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ABSTRACT

A 1700 nucleotide cDNA clone for a bean (Phaseolus vulgaris
cv Red Kidney) abscission cellulase (endo-(1,4)-8-p-glucanase)
has been identified and sequenced. This cDNA clone contains a
1485 nucleotide open reading frame which includes coding se-
quences for a putative signal peptide and mature protein. The
nucleotide and deduced amino acid sequences for the bean
abscission cellulase are compared to the previously reported
sequences of an avocado fruit ripening cellulase. Optimal align-
ment of these sequences shows 64% and 50% identically
matched nucleotides and amino acids, respectively. Analysis of
the deduced amino acid sequences for the mature bean and
avocado cellulases indicates that these two proteins share similar
molecular weights, position of cysteine residues, and hydropathic
character, but have very different isoelectric points and glycosyl-
ation. Genomic blot data suggest that the avocado fruit cellulase
belongs to a small gene family, whereas the bean abscission
cellulase appears to be encoded by a single gene or a few very
closely related genes.

Cellulase activity, as defined by the ability to degrade
carboxymethylcellulose, has been measured in a variety of
plant organs, tissues, and developmental stages, e.g. abscission
(11, 20), fruit softening (1, 2), cell elongation (4), lateral root
initiation (16), and anther development (21). Avocado (Persea
americana cv Hass) fruit is quite extraordinary with regard to
the large quantity of cellulase that is synthesized during fruit
ripening (1, 15). In vitro translation of avocado mRNA sug-
gests that the message for immunoprecipitable cellulase ac-
cumulates to as much as 2% of the translatable mRNA in the
mesocarp of ripe soft fruit (23). It was from this source that
the first plant cellulase cDNA clone was identified (5).

An avocado fruit cellulase cDNA, pAV363 (24), was used
to identify a cDNA clone, pBACI, for a considerably less
abundant bean (Phaseolus vulgaris cv Red Kidney) leaf abs-
cission cellulase (25). The previously characterized 595 nu-
cleotide abscission cellulase clone, pBACI, is a partial clone
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of an approximately 2.0 kb® cellulase mRNA (25). We have
subsequently identified and sequenced a 1700 bp abscission
cellulase cDNA clone from bean which encodes a putative
signal peptide and the entire mature protein. The deduced
amino acid sequence for the bean abscission cellulase is
compared to that of the avocado fruit cellulase to define
sequence and structural similarities and differences between
these two plant cellulases. Moreover, the sequence compari-
son will aid in the identification of related cDNA and genomic
clones which, in turn, will contribute to an understanding of
the role of cellulases in plant development. Genomic Southern
blot results for both cloned probes, pAV363 and pBACI0,
are analyzed with regard to the potential relationship of
different genes within a cellulase gene family (24).

MATERIALS AND METHODS
Cloning of cDNA

Abscission zone tissue was cut from bean (Phaseolus vul-
garis) explants as previously described (25). Plants were grown
for 12 d, stem and petiole explants with primary leaves
removed were exposed to 25 uL/L ethylene in air for 48 h,
and a 2 mm cross section of the lower abscission zone was
harvested and frozen in liquid nitrogen. Abscission zone tissue
was mixed with dry ice, pulverized in a coffee grinder, and
stored at —80°C. Pulverized abscission zones (10 g) were
suspended in 50 mL of polysome extraction buffer (0.5 M
sucrose, 200 mM Tris [pH 9.0], 400 mm KCl, 35 mm MgCl,,
25 mMm EGTA, 5 mM 2-mercaptoethanol), and polysomal
RNA was prepared as described by Jackson and Larkins (12).
Poly(A)* RNA was purified by oligo(dT) chromatography
(23) and cDNA synthesized using the procedure of Gubler
and Hoffman (9). The cDNA library was cloned by insertion
into the EcoRI site of A\GT 10 as described in the protocol for
Amersham’s cDNA cloning system. The phage library was
screened with the partial length pBAC1 bean abscission cel-
lulase cDNA (25) and a 5’ PstI cDNA fragment of pAV363,
the avocado fruit cellulase cDNA (24).

Nucleotide Sequence

Single- and double-stranded DNAs were sequenced by the
dideoxy chain termination method of Sanger et al. (19) as
described in the Sequenase protocol (United States Biochem-

% Abbreviations: kb, kilobase: kbp, kilobase pair; bp, base pair:
PCR. polymerase chain reaction; pl. isoelectric point.
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ical Corp.). The sequence was fully confirmed by obtaining
overlapping sequence data from both strands of several cDNA
clones (pBAC1, pBAC3, pBACS, pBAC10, and PCR fragment
clone). Both endonuclease restriction fragment subclones and
synthesized oligonucleotide primers were used for sequencing
the 1700 nucleotides of cDNA.

