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Activity against Cell Wall Polysaccharides and Characterization of a Related cDNA Clone 
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A &galactosidase was purified from cortical tissue of ripe apples 

(Malus domestica Borkh. cv Cranny Smith) using a procedure 

involving affinity chromatography on lactosyl-Sepharose. Sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis indicated that 

two polypeptides of 44 and 32 kD were present in the fraction that 

showed activity against the synthetic substrate p-nitrophenol-8-D- 

galactopyranoside. The enzyme preparation was incubated with 

polysaccharide extracts from apple cell walls containing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& ( 1 4 ) -  
linked galactans, and products of digestion were analyzed by gas 

chromatography. Small amounts of monomeric galactose were 

released during incubation, showing that the enzyme was active 

against native substrates. Amino acid sequence information was 

obtained from the purified protein, and this showed high homology 

with the anticipated polypeptide coded by the ethylene-regulated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SR72 gene in carnation (K.C. Raghothama, K.A. Lawton, P.B. Gold- 
borough, W.R. Woodson [1991] Plant Mol Biol 12 61-71) and a 

harvest-related pTIP31 cDNA from asparagus (C. King, personal 

communication). Using the asparagus cDNA clone as a probe, an 

apple homolog (pABC1) was isolated. This clone contains a 2637- 

bp insert, including an open reading frame that codes for a poly- 

peptide of 731 amino acids. Cleavage of an N-terminal signal 

sequence would leave a predicted polypeptide of 78.5 kD. Genomic 

DNA analysis and the isolation of other homologous apple clones 

suggest that pABCl represents one member of an apple 8-galac- 

tosidase gene family. Northern analysis during fruit development 

and ripening showed accumulation of pABCl-homologous RNA 

during fruit ripening. Enzyme activity as measured in crude extracts 

increased during fruit development to a level that was maintained 

during ripening. 

Ripening of fruit is usually accompanied by loss of fruit 
firmness, in a process that may be mediated by the action of 
hydrolytic enzymes on the polysaccharides of the cell wall. 
Although a number of specific cell wall hydrolases have been 
isolated and studied, the relative importance of individual 
enzymes in the softening process has yet to be determined. 
For example, the enzyme polygalacturonase has been studied 
in detail, but its role has not been well defined, and molecular 
evidence has suggested that this enzyme alone does not cause 
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softening in tomato (Giovannoni et al., 1989). These and 
other results have stimulated further research into other 
glycosidases such as the enzyme @-galactosidase (EC 
3.2.1.23). 

In apples (Malus domestica), the loss of fruit firmness during 
ripening has been associated with increased activity of p- 
galactosidase and a decrease in the Gal content of the cell 
wall (Bartley, 1974; Wallner, 1978). However, differences in 
enzyme activity are quite small, and in at least one case, 
invariant activity during maturation and ripening was re- 
ported (Dick et al., 1990). Treatments with polyphenolics, 
which have been shown to inhibit &galactosidase activity 
(Dick and Beame, 1988), can delay softening and increase 
shelf life (Lidster et al., 1985). A number of apple glycosi- 
dases, including several ,&galactosidases, have recently been 
purified and partially characterized (Dick et al., 1990). 

Most studies of fruit cell wall glycosidases have included 
assay of activity with synthetic p-nitrophenyl-pyranoside 
substrates (e.g. Pressey, 1983; Dick et al., 1990; Ogawa et al., 
1990). However, there have also been attempts to detect 
activity against likely native substrates extracted from the 
same tissue, because data from such experiments can provide 
more realistic indications of the in vivo role of the enzyme. 
@-Galactosidase activity against extracted cell walls has been 
detected with the tomato (Pressey, 1983), the muskmelon 
(Ranwala et al., 1992), and kiwifruit enzyme (Ross et al., 
1993) but not with 0-galactosidases from apple (Wallner, 
1978) or citrus fruit (Bums, 1990). 

In this paper we report the isolation of a /3-galactosidase 
from ripening apple flesh. This enzyme preparation shows 
activity against a natural apple cell wall polysaccharide in 
vitro, suggesting that the enzyme may have a role in the 
degradation of fruit cell walls. We present amino acid se- 
quence information from the @-galactosidase protein and 
report the isolation and characterization of a cDNA clone 
that is believed to encode an apple @-galactosidase. The clone 
shows homology to a number of @-galactosidase precursors 
(eg. human, Morreau et al., 1989) and several previously 
unidentified cDNA clones that have been isolated from other 
plant systems (Raghothama et al., 1991; G. King, personal 
communication). 

Abbreviation: NaOAc, sodium acetate. 
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MATERIALS AND METHODS 

Plant Tissue 

Apples zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Malus zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdomestica [Borkh] cv Granny Smith) were 
harvested at 4-week intervals during fruit development, be- 
ginning 4 weeks after full bloom and continuing until com- 
mercial harvest (mature, unripe fruit). Two samples were also 
taken after commercial harvest from fruit producing either 
between 1 and 10 or more than 100 ppm intemal ethylene 
(Saltveit, 1982). For each sample cortical tissue was cut into 
pieces of approximately 2 cm3, frozen in liquid nitrogen, and 
stored at -8OoC, pending enzyme or RNA extraction. Enzyme 
was purified from fruit at the time of commercial harvest; 
RNA was purified from tissue throughout fruit development. 

