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Purification, characterization and structural analysis of an abundant
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An abundant, catalytically active B-1,3-endoglucanase (EC 3.2.1.39) has been isolated from the pulp of
ripe bananas. Biochemical analysis of the purified protein, molecular modelling, and molecular cloning of
the corresponding gene indicate that this banana enzyme closely resembles previously characterized plant
B-glucanases with respect to its amino-acid sequence, structure and biological activity. The results
described in this paper demonstrate both the occurrence of an abundant active 3-1,3-endoglucanases in fruits and
also readdress the question of the possible involvement of these enzymes in the ripening and/or softening process.
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Plant (-1,3-endoglucanases (EC 3.2.1.39) are a ubiquitous
family of evolutionarily related proteins that are able to
catalyze the endo-type hydrolytic cleavage of 3-1,3-p-gluco-
sidic linkages in [3-1,3-glucans [1]. At present, it is generally
believed that (3-1,3-endoglucanases fulfill different biological
functions. Based on the spatial and temporal regulation of their
expression, the role of -glucanases has been associated with
plant reproductive biology and pathogenesis-related defense.
Although the major interest in 3-glucanases is still focussed on
their presumed role in defense mechanisms against fungal
attack and the possible exploitation of these properties in plant
protection, increasing efforts are being undertaken to unravel
nondefense-associated roles in uninfected or uninduced plants.
Strong evidence has already been obtained that (3-glucanases
are involved in diverse processes like cell division, pollen
development and germination, fertilization and embryogenesis,
seed germination, mobilization of storage polysaccharides in
the endosperm of cereal grains, bud dormancy, response to
wounding and abiotic stress [1]. In addition, it has also been
proposed that -glucanases play a role in fruit ripening [2].
Although there is convincing evidence that B-1,4-glucanases
(EC 3.2.1.4; cellulases) are highly expressed in fruits, such as
strawberry (Fragraria X ananassa) [3,4] and peach (Prunus
persica) [5], and play an important role in fruit softening, the
possible involvement of (3-1,3-glucanases in fruit ripening is
still unclear. Moreover, no clear evidence has yet been
presented that catalytically active 3-1,3-glucanases accumulate
in fruits. In this report, we describe the isolation and cloning of
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a catalytically active 3-1,3-endoglucanase from the pulp of ripe
bananas. Our results demonstrate the occurrence of an abundant
active P-1,3-endoglucanase in fruits and also readdress the
question of the possible involvement of these enzymes in the
ripening and/or softening processes.

MATERIALS AND METHODS

Plant material

Ripe bananas (Musa acuminata ‘Cavendish’ cv. Grand nain)
were purchased from a local store.

Extraction and purification of banana fruit pulp B-glucanase

Peeled bananas (5 kg) were immersed in a solution of 50 mm
acetic acid, incubated overnight at 2 °C and gently homo-
genized with a mixer in the same solution. The total
extraction volume amounted to 4 L per kg fruit. After
manual removal of the foam, the extract was poured through
cheesecloth, adjusted to pH 3.0 with 1 M acetic acid and
centrifuged at 9000 g for 15 min. The supernatant was
filtered through filter paper (Whatmann 3MM) and loaded
onto a column (5 x 10 cm; 100-mL bed volume) of S Fast
Flow (a strong cation exchanger from Pharmacia) equilibrated
with 20 mMm acetic acid. After loading the extract, the column
was washed with formate buffer (20 mM sodium formate,
pH 3.8) until the A,go fell below 0.01. Bound proteins were
eluted with 200 mL of 1 M NaCl in formate buffer and passed
through a column (2.6 x 10 cm; 50-mL bed volume) of
mannose—Sepharose 4B (using formate buffer containing
0.1 m NaCl as running buffer) to remove the banana fruit
lectin. The pass-through fraction and first 50 mL of the wash
fraction of the affinity chromatography step were pooled,
dialyzed against formate buffer and applied onto a column
(2.6 x 15 cm; 75-mL bed volume) of S Fast Flow equilibrated
with formate buffer. Elution of the proteins with a linear
gradient of increasing NaCl concentration (500 mL, 0.0-0.5 m)
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in formate buffer yielded two major peaks. Enzymatic assays
indicated that all B-glucanase activity eluted in the first peak
(around 0.15 M NaCl), which yielded almost exclusively a
single polypeptide band of about 30 kDa upon SDS/PAGE.
Peak fractions were pooled, diluted with 4 vol. of formate
buffer and rechromatographed on the same column. Proteins
were eluted with a linear gradient of increasing NaCl
concentration (500 mL, 0.0-0.25 M) in formate buffer.
Fractions containing [(3-glucanase activity were pooled,
diluted with 4 vol. of formate buffer and applied onto a
small column (1.6 x 5 cm; 10-mL bed volume) of S Fast Flow.
Proteins were desorbed in a single step with 10 mL of 0.5 m
NaCl in 0.1 m phosphate buffer (pH 7.5), applied onto a
column (70 x 2.6 cm; 350-mL bed volume) of Sephacryl 100
and chromatographed using 0.2 M NaCl in phosphate buffer as
running buffer. Virtually all the protein eluted in a single
symmetrical peak, which contained all the [(-glucanase
activity and yielded a single polypeptide of about 30 kDa
upon SDS/PAGE. Peak fractions were pooled and used as a
source of banana 3-glucanase. The total yield was about 40 mg
pure B-glucanase with an overall recovery of about 70% of the
original enzymatic activity.