Genomic DNA Hybridization

DNA was isolated as previously described (24) from frozen
powdered mesocarp of avocado fruit and young unexpanded
leaves of bean. Ten micrograms of endonuclease digested
DNA were loaded into each lane of a 0.8% agarose gel,
electrophoresed, then transferred and fixed with UV irradia-
tion onto Hybond-N (Amersham nylon membrane) (17). The
cDNA inserts used as probes were separated from the vectors
and purified as described by Langridge et al. (14). Labeled
probe was removed from blots prior to rehybridization using
0.4 M NaOH at 45°C as described in the Amersham protocol
for Hybond-N membrane. Hybridization and washing con-
ditions are described later.

Sequence Analysis

Optimal alignment of DNA and amino acid sequences and
analysis of deduced polypeptides were made using the Ge-
netics Computer Group (GCG) sequence analysis software
package (7).

RESULTS
Identification of cDNA Clone

A bean abscission-specific cDNA library was cloned by
insertion into the EcoRI site in AGT10. The cloned library
was screened with the previously reported bean abscission
c¢DNA clone pBACI1 (25). The set of clones isolated through
this screening were all of approximately equal length, 800 bp.
However, a full-length cDNA was expected to be approxi-
mately 2.0 kbp based on Northern blot analysis (25). The
same bean cDNA library was then secondarily screened with
a 5’ restriction fragment of the avocado fruit cellulase cDNA
(5’ Pstl fragment of pAV363). This second screening yielded
clones of mixed length from 200 to approximately 900 bp
that did not cross-hybridize with the first set of clones. The
longest clones from the first and second screenings of the
bean cDNA library were sequenced and found to have se-
quence similarity with the 3’ and 5’ ends, respectively, of the
avocado cellulase cDNA. As part of the cloning procedure,
EcoRI methylase was used to protect internal cDNA restric-
tion sites from being digested when EcoRI endonuclease was
used to remove excess EcoRI linkers from the ends of the
cDNA. It occurred to us that there might be one or more
EcoRl site(s) in the middle of the bean abscission cDNA that
were not protected by methylation with EcoRI methylase
resulting in our cloning separate 3’ and 5’ fragments of the
full-length cDNA. To determine if there were indeed one or
more internal EcoRlI sites, we prepared oligonucleotides com-
plementary to unique sequences in the respective 3’ and 5’
bean clones and used the PCR method (18) on abscission-
specific cDNA to amplify the intervening sequence. The PCR

fragment was then blunt end-ligated into the Hincll site of
the plasmid vector T7/T3«al8, cloned in DH5a, and the
cloned fragment sequenced. The sequence of the PCR frag-
ment showed two internal EcoRlI sites separated by 48 nucle-
otides. The DNA sequence on either side of this internal 48
nucleotide segment was identical to the 3’ and 5’ bean
cellulase clones indicating that the two partial clones and the
PCR product were encoded by the same gene.

We then generated a clone, pBAC10, that encompasses the
sequences of all the partial clones. This was done by: (a) using
PCR to extend the 3’ and 5’ overlapping ends of gel purified
inserts from pBACS5 and the cloned PCR fragment, respec-
tively, (b) PCR amplification of the extended fragment using
oligonucleotides complementary to each end of the extended
product, and (c) inserting the extended amplified product into
the Hincll site of the vector T7/T3al8. The endonuclease
restriction map and nucleotide sequence derived from se-
quencing the pBAC1, pBAC3, pBACS, pBACI10, and PCR
fragment clones is shown in Figure 1.

Alignment and Analysis of Nucleotide Sequences

Optimal alignment of the bean and avocado cellulase nu-
cleotide sequences shows 64% sequence identity between their
respective open reading frames (data not shown). The 3’ end
of the bean nucleotide sequence (Fig. 1) is A/T rich and
contains a few sequences that resemble the polyadenylation
signal consensus sequences (AATAAA); however, no consen-
sus sequence is localized within the most common position
of 15 to 23 nucleotides from the end of the mature message.

Alignment and Analysis of Amino Acid Sequences

The largest open reading frame beginning with an ATG
(methionine) in the bean cDNA sequence results in a poly-
peptide of 495 amino acids (Fig. 1). The molecular mass of
this predicted polypeptide is 54.4 kD. This predicted value
is comparable to the 51 kD value determined by SDS-PAGE
of the in vitro translation product of hybrid-selected
mRNA (25).

