dried material was
homogenised, using a stainless steel ball homogeniser
(Retsch, Haan, Germany) at —5°C, in 700mll~!
aqueous acetone containing 5 mmol1~! ascorbic acid.
The homogenates were cooled to —20°C in order to
ensure the precipitation of proteins. After centrifug-
ing at 15000 x g, the removal of phenolic compounds
was continued by extracting the precipitate once with
800mll~! and twice with 700mll~! ice-cold aque-
ous acetone in the presence of 5mmoll~! ascorbic
acid. Afterwards, the samples were washed twice with
water free, ice-cold acetone and the acetone remain-
ing in the water free precipitates was evaporated under
vacuum at 20°C. The fat of the resultant dry pow-
ders was extracted twice by stirring in light petroleum
(40-60°C) at 20°C. After filtering, the residual sol-
vent was removed under vacuum at 20 °C. The fat-free
acdps were stored at —20 °C.

Extraction of proteases

All extraction steps were undertaken at 2—4°C. The
aspartic endopeptidase was extracted according to
Hansen eral?®> by adding 30ml of 500 mmoll™!
sodium borate buffer (pH 9) to 1g of acdp. After
suspending in a glass tissue grinder (Kimbel/Kontes,
Vineland, NJ), the homogenate was centrifuged for
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20 min at 14 000 x g. Aliquots of the supernatant were
utilised for activity tests (see below).

Serine-type carboxypeptidase was extracted accord-
ing to Bytof eral?* by a phosphate—citrate buffer
of pH 6.8 (20mmoll~! disodium hydrogen phos-
phate and 10 mmoll~! citric acid) containing 1gl™!
Triton-X-100, 20 mg1~! pepstatin-A and 2.5 mmol 1!
iodoacetic acid. Pepstatin-A and iodoacetic acid
were added in order to inhibit protein degrada-
tion through aspartic endopeptidase and peptidases
of the cysteine type. One gram of the acdp was
suspended in 50 ml buffer using a tissue grinder (Kim-
bel/Kontes, Vineland, NJ, USA). The suspension was
pre-incubated for 10 min in an ice bath in order to
allow the inhibitors to interact with the respective pep-
tidases. The homogenate was centrifuged for 40 min at
12000 x g. The serine-type carboxypeptidase activity
was determined in the supernatant.

Protease activity assays

The aspartic endopeptidase was determined as pep-
statin A-sensitive activity. 100 ul of the enzyme extract
was pre-incubated with 100 ul of 200 mgl~! pepstatin
A or water at 35°C for 10 min. The proteolysis was
started by adding 800ul of substrate solution con-
sisting of 6.25mgml~! bovine serum albumin in
Mcllvaine buffer (phosphate citrate buffer) adjusted
to specific pH values between pH 2.8 and pH 8.2.
The pH adjustments of the buffer were made by mix-
ing 200mM disodium hydrogen phosphate solution
with 100 mM citric acid solution in varying volumet-
ric proportions. The effective initial pH values of the
assays were measured at the start of the proteolysis
with a glass electrode (Schott, Hofheim, Germany,
pH Meter CG 825). After incubation at 42 °C for 2 h,
the reaction was stopped by adding 0.2 ml of ice-cold
250g17! trichloroacetic acid (TCA). After centrifug-
ing at 10000 x g, the TCA-soluble products of the
proteolysis were quantified (see below).

The seryl-type carboxypeptidase activity was deter-
mined using different N-masked dipeptides (IN-
benzyloxycarbonyl dipeptides, referred to as Z-
dipeptides below) at a concentration of 2 or 5 mmol1~!
as substrates in the presence (1 mmoll™!) or absence
of phenylmethylsulfonyl fluoride (PMSF), which is a
potent inhibitor of seryl-type peptidases. One hun-
dred microlitre of the enzyme extract was transferred
to 860 ul Mcllvaine buffer of a chosen pH value with
or without PMSF and incubation at 42 °C was started
after the addition of substrate. The initial pH value
of the assay was recorded. Proteolysis was stopped by
adding 0.2 ml ice-cold 250 g1~! TCA.