Analytical methods

Purified proteins were analyzed by SDS/PAGE using 12.5-25%
(w/v) acrylamide gradient gels as described by Laemmli [6].
For N-terminal amino-acid sequencing the proteins were
separated by SDS/PAGE and electroblotted on a poly(vinyli-
dene difluoride) membrane. Polypeptides were excised from
the blots and sequenced on an Applied Biosystems model 477A
protein sequencer interfaced with an Applied Biosystems
model 120 A on-line analyzer.

Total neutral sugar was determined by the phenol/H,SO4
method [7], with D-glucose as standard.

Sequencing of cDNA clones

The cDNA clone pBAN 1-3 encoding the banana glucanase was
isolated from a banana pulp cDNA library by differential
screening [8]. The complete sequence of the cDNA clone was
determined on an ABI 373A sequencer (Applied Biosystems)
and the open reading frame translated. The deduced amino-acid
sequence was analyzed using programs from PC Gene
(Intelligenetics, Mountain View, CA, USA) and Genepro
(Riverside Scientific, Seattle, USA).

Glucanase assay

The B-glucanase activity of the banana extracts and purified
enzyme was assayed with an azurine-crosslinked (3-1,3-glucan
substrate (AZCL-Pachyman tablets from Megazyme, Wicklow,
Ireland). To 1-mL aliquots of diluted extracts or purified
enzyme solutions prepared in 0.2 M sodium acetate buffer
(pH 4.5), an AZCL-Pachyman tablet was added and the
mixture incubated for 10 min at 30 °C. The reaction was
stopped by the addition of 10 mL of 1% Tris with vigorous
stirring. The slurry was left at room temperature for about
5 min, stirred again and filtered through filter paper. Aliquots
of the filtrate were transferred to a cuvette and the absorbance
measured at 590 nm against a substrate blank.

The B-glucanase was also tested with azurine-crosslinked
barley 3-1,3:1,4-glucan substrate as well as azurine-crosslinked
cellulose (AZCL-barley-B-glucan tablets and AZCL-hydro-
xyethyl(HE)-cellulose tablets, respectively, from Megazyme,
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Wicklow, Ireland). The assay was performed as described by
the manufacturer, except that the incubation was performed for
several hours in order to make sure that the test was negative.

To check the presence of an endogenous substrate the
purified glucanase was assayed with a crude polysaccharide
fraction from bananas. One milliliter of purified enzyme
(1 mg~mL7') was mixed with 5 mL of a suspension of the
crude polysaccharide fraction. The mixtures were incubated at
30 °C. Samples (0.5 mL) were taken at regular intervals for
activity measurements. To measure the activity, the release of
ethanol soluble sugars was estimated. Two volumes of ethanol
were added to the samples. After standing for 1 h on ice, the
precipitate was removed by centrifugation. Aliquots of 0.1 mL
of the supernatant were diluted with 0.3 vol. of distilled water
and used for the determination of sugars following the phenol/
H,S0, acid method [7]. A blank without enzyme was included
to check the possible presence of any remaining active
glycosidase.

Preparation of a crude polysaccharide fraction from bananas

Five grams of pulp tissue from unripe (i.e. completely green
collected 3 months post-anthesis) and ripe (i.e. yellow and soft)
bananas were homogenized with mortar and pestle in 50 mL of
a 0.1% solution (w/v) of ascorbic acid. Starch granules were
allowed to settle and the supernatant transferred to a dialysis
bag. Low molecular mass compounds were removed by dialysis
against distilled water for 24 h at 2 °C. To inactivate the
enzymes present in the crude extract, the dialyzed fraction was
adjusted to 50 mm NaOH and incubated for 30 min at room
temperature. After this step, the dialysate was adjusted to
pH 4.5 with acetic acid and brought to 0.2 M NaCl (using solid
salt).