Both avocado and bean cellulases are secreted proteins.
Both deduced polypeptides have a predicted signal peptide
characteristic of secreted proteins (26). The amino acid se-
quence of the signal peptides is not conserved; however, there
are several regions within the aligned sequences of the mature
polypeptides that are conserved (Fig. 1). Optimal alignment
of the deduced polypeptide sequences (Fig. 1) shows 50%
identically matched amino acids. Optimal alignment further-
more shows there to be several small deletions and insertions.
The longest insertion in the bean sequence (or deletion from
the avocado sequence) is at the amino terminus of the mature
peptide. The functional or structural significance of this ad-
ditional amino terminal sequence in the bean cellulase is
unknown.

The mol wts of the mature polypeptides for the avocado
and bean cellulases differ by less than 1% (Table I), and the
positions of all six cysteine residues in the mature bean
sequence align with cysteine residues in the avocado sequence
(Fig. 1). Furthermore, the two cellulase polypeptides have
very similar hydropathy plots (Fig. 2). These common char-
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Figure 1. Endonuclease restriction map and nucleotide sequence of a bean abscission cellulase cDNA, pBAC10, and optimal alignment of bean
and avocado (24) deduced amino acid sequences. The bar at the top of the figure is the endonuclease restriction map of the bean clone,
pBAC10, and the bars immediately below this reflect the lengths of the bean clones discussed in the text. Within the amino acid sequences,
predicted cleavage sites for the putative signal peptides are indicated with asterisks (26). Identically matched amino acids are indicated by
connecting solid lines. Aligned cysteine residues in the mature polypeptides are indicated by a double underline. A single unmatched cysteine in
the mature avocado sequence at position 106 is unmarked. Potential sites for glycosylation (Asn-X-Ser/Thr) in the avocado amino acid sequence
are indicated by a single solid underline; no glycosylation consensus sequence is found in bean.
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Table I. Comparison of Deduced Amino Acid Compositions, Mol Wt,
and pl of Bean Abscission and Avocado Fruit Cellulases

Amino acids comprising the predicted signal peptides of their
respective proteins (see Fig. 1) have not been included in this analysis.

Amino Acid Compositions

Residue Bean Avocado

number mol % number  mol %

A 44 9.3 40 8.5
Cc 6 1.2 7 1.4
D 25 5.2 30 6.3
E 17 36 16 34
F 21 44 18 3.8
G 37 7.8 38 8.1
H 1 2.3 12 25
| 23 48 14 29
K 28 5.9 16 3.4
L 34 7.2 45 9.5
M 12 25 7 14
N 24 5.0 25 5.3
P 19 4.0 22 46
Q 16 33 20 42
R 15 341 16 34
S 58 12.2 52 11.0
T 27 57 28 5.9
v 20 42 26 55
w 9 19 7 1.4
Y 26 55 30 6.3
D + E (acidic) 42 8.8 46 9.8
H + K + R (basic) 54 114 44 9.3
Residues 472 469

Mol wt 51,817 51,395

pl deduced sequence 7.8 5.3

pl native protein 9.5 47

acteristics suggest that the two cellulases have similar second-
ary and tertiary structures. However, the pl values for the two
cellulases are quite dissimilar. Native avocado fruit cellulase
has a pl of 4.7 (1) and bean abscission cellulase a pl of 9.5
(8). The pl values deduced from their primary sequence, a
measure that does not account for tertiary structure of the
mature protein, are less disparate but still reflect the acidic
and basic nature of the mature proteins, 5.3 and 7.8 for
avocado and bean, respectively. The differences in pl values
are primarily a result of 75% more lysine and 17% less aspartic
acid in bean than in avocado cellulase (Table I).

Another notable difference between the two cellulases is
that the mature avocado cellulase is a glycoprotein (3),
whereas the mature bean cellulase does not appear to be
glycosylated (6). The avocado sequence contains two consen-
sus sequences for potential glycosylation (Asn-X-Ser/Thr)
(22), whereas the bean cellulase does not contain this consen-
sus sequence (Fig. 1).

Analysis of Genomic Southern Blot Data

A genomic Southern blot of HindIIl and EcoRI digested
DNA from avocado and bean was hybridized independently
with both the avocado cellulase cDNA, pAV363, and the
bean cellulase cDNA, pBAC10 (Fig. 3). The same blot was

used for both hybridizations and the hybridization and wash-
ing conditions were designed to be approximately 40°C below
Tm. When the avocado cellulase cDNA probe was hybridized
to avocado genomic DNA, multiple restriction fragments
were detected, suggesting the existence of a small gene family.
When the same genomic blot was hybridized and washed at
higher stringencies, approximately 15°C below Tm, the rela-
tive hybridization signal for several restriction fragments was
diminished, further supporting the interpretation of a small
gene family (24).