Enzyme Purification and Measurement of Activity 

All operations were conducted at 4OC unless otherwise 
stated. At each stage of purification, ,&galactosidase activity 
and protein concentration were determined. Frozen, mature, 
unripe apple tissue (500 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAg) was mixed with 2% (w/w) poly- 
vinylpolypyrrolidone and homogenized in approximately 1 
L of 25 mM NaOAc, 0.1% (v/v) P-mercaptoethanol, pH 4.5, 
in a Waring blender. The homogenate was centrifuged at 
36,300g for 20 min. The 0-galactosidase activity and protein 
content of the supematant were measured, and the super- 
natant was discarded. The pellet was washed twice with 
HzO, and resuspended in 300 mL of 25 m~ NaOAc, 100 m~ 
NaCl, 0.1% (v/v) @-mercaptoethanol, pH 4.5. This mixture 
was stirred for 1 h at 4OC and centrifuged at 16,3008 for 20 
min. The supematant was retained, the pellet was resus- 
pended in an additional 200 mL of the same buffer and 
recentrifuged, and the two supematants were combined 
(hereafter called the “salt extract”). 

The salt extract was loaded on an affinity column of 
lactosyl-Sepharose 4B (bed volume approximately 200 mL; 
Simos et al., 1989), which had been pre-equilibrated in 25 
mM NaOAc, 0.1% (v/v) 0-mercaptoethanol, pH 4.5. After 
the column was washed with 25 m~ NaOAc, 100 m~ NaC1, 
0.1% (v/v) 0-mercaptoethanol, pH 4.5, the enzyme was 
eluted with 50 m~ NaOAc, 50 m~ NaC1, 50 mM lactose, 
0.1% (v/v) /3-mercaptoethanol, pH 4.5. The active fractions 
were combined and concentrated by dialysis overnight 
against CM-cellulose. The size of the native, active protein 
was determined by gel permeation on a Superose 12 column 
(Pharmacia), with a column buffer of 50 m~ NaOAc, 50 m~ 
NaCI, 0.1% (v/v) 8-mercaptoethanol, pH 4.5. 

For determination of enzyme activity during fruit devel- 
opment and ripening, salt extracts were prepared from sam- 
ples (5 g) of cortical tissue and assayed for enzyme activity. 
A11 measurements of enzyme activity against p-nitrophenyl- 
8-D-galactopyranoside were made using incubations in mi- 
crotiter plate wells as described previously (Ross et al., 1993). 
Protein concentrations were determined using BSA as a 
standard (Bradford, 1976). Purification was monitored by 
SDS-PAGE, followed by silver staining (Blum et al., 1987). 

Enzyme Characteristics 

The pH optimum of the “purified” enzyme against p -  
Ntrophenyl-0-D-galactopyranoside was determined in phos- 

phate/citrate buffers covering a range of pH. Inhibition of 
enzyme activity with D-galactono-( 14)-lactone, Gal, lac- 
tose, Glc, and Ara was also investigated. Enzyme was prein- 
cubated for 15 min at 3OoC with each compound at concen- 
trations of either 1, 10, or 100 m~ and then assayed as usual. 

Preparation of Natural Substrates 

Methods previously developed for kiwifruit (Redgwell et 
al., 1992a, 199233) were used, and two substrates were pre- 
pared from the cortical tissue of apple: (a) thli major Gal- 
containing polysaccharide (“galactan”) and (b) a Na2C03- 
soluble pectic polysaccharide fraction. 

Enzyme Action against Native Substrates 

Reaction mixtures consisting of 2 mg of substrate, 1.0 mL 
of 50 I ~ M  NaOAc, 50 mM NaCl, pH 5.0, containing purified 
apple 0-galactosidase (sufficient enzyme to hydrolyze 15 
nmol of p-nitrophenyl-P-D-galactopyranoside/min at 3OOC) 
and 20 pL of toluene, were incubated at 37OC for 72 h. 
Separate blanks were used for each substrate and the enzyme 
preparation. For comparison, digestions with a kiwifruit /3- 

galactosidase (Ross et al., 1993) and a galactan fraction ex- 
tracted from kiwifruit cell walls were also included. After 
incubation, cold acetone (2 mL) was added to each reaction 
mixture to precipitate undegraded polysaccharide and pro- 
tein. The supematant was recovered after centrifugation and 
concentrated to approximately 0.5 mL in a stream of air. The 
solution was passed through columns (1 .O-mL bed volumes) 
of QAE-Sephadex (formate form) and SP-Sephadex (H’ 
form), and the effluent was dried and dissolved in 100 pL of 
10% (v/v) isopropanol. This solution was used for the iden- 
tification and quantitation of substrate products by capillary 
GLC. 

GLC 

Prior to analysis by GLC, polysaccharides were hydrolyzed 
with 2 M TFA for 1 h at 12loC, and sugar mixtures were 
converted into alditol acetates (Albersheim et al., 1967). 
Analysis was performed on a SI’-2330 fused silica capillary 
column (30 X 0.32 mm) held at 120°C for 2 min, and then 
the temperature was raised to 22OOC at 10°C min-’. 