The proteolytic activities of both the aspartic
endopeptidase and the seryl-type carboxypeptidase
were determined by quantifying the liberated «-amino
groups in the supernatant of the TCA mixture by
the method of Shutov er al?® using tri-nitrobenzene
sulfonic acid (TNBS). The reaction of TNBS with
a-amino groups leading to coloured sulfonamides is
reliable only in the pH range from 8.8 to 9.3. Thus,
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the pH of the reaction mixture was adjusted to pH
9.0 & 0.5 by adding 600 pl of a 40 gl~! sodium borate
buffer (pH between 9.5 and 9.9) to 150 or 200 ul of the
TCA supernatant. The tuning of both the pH of the
borate buffer and the volume of the TCA supernatant
was necessary to compensate for the different proton
concentrations in the proteolysis assays. The colour
reaction was started by adding 100pl of 3gl™!
TNBS solution. The pH of the reaction mixture was
monitored in a parallel assay with a glass electrode
(Schott pH-Meter CG 825). After shaking for 1h at
30°C the reaction was stopped by adding 1.6 ml of
1moll~! HCI and the absorption of the solutions
was measured photometrically at A =340nm. A
calibration curve was constructed using leucine
solutions at concentrations from 0.1 to 5.0 mmoll~!
treated in parallel with the samples. The protein
contents of the acdp and of the respective extracts were
measured photometrically at A = 546 nm after biuret
reaction in 750 mmoll~! NaOH with 20 mmoll~!
CuSOQO, using bovine serum albumin as standard.

Seed protein pattern

The patterns of the entire seed proteins and the
globulin fractions were studied by SDS-PAGE using
BIO-RAD (Munich, Germany) Tris-HCIl gradient
ready gels with a separation range from 10 to
100kDa (100-200gl1~! acrylamide concentration).
The sample buffer contained 8 moll~! urea, 20 gl~!
SDS, 10 mmol1~! Na,-EDTA, 20 mmol I~! Tris-HCI,
200mmoll~! mercaptoethanol, 100mll~! glycerol
and 0.5 gl~! bromophenol blue. A 25 mmoll~! Tris-
HCI solution of pH 6.8 containing 1gl~! SDS
and 0.19moll™! glycine was used as the electrode
buffer. Staining was done using 1gl™! Coomassie
Blue R-250 dissolved in a mixture of water, methanol
and acetic acid in the ratio 5/4/1 (v/v/v). The gels
were analysed densitometrically using a Pharmacia
(Amersham, Bucks, UK) Image Master device.

A solubility fractionation procedure was applied to
purify the globulins. The acdp was extracted three
times with low-salt buffer of pH 7.5 containing
10mmoll~! NaCl, 5mmoll~! sodium ascorbate,
2mmoll~! Na,-EDTA and 50 mmol1~! Tris-HCI in
order to remove the bulk albumins. Subsequently
the precipitate was extracted twice with high-salt
buffer of pH 8.0 containing 500 mmoll~! NaCl and
200 mmol1~! Tris-HCl in an ultrasonic bath (Bandelin
Electronic, Berlin, Germany). The combined high-
salt extracts were dialysed against distilled water in
order to precipitate the globulins. After centrifuging
at 47000 x g, the globulins were suspended in
small volumes of high-salt buffer. Aliquots of the
globulin suspensions containing 2.5 ug of protein were
subjected to SDS-PAGE together with 5 ug per track
of entire seed proteins which had been extracted by
dispersing the acdp protein in SDS-PAGE sample
buffer and heating to 95 °C.

For the interspecific comparison of the enzyme
activities, six replicates of different acdp were
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prepared. After analysis of variance the mean values
were compared by least significant difference (LSD)
test at p < 0.01. The pH dependence of the enzymes
was measured in four replicates at each pH step
deriving from two enzyme extracts from two acdp
preparations.