When the bean cellulase cDNA probe was hybridized to
bean genomic DNA, a single HindIII fragment and two EcoRI
fragments were detected. The bean cDNA clone has two
EcoRlI sites 48 nucleotides apart near the middle of the cDNA.
The very small internal EcoRI fragment might not be detected
on the Southern blot, but the presence of these sites in the
middle of the cDNA predicts at least two larger restriction
fragments for EcoRI digested bean genomic DNA. Thus, a
single HindIIl and two EcoRI bands suggest that the bean
abscission cellulase is encoded by a single gene or a few very
closely related genes. Moreover, the banding pattern detected
was unchanged at higher stringency conditions (data not
shown).

When the avocado cellulase cDNA probe was hybridized
to bean genomic DNA, two restriction fragments in each lane
of HindIll and EcoRI digested DNA hybridized to the avo-
cado cDNA (Fig. 3). These restriction fragments are not the
same restriction fragments that were detected with the bean
abscission cellulase ¢cDNA. Neither the avocado clone,
pAV 363, nor the bean clone, pPBAC10, cross-hybridized with
the respective restriction fragment(s) for the bean abscission
and avocado fruit cellulase genes at the stringency employed
(Fig. 3). In this regard, it is worth noting that sequence
alignment of the bean and avocado clones showed an average
of 64% nucleotide sequence identity. An average 64% se-
quence identity was apparently not sufficient to produce a
hybridization signal under these stringency conditions. More-
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Figure 2. Kyte and Doolittle (13) hydropathy plots for the deduced
amino acid sequences of bean abscission and avocado fruit cellu-
lases. The curve is the average of residue specific hydrophobicity
over a window of nine residues. Hydrophobic sequences are indicated
by a positive value and hydrophilic sequences are negative. Residue
position in the sequences are indicated by numbers at the top and
bottom of the graph. Stippled regions overlay putative signal peptides
that would be cleaved from the mature polypeptides.
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Figure 3. Genomic Southern blot of Hindlll (H3) and EcoRI (R1)
digested avocado and bean DNA. The blot was first probed with
labeled purified cDNA insert from the avocado fruit cellulase cDNA
(PAV363), and then washed with alkali and probed again with labeled
purified cDNA insert from the bean abscission cellulase cDNA
(PBAC10). Hybridization stringency conditions were 20% formamide
and 0.9 m NaCl (5 x SSPE) at 42°C. The stringency conditions of
the final washes were 0.018 m NaCl (0.1 x SSPE) at 45°C. Numbers
to the left or right of each lane indicate fragment lengths in kilobase
pairs.

over, within the bean cDNA probe at position 502-531 is a
29 nucleotide sequence of 68% G/C content (Fig. 1) which
shares 93% identity with the avocado sequence. This con-
served 29 nucleotide sequence within the full-length labeled
probes must not have been of sufficient length to result in a
significant hybridization signal under these conditions. Taken
all together, these results suggest that there is at least one other
gene in bean that has greater sequence similarity with the
avocado fruit cellulase than with the bean abscission cellulase.
The tissue-specific and developmental regulation of the
expression of this other bean gene are completely unknown
at this time.

No significant hybridization was detected when the bean
cellulase cDNA probe, pBAC10, was hybridized to avocado
genomic DNA (Fig. 3); however, when slightly lower strin-
gency conditions were used, a faint hybridization signal was
noted for a 6.7 kb fragment in the EcoRI digested avocado
genomic DNA (data not shown). Interestingly, a 6.7 kb avo-
cado DNA fragment is one of the hybridization signals seen
in this lane at low stringency but not high stringency hybrid-
ization with the avocado cDNA, pAV363 (24). It is possible,
but not yet determined, that this 6.7 kb fragment is part of
an avocado abscission cellulase gene.

DISCUSSION

Comparison of the nucleotide and deduced amino acid
sequences for an avocado fruit cellulase and a bean abscission
cellulase shows that these two proteins are similar in many
respects, including primary (Fig. 1), secondary, and tertiary
structure. Similarities in secondary and tertiary structures are
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indicated by alignment of cysteine residues (Fig. 1) and sym-
metry in the hydropathy plots of the deduced amino acid
sequences (Fig. 2). However, there are notable differences
between these two cellulases. The avocado cellulase is a gly-
coprotein (3), whereas the mature bean protein appears not
to be glycosylated (6). Moreover, the isoelectric points of the
native proteins are quite different. The pl of native avocado
fruit cellulase is 4.7 (1) and bean abscission cellulase 9.5 (8).
How differences in the glycosylation and charge of these
proteins affect their secretion, cell wall location, or enzyme
activity is unknown.

