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(ABSTRACT)

Maize ß·glucosidase is implicated in phytohormone catabolism, disease resistance mech-

ä
anisms, and also the catabolism of various ß·D-glucosides. The enzyme expressed in maize

ä sporophytes is encoded by a highly polymorphic locus, Glul (chromosome 10). In the present

Z study, maize ß·ducosidase was purified to homogeneity by using differential solubility and

Ü chromatography. The enzyme is soluble and synthesized adaptively after germination. The

isoelectric point (pl) of the native enzyme is 4.9-5.0 and its temperature and pH optima are 40°C

and 6.8, respectively. The active enzyme is temperature·sensitive and composed of two identical,

non-eovalently associated and catalytically inactive polypeptides (60 kD each). Enzyme catalysis

shows dominant aryl ß-glucosidase and ß·fucosidase activities compared to cellobiase activity.

Activity is (1) influeneed by the configuration of the C-4 and C~6 atoms on the glyeone moeity and

by the substrate chain length, (2) possibly mediated by an imidazole ring and a terminal a·amino

group in the enzyme catalytic and binding sites, respectively, (3) dependent on intra·chain disulfide

bonds to maintain the enzyme conformation, and (4) inhibited competitively by the end product,

glucose. The sporophytic specificity of Glul expression might be controlled by tightly linked cis-

and trans·acting regulatory elements. One of the several null mutations, with an apparent allelism

to Glul locus, (l) complements in trans when combined with normal Glul alleles, and (2) probably

affects a shift in the tissue-specific expression of Glul locus (from sporophytic to gametophytic).

Another structural gene, GIu3, encoding a soluble, sporophyte-specific, and electrophoretically·

invariant ß-glucosidase isoenzyme is present based on hydrodynamic properties, size, surface net

charge, peptide map, quaternary structure, and enzyme kinetics.



Acknowledgements

I would like to express my sincere appreciation and gratitude to all my committee members

for all the help, advice, and valuable suggestions and comments they offered me throughout this

study. I am very grateful to Dr. A. Esen, my major advisor, for olfering me every possible help

during the course of this study and throughout my stay in Blacksburg; Dr. R. C. Bates for the

support, encouragement, and laboratory help; Dr. J. O. Falkinham III for the continuous en-

couragement that I will never forget and for the critical reading of this manuscript; Dr. J. L.

Johnson for the nurnerous hints in molecular cloning techniques; and Dr. B. Wallace for the many

valuable discussions in genetics and research news, the critical reading of my manuscripts, and for

the continuous support and humor.

I would like also to acknowledge the support I received from the United States Agency for

International Development (USAID) and the Egyptian Cultural and Educational Bureau during

Aclmovvledgements iii



Acknowlcdgcmcnts iv



Table of Contents _

Chapter I: Introduction .................................................... I

Objectives ............................................................ 5

Literature Review ...................................................... 6

Maize biology and genetics .............................................. 6

Biology and properties of ß·g,lucosidases .................................... 8

Biochemical genetics of maize ß-glucosidase ................................ 25

References .......................................................... 29

Chapter 2: Blochemical and physicochemical characterization of maize B-glucosidase ....... 36

Purilication and partial characterization of maize ß-glucosidase ...................... 37

Abstract ...................................,........................ 37

Introduction ......................................................... 38

Materials and Methods ................................................. 39

Materials .......................................................... 39

Plant materials ...................................................... 39

Enzyme turnover kinetics .............................................. 40

Estimation of isoelectric point (pl) ....................................... 40

Table of Contents v



Enzyme purification .................................................. 41

Enzyme and protein assays ............................................. 41

Electrophoresis ..................................................... 42

Protein biotinylation ................................................. 43

Cross·linking of the enzyme subunits ..................................... 43

Results and Discussion ................................................. 44

Time course of enzyme activity .......................................... 44

Iso·electric point (pl) ................................................. 46

Enzyme stability and pH .............................................. 46

Optimization of small-scale purification .................................... 49

Large·scale purification of the enzyme ..........t.......................... 49

Subunit identification and quaternary structure .............................. 53

pH optimum ....................................................... 58

Thermal stability .................................................... 60

Effects of thiol and disulfide reagents and divalent cations ....................... 60

References .......................................................... 65

Thiodisulfide isomerism of the maize ß-glucosidase subunit ......................... 69

Abstract ............................................................ 69

Introduction ......................................................... 70

Materials and Methods ................................................. 72

Materials .......................................................... 72

Prepaxation of maize ß-glucosidase ....................................... 72

Two·dimensional reducing/non·reducing SDS·PAGE .......................... 73

Treatment with thiol probes ............................................ 74

Peptide mapping by limited proteolysis .................................... 74

Results and discussion .................................................. 74

References .......................................................... 82

Table of Contents vi



Chapter 3: Substrate specilicity of maize B·glucosidase ............................ 85

Abstract ............................................................ 86

Introduction ......................................................... 87

Materials and Methods ................................................. 88

Materials .......................................................... 88

Enzyme preparations ................................................. 89

Enzyme assays and substrate specilicity .................................... 89

Enzyme tumover kinetics .............................................. 90

Electrophoresis ..................................................... 91

Assay of reducing sugars by paper chromatography ........................... 91

Results and Discussion ..............,.................................. 92

The co·purilication of ß-glycosidase activities ................................ 92

The role of glycone moeity in enzyme catalysis .............................. 95

Cellobiase activity ofmaize ß-glucosidase ................................. 102

References ......................................................... 106

Chapter 4: Studis on the genetie control of maize B-glucosidases ................... 109

Abstract 110

Introduction ........................................................ 111

Materials and Methods ................................................ 112

Materials ......................................................... 1 12

Maize inbred lines and hybrids ......................................... 112

Enzyme preparations ................................................ 113

Enzyme assays and kinetics ............................................ 113

Isoelectric point estimation ............................................ 114

Electrophoresis ....................,............................... 1 14

Pu1se·labe1ing with radioactive amino acids ................................ 115

Protein biotinylation ................................................ 115

Table ofContentsvii



Peptide mapping by limited proteolysis 116

Results and Discussion ................................................ 116

Trans·activation of a Glul null phenotype ................................. 116

A cis-acting control of Glul expression ................................... 119

Maize ß-glucosidase multiplicity ........................................ 121

References ......................................................... 135

Chapter 5: General discussion ............................................. 138

Suggestions for cloning maize ß-glucosidase genes ......................,...... 145

References ......................................................... 147

Vita ................................................................ 151

Table ofContentsviii



List of Illustrations

Figure 1. Adaptive synthesis and zymogram of ß·g1uoosidase ...................... 45

Figure 2. Iso·electric point (pl) estimation .................................... 47

Figure 3. Effect ofpH on enzyme stability .................................... 48

Figure 4. Eff'ect of ionic strength on enzyme binding to QMA medium ............... 50

Figure 5. Optimum binding of the enzyme to QMA anion exchange: ................ 51

Figure 6. Gradient optimization during QMA chromatography ..................... 52

Figure 7. Large·sca1e enzyme purification by QMA chromatography ................. 54

Figure 8. Large·sca1e enzyme purification by HAP chromatography ................. 55

Figure 9. Enzyme purification, subunit size and quaternary structure ................. 57

Figure 10. lmmunological identification of the enzyme subunit ...................... 59

Figure 11. The effect of pH on maize ß·glucosidase activity ........................ 61

Figure 12. Thermal stability of maize ß-glucosidase .............................. 62

Figure 13. Eüect of disulfide reduction on enzyme activity and stability . ._.............. 64

Figure 14. Eßects of reducing and alkylating agents on the enzyme ................... 76

Figure 15. Two-dimensional reducing and non·reducing SDS-PAGE ................. 78

Figure 16. Peptide mapping of the subunit isomers by limited proteolysis .............. 79

Figure 17. Conformational isomers of maize ß-glucosidase subunit ................... 81

Figure 18. The co·fractionating ß·glycosidase activities ............................ 93

Figure 19. Effects of glycone moeity on enzyme catalysis .......................... 94

Figure 20. Competitive inhibition of ß-D-glucosidase activity ....................... 98

Figure 21. Competitive inhibition of ß-D-fircosidase activity ........................ 99

List of Illustration: ix
1



Figure 22. Plots of 1/v versus 1/s for the mixed substrates ........................ 100

Figure 23. Dependenoe 0fV and Km on f.................................... 101

Figure 24. Comparative developmcntal profiles ................................ 104

Figure 25. The buffer-soluble nature ofmaize ß·g1uoosidase ....................... 105

Figure 26. Trans-activation of a ß-glucosidase null phenotype ..................... 117

Figure 27. Comparative protein profiles from parents and offspring ................. 120

Figure 28. Expression of ß·g1ucosidase in male gametophytes ...................... 122

Figure 29. A postulated model for ß·g1ucosidase gene control ...................... 123

Figure 30. Multiple molecular forms ofmaize ß·g1ucosidases ...................... 125

Figure 31. lso·electric points of ß·g1ucosidase isozymes .......................... 126

Figure 32. Anion exchange chromatography of ß·glucosidases ..................... 127

Figure 33. Steady-state stacking of ß-glucosidases .............................. 128

Figure 34. Ferguson plot analysis of maize ß·glucosidases ........................ 130

Figure 35. Eadie-Scatchard plots and enzymatic properties of ß~glucosidases ........... 131

Figure 36. ß-glucosidase zymograms and subunit size and structure ................. 134

List of lllustrations x



List of Tables

Table 1. Summary of puriiication of maizc ß·glucosidase ......................... 56

List ofTablesxi



Chapter 1: Introduction

Chapter I: Introduction 1



The scientific objectives of molecular genetic studies can be tentatively grouped into at least

two mutually dependent categories. The first is concemed with a fundamental understanding of

gene structure, function, and expression and is now tuming to the more subtle question: what are

the factors that control or regulate gene expression? The second concems the application of mo-

lecular approaches to a variety of industrial, agricultural, medical and pharmaceutical problems.

The current advances and growing knowledge in molecular genetics are largely based on the ability

to study genes in isolation. Cloning and isolation of enzyme- encoding genes is of a special interest

in molecular genetic research for at least two reasons:·

l. The adaptive nature of synthesis of most enzymes offers an opportunity not only to enrich,

differentially select, and isolate mRNA and genes encoding these enzymes, but also to address

questions concerning the mechanisms of regulation of such inducible genes.

2. Enzymes exhibit a tremendous variability, a quality necessary for their functional diversity and

substrate specilicity, and usually constitute a class of extremely low abundance proteins. This

renders the purification of enzymes a very challenging problem. Therefore, cloning of

enzyme·encoding genes is expected to allow for a la.rge·sca1e enzyme 'manufacturing', as well

as engineering of enzyme catalysis through in vitro mutagenesis. This would ultimately further

our understanding of the relationship between the structure and function of these gene pro-

duets.