&Galactosidase Peptide Sequencing 

Amino-terminal sequence analysis of the imrified 44-kD 
&galactosidase subunit was performed with an AB1 473A 
protein sequencer at the School of Biological Sciences (The 
University of Auckland). Intemal proteolytic fragments were 
generated by digestion with trypsin and separated by HPLC 
on a 220- X 2.1-mm Aquapore RP-300 column, using a 
solvent gradient ( A  = 0.1% [v/v] TFA in w,iter, B = 0.1% 
[v/v] TFA in aqueous 80% [v/v] CH3CN; 10- 70% B over 45 
min), at a flow rate of 0.2 mL min-’. Individual peaks were 
collected for sequence analysis. 

Nucleic Acid Extraction 

RNA was extracted from the cortical tissue of Granny 
Smith apple using a modification of the method of Boedtker 
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Apple @-Galactosidase 523 

et al. (1976). Samples (20 g) were ground to a powder in 
liquid zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANZ and transferred to a flask containing 20 mL of 25 
m~ NaOAc, 250 mM NaC1, 5 mM EDTA, 5% (w/v) SDS, 
pH 6.0. The aqueous phase was extracted twice with 
pheno1:chloroform at 65OC, and nucleic acids were precipi- 
tated with ethanol. Following centrifugation at l2,OOOg for 
30 min, the pellet was resuspended in 2 mL of 50 m~ Tris- 
HCI, 10 mM EDTA, 1% (w/v) sodium lauryl sarcosine, pH 
7.0. CsCl (0.5 g) was dissolved in the samples, which were 
then pipetted onto 2-mL cushions of 5.7 M CsCl in Beckman 
SW-41 ultracentrifuge tubes. The tubes were filled with sterile 
paraffin oil and centrifuged for 17 h at 15,000 rpm at 6OC in 
a SW-41 rotor. The pellet was resuspended in water and 
precipitated with ethanol prior to cDNA library construction 
or studies of expression. 

Genomic DNA was extracted from young, expanding apple 
leaves using the method of Doyle and Doyle (1990). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cDNA Library Construction, Clone Isolation, and 
Sequencing 

Total RNA was isolated from mature, unripe apple fruit, 
and poly(A+) RNA was selected using a commercial mRNA 
purification kit (Pharmacia P-L Biochemicals Inc., Milwaukee, 
WI). A cDNA library was constructed in the Uni-ZAP XR 
vector following the manufacturer's instructions (Stratagene, 
La Jolla, CA). For library screening, duplicate Hybond N+ 
(Amersham Intemational Little Chalfont, UK) filter-lifts from 
six plates, each containing approximately 5000 plaques, were 
probed with 32P-labeled insert from the pTIP31 plasmid, a 
clone isolated from an asparagus cDNA library (G. King, 
personal communication). Hybridization conditions were as 
described by the membrane manufacturers, with the highest 
wash stringency being in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl x  SSC, 0.1% (w/v) SDS, 65OC. 
Six positive plaques were isolated and pBluescript excised 
using the ExAssist/SOLR system (Stratagene). One of these 
clones (pABG1) was fully sequenced in both directions by 
the dideoxynucleotide method with dye terminators on an 
AB1 373 DNA sequencer. Sequence analysis was performed 
using software from the University of Wisconsin Genetics 
Computer Group (Devereux et al., 1984). 

Gel Blot Analyses of RNA and Genomic DNA 

Total RNA was extracted from apple fruit throughout 
development and ripening. The RNA samples (20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApg) were 
denatured and fractionated on a 1.2% agarose gel containing 
0.66 M formaldehyde (Foumey et al., 1988) and transferred 
to Hybond N" membrane by capillary transfer in 50 m~ 
NaOH. Prehybridization and hybridization conditions were 
as recommended by the membrane manufacturer. The mem- 
brane was probed with 32P-labeled pABGl insert produced 
by random priming (Boehringer Mannheim). Following hy- 
bridization before autoradiography, blots were washed twice 
in 2X SSC, 0.1% (w/v) SDS at room temperature and twice 
in I X  SSC, 0.1% (w/v) SDS at 65OC. 

For Southem analysis, genomic DNA (10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApg) was digested 
to completion with EcoRI, HindIII, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPstI (Boehringer 
Mannheim) and fractionated on a 0.6% (w/v) agarose gel. 
The DNA was transferred to Hybond Nt by capillary transfer 

in 0.4 M NaOH. Hybridization and washing conditions were 
as described for RNA analysis. The 1 X  SDS, 0.1% (w/v) SDS 
(65OC) washing treatment represents a hybridization strin- 
gency that allows approximately 25% mismatch between 
pairing nucleic acids. After autoradiography, the membrane 
was washed at a higher stringency (0.1X SSC, 0.1% [w/v] 
SDS, 65OC; allowing 5% mismatch) and exposed to x-ray 
film again. 

RESULTS 

Enzyme Purification 

Enzyme from the cortex of apples was purified up to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA180- 

fold after affinity chromatography, with recovery of 20.8% 
of the extractable activity (Table I). Silver-stained SDS-PAGE 
showed that the active fractions following affinity chroma- 
tography had predominant polypeptides of 44 and 32 kD 
(Fig. 1). Occasionally a minor band of 77.5 kD was also 
visible on SDS-PAGE (data not shown). Gel permeation 
chromatography indicated that enzyme activity was associ- 
ated with one protein peak with an estimated size of 59 kD 
(SE k0.2, n = 3; data not shown). More than 30% of the total 
extractable enzyme activity was present in the supematant 
of the initial purification step (Table I), which was usually 
discarded during purification. However, when this fraction 
was also taken through the purification protocol, the purified 
protein was found to have the same molecular mass as that 
purified from the salt-extracted fraction. 