Antifungal activity

In the wells of a 96-well microplate, 20 pL samples of a
twofold dilution series of the test protein were mixed with
80 L of potato dextrose broth (12 g-L_l; Difco, Detroit, USA)
containing 2 X 10* fungal sporessmL ', with or without
addition of extra salts (1 mm CaCl, and 50 mm KCI final
concentration). Neurospora crassa strain FGSC 2489 and
Fusarium culmorum strain IMI 180420 were used as test
fungi. The plate was incubated at 25 °C in the dark and fungal
growth was monitored by microspectrometry after 48 h. The
ICsy value (i.e. the concentration of the anti-fungal protein
required to inhibit 50% of the fungal growth) was calculated as
described by Cammue et al. [9].

Molecular modelling

The amino-acid sequence alignments were carried out on a
Macintosh 5400/180 using the program seQvu (J. Gardner, The
Garvan Institute of Medical Research, Sydney, Australia).
Multiple amino-acid sequence alignments based on CLUSTAL W
[10] were carried out using SEQPUP (D. G. Gilbert, Biology
Department, Indiana University, Bloomington, IN, USA) and
modified manually according to the hydrophobic cluster
analysis (HCA) data. The HCA [11,12] was performed to
delineate the structurally conserved regions along the amino-
acid sequences of the banana -glucanase using barley 3-1,3-
glucanase as a model. HCA plots were generated using the
program HCAPLOT2 (Doriane, Paris, France). Homology
modelling of the banana (-glucanase was carried out on a
Silicon Graphics O2 R10000 workstation, using the programs
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INSIGHT 1I, HOMOLOGY and DISCOVER (Molecular Simulations,
San Diego, CA, USA). The atomic coordinates of barley
-1,3-glucanase (accession number 1GHS) were taken from the
RCSB Protein Data Bank [13] and used to build the 3D model
of the banana (-glucanase. Steric conflicts resulting from
the replacement or the deletion of some residues in the
banana {3-glucanase were corrected during the model-building
procedure using the rotamer library [14] and the search
algorithm implemented in the HOMOLOGY program [15] to
maintain proper side-chain orientation. Energy minimization
and relaxation of the loop regions was carried out by several
cycles of steepest descent and conjugate gradient using the cvff
forcefield of DISCOVER. PROCHECK [16] was used to check the
stereochemical assessment of the 3D model. The program
TURBOFRODO (Bio-Graphics, Marseille, France) was run on the
Indy R4600 workstation to draw the Ramachandran plots and
perform the superimposition of the models. Cartoons were
rendered using MOLSCRIPT [17]. The molecular surfaces and
electrostatic potentials were calculated and displayed with
GRASP [18]. The solvent probe radius used for molecular
surfaces was 1.4 A and a standard 2.0 A-Stern layer was used
to exclude ions from the molecular surface [19]. The inner and
outer dielectric constants applied to the protein and the solvent
were fixed at 4.0 and 80.0, respectively, and the salt
concentration was set to 0.145 M NaCl. No even distribution
of the net negative charge of the carboxylic group of negatively
charged residues was performed between their two oxygen
atoms prior to the calculations.

RESULTS

Purification and partial characterization of the B-glucanase
from banana fruit

Pulp of ripe bananas contains relatively large quantities of
B-glucanase, which (because of the presence of only a few
fruit proteins) can readily be isolated. Using the isolation
procedure described in the Materials and methods, the
overall yield of B-glucanase amounted to about 10 mg-kg .

The molecular structure of the B-glucanases was determined
by gel filtration and SDS/PAGE. Gel electrophoresis of both the
reduced and unreduced banana (-glucanase yielded a single
polypeptide band of 30 kDa (Fig. 1) and eluted with an
apparent molecular mass of about 30 kDa upon gel filtration
suggesting that the native protein occurs as a monomer. No
covalently bound carbohydrate could be detected on the
purified B-glucanase indicating that the polypeptide is not
glycosylated. N-terminal sequencing of the banana polypeptide
yielded the single sequence IGVCYGMLGNNLPPPSEVVS,
which clearly shows sequence similarity to previously
described plant 3-glucanases. The identity of the presumed
B-glucanase was confirmed by its enzymatic activity (see
below).

The unreduced protein yielded besides the major 30-kDa
polyeptide also a faint band of 60 kDa upon SDS/PAGE
(Fig. 1, lane b). N-terminal sequencing yielded the same
sequence as the 30-kDa polypeptide indicating that the 60-kDa
band corresponds to a dimeric form of the [-glucanase
polypeptide.