One of the potential industrial applications of molecular biology techniques is the large-scale
' manufacturing of cellulose- saccharlfying enzymes, so as to finally develop renewable sources of

energy (e.g. fuel ethanol). This process is presently dependent on the cellulase enzyme-complex of

the fungus Trichoderma viride and is hampered by several problems, most notably the inhibition

of ß- glucosidase by its end product glucose. ß-glucosidases (ß-D-glucoside glucohydrolases, EC

3.2.1.21), play the key role in controlling the efiiciency of the industrial hydrolysis of cellulose.

These enzymes are ubiquitous in prokaryotic and eukaryotic organisrns and have the potential for

use as natural and engineered enzymes for cellulose saccharification. These are the major reasons
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behind the increasing interest in the isolation and characterization ofß·g1ucosidases and their genes

from various sources.

ß-D·glucosidases have been isolated, charactexized, and the genee encoding them have been

cloned from several microbial sources. Studies on these enzymes have demonstrated their diversity

with respect to optimum catalytic conditions, substrate specilicity, and biological functions. Based

on their substrate speciiicity, microbial ß-D- glucosidases have been categorizecl into three classes

by Sakamoto et al. (l985a,b): (1) aryl ß-glucosidases, with the highest aliinity towards aryl

ß-D-glucosidee (e.g. p- nitrophenyl ß-D-glucoside, PNPG), (2) cellobiases, with the highest allinity

towards cellobiose (or cellotriose), and (3) ce1loo1igo·g1ucosidases, with the highest atlinity towards

cellooligosaccharides with a degree of polymerization of 4-5. Isolation ofß·D-glucosidases or their

genes fr·om higher plants, however, has not received much attention to date. The only plant

ß·glucosidase that has been purified and studied extensively was that from almond (Pmnus

angwgdalus); the most convenient source of a plant ß- glucosidase.

Molecular isolation and characterization of plant /1-glucosidase gene·enzyme systems are of

signilicance for a number of biologically important questions:

1. Plant ß·g1ucosidases are implicated in (1) phytohormone metabolism (e.g. Schliemann, 1984;

Wiese and Grambow, 1986; Matsuzaki and Koiwai, 1986), (2) stress metaboli ·»•· and resistance

to phytopathogens (e.g. Bell, 1981), and (3) hydrolysis of various ß-glucosides and de-

toxilication ofmetabolic accumulates (e.g. Hahlbrock and Grisebach, 1979; Conn, 1980; Hosel

and Conn, 1982). Therefore, the molecular characterization of these gene·enzyme systems

pertains directly to an understanding of the complexity of several plant growth and develop-

ment phenomena.

2. Plant ß·g1ucosidases may be involved in cellulose tumover (Labavitch, 1981; Taiz, 1984).

Therefore, cloning and overproducing these enzymes in suitable hosts would have a potential

application in cellulose saccharilication industry.
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The complexity of maize ß·g1ucosidase gene- enzyme system provides a suitable model for

molecular genetic studies. In addition to the possible involvement of the enzyme in an array of

biological functions, the genetic features of maize ß- glucosidase locus, Glul, are both unique and

promising for molecular characterization. The locus is highly polymorphic with a series of alleles

exceeding in number that of any other plant enzyme locus known (Goodman and Stuber, 1983).

lt is not understood whether this high polymorphism is due to a higher frequency of base substi-

tutions at Glul locus, the presence ofa mutator element near or at the locus, the high tolerance of

the enzyme to missense mutations, or to other causes. Moreover, the high frequency of null

mutants rnapping to this locus and their anomalous modes of gene expression (Pryor, 1976;

Goodman and Stuber, 1983; and Doebley ct al., 1985), provide exceptional material for investi-

gations concemed with the more general inquiry into the molecular basis of mutations. The an-

swers to these questions are dependent on the application of the high resolution of molecular

genetic techniques to the isolation, characterization, and comparative sequence analyses of maize

Glu genes and their alleles.
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Objectives

Since maize ß-glucosidase has not been purified and characterized before, nor have molecular

approaches been -••• pted in isolating and characterizing its gene(s), the study presented here has

the following objectives:

l. Purify and characterize the enzyme ß-glucosidase from maize as the first step towards the

molecular isolation of its gene(s) (Chapter 2).

2. Investigate the mechanism ofaction of maize ß- glucosidase with special emphasis on substrate

speciiicity, as a preliminary step to elucidate its possible biological function (Chapter 3).

3. Study the genetic basis ofmaize ß-glucosidase multiplicity and the null allelism at Glul locus

(Chapter 4).
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Literature Review

Maize biology and genetics

Maize is well suited for biological and genetical investigations for several reasons.

1. The plant is easy to cultivate and is adapted to a wide range of environmental conditions.

Controlled pollinations are easy to perform because the staminate and pistillate flowers are

separated on the same plant (monoecious). A tassel containing the staminate flowers caps the

stem, while the pistillate flowers are borne laterally in the ears (lateral shoots with very short

intemodes). Since maize is a predominantly out-crossing species, highly variable genetic stocks

are available.

2. A single pollination yields several hundreds of progeny kemels. Kernels consist of two major

parts, (l) the triploid endosperm and (2) a diploid embryo. The endosperm is a storage tissue

having two phases of metabolic activities: (1) the syrrthetic phase, active during seed develop-

ment and responsible for the synthesis, deposition and storage of reserve nutrients (e.g. starch

and proteins), and (2) the degradative phase, mostly active during seed germination and early

seedling growth, when the degradation and hydrolysis of the stored nutrients occurs. The

outermost layer of the endosperm, called the aleurone (triploid), is involved in the synthesis

and deposition of seed pigrnents during development, and the secretion of hydrolases during

germination. Genetic analysis of endosperm and aleurone phenotypes has received much at-

tention in maize genetics because these characters are easily scored and constitute markers for

the embryo's genotype. Moreover, a hybrid endosperm becomes available for molecular and

biochemical genetic studies shortly after pollination; therefore, the endosperm and aleurone

comprise a natural, simple and rapid in vivo transcription assay system.
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3. Maize is amenable to cytogenetic analysis because of its well- developed 10 linkage groups, the

ease with which chromosomal aberrations are identified, and the availability of translocation

stocks including B·A translocations between the normal (A) set and supemumerary chromo-

somes (B). The latter simplities the assignment of new mutations to their respective linkage

groups and determining their map positions.

4. The C value of maize is 6 x
l0’

bp and the total genome length in map units is about 1100.

lt follows that every 1 map unit should equal about 5 x
10’

kb of DNA if all nucleotide pairs

equally recombine. However, not every nucleotide pair in maize equally recombines. Data

on observed intragenic recombination frequencies eoupled with the molecular analysis of the

loci involved in recombination (e.g. Wx, Adhl and other maize genes), indicate that every 1

map unit eorresponds only to about 43 kb of DNA, and therefore, point to the underesti-

mation of the total genomic length as determined from linkage data (Freeling and Bennett,

1985).

5. A linkage map based on restriction fragment lgth polymorphism (RFLP) has been devel-

oped for maize (Helentjaris, 1987). The development of this map has been facilitated by the

large amount of variability in the molecular weight of homologous DNA restriction fragments

within the domesticated Com Belt germplasm. lnsertions/deletions and rearrangements have

seemingly played a major role in re-shaping the genome in maize. The development of a sat-

, urated linkage map for maize based on RFLPs will eventually allow molecular geneticists to:

(1) map any cloned sequence to a closely defined genomic location, and (2) use this informa-

tion as a screening tool in cloning maize genes whose locations are known on the linkage map.

The maize ß-glueosidase gene, Glul (chromosome 10), has not been mapped yet as an RFLP

locus since the few cloned sequences known to map to chromosome 10 are also duplicated on

several other chromosomes.

6. The gene-enzyme system best characterized on the biochemical and molecular genetic levels

in maize, is that of the alcohol dehydrogenase. 'This system was first studied by Schwartz

Chapter 1: Introduction 7



(1966). The enzyme is a dimer encoded by two independently assorting genes, Adhl and

Adh2, mapping to chromosomes 1 and 4, respectively. The two Adh genes cncode

immunologically cross- r·eactive isozymes with different subunit size, as shown by sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS·PAGE). The two maize alcohol

dehydrogenases are among 10 major and 10 minor polypeptides synthesized under anaerobic

conditions. In one inbred line, 12% of the translatable mRNA isolated from maize roots un-

der anaerobiosis encoded for alcohol dehydrogenase. A nearly ful1·length cDNA copy of al-

cohol dehydrogenase mRNA was isolated and sequenced in 1982, and the full molecular

characterization of Adh genes began thereafier (teviewed by Freeling and Bennett, 1985).

7. Several other maize enzyme·encoding genes have been cloned and characterized in suflicient

detail. Most of these loci are involved in pigment biosynthesis or endosperm characteristics

(e.g. Sh, Al, Bz , and Wx ) and, therefore, are readily scored form kernel phenotype. This

characteristic is valuable when mutant alleles must be isolated by screening in the abscnce of

direct selection strategies. Genetic tagging of these loci (mutagenesis) with a transposable ele-

ment (mutagen), for which a molecular probe exists, followed by screening the phenotype of

the kernel to identify the resulting mutations, is currently the most successful approach for the

isolation of these genes from maize.

Biology andproperties ofß-glucosidases

l ß·glucosidascs are ubiquitous enzymes found in both prokaryotic and eukaryotic organisms.

These enzymes catalyze the hydrolysis of alkyl and aryl ß-D·glucosides and ß- D-glucosides con-

taining only carbohydrate moeity; i.e. cellobiose and cellooligosacchaiides (Reese, 1977; Sakamoto

et al., 1985a,b). There are two mechanisms of ß·glucohydrolase activity of ß·D-glucosidases

(Reese, 1977).
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1. The glucohydrolysis of cellobiose and other ß-D·glucosides proceeds through the consumption

- of a molecule of H20• The products of this enzymatic reaction are ß-D-glucose or ß- D-

glucose and an aglycone residue as follows:

cellobiose + H10 ··> 2 ß·D·glucose

ß·D·g1ucoside + H10 -·> ß-D-glucose + agfycone

The enzyme responsible for the catalysis of these reaction: is known as cellobiase or

ß·D-glucosidase and this pathway is inhibited by the end-product, ß·D·g1ucose. This problem

limits also the use of ß-glucosidases in cellulose saccharification industry (Berghem and

Petterson, 1974; Woodward and Wiseman, 1982).

2. The glucohydrolysis of cellobiose and other ß·D- glucosides involves the consumption of a

POT group and this enzymatic reaction proceeds as follows:

cellobiose + P0• --> u-g1ucose·l-phosphate + ß-glucose

ß·D·g1ucoside + P0a ··> a·g1ucose-1·phosphate + aglyconc

The enzyme responsible for the catalysis of these reactions is known as cellobiose

phosphorylase or phospho-ß-glucosidase. This glucohydrolysis pathway reduces or overcomes

the inhibition of ß-glucosidases by their end-product, ,8-D-glucose (Alexander, 1968; Palmer

and Anderson, 1971). Certain organisms, however, retain the two glucohydrolysis pathways

as in Clostridium thermocellum (Ait er al., 1979 and 1982).