The enzyme was active against p-nitrophenyl-P-D-galac- 
topyranoside but showed no activity against the following 
other p-nitrophenol substrates (0.33 pg PL-', pH 4.5): CY-D- 
galactopyranoside, a-L-arabinofuranoside, @-D-xylopyrano- 
side, a-L-rhamnopyranoside, a-L-fucopyranoside, @-L-fuco- 
pyranoside, a-D-mannopyranoside, 6-D-mannopyranoside, 
o-/%D-glucopyranoside, p-@-D-glucopyranoside, acetyl-8-D- 
glucosamide. The pH optimum for enzymic action against p- 
nitrophenyl-8-D-galactopyranoside substrate was approxi- 
mately 4.0 (data not shown). D-Galactono-(l-*4)-lactone was 
a powerful inhibitor of the enzyme, even at 1 m~ (88% 
inhibition), and Gal also showed some inhibition of activity 
(44% inhibition at 10 m~). The concentrations of D-galactono- 
(14)-lactone and Gal required for 50% inhibition of activity 

Table 1. Purification and recovery of @-galactosidase from apple 
cortical tissue 

1 unit = 1 pmol p-nitrophenol released/min. 
Total Total Specific Purification 

Activity Protein Activity Factor 

mg protein 
unit mg-' 

unit 

Total tissue 13.4 103.7 0.13 1 
( 1 00%) 

Salt extract 8.96 24.2 0.37 2.9 

Affinity chroma- 2.36 0.11 21.5 165 

Concentration 2.79 0.12 23.2 180 

(66.8%) 

tograp hy ( 1  7.6%) 

bv dialvsis (20.8%) 
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Table II. Release of Cat by apple and kiwifruit /3-ga/actos/dase

acting on apple and kiwifruit polysaccharides

Two milligrams of substrate were incubated at 37°C with 1.0 ml

of purified enzyme, capable of releasing 15 nmol p-nitrophenol

min~' at 30°C. tr, Trace.

31.0 —

Figure 1. Silver-stained SDS-PACE of aliquots taken at specific

points during the purification protocol: Soluble extract, lane 1; salt

extract, lane 2; eluent from lactosyl-Sepharose, lane 3.

were 0.12 and 13 HIM, respectively. No inhibition of activity
was observed with lactose, Glc, and Ara.

Activit y agains t Nativ e Substrate s

Products of enzyme digestion of cell wall substrates were
examined by TLC (data not shown) and quantified by capil-
lary GLC (Table II). Only Gal was detected after incubation
of the apple (8-galactosidase with the galactan fraction pre-
pared from apple cell walls. A trace of Gal could also be
detected after incubation with apple Na2CO3-soluble pectin,
and the apple /3-galactosidase was also active against a gal-
actan fraction from kiwifruit . Although the incubations in-
cluded equal enzyme activity as measured against p-nitro-
phenyl-0-D-galactopyranoside, kiwifrui t /3-galactosidase was
20 times more active against kiwifrui t galactan and 10 times
more active against apple galactan than was apple /3-galac-
tosidase against the same substrates. There was no detectable
Gal in any of the substrate or enzyme blanks.

/3-Galactosidas e Protei n Sequenc e

The sequence of 15 amino acids at the N terminus of the
44-kD polypeptide was obtained (Table HI). In addition,
sequence information was obtained from three peptides iso-
lated following tryptic digestion. Although a search of the
EMBL protein data bases with the N-terminal sequence did
not reveal any highly homologous sequences, peptides
TPEP1 and TPEP3 showed homology with amino acid se-
quences coded by two unidentified, ethylene- and senes-
cence-related clones from carnation and asparagus (pSR12,
Raghothama et al., 1991; pTIP31, G. King, personal com-
munication). With this sequence available, regions in the
carnation and asparagus polypeptides that show some ho-
mology to the other apple peptide sequences could be located
by eye (Fig. 2). The asparagus pTIP31 clone (provided by G.
King) was, therefore, used as a nucleic acid probe in screening

Gal Content of ,_ . D . ,
... ... Gal Released
Polysaccnaride

Apple /J-galactosidase

Apple galactan

Kiwifruit galactan

Apple Na2CO3-soluble pectin

Kiwifruit 0-galactosidase

Apple galactan

Kiwifruit galactan

Kiwifruit Na2CO3-soluble pectin

mo/%

20.8

75.0

7.6

As above

As above

12.0

^g/2 mg substrate

2.0

2.4

tr

18.4

40.0

15.0

an apple fruit cDNA library to isolate pABGl, an apple
homolog.

pABGl , an Appl e 0-Galactosidas e cDNA Clone

Escherichia coli DH5a colonies harboring the pABGl plas-
mid appear blue when grown in the presence of isopropyl-
i8-D-thiogalactoside and 5-bromo-4-chloro-3-indoyl-j8-D-gal-
actoside, a chromogenic substrate for /3-galactosidase. The
nucleic acid and deduced amino acid sequence of the pABGl
cDNA is shown (Fig. 3). The clone contains a 2637-bp insert
and an open reading frame that extends from nucleotide 175
to nucleotide 2370. The positions of two in-frame Met resi-
dues near the 5' terminus of the clone are indicated. If
translation is initiated at the 5' Met (which is flanked by a
consensus initiation sequence AAAATGG; Kozak, 1983),
then the open reading frame encodes a 81-kD polypeptide
of 731 amino acids. This polypeptide shares 70 and 67%
amino acid identity with pTIP31 and SRI2, respectively.