Molecular cloning of the banana B-glucanase

A study of differential gene expression during banana fruit
ripening previously revealed cDNA clones with sequence
similarity to soybean [3-1,3-glucanase [8]. The sequence of
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this cDNA clone pBAN 1-3 was completed and the translated
sequence analyzed. Analysis of the open reading frame
revealed a precursor sequence of 348 amino acids with one
putative initiation codon at position 9 of the deduced amino-
acid sequence. Translation starting with this methionine residue
results in a protein of 340 amino acids with a calculated
molecular mass of 36 320 Da (Fig. 2). A comparison of the
deduced amino-acid sequence of pPBAN 1-3 and the N-terminal
sequence of the purified banana glucanase demonstrates a
perfect match between residues 129—S48 of the cDNA and the
N-terminus of the mature enzyme. Cleavage of a signal peptide
between amino acids 28 and 29 of the deduced amino-acid
sequence is in accordance with the rules of von Heijne [20] and
yields a protein of 33 451 Da with a calculated isoelectric point
of 7.15.

A search in the database revealed that the banana -1,3-
glucan endohydrolase is closely related to other B-glucanases
from higher plants (Fig. 2).

Biological activity of B-glucanase from banana

The enzymatic activity of the presumed banana -glucanase
was checked by measuring the release of water soluble
fragments from an azurine-crosslinked (3-1,3-glucan substrate
(AZCL-Pachyman). Using AZCL-Pachyman as a substrate the
enzyme had a pH optimum around 4.5 and was heat-stable up
to 70 °C (Fig. 3). To check the substrate specificity of the
banana B-glucanase, its catalytic activity was compared with
AZCL-Pachyman, an azurine-crosslinked barley (-1,3:1,4-
glucan substrate (AZCL-barley-3-glucan) and a 31,4 glucan
substrate (AZCL-HE-cellulose). The banana enzyme was about
100-fold less active with AZCL-barley-B-glucan than with
AZCL-Pachyman. No activity could be detected with AZCL-
HE-cellulose. As the activity with AZCL-barley-3-glucan was
clearly detectable, and in addition was pH-dependent (with
an optimum near pH 4.5), there is no doubt that the
banana (-glucanase can use barley (-1,3:1,4-glucan as a
substrate. These results are a little puzzling because other plant
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Fig. 1. SDS/PAGE of purified banana 3-glucanase. Lanes a and b were
loaded with 25 pg reduced [with 1.25% (v/v) 2-mercaptoethanol] and
unreduced B-glucanase, respectively. Molecular mass reference proteins
(lane R) were lysozyme (14 kDa), soybean trypsin inhibitor (20 kDa),
carbonic anhydrase (30 kDa), ovalbumin (43 kDa), bovine serum albumin
(67 kDa) and phosphorylase b (94 kDa).
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Fig. 2. Sequence comparison of the deduced amino-acid sequence of pBAN 1-3 from banana (Mac, this work) and sequences encoding -glucanases
from Hordeum vulgare (Hvu, Swiss-Prot code P15737), Arabidopsis thaliana (Ath, Swiss-Prot code P33157), Brassica campestris (Bca, Swiss-Prot code
P49236), Gossypium hirsutum (Ghi, TTEMBL code P93153), Nicotiana tabacum (Nta, Swiss-Prot code P15797), Pisum sativum (Psa, Swiss-Prot code
QO03467) and Prunus persicae (Ppe, Swiss-Prot code P52408). Identical residues are boxed. Dashes correspond to gaps introduced to maximize the

homology.
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Fig. 3. pH-dependence (A) and thermal stability (B) of the banana
B-1,3-endoglucanase. (A) The activity of the enzyme (50 wg-mL ™'
final concentration) was tested (using AZCL-Pachyman tablets as a
substrate) at different pH values as indicated. Buffers used were sodium
acetate in the pH range between 3 and 6, and sodium phosphate in the
pH range between 5 and 8. For each pH condition, a substrate blank
was included. (B) Aliquots of the enzyme solution (50 wg-mL ™" final
concentration in 0.2 M sodium acetate buffer pH 4.5) were heated for
10 min at the temperatures indicated, quenched cold in ice, and assayed
as in (A). Activity is expressed as increase in the absorbance at
590 nm.
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B-1,3-glucanases cannot use barley [-1,3:1,4-glucan as a
substrate (due to the presumed absence of contiguous B-1,3
links, which are normally required for the activity of plant
B-1,3-glucanases). Several explanations can be given for the
observed activity of the banana enzyme on barley (-1,3:1,4-
glucan. First, there may be some contiguous 1,3 links in the
AZCL-barley 3-glucan used in the experiments, and the banana
enzyme has the same substrate specificity as other plant 3-1,3
glucanases. Secondly, the banana enzyme may be able, albeit at
a low rate, to hydrolyze single [-1,3-links, which are
present in AZCL-barley B-glucan. Third, the preparation of
the banana [-1,3-glucanase may be contaminated with low
levels of a B-1,3:1,4-glucanase.