RESULTS

In addition to a high fat content between 520 and
560mgg~! DW (dry weight), the cotyledons of T
bicolor and T grandiflorum contained considerable
amounts of protein (149 £25mgg~! and 101+
19mgg~! DW respectively) which did not differ
significantly from the fat and protein contents
of T cacao seeds (fat 510mgg~!, protein 121+
18mgg~! DW).

Proteolytic activities
The endoproteolytic activities at pH 3.6 of T bicolor
and T grandiflorum were 177 and 207 nkatal g!
seed protein respectively, which is about half of
the activity observed in T cacao seeds (Table 1).
In all three cases the endoproteolytic activities at
pH 3.6 were completely inhibited by pepstatin A.
Thus, the respective activities can be attributed to
endopeptidases of the aspartic type (EC 3.4.23).
When activity was calculated on the basis of fresh
weight the difference between T grandiflorum and the
other two species was increased owing to the higher
water content (0.39gg™!) in this sample (results
not shown). This is an exceptionally high value in
comparison to the mean of all examined T grandiflorum
samples (0.33 4 0.03 gg™!). The water content of the
cotyledons of the other two species showed little
variation from 0.30gg™!.

Proteolysis conducted at different pH levels revealed
that the aspartic endopeptidase of both T cacao and
T grandiflorum showed very similar patterns of relative

Table 1. Activities of peptidases of seeds of three Theobroma
species at optimum pH (means and SD)

Species
Enzyme activity T T T
(nkatal) bicolor cacao grandiflorum
Aspartic endopeptidase
g~ seed protein 177 292 388 (29 207 (19)2
g~ dry weight 243 (B.42 46.7 (7.8 20.2 (4.08
g~ fresh weight 17.2(4.52 33.4(5.6° 12.4(2.52
Carboxypeptidase
g~ seed protein 37.8(2.6)° 253 (.07 22.5(1.92
g~ dry weight 57(0.4)P 33(1.02 2.1(0.2?
g~ fresh weight 40(0.3P 24072 1.3(0.1)2

Aspartic endopeptidase was determined as pepstatin-A sensitive
activity on bovine serum albumin at pH 3.6.

Carboxypeptidase was measured with Z-phenylalanine-alanine as
substrate at pH 5.6.

Different letters within a row indicate significant differences atp < 0.01
(LSD test, n = 6).
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Figure 1. Comparison of the proteolytic activities of aspartic
endopeptidase in seeds of T cacao and T grandiflorum at various pH
values. Mean, minimum and maximum activities (n = 4) are plotted as
proportions of the highest value of the respective species.
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Figure 2. pH dependence of the aspartic endopeptidase activity of
seeds of T grandiflorum measured as pepstatin-A sensitive
proteolysis of bovine serum albumin. Mean values are connected by a
line, bars represent SD (n = 4).

activity (Fig 1) except for the most acidic measuring
point, where the enzyme of T grandiflorum showed
10% higher activity. A more precise pH curve for
the aspartic endopeptidase of T grandiflorum was
determined by measuring the pepstatin-A sensitive
proteolysis between pH 3.0 and pH 8.7 at closer
pH intervals (Fig 2). To determine the exact position
of optimal activity, a distance weighted least-squares
regression analysis was performed on 56 measuring
points between pH 3.0 and pH 4.5. The resulting
curve explained 96.5% of the observed variation and
indicated a most probable maximum activity of the
aspartic endopeptidase of T grandiflorum as lying
between pH 3.45 and pH 3.55. The lowest activity
was observed at pH 5.7, whilst at higher pH values
there was a slight increase in activity which reached
10% of the measured maximum activity (Fig 2).
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The extraction of carboxypeptidase from the acdp
was most effective when 1gl™! of Triton-X-100 was
added to the extraction buffer, leading to a doubling
of activity yield. At higher concentrations of Triton-
X-100 (at 5, 10 and 20gl™!) this positive effect
progressively faded away.

The activity of the carboxypeptidase at pH 5.6 with
Z-phenylalanine-alanine as substrate was around a
tenth of the respective aspartic endopeptidase activity.
No significant differences could be determined
between T cacao and T grandiflorum, whereas T
bicolor showed significantly higher activity (Table 1).
The effect of 1 mmoll~! PMSF was the same in all
three species producing an inhibition of 70.3 + 7.35%
(results not shown) of the carboxypeptidase activity,
indicating that the activity was due to a serine type
enzyme (EC 3.4.16) in all three species.