ß-glucosidases have been isolated and characterized from bacteria, filamentous fimgi, yeast,

plants, and humans. The afiinity of these enzymes for a given substrate is largely dependent on the

enzyme source. For example, one of the two ß-glucosidases from Saccharomyces cerevisiae is active

on aryl ß·D·glucosides but not on cellobiose. Therefore, it is characterizcd as an aryl

ß·D~glucosidase according to the classification of Sakamoto et al. (l985a,b). The second

Chapter I: Introduction 9



ß·g1ucosidase from Saccharomyccs ccrevisiae appears to function in the processing of

oligosaccharides after their transfer from dolichyl pyrophosphate to proteins during glycoprotein

synthesis (Woodward and Wiseman, 1982). The molecular cloning of microbial ß- glucosidase

genes was made possible by selection and screening approaches, based on the functional expression

of the enzyme; i.e. selection for cellobiase activity on growth media containing cellobiose as the sole

carbon source (e.g. Armentrout and Brown, 1981), and screening for the formation of a blue color
1

on x-glu plates containing the chromogenic substrate 5-Bromo·4·Ch1oro-3-lndolyl ß-D-

glucopyranoside (Penttila ct al., 1984; Rayna.1 and Guerineau, 1984; and Kohchi and Toh-e, 1985

and 1986).

Bacterial ß-glucosidases tend to have a native molecular weight of about 120 kD. However,

few bacterial ß- glucosidases have been isolated and characterized to date. The diversity in

ß-glucosidases and ß·glucoside-utilization mechanisrns is striking in the Entcrobacteriaceac family

(Schaller and Malamy, 1969). Some members can utilize the aryl ß·glucosides, arbutin and salicin,

as well as cellobiose (e.g. Aerobactcr), while others can only utilize either aryl ß-glucosides (e.g.

Protcus) or cellobiose (e.g. Citrobactcr). The operon of phospho·ß- glucosidase (bg!) in E. coli

K12 is considered cryptic. lt cannot be expressed or induced in wild·type bacteria, but can be

activated by certain mutations. The characteristics of the ß-glucosidase operon (bg!) in E. coli K12
'

were investigated genetically by Prasad and Schaeiler (1974) and through physical and genetic

mapping by Reynolds ct al. (1981) and can be summarized as follows.

1. Mutations resulting in fermentation of aryl ß·D- Qucosides, but not cellobiose, can be recov-

ered.

2. The bg! operon contains cis- (bg!R) and trans- (bgIS) acting regulatory elements, as well as the

structural genes for phospho·ß·glucosidase (bglß) and ß- glucoside permease l (bg!C).

3. The order of the structural and regulatory genes in the bg! operon is BSCR.
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4. Spontaneous mutations in the ci:-acting regulatory element bg!R , led to a simultaneous ex-

pression of the ß·g1ucosidase gene, bgIB, and ß-glucoside permease I gene, bgIC. These acti-

vating mutations were caused by an insertion of either ISl or IS5 into the ci.r·acting regulatory

element and are required in ci: for activation of the operon. Neither ISI or IS5 functions as

a promotor element (Reynolds ct al., 1981).

5. The most likely mechanism for the insertiona1·activation is the disruption of the operator site

in the bg! operon and, thus, the de-repression of the operon.

6. The insertion-activated operon was inducible and required cAMP and catabolite activator

protein (CAP).

7. Evidence supporting the existence of a genetic locus coding for repressor molecule was pro-

vided by Defez and De Felice (1980) who described a recessive mutation (bg!Y) unlinked to

the bg! operon.

8. A second mutation in the trans·acting regulatory gene, bg!S, allowed these enzymes to be

formed constitutively, indicating that the constitutive expression of bg!B and bg!C genes might

be under a positive control mechanism.

A membrane-bound ß·g1ucosidase from Elrchcrichia adecaboxylata hydrolyzed cellobiose and

required a heat- stable, non·dia1yzab1e cytoplasmic factor for its activity. Armentrout and Brown

(1981) reported on the molecular cloning and expression of ß~g1ucosidase gene from this organism

in an E. coli host by selection on a cellobiose media.

Aryl ß-D·g1ucosidase and cellobiase activities in the phytopathogenic bacteria Erwinia (fire-

blight bacteria) were mediated by the same enzyme molecule having a native molecular weight of

120 kD and pH optimum of 6.0-7.5 (Woodward and Wiseman, 1982). The locus encoding these

activities in Erwinia, (cb or cellobiose utilization gene) was located between arg and ile genes on

the bacterial chromosome (Barns et aL, 1984). The clb gene was cloned into the plasmid vector
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pBEC2 and found to complement all clb null mutants of Erwinia as well as bglB and bglCmutants

of E. coli. Moreover, this plasmid allowed the wild-type E. coli to utilize cellobiose, arbutin and

Purification and characterization of ß·glucosidase and cellobiose phosphorylase from the

thermophilic anaerobe Clostridium thcrmoccllum was reported by Alexander (1968) and Ait et al.

(1979; 1982). When grown on cellobiose or cellulose as sole carbon source, this organism produces

endo-1,4-ß-D·g1ucanase (cellulase) and exo-1,4- ß-D·glucanase (exo·ce1lobiohydrolase). These

enzymes hydrolyze cellulose to produce cellulodextrins and cellobiose. The later is then hydrolyzed

by cellobiase (ß-D-glucosidase) into two glucose molecules or by cellobiose phosphorylase

(phospho·ß·glucosidase) into glucose and glucose-l·phosphate. The substrate specificity of

phospho·ß-ducosidase was studied by Alexander (1968). The enzyme hydrolyzed ß- glycosides of

D·g1ucose, D·mannose, L-fucose, D-lyxose and D·xy1ose. The enzyme catalyzed both glucose and

fitcose (6-deoxy-galactose) substrates with more allinity towards glucose. The affinity of the

enzyme towards 2- deoxy-glucose was much lower compared to glucose, indicating an interaction

between the enzyme and C-2 atom on the sugar residue. Ait et al. (1979 and 1982) showed that

the ß- glucosidase from Clortridium zhcrmocellum : (1) was cell-bound and periplasmic enzyme with

a pH optimum of 6.0-6.5, (2) consisted ofheat·stab1e monomers with molecular weights of 43 kD,

(3) was active as a cellobiase as well as an aryl-ß-glucosidase, with very much lower affinity to

cellobiose compared to the aryl substrate, p-nitrophenyl ß-D·g,1ucoside (PNPG), (4) was active on

ß-1,3 and ß·1,2 linked substrates, (5) was sensitive to HgC1;, (6) exhibited a broad aryl substrate

specificity, as do most ß- glucosidases (Reese, 1977), (7) had no strict specificity towards the C-4

configuration in the glycone moeity because it hydrolyzed the glucose epimer, galactose, in the

substrate p-nitrophenyl ß- D-galactoside, and (8) stimulated cellulose sacchariflcation when added

to the cellulase complex from Clostridium thcrmocellum .

The ß-glucosidase gene from Caldocellum saccharolvticum, an extremely thermophilic

anaerobe, was cloned in E. coli and B. rubtilis using pBR322 and pC194 vectors, respectively, and

an x-glu hydrolysis screen (Love and Streiff', 1987). The enzymes isolated from the recombinant

E. coli host and Caldocellum saccharolyticum were characterized and shown to be identical and
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inhibited by glucose. Both enzymes had a pH optimum of 6.25, a subunit size of 52 kD and a

temperature optimum (and maximum) of 85°C, with a sharp decline in activity at higher temper-

atures. ß•glucosidases from Clostridium thermoccllum and Caldccellum saccharolyticum have

similar pH optima and thermostablity. The later characteristic is considered very signilicant for the

potential use of these enzymes in cellulose saccharilication and for the large-scale enzyme purilica-

tion.

Purilication of ß-glucosidase (cellobiase) from the cellobiose-utilizing bacterium, Alcaligcncs

faecalis, was reported by Han and Srinivasan (1969). The enzyme: (l) was inducible by ß-

glucosides and ß-galactosides, (2) had a native molecular weight of 120-160 kD, (3) had a pH op-

timum of 6.5-7.0 and was stable up to 55°C, (4) was inhibited by glucose, (5) had a higher ailinity

towards cellobiose and an inverse relationship between the rate of ß-1,4 glucohydrolysis and

substrate chain length, and (6) had free -SH groups based on its sensitivity to Hg* *.

The metabolic characteristics of sugar assimilation in Bi/idobaczetria Iongum, the predominant

member of the normal intestinal Bora in humans, was studied by Tochikura et al. (1986). The

organism hydrolyzed various p- nitrophenyl glycopyranosides. The study indicated that

ß-glucosidase functioned also as ß- fucosidase in this organism. Sakai et al. (1986) puriiied two

ß-glucosidases (I and II) from Bi/idobactetria brcve to homogenity. The ß- glucosidase (I) showed

higher aryl ß·g1ucohydrolase activity as compared to cellobiase, gentiobiase, or laminaribiase activ-

ities. Moreover, this enzyme showed high activity towards p- nitrophenyl~ß-D-ftxcopyranoside and

had a native molecular weight of 96 kD. The ß-glucosidase (Il) had higher gentiobiase activity

compared to ß-glucosidase (I) and had a molecular weight of 450 kD.

A wide range of ß-glucosidase native molecular weights is noticable in fungi (40-400 kD), with

yeast ß·g1ucosidases having molecular weights higher than 120 kD. Moreover, fungal ß- glucosidase

activities, except those from Candida spp., are due to two or more electrophoretically distinguish·

able isozymes with dilferent thermal stabilities and substrate specilicities. The ß-glucosidase from

the fungus Botryodiplodia theobromae is an oligomer that partially dissociates into lower molecular

weight forms under certain conditions (e.g. aging, Umezurike, 1971). The native molecular weight

of the enzyme was 320-332 kD, similar to those from yeasts. The active enzyme,
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however, appeared to be an octamer with a subunit molecular weight of 45-47 kD. The enzyme

could be further dissociated by carboxamidomethylation into electrophoretically identical and cat-

alytically inactive polypeptide subunits of 10-ll kD each. The enzyme had a pH optimum of 5.0

and showed more aflinity towards the aryl substrate, PNPG, compared to ullobiose.

The ß·glucosidase in the thermophilic fungus Chaetomium thermophile var. coprophile N. Var.

was described by Lusis and Becker (1973). Three distinct ß- glucosidascs were found in this

fungus. Two were u1l·bound and the third was extracellular. One of the ull-bound ß- glucosidases

was characterized as a ullobiase while the others as aryl ß-D-glucosidases. In this organism, both

ullobiose and ullulose induud the synthesis the ullobiase, but not the aryl ß·D·glucosidases.
‘

The activity ofall three enzymes was inhibited by glucose. The properties of these enzymes allowed

them to be distinguished. (1) The ullobiase had a pH optimum of 5.5, while that of the aryl ß-

D-glucosidases was 4.8. (2) The extraullular aryl ß-D- glucosidase had higher atiinity towards

PNPG as compared to the wall·bound aryl ß·D·gluc0sidase, and the ullobiase had much lower

afiinity towards PNPG. (3) The ratio of ullobiose / PNPG hydrolysis was 1.2, 0.3 and 0.5 for

ullobiase, erdracellular aryl ß-D- gucosidase, and u11·bound aryl ß-D-glucosidase, respectively.