To check the presence of an endogenous substrate for the
glucanase the purified enzyme was added to crude poly-
saccharide fractions prepared from unripe and ripe bananas.
When a polysaccharide fraction from unripe bananas was used
as a substrate the purified enzyme generated ethanol-soluble
sugars in a time-dependent manner. After incubation for 6 h,
approximately 2 g of sugars soluble in 66% ethanol was
generated per g enzyme. No free sugars were formed in the
absence of the purified enzyme (demonstrating that the
polysaccharide fraction was devoid of glycosidase activity).
When a similarly prepared polysaccharide fraction from ripe
banana was used as a substrate, no activity could be detected
with the purified enzyme. These results indicate that unripe
bananas contain a substrate for the 3-glucanase that apparently
disappears during the ripening process.

As several (-glucanases have been shown to exhibit anti-
fungal activity in vitro, the possible growth inhibitory effect of
the banana B-glucanase was tested on Neurospora crassa and
Fusarium culmorum. No anti-fungal activity could be observed
for these two fungi even when the concentration of the banana
B-glucanase was increased up to 0.5 mg-mL~".

Molecular modelling of the B-glucanase sequence from
banana

Despite a few insertions or deletions, the HCA plots of the
barley and banana [(-1,3-glucan endohydrolases are very
similar (results not shown) suggesting a common 3D fold for
both proteins. The 3D model built for the banana (3-1,3-glucan
endohydolase resembles that of the barley [B-glucanase. It

Fig. 4. 3D model of banana 3-1,3-glucan
endohydrolase. (A) Schematic representation of
the 3D model of banana B-1,3-glucan
endohydrolase built from the X-ray coordinates
of barley (3-1,3-glucan endohydrolase. The
strands of B-sheet (indicated by gray arrows)
form an inner crown surrounded by an outer
crown of a-helices to create the ($/o)g
TIM-barrel. Arrows indicate the orientation of
the catalytic groove located at the surface of the
(B/a)g TIM-barrel. (B) Localization of the three
conserved glutamate residues Glu94, Glu236 and
Glu294 protruding into the catalytic groove
located at the surface of the (B/a)g TIM-barrel.
Figures were generated with MOLSCRIPT [17].
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Fig. 5. Molecular surface of the modelled banana (-1,3-glucan
endohydrolase showing the surface area occupied by apolar residues
in black. The location of glutamate residues Glu94, Glu236 and Glu294
protruding on the edges of the catalytic groove of the (B/a)g TIM-barrel
corresponds to the open circle. The model is similarly oriented as in Fig. 4A
and arrows indicate the orientation of the catalytic groove. All the
calculations and displays were performed with Grasp [18]. The orientation
expected for the reducing (RE) and non reducing end (NRE) of the substrate
into the groove is indicated by the arrow.

consists of a typical (B/a)g TIM-barrel motif corresponding to a
central crown made of eight strands of (3-sheet connected by
more or less extended loops to eight surrounding o-helices
which form an external crown (Fig. 4A). An extended loop
located at the C-terminal part of the polypeptide chain
protrudes out of the external crown of a-helices.

The substrate-binding site corresponds to a catalytic
groove of approximately 35 A long that occupies the center
of the inner crown of [3-sheet and lies between the a-helices a2
and a3b at the N-terminus of the polypeptide chain and
between the a-helices a5 and a6 at the C-terminus of the chain.
As in barley B-1,3:1,4-glucan endohydolase [21], one side
(helices a2 and a6) of the catalytic groove is covered with
apolar residues whereas the other side (helices a3b and a5),
containing the glutamate residues forming the active site,
contains predominantly polar residues (Fig. 5). Banana $3-1,3-
glucan endohydolase belongs to family 17 following the
classification of glucosyl hydrolases [22,23] and to the
superfamily of enzymes with eightfold B/a architecture [24].
The active site of these enzymes consists of two glutamate
residues acting as proton donor and nucleophile residues,
respectively, to cleave (3-linked substrates at equatorial bonds
yielding products that retain the [3-anomeric configuration.
According to Jenkins et al. [24] and Henrissat et al. [25], the
proton donor residue occurs just after the C-terminal end of
strand 34 whereas the nucleophile residue is located on a bulge
in strand B7. These glutamate residues correspond to Glu94
(proton donor residue) and Glu236 (nucleophile residue) of
banana f-1,3-glucan endohydolase (Fig. 4B). However, there
is some uncertainty concerning the exact location of the
proton donor residue in B-glucanases and Glu294 (homo-
logous to Glu288 of barley 3-glucanase) of banana (3-glucanase
could also fulfill this function as proposed for barley (3-1,3:1,4-
glucan endohydolase (EC 3.2.1.73) [21].
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DISCUSSION