The pH dependence of the carboxypeptidase with
Z-phenylalanine-alanine as substrate was quite sim-
ilar in T cacao and T bicolor with an optimum
between pH 5.5 and 6.0, whilst the enzyme of
T grandiflorum reached its maximum activity at a
value of around pH 5.4 (Fig3). Further inves-
tigations on the T grandiflorum carboxypeptidase
revealed that the shape and the maximum value
of the pH curve depended on the carboxytermi-
nal amino acid residue of the Z-dipeptide substrate:
With bulky hydrophobic side chains of the car-
boxyterminal amino acid residues (Z-phenylalanine-
leucine and Z-phenylalanine-phenylalanine), the max-
imum activity was found at pH 5.7. Small nonpo-
lar amino acid residues at the carboxyterminal site
of the Z-dipeptide (Z-phenylalanine-glycine and Z-
phenylalanine-alanine) led to a shift of the optimal
activity to pH 5.4. In the case of the polar car-
boxyterminal amino acid residue in Z-phenylalanine-
glutamate a flat maximum was observed at pH 4.8 but
overall the activities were rather low (Fig 4).
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Figure 3. Comparison of the proteolytic activities of the
carboxypeptidase in seeds of T bicolor, T cacao and T grandiflorum
at various pHs of the incubation buffer using Z-phenylalanine-alanine
as substrate. Mean values are shown as proportions of the maximum
value of the respective species.
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Figure 4. pH dependence of the carboxypeptidase in seeds of T
grandiflorum as influenced by the carboxyterminal amino acid of the
Z-dipeptide substrates (Z-phenylalanine-leucine, Z-phenylalanine-
alanine, Z-phenylalanine-glutamate). Mean values and standard
deviations (n = 4) are shown as proportions of the maximum value
measured with Z-phe-leu. The pH maxima of the particular substrates
are highlighted by filled symbols.

In all three species the turnover number of the
carboxypeptidase at saturated substrate concentra-
tions depended strongly on both amino acid residues
of the Z-dipeptides. With reference to the termi-
nal amino acid, hydrophobic residues (phenylalanine,
leucine and alanine) were preferentially cleaved by the
enzymes of all three species. The carboxypeptidase of
T grandifliorum enzyme showed a clear preference for
phenylalanine among these hydrophobic amino acids,
whereas the enzyme of T bicolor was the least spe-
cific. The respective specificity of the T cacao enzyme
was intermediate, showing a tendency to cleave bulky
hydrophobic amino acids at higher rates. The activities
were very low in all three species if the terminal amino
acid residue was polar as in Z-phenylalanine-glutamate
(Fig 5A).

The activity of the carboxypeptidase depended
strongly on the presence of a hydrophobic amino
acid residue adjacent to the cleaved one. Alanine
adjacent to a terminal phenylalanine led to the highest
activity observed. Bulky amino acid residues were less
effective in that position. With glycine or glutamate
adjacent to the terminal phenylalanine, the activity
of the carboxypeptidase dropped towards the limit of
detection. The influence of the amino acid residue
adjacent to the carboxyterminal was the same in all
three species (Fig 5B).

Protein pattern

The SDS-PAGE patterns of seed proteins of all three
Theobroma species are marked by two predominant
polypeptides occurring in the globulin fraction, and at
least one predominant albumin at around 20KkDa.
Regarding the globulin fraction, a protein in the
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Figure 5. Turnover rates at pH 5.6 of carboxypeptidase of seeds of T
bicolor, T cacao and T grandiflorum using Z-dipeptides as substrates
with varying carboxyterminal amino acids attached to a phenylalanine
(A) and with varying amino acids between a carboxyterminal
phenylalanine and the N-benzyloxycarbonyl residue (B). Mean values
and standard deviations (n = 4) are plotted as proportions of the
maximum value measured with Z-phe-phe (A) and Z-phe-leu (B).