The sequence contains a hydrophobic N-terminal leader
sequence. According to an algorithm proposed for determin-
ing signal-sequence cleavage sites (Von Heijne, 1983), this
leader sequence is likely to be cleaved at or very close to the
Ala residue, which is aligned to the first residue of the N-
terminal protein sequence. Cleavage of the signal sequence
would leave a predicted mature polypeptide of 78.5 kD, with
an approximate isoelectric point of 5.8. The 3' untranslated
region contains a putative polyadenylation sequence located
approximately 30 bases upstream of the poly(A+) tail. Also
present in the 3' untranslated region are several motifs that

Table III. Protein sequence information obtained from the purified
41-kD apple /S-ga/actos/dase

TPEP peptides were obtained after tryptic digestion of this sub-

unit. Parentheses indicate where it was not possible to determine

the residue at this position._____________________

N terminus A-K-V-T-Y-D-H-R-A-L-V-I-D-C-K

TPEP 1 S-T-P-E-M

TPEP 2 O-T-C-C-P-F-I-A-T-S-Y-O-Y

TPEP 3 V-L-V-S-C-S-I-H-Y-P
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>TPH|

i
61
57

CARNATION 29 QlWWIKHDgiUU:l;L3SSIHXPRS
ASPARAGUS 25 ASTT¥DHK?VI I»OQRRIL1SGSIHYPK
APPLE AKVTIDHRALVIDG K vtVSGSIHYP S!

CARNATION 307 TA . ORFVSTSYDI 318

ASPARAGUS 302 TAQGPFISTSXPY 314

APPLE T.QBWIAXax X

Figur e 2. Lineup of apple /S-galactosidase peptide sequences with

those coded by the SRI 2 gene from carnation (Raghothama et al.,

1991) and the pTIP31 mRNA from asparagus (G. King, personal

communication). Numbers indicated are with respect to the start

Met residue in these sequences. Shaded blocks indicate sequences

common to more than one species.

Uncut EcoRI H/ndlll Pst I

kbp

4.4 —

2.3 —
2.0 —

show high homology with downstream sequence elements,
which have been suggested to contribute to mRNA instability
(Newman et al., 1993). Regions where the peptide coded by
pABGl shows homology to the amino acid sequences ob-
tained from the /3-galactosidase protein are also indicated
(Fig. 3). There are some sequence differences (10 over the
total 41 residues), particularly at the N terminus.

DNA Gel Blo t Analysi s

DNA gel blot analysis of apple genomic DNA digested
with several restriction enzymes and probed with the 32P-
labeled pABGl insert is shown in Figure 4. Restriction en-
zyme sites in the cDNA sequence suggests at least four EcoRI
bands, three Hi'ndlll bands, and four Psfl bands should be
observed. However, when the membrane was washed at
moderate stringency (Ix SSC, 0.1% [w/v] SDS, 65°C), all
three enzyme digest lanes showed more hybridizing bands
than predicted, and these were of various intensities. After
the membrane was washed at high stringency (O.lx SSC, 1%

0.6— a^Hi

Figur e 4. Cenomic DNA gel blot analysis of the pABC1 clone.

Cenomic DNA (10 jig) digested with the indicated restriction en-

zyme was loaded on each lane. The blot was probed with the

radiolabeled cDNA insert from the pABC1 clone and washed at a

stringency that allowed for 25% mismatch between pairing nucleic

acids. When washed at higher stringency (5% mismatch),

some bands were lost, whereas those indicated with arrows were

maintained.

[w/v] SDS, 65 °C) a number of these bands disappeared,
whereas others were maintained (Fig. 4). These observations
indicate the presence in the apple genome of other sequences
that are related to ABG1.

Expressio n and Activit y durin g Appl e Frui t Developmen t
and Ripenin g

During fruit development and in mature, unripe fruit, there
was no detectable expression of pABGl-homologous RNA

CTCAACTCTGCCACTCTCTCTCTGTCTCTTTCCAAAATATCAAAAGCACCAAACAAAAGAAACCAAATTCAAATCCCAAAACACAATATATATTTTAAGT 100

TTTTGGTACAAACAAAGCAAGTATATTTATATATAAAGGCCATTGCTTTTGAGCGTTTCAGAAGCAAGGOAAAAfcTOGGTSTTCGAAnCAAACAATOTC 200

M G V G I Q T M W

GAGCATTCTGCTATTGTTTrCCTGCATTTTTTCTGCAGCTTCAGClrrcTCTGAGTTATGACCACAAGGCTATAATAAWAATGGGCAGAAAAGGATTTTA 300

* K * T * * ' R * L V " D ' - V *

ATTTCTGGCTCCATTCACTATCCCAGAAGCACTCCCGAGATGMGCCGGATTTAATTCAGAAGGCCAAAGATGGAGGCITGGA'KTTATACAGACCTATG 400
T S K S T H Y P R _q T p F M W P D L I Q K A X D G G L D V I Q T Y
V * * > < * * > * . . . .