Both cellulases are expressed in specific organs and tissues
at particular stages of development. It is not known, however,
if the avocado fruit cellulase gene is also expressed during
abscission of avocado leaves or if another related gene is
expressed in avocado leaf abscission. In addition, it is not
known if the bean abscission cellulase gene is expressed in
other organs or tissues in bean, e.g. root initiation, anther
development, or dehiscence. In this context it is interesting
that the avocado fruit cellulase ¢cDNA hybridized quite
strongly to different restriction fragments of bean genomic
DNA than did the bean abscission cellulase cDNA (Fig. 3).
This suggests that there may be another gene in bean coding
for a protein more similar to the avocado cellulase than to
the bean abscission cellulase. This gene is most likely not
expressed during bean leaf abscission due to its absence in the
abscission specific cDNA library, but may be expressed in a
different organ and stage of development. The genomic blot
data suggest that there may be subfamilies of cellulases which
are expressed in different tissues and stages of development
and may have slightly different functional properties.

In 1987, the GenBank and EMBL sequence libraries were
searched for sequences similar to the avocado cDNA. Addi-
tionally, the avocado cellulase sequence was compared di-
rectly to published sequences for bacterial and fungal cellu-
lases. No significant similarities were found at that time (24).
The GenBank and EMBL nucleotide sequence libraries were
searched again in 1990 with both the avocado and bean cDNA
sequences and, as before, no other nucleotide sequences were
found to have significant sequence similarities with either of
these cellulases. However,-when the combined GenBank and
EMBL nucleotide sequence libraries (26322 sequences) were
translated in all three forward reading frames, a comparison
search with the bean cellulase polypeptide sequence resulted
in a match with the avocado cellulase (score 1322, the highest
score) and a Pseudomonas fluorescens subsp. cellulosa car-
boxymethylcellulase (cellulase) gene (score 144, the second
highest score) (GenBank locus X12570) (10). Optimal align-
ment of the open reading frame of the Pseudomonas cellulase
and the bean abscission cellulase showed 27% identically
matched amino acids. Curiously, a similar search of the
combined GenBank and EMBL libraries with the avocado
cellulase polypeptide sequence resulted in a match with itself
(score 2448) but no other significant score. Optimal alignment
of the Pseudomonas cellulase and the avocado cellulase pep-
tide sequences showed only 22% identically matched amino
acids. Additionally, the bean abscission cellulase was inde-
pendently aligned with 23 different glucanases, including both
endo- and exo-(1,4)-3-D-glucanases as well as (1,3)-(1,4)-8-D-
glucanases. No bacterial, fungal, or plant cellulase or glucan-
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ase other than the avocado and Pseudomonas cellulases gave
significant amino acid sequence alignments.

The Pseudomonas cellulase gene encodes a 962 amino acid
polypeptide of 102 kD (10). The active portion of this cellulase
resides within 608 residues from the amino terminal end (10).
Interestingly, the bean sequence aligns optimally with the
Pseudomonas sequence between residues 108 and 604. How-
ever, no obvious domain was noted in the alignments of these
sequences. Amino acid matches were spread over a large
fraction of the bean cellulase sequence. Possibly, with the
identification of other plant cellulase cDNA clones, we will
discover underlying similarities among plant, bacterial, and
fungal cellulases which will aid in determining functional
domains.

Note Added in Proof

Since acceptance of this article, three articles have been
published that deserve note. Two report amino acid sequences
for bacterial enzymes that have significant sequence similarity
with the avocado fruit cellulase. The third is a review of
known cellulases wherein the avocado fruit cellulase was
classified into one of the six families of cellulases, the E family.
The E family of cellulases includes the Pseudomonas fluores-
cens cellulase discussed above. The articles are: Jauris S,
Rucknagel KP, Schwarz WH, Kratzsch P, Bronnenmeir K,
Staudenbauer WL (1990) Sequence analysis of the Clostri-
dium stercorarium celZ gene encoding a thermoactive cellu-
lase (Avicelase I): identification of catalytic and cellulose-
binding domains. Mol Gen Genet 223: 258-267; Berger E,
Jones WA, Jones DT, Woods DR (1990) Sequencing and
expression of a cellodextrinase (ced!) gene from Butyrivibrio
fibrisolvens H17¢ cloned in Escherichia coli. Mol Gen Genet
223: 310-318; Beguin P (1990) Molecular biology of cellulose
degradation. Annu Rev Microbiol 44: 219-248.
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