15 kDa range was detected but this was present only
in very small amounts in all three species (Fig 6).

The separation patterns of the globulins of T bicolor
were very similar to those of cocoa. The globulin at
31 kDa shows no difference from the corresponding
globulin of cocoa. At about 46 kDa, a very evident
band appears to correspond to the 47 kDa globulin
of cocoa. T bicolor was distinguished by its very high
content of these two globulins, with each exceeding
the quantity of the corresponding cocoa globulin. The
albumin corresponding to the predominant albumin of
T cacao and T grandiflorum at 20 kDa was less abundant
in T bicolor and had a slightly lower molecular
weight.

The protein patterns of T cacao and T grandiflorum
were less similar with respect to both the separation
properties and the relative quantities of the globulins.
In T grandiflorum only a slight band could be detected
in the range of the 47 kDa globulin, whereas this band
was predominant in the globulin fraction of the other
two species. The light globulin chain, which differed
from the corresponding polypeptide in T cacao by
2 kDa, constituted most of the globulin fraction of T
grandiflorum.

698

\'
total qQ
proteins &

3

2

=

e S
globulins &

3
globulins

s'
total 8
proteins

o
globulins
globulins -

<3

Q

Qo
total S

. =~
proteins
3z
(i;r =

- n © A O ©
ES o S & N R
N -

Figure 6. SDS gradient (100-200 g 1~") polyacrylamide gel
electrophoresis of seed proteins of T bicolor, T cacao and T
grandiflorum. Globulins were obtained by high-salt (0.5 mol =1 NaCl)
and low-salt (0.01 molI=! NaCl) solubility fractionation procedures (for
details refer to ‘experimental’); total proteins were obtained by
dispersing acdp in a sample buffer containing 70 mmol I=* SDS. The
amount of total protein and globulin per track was 5ug and 2.5 ug
respectively. Molecular weights are given in kDa.

The seeds of T bicolor were characterised by their
very high relative content of storage globulins (nearly
500 gkg™! of total protein), while it was evident that
the seeds of T grandiflorum contained more albumins
than globulins. However, densitometric determination
of the protein bands revealed that in all three species,
the quantity of the light globulin chain was around
150 gkg™! of the total seed protein.

DISCUSSION AND CONCLUSIONS

It is known that the reliable generation of the
precursors of chocolate-like aroma depends on the
co-operative activities of the aspartic endopeptidase
and the seryl-type carboxypeptidase, which cleave the
vicilin-class globulins in a specific manner.?® We were
able to show that these basic components are also
present in the seeds of T grandiflorum and T bicolor.
However, there are some distinct features of these two
cocoa relatives which need to be considered in order
to arrive at an adequate fermentation procedure.

Due to the exceptionally high amount of aspartic
endopeptidase in cocoa seeds?” the vicilin class
globulins disappear within the first two or three days of
fermentation.?® Since the activities of the two relatives
were half of that observed in T cacao, the maximum
yield of aroma precursors in fermenting seeds of T
bicolor and T grandiflorum might occur one or two days
later.

F Sci Food Agric 84:693—700 (online: 2004)



Voigt and Biehl?® found that the cotyledon tissue
must be acidified to values between pH 5.0 and
pH 5.5 during fermentation in order to guarantee
satisfactory formation of aroma precursors. These pH
values indicate the range where the pH dependencies
of the aspartic endopeptidase and the seryl-type
carboxypeptidase activities of cocoa overlap.?® In
comparison to cocoa, the pH range for simultaneous
activities of the two enzymes of T grandiflorum is
shifted to slightly lower pH values, due to the
more acidic pH optimum of the carboxypeptidase.
In addition, the aspartic endopeptidase activity of T
grandiflorum was close to its minimum at pH 5.0
whereas, towards a slightly more acidic value of pH
4.5, the activity approached 50% of its maximum.
From these i vitro observations we conclude that,
during the fermentation of seeds of T grandiflorum, the
pH in the cotyledons needs to be lowered from initial
values of about pH 6.0 (data not shown) to a range
between pH 5.0 and 4.5 in order to trigger sufficient
activity of both enzymes.