The possible identity of ß-glucosidase and ß·xylosidase from Chaetornium trilaterale was reported

by Uziie et al. (1985).

The ß-glucosidase from Aspergillwfirmigatur was an extracellular enzyme having a molecular

weight of about 40 kD, a pl-I optimum of 5.0, and higher aüinity towards PNPG as comparcd to

ullobiose and gentiobiose (Rudick and Elbein, 1973). Another ß-glucosidase was characterized

from Aspergillus fionigatus and shown to be a tetramer with a molecular weight of 380 kD, a pH

optimum and isoelectric point of 4.5, and a temperature optimum of 75°C (Kitpreechavanich et

aL, 1986). The ß·glueosidase from Arpergillus wentii had a molecular weight of 170 kD and a pH

optimum of 1.5-5.0 and its putative active unter sequenu, as well as an amino acid sequenu en-

compassing this unter within 63 residues, were reported by Legler (1979) and Bause and Legler

(1980). This enzyme possessed 22 wt % carbohydrates and 15 % of the molecule existed in a

helical conformation. The cloning and expression of Aspergillur niger ß·glucosidase gene in yeast

was reported by Penttila er al. (1984), but no sequenu information were available about this gene.
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The enzyme from Aspcrgillus aculcatus, NF-50 was purified to homogeneity and characterized by

Sakamoto ct al. (l985a,b). Three distinct ß-glucosidases (isozymes) existed in this organism.

ß·g1ucosidase 1 and ll (M„ 133 and 132 kD, respectively and pH optima of4.0-4.5) were active on

salicin and insoluble cellooligosaccharides, while ß- glucosidase·3 (M, 136 kD, pH optimum of 3.0)

was slightly active on insoluble cellooligosaccharides. A11 ß- glucosidases were glycoproteins rich

in acidic amino acids. Aspergillus aculeazus produced also potent cellulolytic enzymes that

synergistically hydrolyzed cellulose in combination with other fimgal cellulases (Sakamoto ct al.,

l985a,b).

The best source ofcellulolytic enzymes for industrial purposes is the cellulase enzyme·complex

from the fungus Trichoderma viride (Woodward and Wiseman, 1982). The cellulase in this

organism comprised three enzymatic activities acting synergistically in the degradation of cellulose:

a ,6-1,4 glucanase (C,), a processive ß-1,4-glucan cellobiohydrolase (C;) and a ß-glucosidase. The

C; enzyme is inhibited by cellobiose and stimulated by ß- glucosidase. The latter is inhibited by

its end-product, glucose. Consequently, the ß~g1ucosidase enzyme from this organism, controls the

whole process of cellulose saccharification. Under inhibitory levels of glucose, cellobiose accumu-

lates and non·competitively inhibits the cellulase enzyme- complex (Howell and Stuck, 1975; and

Gordon et al. , 1978). Berghem and Petterson (1974) reported on the isolation and properties of

ß·glucosidase (cellobiase) from the culture filterates of Trichodcrma viride. A yield of 53 mg

ß-glucosidase was obtained from 100 grams ofcellulase enzyme·complex. The enzyme showed the

following properties: (1) a monomeric structure with a molecular weight of 47 kD, as estimated

from gel ültration and SDS-PAGE, (2) the existence of six half-cystines per enzyme polypeptide

involved in three disultide bonds, (3) 9.5% aromatic amino acid composition, (4) no dctectable

glycosylation, (5) an iso·electric point, pl, of 5.74, and (6) a higher aüinity towards PNPG as

compared to cellobiose (Km’s of 0.28 and 1.5 mM, respectively). More recently, ß- glucosidase

gene from Trichoderma rcesei was cloned by Shoemaker ct al. (1983) and Teeri ct al. (1983) but

no sequence information was available. Substituting other ß-glucosidases for the Trichoderma

viride enzyme is one of the major objectives of research in this field.
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The cellulolytic brown·rot fungus Lenzites zrabea excretes ß-glucosidase and

endo-1,4-ß-glucanase when grown in submerged cultures with glucose and cellulose as the carbon

source. The two enzymes were separable by gel filtration (Herr et al., 1978). The ß·g1ucosidase

from this organism had the following properties: (1) a native molecular weight of 320 kD, (2) a pH
‘

and temperature optima of 4.5 and 75°C, respectively, (3) strong inhibition by glucose, (4) higher

afiinity and reaction velocity towards p-nitrophenyl ß-D·ce1lobioside (PNPC) compared to p-

nitrophenyl ß·D·glucopyranoside (PNPG) and cellobiose, with a decreasing aflinity in the order

PNPC > > PNPG > cellobiose, and (5) active in the hydrolysis of cellotriose, cellotetraose and

cellopentaose to glucose and cellobiose. According to the classification suggested by Sakamoto et

al. (1985a,b), the ß·glucohydrolase activity of this enzyme represents cellooligoglucosidases.

The ß-D-glucosidase of the fungus Pyricrdaria oryzae is implicated in pathogenicity (Hirayama

et al., 1978). The cellulase complex from this fungus is composed of an endo·ce11ulase (C,) that

hydrolyzes internal ß-1,4 linkages in ß-glucans, an exo-cellulase (C1) that splits cellobiose units

from the ß-1,4 glucan, and a ß·glucosidase (cellobiase) that hydrolyzes the cellobiose further into

glucose molecules. Hirayama et al. (1978) reported that a highly purified ß-D·g1ucosidase from

Pyricularia oryzae had (1) a molecular weight of 240 kD as estimated from SDS·PAGE and sucrose

density gradient centrifugation, (2) a high proportion ofacidic amino acids and an iso-electric point,

pl, of 4.15, (3) the ability to split glucose units from the non·reducing end of ß·l,4-, ß-1,6-,

ß·1,3·glucans, and ß·l,3:1,6 mixed glucans, and (4) a higher affinity for cellooligosaccharides that

tendedtoinereaseinparallelwiththeincreaseinchainlgth.

De Gussem et al. (1978) reported the existence of two ß·D·glucosidases (isozymes) in the

fungus Stachybotrys atm. The two enzyrnes were distinguishable as follows: (1) the first was a

constitutive enzyme with a molecular weight higher than 100 kD and a pH optimum of 4.7-5.0, and

(2) the second was inducible by phenyl 1-thio·ß·D~glucopyranoside with a molecular weight of

65.5-69 kD and pH optimum of 6.7. The later enzyme was purified and shown to have an iso-

electric point (pl) of 4.8 and to he inhibited by sulfhydryl reagents. The purified enzyme exhibited

ß-xylosidase and thioglucosidase activities as well. Studies on the specificity requirements of the
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enzyme indicated the contribution of the carbon atoms C-1, C·2, C·3, and C-4 on the glycone

moeity in the mechanism of catalysis and substrate specificity.

Blondin et al. (1983) showed that ß·glucosidase from the yeast Dekkera intermedia was: (1)

synthesized constitutively under anaerobic or aerobic conditions, (2) repressed and competitively

inhibited by glucose, (3) active towards aryl ß·D·glucosides, (4) involved in the fermentation of

cellobiose directly to ethanol, and (5) active as a glucosyl transferase in the presence of ethanol and

PNPG to produce p-nitrophenol (PNP) and ethyl-/i-glucoside. A comparison between the prop-

erties of ß·glucosidase f1·om S. cerevisiae (Duerksen and Halvorson, 1958; and Woodward and

Wiseman, 1982) and that from D. intermedia (Blondin et al., 1983), indicated their similarities

with respect to the followingsz (1) intracellular localization, (2) native molecular weight (310 kD),

(3) aüinity to PNPG (Km’s of 0.2 and 0.1 mM, respectively), and (4) sensitivity to ·SH specific

reagents. However, the pH optima of the two enzymes were different (5.0-5.5 and 6.4-6.8, respec-

tively).

A potential source of ß-glucosidase for industrial application is that from Candida .rpp.. The

purification ofß- glucosidase from Candida guilliermondii was first reported by Roth and Srinivasan

(1978). The enzyme had the following properties: (1) a pH and temperature optima of 6.8 and

37°C, respectively, (2) activity towards both aryl ß·D- glucosides and cellobiose, (3) inhibition by

heavy metals, and (4) a native molecular weight of 48 kD. The pH optimum of the enzyme is

higher than most fungal ß-D·g1ucosidases, except that from Sacchromyces cerevisiae, and in this

respect, it is similar to some bacterial ß·g1ucosidases. Although Candida pelliculosa var

acetaetheriur lacks the whole cellulase complex, it synthesizes ß-glucosidase when grown on

cellobiose as the sole carbon source. This enzyme was purified and characterized by Kohchi et al.

(1985). ß- glucosidase from this organism was reported to be: (1) an intracellular enzyme, (2) a

tetramer with a molecular weight of 360 kD and a subunit molecular weight of 90 kD, (3) a

glycoprotein with an isoelectric point at 4.9 and pH and temperature optima of 6.5 and 50°C, re-

spectively, (4) more active towards PNPG compared to cellobiose, and (5) inhibited by heavy

metals and glucose. The cloning of ß~glucosidase gene from Candida pelliculosa in Sacchromyces

cerevisiae, host strain DC5, was accomplished by Kohchi and Toh-e (1985 and 1986) using a
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screening protocol based on x·glu hydrolysis. The ß- glucosidase gene from Candida pelliculosa

. is the first yeast ß-glucosidase gene to be fully sequenced. A partial sequence ofß·g1ucosidase from

Schizophyllum commune was published by Moranelli ct al. (1986). The structural gene of

ß·glucosidase in Candida pelliculosa was identi.fied as an open reading frame (ORF) encoding 825

amino acid residues with a putative signal peptide of 20 amino acids. _

Moranelli et al. (1986) reported on the cloning of ß·g1ucosidase from Schizophyllum commune

in the lambda vector, gtll, using an immunological screen. Sequence analysis and homology to

/9-glucosidase gene from C. pelliculosa indicated a region in the latter with 43% homology in amino

acid sequence. The results also suggested a common catalytic mechanism for ß·g1ucosidases from

these two organisms and that from Aspergillus wentii (Legler et aL, 1979, and Bause and Legler,

1980).