TGTrrrGGAATGGCCATGAACCTrCTCCGGGAAATrATTATTTCGAGGAAAGATATGArrTCGTCAAGTTTATCAAGCTGGToCAACAAGAAGGCCTATT 500

TGTrAATCTCCGGATTGGCCCTrATGTTTGCGCTGAATGGAACTTCGGGGGATTCCCAGTTrGaCTGAAATATGTCCCTGGAATCGCTn'iCGAACGGAC 600

V N L R I G P Y V C A E W N F G G F P V W L K Y V P G I A F R T D

AATXSAGCCTTTCAAGGCGGCAATGCAAAAATTTACAGAGAAGATTGTCAGCATGATGAAGGCAGAGAAGCTGTTTCAAACTCAAGGAGGTCCTATAA'ITC 700
N E P F K A A M Q K F T E K I V S M M K A E K L F Q T Q G G P I I

TCTCTCAGATAGAAAATGAATTTCGACCTGTGGAATGGGAAATrGGTGCACCTGGAAAAGCTTACACCAAATGGGCAGCTCAGATGGCTCTAGGCCTAGA 8 0 0

L S Q I E N E F G P V E W E I G A P G K A Y T K W A A Q M A V G L D
CACTGGAGTTCCATGGATTATGTGCAAGCAAGAGGATOCCCCCGATCCCGTTATTGACACTraCAATGGTTTCTACTGTGAGAAT-TrCAAGCCAAATAAG 900