The pulp of ripe bananas contains an abundant (3-glucanase,
that can easily be purified in reasonable quantities. Analysis of
the purified protein and molecular cloning of the corresponding
gene indicate that the banana B-glucanase closely resembles
other plant B-glucanases with respect to its molecular structure
and amino-acid sequence. The banana enzyme readily
hydrolyzes {-1,3-glucans but has a low activity towards
B-1,3:1,4-glucans, suggesting that it is a typical -1,3-glucan
endohydrolase. Like many other plant B-glucanases, the banana
enzyme is most active at low pH with an optimum around
pH 4.5. The banana 3-glucanase also withstands heating up to
70 °C without any loss of activity, which demonstrates that it is
a reasonably heat-stable protein.

Molecular modelling indicates that the banana (3-1,3-glucan
endohydrolase exhibits a 3D fold very similar to that found in
B-glucanases belonging to family 17 of glycosyl hydrolases
[22,23] and a superfamily of other structurally related
glycosidases [24]. This 3D fold displays a (/a)g TIM-barrel
architecture made of an inner crown of [3-sheet surrounded by
an outer crown of o-helices. The active site of the enzyme
consists of a catalytic groove that occupies the center of the
(B/a)g barrel and appears as a narrow channel running
horizontally along the surface of the flattened barrel.

Three glutamate residues protruding from the surface of the
catalytic groove of banana [3-1,3-glucan endohydrolase, i.e.
Glu94, Glu236 and Glu294 (homologous to Glu94, Glu231 and
Glu288 of barley -1,3-glucan endohydrolase) are most likely
to be involved in the retention mechanism of substrate
hydrolysis displayed by this enzyme. These three residues
form an electro-negative area in the central part of the catalytic
groove (Fig. 5). However, the exact location of the two
glutamates acting as proton donor residue and nucleophile
residue, respectively, is still unclear. As highlighted by Jenkins
et al. [24], the distances separating Oe atoms of Glu94—Glu231
of barley B-1,3-glucan endohydrolase and Glu93-Glu232 of
barley B-1,3:1,4-glucan endohydolase are close to 5.0 A; this
agrees with the role of Glu94/93 as a proton donor in a
retention mechanism of substrate hydrolysis [26]. Con-
versely, the distances > 8.0 A [13] measured between Osg2
atoms of Glu231-Glu288 and Glu232-Glu288 in both barley
B-glucanases are more consistent with an inversion mechanism
of substrate hydrolysis similar to that occurring in inverting
enzymes like 3-amylases [26]. Accordingly, Glu94 and Glu236
could represent the proton donor and nucleophile residues,
respectively, of c'banana B-1,3-glucan endohydrolase, as a
distance of 5.59 A was measured between Oe2 atoms of both
residues. The distance of 9.93 A occurring between Og2 atoms
of Glu236 and Glu294 seems too high to assign Glu294 as the
proton donor residue. However, site-directed mutagenesis
experiments [27] and molecular dynamics simulations using a
model 3-glucan as substrate [21] suggest that Glu288 of barley
B-1,3:1,4-glucan endohydrolase corresponds to the proton
donor residue. Consistent with this, no hydrogen bond occurs
between the carboxylate group of Glu288 and any other atom of
the protein whereas Glu94 is hydrogen bonded to other residues
[13]. A similar situation was observed in banana [3-1,3-glucan
endohydrolase, where Glu294 (homologous to Glu288 of barley
glucanase) is not hydrogen bonded to other residues whereas
Glu94 (homologous to Glu94 of barley glucanase) makes a
weak hydrogen bond with Asnl172.

Our results demonstrate the presence of high concentrations
of enzymatically active (3-1,3-endoglucanase in a typical fruit
tissue. The high concentration of a typical -1,3-endoglucanase
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in ripe banana fruits raises the question of the physiological role
of this protein. As it is questionable whether the banana enzyme
has anti-fungal activity in vitro and, in addition, the pulp tissue
is well protected from invading fungi by the peel, a role in
defence is rather unlikely. It is tempting to speculate, therefore,
that the banana [3-1,3-endoglucanase contributes to the
degradation of some yet unidentified cell-wall glucans and
the subsequent pulp softening. This hypothesis is supported
by the fact that unripe bananas contain a substrate for the
B-glucanase that apparently disappears during the ripening
process. In addition, the observation that the pulp of ripe
plantains, which contain about 10 times less [3-1,3-endo-
glucanase than the pulp of bananas remains much firmer during
the ripening process is also consistent with this hypothesis
(W. J. Peumans, unpublished results).