Raynal and Guerineau (1984) reported on the cloning and expression of the structural gene for

ß~glucosidase from Kluyveromyces jiagilir in Escherichia coä and Saccharomyces cerevisiae. The

complete nucleotide sequence of this gene was determined by Raynal et aL (1987). The sequence

contained an open reading frame of 2535 base pairs encoding a protein of 845 amino acids (93.8

kD). Comparison of the amino acid sequences from Kluyveromyccs jiagilis and Candida

pelliculosa (805 amino acids) showed three domains of homologyz (1) an N-terminal domain of

250 amino acids with a homology score of42%, (2) an intermediate domain of 25 amino acids with

62% homology, and (3) a C·terminal domain of 120 amino acids with 50% homology. The latter

domain from both sequences showed good homology with the partial sequence of ß-glucosidase

from Schizophyllum commune (Moranelli et al., 1986). Since both enzymes had a tetrameric

quaternary structure, Raynal et al. (1987) suggested that the conserved sequences might be involved

in the enzymatic activity and/or in monomer associations. The amino acid sequence valine·
i

methionin·serine· aspartic acid-tryptophan, corresponding to the substrate binding site of

ß·glucosidase from Aspergillur wentii, was determined by Legler ct al. (1979) and Bause and Legler

(1980). This sequence was also common, accepted substitutions, to ß-glucosidases from K.

jiagilis and C. pelliculosa (Raynal et al., 1987).
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Although ß-glucohydrolase activities are implicated in several plant responses such as

phytohormone, stress, cell wall, and secondary metabo1ism(I—Iah1brock and Grlsebach, 1979; Conn,

1980; Bell, 1981; Hosel and Conn, 1982; Schliemann, 1984; Taiz, 1984; Wiese and Grambow, 1986;

Matsuzaki and Koiwai, 1986), the exact role of plant ß-glucosidases is far from understood. Re-

search on ß·g1uc0sidases from plant sources have focused primarily on the functional diversity of

these enzymes with less emphasis on protein biochemistry or molecular genetics levels. The most

readily available source of a plant ß·glucosidase is that from the cyanogenic plant Primus amygdalus

(almond). The ß·glucosidase enzyme from this source mediates the hydrolysis of the almond

cyanogenic compound, amygdalin (R- mandelonitr11e·ß-D·gentiobioside). The enzyme has a pH

optimum of 5.6 and a low aünity towards cellobiose with a Km of 117 mM (Woodward and

Wiseman, 1982). Several other carbohydrase activities are mediated by the enzyme molecule; i.e.
ß—D· galactosidase, ß-D-fucosidase, and ß-D-xylosidase (Chen and Lian, 1986).

'I'he purification and partial characterization of ß·glucosidase from Carica papaya fruit pulp

was reported by Schreier and Schreier (1986). Three ß- glucosidases (1, ll, III) were present in the

fruit pulp and distinguished on the basis ofmolecular weight (54, 260, and 67 kD, respectively) and

isoelectric point (5.2, 4.9, and 6.9, respectively). The subunit molecular weight ofß-glucosidase (1)

was estimated as 27 kD by SDS-PAGE, indicating the dimeric nature of this isozyme.

The interaction between ß·glueosidases and plant phytohormones appears to be ofa reciprocal

nature. First, the enzymes might play a role in the regulation of phytohormone levels. This control
U

level operates through the effect of ß-gluoohydrolase on the synthesis or degradation of the growth

hormone or its intermediates, or the phenolic co·factors or inhibitors of those enzymes involved in
I

phytohormone metabolism. Therefore, the regulation of the phytohormone level is attained via a

ß·g1ucohydrolysis- dependent mechanism. Schliemann (1984) showed that ß-glucosidase from

Oryza sativa is involved in the hydrolysis of oonjugated gibberellins.
’1‘he

involvement of the sol-

uble ß-gluoosidases from Gmmineae, including maize, in phytohormone catabolism has been

shown recently by Wiese and Grambow (1986). The enzyme was shown to be involved in the

peroxidase-catalysed decarboxylative pathway of indoleacetic acid (IAA) degradation. The

degradative pathway of IAA in vivo involved the intermediary metabolites indo1e-3- methanol (IM)
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and indo1e·3-carboxylic acid (ICA). These were glucosylated and converted to the corresponding

ß·D-glucoside derivatives, indo1e·3·methano1-ß·D-glucoside (IMG) and indole·3-carboxylic

acid·ß-D-gluooside (ICAG). Being polar, these latta glucosides are presumably transported to the

vacuoles where the buffer·soluble ß·gluoosidase hydrolyzes them further, with the concomitterrt

release ofa cycling glucose molecule. Wiese and Grambow (1986) reported that it was only possible

to isolate these two ß·D-glucosides if the endogeneous ß-glucosidase is specifically inhibited by 6-

gluconolactone.

Matsuzaki and Koiwai (1986) identilied the glucoside derivative of abscisic acid (ABA·ß-D-

glucopyranoside) in tobacco stigmas and anthas. ABA·ß·D· glucopyranoside was also identiüed

in mda and tissues extracts of other plants. ABA is involved in several plant physiological phe-

nomena such as bud and seed dormancy, abscission, senescence and stomatal opening Matsuzaki

and Koiwai (1986) reported that extracts of tobacco stigmas and anthers containing ABA-ß-D-

glucopyranoside were potent inhibitors for seed germination. That is, ß·glucohydrolase activity is

required for the onset of germination as it overoomes the inhibitory effect of ABA-ß-D-

gluoopyranoside.

Another example of the intaaction between ß·glucosidases and phytohormones is the in-

duction of these enzymes by the phytohormone. The indoleacetic acid (IAA)-induoed extension

growth was studied in relation to ß- gluoosidase activity in the dicot plant, Pisum sativum. The

speciiic activity of ß-gluoosidase increased 2~fold (in 2 days) in the decapitated epicotyl aha IAA

treatment, while gibberellic acid had no eh“ect on such activity. The study showed that

ß~g1ucosidase activity was induced for a brieftime only during or shortly aha cell division, and then

most of it disappeared during cell expansion, indicating that this enzyme might be required during

or shortly aha cytolrinesis (Waygood and Maclachlan, 1961; Bottomley et al., 1966; Datko and

Maclachlan, 1970; and Hahlbrock and Grisebach, 1979).

Plant ß•g1ucosidases are also involved in stress and seeondary metabolism. The

glucohydrolysis of avenacin ß·D- gluoosidea following wounding or phytopathogenic stress is re-

quired for the release of the steroid aglyoone antibiotics, avenacins A and B, in oats (Bell, 1981).

The catabolism ofß-D·glucosides of various otha llavonea and phenolic compounds releases otha
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anti·pathogenic agents such as coumarins, thiocyanates, and terpenes (Rosenthal and Janzen, 1979;

and Bell, 1981). Moreover, several ß·glucosidases are responsible for the process of defensive

cyanogenesis in plants (i.e. the release of hydrogen cyanide, HCN). Two ß·glucosidases,

trig1ochinin· and taxiphyllin·speci1ic, were isolated from the cyanogenic plant Triglochin maritima

and their characteristics were compared (Nahrstedt ct al., 1979; and Conn, 1980). 'I'he two enzymes

were distinguishable on the basis of net surface charge and appeared to have different molccular

weight and kinetic parameters. Two ß-glucosidases exist in Sorghum bicolor and show high

specilicity for dhurrin, the cyanogenic compound in this plant, and little activity towards

ary1·ß·D·glucosides. A third ß·glucosidase enzyme in sorghum exhibits a dominant aryl activity

and is inactive towards dhurrin (Hosel and Conn, 1982). Some other plant responses that involve

a ß·D·glucohydrolase activity are: (1) the de- toxiiication of metabolic accumulates (Liu and

Castelfranco, 1968), (2) the wilting responses in Ipomoca corolla (Wilson, 1975), and (3) the

hydrolysis of coniferyl alcohol ß·D·g1ucoside into coniferin, the lignin precursor, in Cicer rpp.

(Hahlbrock and Grisebach, 1979).

The implication of maize ß-glucosidase in mechanisms of phytopathogen resistance was sug-

gested by Pryor and Schwartz (1973) and Pryor (1976). These reports pointed out that catechol

oxidase (Cx!) and ß·glucosidase (Glul) in maize might be involved in resistance to disease

infestations. de Miranda and de Miranda (1986) showed that genes controlling related biochemical

pathways tended to map to the same linkage group in maize. The Glul locus maps near a gene

involved in the synthesis of aromatic amino acids through the shikimic acid pathway (Sad!) and

anthranilic acid (b/2), the gene for the C·15 flavone·ske1eton and anthocyanin (RI), and that for the

oxidation of phenoles to quinone (Cxl). Therefore, it seems likely that Glul functions in the

hydrolysis of the ß- glucosidic derivatives of C·15 flavones (pigmentation) and phenoles

(phytopathogenic interactions) as well as the hydrolysis of other intermediate ß•D-glucosides.

The possible ro1e(s) of /3-glucosidases in cell wall degradation and cellulose metabolism in

monocots was investigated by several authors. These studies were stimulated by: (1) the apparent

implication of microbial ß·g1ucosidases (cellobiases) in cell wall degradation, (2) the possible in-

volvement of ß-glucosidases from dicots in auxin-induced extension growth and cell wall
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metabolism, and (3) the known role of ß·glucanases in the uniaxial extension growth of plants.

The latter was evident from the increase in the activity of avena ß-1,3-glucanase following auxin

application. Moreover, the application of fungal ß·1,3-glucanase to oat coleoptile segnents induced

a decrease in cell wall tensile strength and a transient increase in growth rate (Labavitch, 1981; Taiz,

1984). The question of whether maize ß·glucosidase participate in cell wall metabolism was ad-

dressed through two approaches; i.e. subcellular loealization and substrate specilicity (Chang and

Bandurski, 1964; Huber and Nevins, 1979-1982; Nagahashi and Baker, 1984; and the present

study). Chang and Bandurski (1964) reported that maize cellobiase activity is bound to the root

surface of young maize seedlings (reviewed also by Lamport, 1970). On the other hand, a series

of subcellular fractionation and enzymatic studies by Huber and Nevins (1979, 1980, 1981, 1982)

have shown that maize ß·glucosidase (EC 3.2.1.21) is a soluble enzyme and ruled it out as a par-

ticipant in cell wall turnover, ß- glucan hydrolysis in vitro, and auxin·induced extension growth of

maize coleoptiles. These studies show that the 'cellulase-comp1ex' in maize is eomposed of two

wal1·bound enzymes: (1) an endo-ß-D·g1ucanase (EC 3.2.1.6) that attacks the ß~glucan polymer

intemally and hence initiates the degradation phase, and (2) an exo-ß- 1,3-D·g1ucanase (EC 3.2.1.58)

that releases glucose monomers one by one from the non- reducing end of the polymer. The latter

enzyme also hydrolyzes the artilicial substrate p·nitrophenyl ß·D·glucopyranoside (PNPG), i.e.

functions as a ß·glucosidase as well. However, it is distinguishable from the soluble ß-glucosidase

on the basis of: (1) cellular Iocalization and extractability, the wall-bound enzyme is extractable only

under high ionic strength conditions (3M LiC1), (2) substrate specüicity, the wall-bound enzyme is

primarily active towards exo-ß-1,3- and ß·l,4-mixed glucanase, while the buffer-soluble

ß-glucosidase is primarily active as an aryl and alkyl ß·D·glucosidase, and (3) protein biochemistry

and enzymatic properties, e.g. pH optimum, native molecular weight and inhibition by HgC1z and

the sugar analogue nojirimycin. The activity of both ß-glucanases steadily increased in coleoptile

cell walls during seedling growth, but showed no enhaneement upon auxin- treatment. Maize

ß-glucosidase was localized in the cytoplasm, on the basis of sedimentation properties, by

Nagahashi and Baker (1984).
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ln no direct relationship exists between ß·glucosidases and cellulose turnover or exten-

sion growth. Maize ß-D-glucosidase purified during this study is shown to: (1) exist only in the

soluble fraction and absent in cell-wall fractions, (2) have no correlation with the endogenous levels

of cellobiose throughout the course of seed development and germination, and (3) have a high Km

for cellobiose compared to aryl ß-D~g1ucosides. This data implies that: (1) maize ß·glucosidase is

not directly involved in cell wall tumover, (2) cellobiose is unlikely to be the substrate for the

enzyme in vivo, and (3) ß- glucosidase and cellobiase activities might be mediated by two different

enzyme molecules in maize. lt is known that the cell walls of monocots are different from those

of dicots in having less pectic polysaccharides, dominant arabinoxylans (ß·1,4-xylan backbone with

arabinosyl substituents) rather than xyloglucans, and mixed ß·1,3 and ß·1,4 linkage glucans (re-

viewed by Taiz, 1984). Therefore, it is expected that diüerent cell wall metabolic activities are op-

erating in monocots and dicots.