However, when Bytof er al“* used globulin derived
peptides instead of Z-dipeptides as substrates for cocoa
carboxypeptidase, the pH optimum of this enzyme was
found at slightly higher pH values. We also observed
an evident influence of the substrate on the pH
dependence of the T grandiflorum carboxypeptidase.
Thus, the effective optimum pH for the generation
of aroma precursors should be the subject of further
studies using globulin derived peptides as substrate.

The proteolysis of cocoa globulins during fer-
mentation produces a mixture of hydrophilic oligo-
peptides and hydrophobic amino-acids,2%29:30-32
which undergo Maillard reactions during roasting,
thus providing the characteristic aroma constituents
of cocoa products.?®2! Voigt er al?>> showed that the
yield of aroma precursors depends strongly on the
specificity of the endopeptidase to hydrolyse the cocoa
globulins at hydrophobic amino acid residues. But
if the globulins are cleaved under conditions where
only aspartic endopeptidase is active, the resulting
hydrophobic peptides are not capable of develop-
ing a chocolate-like aroma.?® The aroma emerges
only if the carboxy-terminal hydrophobic amino acid
residues of these peptides are hydrolysed.?® Thus, the
carboxypeptidase’s specificity to cleave hydrophobic
amino acids is crucial for the generation of aroma
precursors.?* This enzyme specificity, being a premise
for the potential to form a chocolate-like aroma, was
detected in both T bicolor and T grandiflorum seeds.

The pattern of proteins obtained from cocoa
cotyledons was similar to that described in the
literature!®3* except for the 14.5-kDa globulin, which
we found only in very low relative concentrations. The
observed similarity of the globulin pattern between
the studied relatives can be explained by the sequence
homology of the vicilin genes within the genus
Theobroma which amounts to 99%.7 However, the
quantity of the respective peptides varied markedly
among the studied species. Thus, it is expected

124

F Sci Food Agric 84:693—700 (online: 2004)

Proteolytic activity and seed storage globulins of Theobroma spp

that under optimised fermentation conditions, T
grandiflorum possesses the potential to generate about
half the amount of aroma precursors that are present in
properly fermented seeds of T cacao. From this point
of view T bicolor can be considered to have a higher
potential to generate a chocolate-like aroma.

In general, the results demonstrate that 7T grandifio-
rum and T bicolor meet the biochemical requirements
to generate a chocolate-like aroma. Fermentation
technologies could be adapted to the proteolytic char-
acteristics of T grandiflorum by setting a slightly lower
pH value than that in cocoa fermentation. In a first
trial we put this insight into practice on a small scale
(batches of 20 kg of fresh seeds) by starting the fermen-
tation in polypropylene woven bags (70cm x 100mm)
which are commonly used by farmers for the transport
of bulk goods. This treatment caused an exhaustive
anaerobic initial phase of fermentation which was
maintained for 3 days at an ambient temperature of
about 25°C. During this time the mass reached a
maximum temperature of 39 °C. Afterwards the aer-
obic fermentation phase was initiated by transferring
the seeds to a wooden box where they were mixed
once a day. During the 3 days of aerobic fermentation
the temperature of the mass rose to 42 °C.

This procedure of the ‘sack fermentation’ appears to
be promising as it allows for two mechanisms leading
to lowered pH values: higher yields of ethanol as a
basis for the formation of sufficient acetic acid and a
prolonged time span for the diffusion of acetic acid into
the cotyledons. Prolongation of the fermentation could
additionally compensate for the lower activity of the
endopeptidase of T grandiflorum in comparison to that
of cocoa seeds. In addition, the use of polypropylene
woven bags prevented humidity loss from the residual
pulp adhering to the seeds after the fruit flesh had
been mechanically removed for its commercialisation.
The exhaustive and prolonged anaerobic initial phase
during fermentation of T grandiflorum seeds led to
palatable chocolate aroma after roasting.
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