The identification of an abundant catalytically active 3-1,3-
endoglucanase in bananas is also important from a practical
point of view. It is now possible to isolate by relatively simple
methods large quantities of highly purified 3-1,3-endo-
glucanase from a cheap commercial source. Such preparations
will be useful for further studies of the catalytic properties of
the enzyme and for practical applications in research,
development and food industries.

Although the banana -glucanase is the first abundant fruit
specific glucanohydrolase of family 17 to be identified, it is
certainly not the first example of an abundant fruit associated
pathogenesis-related protein. Evidence has been presented that
cherries, tomatoes and grapes accumulate relatively large
quantities of PR-5 proteins (thaumatin-like proteins) during
ripening [28-30]. The role of these fruit PR-5 proteins is still
unclear. It has been proposed that at least some of them have
anti-fungal properties. However, a defensive role against
phytopathogenic fungi cannot be extrapolated to all fruit-
associated PR-5 proteins because the thaumatin-like protein
from, for example, cherry [29] is apparently devoid of anti-
fungal activity. Interestingly, according to a recent report some
thaumatin-like proteins (including the abundant thaumatin-like
protein from cherry fruits) exhibit $-glucanase activity [31].
This observation puts the physiological role of thaumatin-like
proteins in another perspective and also further emphasizes the
importance of glucanases in the process of fruit ripening.

ACKNOWLEDGEMENTS

This work was supported in part by grants from the Research Fund
K.U.Leuven (OT/98/17), CNRS and the Conseil régional de Midi-Pyrénées
(A. B., P. R.), and the Fund for Scientific Research-Flanders (FWO grants
G.0223.97 and 1.5417.98). W. P. is Research Director and E. V. D.
Postdoctoral Fellow of this fund. We also want to thank Prof. R. Swennen
(K. U. Leuven) for providing the banana plant material.

REFERENCES

1. Leubner-Metzger, G. & Meins, F. Jr (1999) Functions and regulation of
plant 3-1,3-glucanases (PR-2). In Pathogenesis-Related Proteins in
Plants (Datta, S.K. & Muthukrishnan, S., eds), pp. 49-76. CRC Press
LLC, Boca Raton, USA.

2. Hinton, D.M. & Pressey, R. (1980) Glucanase in fruits and vegetables.
J. Amer. Soc. Hort. Sci. 105, 499-502.

3. Harpster, M.H., Brummell, D.A. & Dunsmuir, P. (1998) Expression
analysis of a ripening-specific, auxin-repressed endol,4-B-glucanase
gene in strawberry. Plant Physiol. 118, 1307-1316.

4. Llop-Tous, I., Dominguez-Puigjaner, E., Palomer, X. & Vendrell, M.
(1999) Characterization of two divergent endo1,4-B-glucanase clones
highly expressed in the nonclimacteric strawberry fruit. Plant
Physiol. 119, 1415-1422.

10.

11.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

© FEBS 2000

. Trainotti, L., Spolaore, S., Ferrarese, L. & Casadoro, G. (1997)

Characterization of ppEGI, a member of a multigene family
which encodes endol,4-B-glucanase in peach. Plant Mol. Biol. 34,
791-802.

. Laemmli, U.K. (1970) Cleavage of structural proteins during the

assembly of the head of bacteriophage T4. Nature 227, 680—685.

. Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.A. & Smith, F.

(1956) Colorimetric method for determination of sugar and related
substances. Anal. Chem. 28, 350-356.

. Clendennen, S.K. & May, G.D. (1997) Differential gene expression in

ripening banana fruit. Plant Physiol. 115, 463-469.

. Cammue, B.P.A., De Bolle, M.F.C., Terras, F.R.G., Proost, P., Van

Damme, J., Rees, S.B., Vanderleyden, J. & Broekaert, W.F. (1992)
Isolation and characterization of a novel class of plant antimicrobial
peptides from Mirabilis jalapa L. seeds. J. Biol. Chem. 267,
2228-2233.

Thompson, J.D., Higgins, D.G. & Gibson, T.J. (1994) CLUSTAL W:
improving the sensitivity of progressive multiple sequence alignment
through sequence weighting, position specific gap penalties and
weight matrix choice. Nucleic Acids Res. 22, 4673-4680.

Gaboriaud, C., Bissery, V., Benchetrit, T. & Mornon, J.P. (1987)
Hydrophobic cluster analysis: an efficient new way to compare and
analyse amino acid sequences. FEBS Lett. 224, 149-155.