Several studies reviewed above indicated that the ß-glucosidases had certain specificity re-

quirements in the gycone as well as the aglycone residues of their substrates. In enzymes that were

active towards multiple glycones, specificity resided in the configuration of carbon atoms in the

glycone residue (e.g. Alexander, 1968; Ait er al., 1979 and 1982; De Gussem et al., 1978). Maize

ß- glucosidase is shown, in this study, to possess a broad glycohydrolase specificity, with a higher

activity as a ß- glucosidase and ß-fucosidase (6-deoxy·galactosidase). The affinity of the enzyme

for the substrate is significantly affected by the configuration of C-4 and C-6 atoms on the glycone

molecule. This is similar to ß-glucosidases from other sources (e.g. barley, almond, and the

Antractic krill Eaqzhauria ruperba) where ß·glucosidase and ß·D-fucosidase activities were mediated

by the same enzyme molecule (Hosel and Conn, 1982; Chen and Lian, 1986 and references therein).

Two ß·g1ucosidases were purified from Euphawia supcrba and had the following properties: (1) a

pl-! optimum of 6 and temperature optimum of 55°C, (2) a native molecular weight 155,000, and

(3) ß·glucosidase, ß-fucosidase, ß-galactosidase and ß-xylosidase activities mediated by a single ac-

tive site in one of the two ß-glucosidases. The effect of the configuration of glycone carbon atoms

on substrate specificity suggests the involvement of a substrate binding or recognition step in

enzyme catalysis. °
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In humans, deticiency of the lysosomal enzyme ß·D~ glucosidase (also known as

ß·glucocerebrosidase) was shown by Brady et al. (1965) to be the basic metabolic defect in Gaucher

patients of all clinical types. Gaucher disease is a hereditary defect inherited as an autosomal

recessive and maps in chromosome 1. The Gaucher’s gene frequency in eastem Europan Jewish

populations approaches 0.02-0.04. Puriiication and characterization of human ß-D·g1ucosidase has

been acoomplished by Pentchev et al. (1973). The enzyme is a glycoprotein and is a tetramer

composed of four catalytically active subunits each with a molecular weight of 60 kD. The enzyme

is bound to the lysosomal mernbrane and its activity is specific for the ß-D- glucoside bond.

Human ß·glucosidase catalyzes the cleavage of the glucosyl moiety from the glucocerebroside

residues resulting from the degradation of gangliosides and other glycosphingolipids. Heterotropic

responses in the enzyme were reported by Gatt et al. (1982), who showed the existence ofa single

activator/inhibitor hydrophobic binding site on the enzyme molecule in addition to the active cen-

ter. Binding of inhibitors (e.g. glucosyl psychosine) or activators (e.g. phosphatidyl serine) to this

site is mutually exclusive. Comparative in vitro studies on the residual enzyme from Type 1

Gaucher patients revealed its high afiinity to 4-methylumbelliferyl · ß·D-glucopyranoside substrate

(Glew et al., 1974), immuno-cross reactivity with the normal enzyme (Pentchev et al, 1978), and

responsiveness to activators (Patrick 1982).

A major emphasis in Gaucher disease research ooneerns the possibility ofenzyme replacement

therapy, i.e. the infusion of puriiied human placental ß-glucosidase (Desnick et al., 1982; Brady and

Barranger, 1983). Early attempts of enzyme replacernent in Gaucher patients were hampered by

several problems, e.g. short half·life of the enzyme in the blood, inability to deliver the enzyme to

the appropriate destination in the body and the probability ofinduced antibody response. Plaeental

ß-glucosidase was shown by Brady et al. (1974) to significantly decrease levels of plasma,

erythrocytea and liver glucocerebrosides. Enzyme targetting to phagocytic eells of the splcen, liver

and bone marrow was pursued by Ihler (1979, 1982); Furbish et al. (1981) and Brady (1984)

through either the modification of the terminal sugar moeties on the enzyme or enzyme

eneapsulation in erythrocytes.
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The human ß-glucosidase gene was cloned by Sorge et al. (1985a,b) in a random1y·primed

lambda gtll cDNA expression library. The human ß·glucosidase clones were recognizcd by

monoclonal and polyclonal antibodies raised against the enzyme. Analysis of the full length cDNA

sequence indicated that the protein was 515 amino acid in length, with a possible signal peptide of

19 amino acids. The mature polypeptide (496 amino acids) would have an unglycosylated molec-

ular weight of 55.38 kD. The carboxyl terminus of the pmtein displayed a high Kyte and

Doo1itt1e’s average hydropathy index after the signal peptide. RFLPs conducted by Sorge et al.

(1985a), indicated that the mutant alleles must have arisen independently more than once within

the Jewish population and that diiferent gene mutations have occured in non·Jewish populations.

A single base substitution that changes a leucine to a proline accounts for the enzyme abnormality

in Type 2 Gaucher patients (Kolata, 1987).

Biochcmical genetic: ofmaize ß-glucosidase

The biochemical genetics of maize ß·g1ucosidase was first studied by Pryor (1976). The

enzyme is encoded by GIuI locus (mapped to chromosome 10, Pryor, 1978; Goodman ct al., 1980

and Goodman and Stuber; 1983). Pryor (1979) reported less than 6% recombination between Glul

and Cxl . The locus is also linked to Gdh2 (about 12% recombination). However, a more relined

genetic map compiled by Coe ct al. (1987) showed less than 4 map units between Glul and Cxl.

The dimeric nature of the enzyme encoded by Glul was evident f1·om the occunence of one and

three activity bands in the sporophytic tissues of inbreds and hybrids, respectively (Pryor, 1976).

ß·glucosidase activity in maize male gametophytes was described by Gorla et al., (1983) and Frova

(1987). They reported that a single, unique ß·glucosidase activity band could be resolved in

zymograms of pollen extracts regardless of the allelic variant(s), or whether or not a null variant

. existed at the Glul locus. Frova (1987) pointed out that different ß-glucosidase genes, Glul and

GIu2, were expressed in the sporophytic and male gametophytic phases in maize, respectively.
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The allelic series known to map to Glul locus exceeds that of any other plant enzyme locus.

Thirty-one different Glul alleles have been reported in maize and teosinte by Goodman and Stuber

(1983). Doebley et al. (1985), showed that Glul locus has an unusually high degree of (1)

polymorphism, (2) heterozygosity per collection, and (3) total panmictic heterozygosity. Although

the signilicance of the extensive multiple allelism at this locus is not fully understood, it is believed °

to be related to phytopathogen resistance and thus contribute to the overall fitness of the popu-

lation (Stuber et al., 1977; Pryor, 1987). Disease resistance genes in plants are probably the

equivalents of animal immune syst genes. In plants, however, the genetic mechanism controlling

the diversity of resistance ('immunity') genes appears to be based on the generation ofcomplex loci

and extensive multiple allelic series, with each allele recognizing a different race of the pathogen.

Genetic studies on the structure of these loci in maize and other plants (reviewed by Pryor, 1987),

have provided several insights into the control of the diversity of resistance genes. For example, the

complex locus controlling rust resistance in maize (RP; mapping to chromosome 10, about 30 map

units from Glul) is genetically separable into several specificities, i.e. Rpl (with 14 apparent alleles)

flanked by Rp5 and Rp6 (each with one known allele). Another gene, Rpp9 is also closely linked

to these loci (1.6 map units from Rpl) and speciües resistance to a diH'erent rust species, Puccinia

polysora (Coe ct aL, 1987; and Pryor, 1987). Moreover, the apparent alleles at Rpl have been

shown to be specified by closely linked genes, i.e. Rpla, Rplc, and Rplk, all located within a seg-

ment of 0.4 map units. Two observations derived from studies on the occurrence of susceptible

alleles, suggest that the generation ofnovel specificities; i.e. new resistance genes, appears to involve

unconventional rearrangements in the parental alleles. First, susceptible alleles occur in high

frquency at the Rpl locus in maize with the concomitant loss of the previously recognized resist-

ance allele. Second, several susceptible alleles are unstable, showing high frequency of reversion to

resistant phenotype (Pryor, 1987). Therefore, a specialized genetic mechanism might be implicated

in generating polymorphic disease resistance genes. The possibility that Glul higher polymorphism

might be atiected by aitransposable (controlling, mutator) element at or near the locus has been

suggested by Doebley ct al. (1985).
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The electrophoretic profiles of certain maize inbreds were shown to lack ß-glucosidase activity

(Pryor, 1976). Several of these null variants are listed by Stuber and Goodman (1982) and Kahler

et al. (1984). Doebley et al. (1985) analyzed Mexican maize for 13 enzyme systems encoded by

23 loci and reported that Glul has a high frequency of null alleles (0.11 observed in 19 Mexican

races). The breeding behavior of some of these null variants is not understood and hybrids between

certain null variants and normal plants exhibit a reduced level of ß·glucosidase activity and show

three bands of activity, two homodimers and a heterodimer (Goodman and Stuber, 1983). ln the

present study, the sporophytic protein profile of a ß·glucosidase null mutant (inbred H95) was

shown to be lacking a polypeptide corresponding to the enzyme subunit. However, the mutational

defect in this mutant was found to be consistently complemented in trans in the sporophytic tissues

of all the F; progeny resulting from crossing this null with normal inbreds. These results indicated

that the mutational defect in this null inbred line is not allelic to the ß-glucosidase gene. The

ß-glucosidase in the null inbred was indistinguishable from that of any other normal ß-glucosidase

gene by the criteria of peptide mapping by limited proteolysis. Since this mutation was mapped

previously to Glul locus (Stuber and Goodman, 1982), its apparent allelism to Glul locus indicated

that maize Glul expression might be controlled by a tightly linked trans·acting regulatory element,

and, therefore, it is likely that Glul represents a complex locus.