T G V P W I M C K Q E D A P D P V I D T C N G F Y C E N F K P N K

GACTATAAGCCCAAAATCT^GACAGAAGTCTXSGACTGGTTGGTATACAGAATTCGGTGGGGCAGTKrCCACTAGACCTGCAGAAGATGTGGCATTTrCAG 1000

D Y X P K M W T E V W T C W Y T E F G G A V P T R P A E D V A F S

TTGCTAGGTTCATACAAAGCGGCGGTrCGTTTTTGAACTATTACATX3TACCACGGAGGAACGAATrrK3GCCGAACAGCCGGAGGTCCCTTCATGGCCAC 1100

• - • * • • ! • •

TAGCTATGACTACGACGCCCCCTTAGACGAATATGGACTACCCCGGGAACCAAAGTGGGGACATTTGAGAGATCTCCACAAAGCCATTAAATCATCTGAG 1200

TCTGCTTTAGTGTCCGTTXSATCCTTCAGTGACTAAACTCGGAAGTAATCAAGAGGCTCATGTATTCAAATCAGAGTCGGATTGCGCTCCATTCCTCGCAA 1300

ATTA'IGACGCAAAATACTCTGTTAAAGTGAGCTTTaGAGGCGGGCAGTATGACCTGCCGCCATGGTCCA'rcAGCA'rTCTTCCGGACTGCAAAACCGAAGT 1400

N Y D A K Y S V K V S F G G G Q Y D L P P W S I S I L P D C K T E V

TTACAACACTGCAAAGGTTGGTTCGCAAAGCTCGCAAGTrCAGATGACACCAGTACATAGTGGATTTCCTTGGCAGTCATrcATCGAAGAAACCACGTCT 1500

Y N T A K V G S Q S S Q V Q M T P V H S G F P W Q S F I E E T T S

TCTGATGAGACCGATACAACTACATTGGACGGGTTGTATGAGCAAATAAATATCACTAGGGATACTACAGACTACTTGTGGTACATGACAGATATCACAA 1600

TAGGTTCTGATGAAGCGTTTCTAAAGAACaGAAAGTCCCCACTTCTTACGATCTTrTCAGCAGGTCATGCCTTGAATjTTrrCATCAATGGTCAGCTATC 1700

I G S D E A F L K N G K S P L L T I F S A G H A L N V F I N G Q L S

AGGAACCGTGTATGGGTCATraGAGAATCCTAAATTATCATTCAGTCAAAACGTGAACCTGAGATCTGGCATCAACAAACTrGCATTGClTAGCATTICC 1800

GTTGGTCTGCCGAATGTreGTACTCACTTTGAGACATGGAACGCGGGAGTrcTAGGCCCGATCACGTTGAAGGGTCTGAATTCAGGAACATGGGACATGT 1900

CAGGGTGGAAATGGACGTACAAGACTGGTCTGAAAGGTCAAGCTTTAGGCCTCCATACTGTTACTCGGAGTTCTTCTGTTGAATGGGTAGAAGGACCATC 2000

S G W K W T Y K T G L K G E A L G L H T V T G S S S V E W V E G P S

GATGGCTGAAAAACAACCCCTTACATGGTACAAGGCTACTTrTAATGCACCACCAGGTCATGCTrcATTAGCTTTAGATATCGGAAGCATGGGAAAAGGT 2100

M A E K Q P L T W Y K A T F N A P P G D A P L A L D M G S M G K G

CAGATATGGATAAATGGACAGAGCGT3GGACGCCACTGGCCCGGGTACATTGCACGCGGCAGC'P3TGGCGArraTrCITATGCCGGAAC'PTATGATt3ATA 2200

Q 1 W I N G Q S V G R H W P G Y I A R G S C G D C S Y A G T Y D D

AGAAATCCAGAACTCATIGTGGCGAGCCCTCTCAGAGATGGTACCACATTCCTCGATCATGGTTGACCCCGACTCGGAA'TCTTrTCGTGGTGrrCGAAGA 2300

K K C R T H C G E P S Q R W Y H I P R S W L T P T G N L L V V F E E

ATGGGG'TCGlGATCCGTCAAGGATrrCGTTGGTTGAAAGAGGTACAGCCCTCGACGCGAAGAAGCTCTAGGTToAGGCTGTCTCCAGATCCAGCAGATAC 2400

W G G D P S R I S L V E R G T A L D A K K L *

OTAOATTXCTAAATACGTGAAGTGGTTGTGTACATAGACAA'rcTATTAATTGTTOGAAAAAAATAGCTCCACAlGATATACGAAGGATTACATACAAAGT 2500

TTGTAGTCA(WA(»TTTGCGGAAGCXTTTTCCATTGTAAGlTraTAACAACTrATGGAAAAGArTTCCrTTTCCCTrACAAGAATAAATGGAAAACTAAT 2600

AGAGACTACTTTTATCAAAAAAAAAAAAAAAAAAAAA 2637

Figur e 3. Nucleic acid sequence of the pABC1

cDNA insert, with the amino acid sequence of

the coding region. Two possible "start" Met

codons are indicated in bold type, as is a pu-

tative polyadenylation sequence and a number

of motifs in the 3' untranslated region that show

homology to downstream sequence elements

(Newman et al., 1993). Also indicated are the

regions of homology between the apple pep-

tide sequences and the polypeptide encoded

by pABCI (* indicates an identical residue;

otherwise the different residue is given).
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(Fig. 5). However, after harvest, pABGl-homologous RNA
accumulated to a level at which hybridization with an RNA
species of 2.6 kb was easily detectable in both the 1- to 10-
ppm and >100-ppm ethylene samples. Enzyme-specific ac-
tivity, as measured in the crude salt extracts, was low in the
earliest (4 week) sample but increased during the following
8 weeks to a level that was maintained during the later stages
of fruit development and after harvest (Fig. 5).

DISCUSSION

The loss of Gal from the cell walls of ripening fruit has
been well documented (Bartley, 1976; Seymour et al., 1990;
Redgwell et al., 1992a). There is currently widespread interest
in /3-galactosidase as the enzyme most likely to be responsible
for this change. The enzyme has now been purified from a
number of different fruit, including tomato (Pressey, 1983),
orange (Bums, 1990) kiwifrui t (Ogawa et al., 1990; Ross et
al., 1993), and apple (Dick et al., 1990; this report), and
activity against cell wall substrates has been shown in tomato
(Pressey, 1983), muskmelon (Ranwala et al., 1992), kiwifrui t
(Ross et al., 1993), and now apple.

/3-Galactosidases have been purified from a wide range of
plant tissues using affinity chromatography on lactosyl-Seph-
arose (Simos et al., 1989; Ross et al., 1993). Consistently, two
subunits are obtained, which range in molecular mass from

2.6 kb —

2.0-

1.5-

1.0-

0.5

0.0

T

1 2 3 4 5 6 7

sample

Figur e 5. RNA gel blot analysis of pABGl gene expression (A) and

i8-galactosidase activity during apple fruit development and ripening

(B). Each lane in A contained 20 tig of total RNA extracted from

cortical tissue of developing fruit. For B, activity was measured in

salt extracts from the cortical tissue of developing fruit, and data

presented are the means of four replicates ± SE (1 unit = 1 fimo\ p-
nitrophenol released per min). Lanes: 1, 4 weeks after full bloom;

2, 8 weeks; 3, 12 weeks; 4, 16 weeks; 5, harvest maturity; 6,

postharvest, producing 1 to 10 ppm ethylene; 7, postharvest, >100

ppm ethylene.

42 to 46 and 31 to 35 kD. From Granny Smith apples we
have obtained 180-fold purification of (3-galactosidase to
provide a preparation that shows bands of 44 and 32 kD.
The lack of other bands after SDS-PAGE suggests that the
level of purification achieved was close to homogeneity.
Previously, a /3-galactosidase of 79 kD was purified from
Spartan apples (Dick et al., 1990), with other proteins of 146
and 161 kD also detected that had lesser activity. It is possible
that the ephemeral SDS-PAGE band that we observed at
77.5 kD is an aggregation of the two smaller polypeptides.
The discrepancy between the molecular mass estimates ob-
tained by SDS-PAGE and gel permeation appears to be a
common feature of 0-galactosidase preparations (Sekimata et
al., 1989; Giannakouros et al., 1991; Ross et al., 1993).

The purified enzyme released Gal from a galactan prepared
from apple cell walls and a trace of Gal from a Na2CO3-
soluble pectic fraction. However, /3-galactosidase from kiwi-
fruit was much more effective in releasing Gal from both
polysaccharides. Although the significance of this difference
awaits further experimentation, it is noteworthy that activity
was detected at all, since in a previous study in which an
apple /3-galactosidase was incubated with an extract from
apple cell walls, no activity was detected (Wallner, 1978).
The apple galactan and NazCCVsoluble pectic fractions are
likely to contain /3-(l—»4) linkages (Aspinall and Fanous,
1984). Furthermore, the galactan fraction accounted for most
of the Gal in apple cell wall material (R.J. Redgwell, unpub-
lished data) and is, therefore, likely to be the major source of
the Gal lost during ripening. Because monomeric Gal was the
only product that we detected from enzymic digestion, we
conclude that this enzyme acts in an exo-fashion, removing
single galactosyl residues from the nonreducing end of poly-
saccharides.