. Lemesle-Varloot, L., Henrissat, B., Gaboriaud, C., Bissery, V., Morgat,

A. & Mornon, J.P. (1990) Hydrophobic cluster analysis: procedure to
derive structural and functional information from 2-D-representation
of protein sequences. Biochimie 72, 555-574.

. Varghese, J.N., Garrett, T.PJ., Colman, PM., Chen, L., Hgj, P.B.

& Fincher, G.B. (1994) Three-dimensional structures of two
plant B-glucan endohydrolases with distinct substrate specificities.
Proc. Natl Acad. Sci. USA 91, 2785-2789.

Ponder, J.W. & Richards, EM. (1987) Tertiary templates for proteins.
Use of packing criteria in the enumeration of allowed sequences for
different structural classes. J. Mol. Biol. 193, 775-791.

Mas, M.T., Smith, K.C., Yarmush, D.L., Aisaka, K. & Fine, R.M.
(1992) Modeling the anti-CEA antibody combining site by homology
and conformational search. Proteins 14, 483-498.

Laskowski, R.A., MacArthur, M.W., Moss, D.S. & Thornton, J.N.
(1993) PROCHECK: a program to check the stereochemistry of
protein structures. J. Appl. Cryst. 26, 283-291.

Kraulis, P.J. (1991) Molscript: a program to produce both detailed and
schematic plots of protein structures. J. Appl. Cryst. 24, 946-950.
Nicholls, A., Sharp, K.A. & Honig, B. (1991) Protein folding and
association: insights from the interfacial and thermodynamic

properties of hydrocarbons. Proteins 11, 281-293.

Gilson, M.K. & Honing, B.H. (1987) Calculation of electrostatic
potential in an enzyme active site. Nature 330, 84—86.

von Heijne, G. (1986) A method for predicting signal sequence
cleavage sites. Nucleic Acids Res. 11, 4683-4690.

Muller, J.J., Thomsen, K.K. & Heinemann, U. (1998) Crystal
structure of barley 1,3—1,4-B-glucanase at 2.0-A resolution and
comparison with Bacillus 1, 3-1, 4-B-glucanase. J. Biol. Chem.
273, 3438-3446.

Henrissat, B. & Bairoch, A. (1996) Updating the sequence-based
classification of glycosyl hydrolases. Biochem. J. 316, 695-696.

Henrissat, B. & Davies, G. (1997) Structural and sequence-based
classification of glycoside hydrolases. Curr. Opin. Struct. Biol. 7,
637-644.

Jenkins, J., Leggio, L.L., Harris, G. & Pickersgill, R. (1995)
B-glycosidase, B-galactosidase, family A cellulases, family F
xylanases and two barley glucanases form a superfamily of enzymes
with 8-fold B/a architecture and with two conserved glutamates near
the carboxy-terminal ends of B-strands four and seven. FEBS Lett.
362, 281-285.

Henrissat, B., Callebaut, 1., Fabrega, S., Lehn, P., Mornon, J.P. &
Davies, G. (1995) Conserved catalytic machinery and the
prediction of a common fold for several families of glycosyl
hydrolases. Proc. Natl Acad. Sci. USA 92, 7090-7094.

Juers, D.H., Huber, R.E. & Matthews, B. (1999) Structural comparisons



© FEBS 2000

of TIM barrel proteins suggest functional and evolutionary relation-
ships between B-galactosidase and other glycohydrolases. Protein
Sci. 8, 122-136.

27. Chen, L., Garrett, T.PJ., Fincher, G.B. & Hgj, P.B. (1995) A
tetrad of ionizable amino acids is important for catalysis in
barley B-glucanases. J. Biol. Chem. 270, 8093-8101.

28. Wu, L. & Huynh, Q.K. (1994) Isolation and characterization of a
27-kDa antifungal protein from the fruits of Diospyros texana.
Biochem. Biophys. Res. Commun. 202, 666—672.

29. Fils-Lycaon, B.R., Wiersma, P.A., Eastwell, K.C. & Sautiere, P.

-1,3-Glucanase from banana fruit (Eur. J. Biochem. 267) 1195

(1996) A cherry protein and its gene, abundantly expressed in
ripening fruit, have been identified as thaumatin-like. Plant
Physiol. 111, 268-273.

30. Tattersall, D.B., Heeswijck, R.V. & Hgj, P.B. (1997) Identification and
characterization of a fruit-specific thaumatin like protein that
accumulates at very high levels in conjunction with the onset of
sugar accumulation and berry softening in grapes. Plant Physiol. 114,
759-769.

31. Grenier, J., Potvin, C., Trudel, J. & Asselin, A. (1999) Some thaumatin-
like proteins hydrolyse polymeric (-1,3-glucans. Plant J. 19,
473-480.