Moreover, contrary to any normal inbred, pollen grains from the null inbred 1-195 exhibited

ß-glucosidase activity similar to that
-·

by Glul in the sporophytic tissues ofnormal inbreds.

This suggested that (1) the mutational lesion in this inbred affected also a shift in the tissue·

specificity of expression of Glul locus (ünm sporophytic to gametophytic), and (2) the

sporophytic·specificity of Glul expression might be controlled by a cis-acting regulatory element

(tissue·specific promotor). Similar mutations controlling the organ· specificity ofAdhl expression

in maize were discovered by Woodman and Freeling (1981). Studies conducted on more than 20

diverse families indicated the reciprocal correlation between Adhl expression in two organs, i.e. an

Adhl allele that is relatively underexpressed in the scutellum is relatively overexpressed in the root

and vice versa . Segregation tests indicated that organ speciücity is controlled by a a cis·acting site

that is closely linked to or within the Adhl locus. Moreover, the insertion of a transposable ele-
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ment at the Adhl locus signilicantly decreased the expression of alcohol dehydrogenase in maize °

sporophytic tissues without a concomitant loss in the gametophytic expressivity of the locus

(reviwed by Freeling and Bennett, 1985). This indicated that Adhl sporophytic and gametophytic

expressivities were mediated by two cis·acting tissue specific promotors.

Studies on maize ß-glucosidase by Hadacova and Benes (1977) and Benes and Hadacova

(1980), using alkaline disc electrophoresis in polyacrylamide gels according to Davis (1964), showed

that maize ß·g1ucosidase could be resolved into three activity bands (one of these is weakly active).

Benes and Hadacova (1980) showed that two activity bands (Rfs 0.38 and 0.66) were present in

extracts of whole root tips, zones of elongation and maturation, cortex, and central cylinder, while

only the faster migrating one was present in that of the zone of division. These results suggested

that more than one structural gene might encode these multiple sporophytic ß·g1ucosidase

electrophoretic bands in maize inbreds. The existce of another structural gene, GIu3, encoding

a distinguishable ß-glucosidase activity in maize is suggested in the present study. The GIu3-en-

coded enzyme is shown to be: (1) present in sporophytic tissues of normal maize inbreds as well

as those having null alleles at the Glul locus, (2) absent in the male gametophyte, and (3) distin·

guishable from that encoded by Glul on the basis of hydrodynamic properties, size, quaternary

structure, surface net charge, isoelectric point, peptide map, and enzyme kinetics. lt is also sug~

gested that Glul and GIu3 genes undergo compensatory regulation in maize sporophytes. Contrary

to Glul, GIu3-encoded activity is invariant in all the studied maize genotypes. This precludes ge-

netic mapping and quatemary structure determination by standard procedures. Therefore, it is not

possible to rule out the possibility that GIu3 activity is encoded by a gene member within a complex

Glul structure. A similar, but not identical, regulatory mechanisrn appears to control the balance

between Adhl and Adh2 loci in maize. These two unlinked loci, specifying alcohol dehydrogenase

isozymes, are coordinately regulated by competition for a factor which limit the rate of total alcohol

dehydrogenase expression during anaerobiosis. This gene competition hypothesis was formulated

by Schwartz (1971) and supported by Freeling (1975).
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Purßication and partial characterization ofmaize

ß-glucosidase

Abstract

ß-glucosidasu (ß·D·glucoside glucohydrolase, EC 3.2.1.21) catalyze the hydrolysis of

cellobiose as well as of aryl and alkyl ß-D~glucosides, and are implicated in several important

growth responses. The enzyme ß~glucosidase was purilied from maize seedlings by a combination

ofammonium sulfate fractionation, anion exchange and hydroxylapatite chromatography. Method

development and large-scale purilication of the enzyme were based on activity towards the synthetic

substrate p-nitrophenyl ß-D-glucopyranoside (PNPG). The developmental pattem of enzyme ac-

tivity was indicative of an adaptive nature of synthesis alter seed germination. The native enzyme

had an isoelectric point (pl) at 4.9-5.0 as determined from pH-dependent binding assays and

electrophoretic titration curves. Analysis of the purilied enzyme by sodiurn dodecyl sulfate

polyacrylamide gel electrophoresis (SDS·PAGE) revealed a single subunit size of 60 kD with no

catalytic activity. However, two subunits in the native enzyme could be cross-linked by dimethyl

suberimidate and analysis of allozymic profiles from homozygous and heterozygous genetic consti-

tutions by non·denaturing polyacrylamide gel electrophoresis (Native- PAGE) indicated a dimeric

quaternary structure for the enzyme. Data from non-reducing SDS·PAGE, temperature stability

and enzyme kinetics indicated the following: (1) the enzyme oligomer is temperature-sensitive and

composed of two non·covalent1y associated polypeptides, (2) the enzyme temperature and pH

optima are 40°C and 6.8, respectively, and (3) an imidazole ring, a terminal a-amino group, and

intra·chain disullide bonds are possibly involved in enzyme catalysis.
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Introduction

ß·glucosidases (ß·D·g1ucoside glucohydrolasee, EC 3.2.1.21) catalyze the hydrolysis of aryl and

alkyl ß·D· glucosides and/or cellobiose with the release of ß·D~g1ucose (Reese, 1977). These

enzymes are widely distributed in plants, animals and microorganisms (Woodward and Wiseman,

1982). Plant ß- glucosidases participate in several growth responses, e.g. the peroxidase·cata1ysed

decarboxylative degradation of IAA in grasses, including maize (Wiese and Grambow, 1986),

abscisic acid metabolism (Matsuzaki and Koiwai, 1986), the hydrolysis of conjugated gibberellins

(Schliemann, 1984), cell walls metabolism and indoleacetic acid (IAA)·induced extension growth

(Datko and Maclachlan, 1970; Labavitch, 1981; Taiz, 1984), stress metabolism and resistance to

some phytopathogens (Rosenthal and Janzen, 1979; and reviewed by Bell, 1981), de·toxilication

of metabolic accumulates (Liu and Castelfranco, 1968), and catabolism of ß- glucosides of various

llavones (Waygood and Maclachlan, 1961; Bottomley et aL, 1966; Hahlbrock and Grisebach, 1979;

Conn, 1980; Hosel and Conn, 1982). Deliciency of human ß- glucosidase results in the lysosomal

storage disorder, Gaucher’s disease (Pentchev et al., 1973 and 1978; Desnick er al., 1982; Brady and

Barranger, 1983, Sorge et al., 198Sa,b). Moreover, these enzymes are important for the industrial
”

saccharilication of cellulose (reviewed by Woodward and Wiseman, 1982).

Maize ß·glucosidase is encoded by Glul locus that maps to maize chromosome 10 (Pryor,

1978) andi shows an extensive allelic series, including null alleles, and exmding that of any other

enzyme locus studied in maize or in any other plant (Goodman and Stuber, 1983). The enzyme

was shown to be soluble (Nagahashi and Baker, 1984) and not involved in cell wall tum-over or

ß-glucan metabolism by Huber and Nevins (1979, 1980, 1981, 1982). This report describes the

purilication of ß·g1ucosidase from maize seedlings along with a partial enzyme characterizatiorr with

respect to its isoelectric point, subunit size, quaternary structure, temperature and pH optima and

stability.
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Materials and Methods

Materials

The chromatographic systems used for method development and large scale purilication of

maize ß·glucosidase were Accell anion exchanger quaternary methylamine (QMA) from Waters

(Millipore, Milford MA, USA), and DNA grade hydroxylapatite from Bio Rad Laboratories

(Richmond, Calif., USA). Optimization of small scale separation and method development pro-

cedures were performed on 1 x l0 cm glass colurnns (Bio Rad Laboratories). Large scale anion

exchange chromatography and gel liltration chromatogrphy were performed on 2.6 x 30 cm and 2.6

x 92 ern glass colurnns (Pharmacia Fine Chemicals), respectively. Sodium dedecyl sulfate (SDS),

acrylamide, N-N'-methylene·bis·acrylamide and other chemicals for electrophoresis and protein

assay reagents were from Bio Rad Laboratories (Richmond, Calif., USA). p-nitrophenyl·, 4-methyl

umbelliferyl-, S- bromo·4-chloro·3·indo1yl·, and 6-bromo·2·naphthyl- ß-D- glucoside substrates,

fast blue BB, dimethyl suberimidate, avidin·alkaline phosphatase, 5·br0mo·4·chloro-3·indolyl

phosphate (BCIP), nitroblue tetrazolium chloride (NBT), protein·A peroxidase, and

4-chloro-l·naphthol were purchased from Sigma Chemical Co. (St. I..ouis, Mo, USA). Biotin·N-

hydroxy-succinimide ester (BNHS) was purchased from Boehringer Mannheim Biochemicals.

Plant materials

The inbred K55 used as the source for maize ß-glucosidase purilication and characterization

as well as other maize inbred lines and hybrids were obtained fr·om Illinois Foundation Seeds, Inc.
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Enzyme tumover kinetics

The time course of the changes in enzyme activity throughout seed germination was studied

through tumover kinetics as described by Schimke and Doyle (1970). The degradative phases of

the time course curves were used to estimate the degradation constant K, and lm using the re·

lationship:

tm = 1¤2 / K,

where: _

tm = the enzyme half·life.

The rate constant for the enzyme synthesis, K, , was deterrnined using the relationship:

dE/dt = K, - K, E

where:

E is the enzyme concentration at time t.

K,Eisthefi·actionoftheenzymethathasbeendegr·adedattimet.

Estimatiou of isoelectric point (pl)

The estimation of the ß-glucosidase isoelectric point was accomplished using two different

procedures. The first was by electrophoretic titration (Rosengren et al., 1977), where the enzyme

preparation was applied as a single line across a pH gradient previously generated by isoelectric

focusing of carrier ampholytes alone, and electrophoresed perpendicular to the focusing dimension.

The second procedure was based on the pH- dependent binding of the enzyme molecules to an ion

exchange matrix (Yang and Langer, 1987). The anion exchange matrix, quatemary methylamine

(QMA), was equilibrated with the enzyme at various pH values for 5-10 mins. in a rnicrofuge tube.

The gel was centrifuged and the supernatant recovered and assayed for the unbound enzyme activity

at the optimum pH and temperature. The pl value was calculated as described by Yang and Langer

(1987).
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Enzyme purification

Coleoptiles and roots of 7 day·old seedlings were ground in liquid nitrogen and the resulting

powde: was extracted with 50mM sodium phosphate buffer (pH 7) containing 50 mM

2-mercaptoethanol. The extract was clariiied by squeezing through three layers of Miracloth

(Sigma) and spining at 20,000 X g for 20 minutes. The supematant was fractionated with the ad-

dition of solid ammonium sulfatc and the 30-50% saturation pcllet, having a majority of enzyme

activity, was redissolved in the equilibration buffer. Equilibration buffers of dilferent molar con-

centration were used during method development procedures (10-100 mM sodium phosphate, pH

7). The samples were dialysed against three changes of the equilibration buffer and the dialysate

was applied to a QMA anion exchange: column equilibrated with the same buH°er. The enzyme

was eluted from QMA column by using an optimized salt gradient and based on enzymatic activ-

ities and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) profiles, appro-

priate fractions were pooled, dialyzed against 10 mM sodium phosphate bulfer pH 7, and re-

chromatographed on a 2.6 x 12 cm hydroxylapatite (HAP) column. A step gradient of sodium

phosphate molar concentration was used fo: enzyme elution from HAP column and the enzyme

fractions were pooled and dialysed against 50 mM phosphate bulfcr pH 7.