As with a kiwifrui t /3-galactosidase (Ross et al., 1993), the
amount of Gal released by the apple enzyme in vitro is
unlikely to be sufficient to account for the observed in vivo
loss of Gal from apple cell walls during ripening (Bartley,
1976). Previously, we speculated concerning possible causes
for the low in vitro enzyme activity (Ross et al., 1993). Recent
evidence has suggested that even only limited in vivo /3-
galactosidase activity on the pectins of the cell wall could
have a significant effect on pectin solubility, through decreas-
ing the ability of pectin molecules to aggregate (De Veau et
al., 1993). Thus, limited (3-galactosidase action on the side
chains of the pectic backbone could have major implications
for the matrix of the cell wall in rendering substrates suscep-
tible for hydrolysis by other cell wall-degrading enzymes.

Work on plant /3-galactosidases is entering the molecular
arena. The apple protein sequence that we obtained suggests
a carnation clone (SR12; Raghothama et al., 1991) and an
asparagus clone (pTIP31; G. King, personal communication)
code for /3-galactosidase in these species. These clones were
isolated following differential screening of cDNA libraries
and were induced following ethylene treatment (carnation)
or harvest (asparagus). The challenge with this approach is
the identification of the differential clones that are isolated.
In this respect, the data we provide from the apple /3-galac-
tosidase protein are especially useful in efforts to assign
functionality to two previously unidentified clones. There is
supporting evidence for the presence of /3-galactosidase activ-
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ity in senescing camations and asparagus spears. The cell 
walls of camation petals lose considerable quantities of Gal 
during senescence (de Vetten and Huber, 1990). Similarly, 
cell wall analysis in asparagus stem tissue after excision has 
indicated a storage-related decrease in ( 1 4 )  linked Gal in 
all fractions rich in pectic polysaccharides (Waldron and 
Selvendran, 1992). 

We were able to use the pTIP31 cDNA directly as a probe 
to isolate an apple homolog. The mismatches between pep- 
tide sequences suggest that the pABGl clone may not in fact 
encode the exact protein that was purified from apple flesh. 
However, we believe that ,&galactosidase in apples is en- 
coded by a multigene family, and pABGl is one of the 
members. Several lines of evidence support this conclusion. 
First, following a high-stringency wash of the genomic DNA 
gel blot, several previously detectable bands were lost, 
whereas others were maintained. This indicates the presence 
of other related sequences in the apple genome with lower 
homology to pABG1. Second, preliminary analysis of DNA 
sequences and restriction enzyme sites in the other pTIP31 
homologs isolated in our laboratory has indicated a number 
of different family members. Although a range of clones are 
available, we have yet to identify a member that encodes 
the apple peptides without discrepancy. Finally, the observa- 
tion that colonies harboring the pABGl plasmid are blue 
on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5-bromo-4-chloro-3-indoyl-f3-~-galactoside suggests that 
pABGl encodes fl-galactosidase enzyme, although this evi- 
dence is not conclusive identification, since other clones 
containing a cDNA insert that interrupts the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlacZ gene also 
occasionally appear blue. Confirmation that pABGl encodes 
an apple @-galactosidase awaits expression of the functional 
protein in a system that does not involve lac genes. 

The SR12 (camation), pTIP31 (asparagus), and pABGl 
(apple) transcripts are of sufficient lengths to code for proteins 
of 82.8 kD (Raghothama et al., 1991), 92.2 kD (G. King, 
personal communication), and 8 1 kD, respectively. Whereas 
the putative leader sequence in the apple polypeptide could 
be cleaved to leave a mature protein of 78.5 kD, the apple 
protein sequence was obtained from a 44-kD polypeptide. 
Since the sequence homologies among the apple, camation, 
and asparagus clones occur in a region close to the 5’ end of 
the respective coding regions, we suggest that during proc- 
essing of the mRNA, or during either enzyme extraction or 
SDS-PAGE, a large polypeptide is cleaved from the C ter- 
minus of the apple protein. This other subunit may be the 
32-kD band visible during SDS-PAGE. We have sought 
amino acid sequence from this subunit to confirm this, but 
its N terminus appears to be blocked. 

Northem analysis of pABGl expression during apple fruit 
development and ripening indicates that pABGl is a ripen- 
ing-related gene, with an accumulation of transcripts coinci- 
dent with autocatalytic ethylene production by the fruit. This 
pattem of ethylene- or senescence-related expression is con- 
sistent with that observed with the camation and asparagus 
homologs (Raghothama et al., 1991; King and Davies, 1992; 
G. King, personal communication). Our measurements of 
enzyme activity in apple fruits indicate relatively consistent 
levels of activity during the later stages of fruit development 
and ripening. This result is consistent with previous studies 
(Dick et al., 1990). The apparent inconsistency between 

mRNA expression and enzyme activity could be explained 
by the presence of divergent enzyme isoforms that may be 
expressed at more constitutive levels. 

In conclusion, the clone reported here appears to represent 
one member of an apple &galactosidase gene family. There 
is good evidence that 0-galactosidase enzymes are capable of 
acting on cell wall polysaccharides, but the significance of 
their action in the overall softening process remains to be 
shown. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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