Enzyme andprotein assays

Enzyme activity was spectrophotometrically determined by using the chromogenic substrate

p-nitrophenyl ß-D·g1ucopyranoside (PNPG). The enzyme was incubated with 10 mM PNPG for

3-6 minutes at 37°C in 50 mM potassium phosphate buffer, pl-1 6.8. The reaction was texminatcd

with 0.1 M sodium hydroxide and the p- nitrophenol liberated from PNPG was measured at 410

nm. One unit of ß·glucosidase activity was deüned as the amount of enzyme that hydrolyzed one

micromole of the substrate per minute under the specified conditions. The effect of hydxogen ion

concentration on the activity of maize ß·g1ucosidase was investigated through a plot of activity vs.
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pH (pH proiile) over the pH range 5-9. A semi·logarithmic plot of Km and Vmax versus pH was

used to yield estimates ofthe pK, andpK, values ofthe amino acids whose ionizations were required

for enzyme catalysis (Peterson and Kirkwood, 1975). The eßects of temperature, iodoacetic acid,

ß-mercaptoethanol, HgC1; and EDTA on enzyme activity and/or stability were investigated as de-

scribed by Fisher and Harris (1972), Harris and Hopkinson (1978), and in the Figure legends.

Protein determinations were performed using the colorimetric protein assay procedure (Bio·Rad)

with crystalline bovine serum albumin, Fraction V (Sigma Chemical Co., St. Louis, Mo., USA)

as a standard. Specific activities were expressed as enzyme units/mg protein.

Electrophorcsis

The enzyme preparations were assayed for electrophoretic homogenity by both non-

denaturing polyacrylamide gel electrophoresis (Native·PAGE) and sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS·PAGE). Diluted enzyme preparations were either con-

centrated by using a Diaflo (YM30) ultra.ä1teration membrane (Amicon) or biotinylated prior to

electrophoresis in order to increase the sensitivity of protein detection. Native-PAGE was per-

formed as described by Davis (1964), Sachs and Freeling (1978) and Sachs er al. (1980).

SDS·PAGE was performed according to the procedure of Laemmli (1970). Puriäed E. coli ß-

galactosidase (116 kD), bovine serurn albumin (66.2 Kd), glyceraldehyde-3~phosphate

dehydrogenase (36 kD), carbonic anhydrase (29 Kd), PMSF-treated trypsinogen (24 Kd) and

soybean trypsin inhibitor (21.5 Kd) were used as size markers to estimate the enzyme subunit size

as described by Weber and Osbom (1969). Zymograms were developed with either

6·bromo-2·naphthyl ß-D- glucoside substrates coupled with the azo-dye, fast blue BB (Cardy et

al., 1981) or the fluorogenic substrate, 4-methyl umbelliferyl ß-D-glucoside (Harris and Hopkinson,

1978). Proteins were stained after electrophoresis with Coomassie blue R·250 and then destained

in a solution of 25% isopropanol·10% acetic acid (v/v) and stored in a solution of 7% (v/v) acetic

acid. Biotinylated proteins were electrophoretically transferred äorn the gel to a nitrocellulose älter
P

· by using the procedure of Towbin er al. (1979) and Bers and Gariin (1985) and developed as de-
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scribcd by Blake et al. (1984) and Billingsley et aL (1987) by using avidin-alkaline phosphatase and

the chromogens 5·bromo-4·ch1oro-3•indoly1 phosphate (BCIP) and nitroblue tetrazolium chloride

(NBT).

Protein biotürylation

Samples to be biotinylated were dialyzed against 0.1 M phosphate buffer (pH 7) and incubatcd

for 2 hours at 4°C with biotin·N·hydroxysuccinimide ester (BNHS) at a final concentration of 1

mg BNHS per mg of protein. The samples were re·dia1yzed against the same butfer and resolved

on SDS-PAGE along with biotinylated molecular weight marker proteins. Biotinylation ofprotein

bands cut out from polyacrylamide gels was performed as described by Billingsley et al. (1987).

Cross·Iinkü¢g of the enzyme subunits

Dimethyl suberimidate, having six methylene groups between the fimctional imidoesters, was

used to cross-link the enzyme subunits as described by Packrnan and Perham (1982). The enzyme

preparation was incubated at a final concentration of 10 ug/ml with 30 mM dimethyl suberimidate

in 10 mM phosphate buffer, pH 7.8, at 25°C for 90 min. The sample was dialyscd against two

changes of 0.1 M phosphate buffer pH 7, biotinylatcd as described above, and resolved on

SDS·PAGE. An untreated enzyme sample served as a control.
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Results and Discussion

Time course ofenzyme activity

The developmental pattern of ß-glucosidase activity in maize was studied in order to identify

the tissue/organ and developmental stage that would serve as the source of choice for enzyme pu-

riiication. Estimates of enzyme specilic activity (enzyme units per unit weight) indicated that

post-germination, the activity increased 8-fold in the scutellum over 24 hrs (3-4 days alter

germination), and declined to a basal line with a K, of 0.35 day‘* and tm of 47 hours (Figure l

on page 45). Moreover, a bi·phasic increase in enzyme activity occured in both the coleoptiles and

roots, with a 3.4-fold increase over 48 hrs (6-8 DAG) in each organ and rate constant of synthesis

K, of 32 milliunits/min./coleoptile and 20 milliunits/min./root. However, the enzyme activity at-

tained maximal levels in the coleoptile division and elongation zones as well as the root tips, as

evidenced by the histological localization of enzyme activity in various tissue sections using the

chromogenic substrate 5-bromo-4·chloro- 3-indolyl ß-D·glucopyranoside (x-glu). Moreover, the

increase in enzyme activity was due to an induction of synthesis rather than an induction of activity

since radioactive amino acids could be chased in the enzyme rnolecules alter pulse·labelling treat-

ments ofmaize seedlings (data not shown). Figure l shows also that the time course by which the

enzyme approached a new steady·state level was indicative of an adaptive nature of enzyme syn-

thesis after germination. That is, the enzyme attained a new steady-state level quickly, and had a

oonsiderably high rate of turn·over. Moreover, the enzyme forms in the coleoptiles and roots were

electrophoretically identical and thus appeared to be conserved between the two organs and

throughout seed germination stages as shown by zymograms developed with the chromogenic

substrate 6-bromo·2·naphthyl ·ß-D-glucopyranoside (Figure 1). Therefore, coleoptiles and roots

of 7-8 day old seedlings were used as the source for enzyme puriiication during this study.

Chapter 2: Biochemical and physicochemical characterization of maize B-glucosidase 44





Iso·cIcctric point (pl)

The net charge on maize ß-glucosidase was estimated as a function of the pH in order to de-

termine the type of the ion exchange resin to be used during puriiication. Electrophoretic titration

curves (Figure 2 on page 47) indicated that the enzyme molecule carries no net charge at pH 5

(iso·electric point, pl) and will not, therefore, bind to an ion exchange resin at this pH. The iso-

electric point was also estimated by the pH·dependent binding assays performed by mixing known

amount of enzyme with an ion exchange resin at various pH values and assaying the supernatant

for the amount of unbound enzyme units. The pl estimated by this procedure was 4.93 (Figure 2

on page 47). Although the two estimates (5 and 4.93) were essentially equivalent, the pl determined

from pH- dependent binding assays is more aecurate since this procedure eliminates the artifacts

that might arise from the interaction between ampholytes and proteins. These results suggested that

at pH 6.3 or above the enzyme molecules will have an adequate net negative charge and, therefore,

should bind to an anion exchange resin (section III, Figure 2 on page 47). On the other hand, a

cation- exchange based binding would be performed at pH 3.6 and below (section I, Figure 2 on

page 47). The use of anion~exchange·based purilication was preferred since the enzyme was less

_ stable at acidic pH values (shown below).

Enzyme stability andpH

'I'he relative stability of maize ß·glucosidase over a pH range from 4 to 8 is shown in

Figure 3 on page 48. The stability of the enzyme was well maintained over the pH range 6.5-8.0

(section Il in Figure, 3). However, the enzyme was less stable at acidic pH values, which was also

evident in the electrophoretic titration curves, requiring the use of an anion exchange resin for

enzyme puriiication. It was expected that the enzyme would bind to the anion exchange resin at

pH 6.5 or above. The use of a strong anion exchange resin allowed for binding to be carried out

at pH Consequently, elution using a salt gradient was possible.
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Figure 3. Effect of pH on enzyme stabilityz The enzyme preparation was incubated for 6 hrs. at room
temperature under the indicated pH conditions. Residual activities were estimated at the
optimum conditions of pH and temperature and expressed as a perccnt of the maximal
activity.
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Optimization ofsmall-scale purüication

‘
The purification of the enzyme on a small scale was first carried out using quaternary

methylamine (QMA) and hydroxylapatite (HAP) chromatopgraphy and the procedures were then

scaled up as described later. After establishing the separation mode, the highest ionic strength that

would allow binding of the enzyme to the anion exchanger (QMA) was determined at pH 7 at

different ionic strengths. In outline, the 30-50% saturation ammoniurn sulfate pellet was dissolved

and dialyzed against the binding buffer, loaded onto a column equilibrated with the same buffer,

and chromatographed using a gradient of phosphate buffer pH 7 with a linear increase in ionic

strength. Fractions were collected and assayed for enzyme activity using the substrate PNPG. The

results of these experiments indicated that enzyme binding was unsuccessful at or above l00 mM

concentration of the binding buffer (Figure 4 on page 50). However, a two·fold dilution of this

buffer (50 mM) resulted in binding (Figure 5 on page 5l). This was used for large scale purifica-

tion. The SDS-PAGE profile of the enzyme peak obtained using 50-500 mM linear gradient is

shown in Figure 5. This profile indicated the co·elution of contaminating proteins with the

ß-glucosidase activity. Use of 50-240 mM linear gradient followed by constant eluent concentration

(240 mM) resulted in retention of most contaminating proteins (Figure 6 on page 52).

Large-scale purüication of the enzyme

Gradient duration was adjusted so that the large-scale purification would resemble the opti-

mized sma1l·sca1e runs. A 2.6 x 30 cm QMA anion exchanger and 2.6 x 12 cm hydroxylapatite glass

columns were used. The pooled active fractions from QMA chromatography (bracketted in

Figure 7 on page 54) were dialysed against 10 mM phosphate buffer (pH 7) followed by

_ chromatography on the hydroxylapatite (HAP) column (Figure 8 on page 55). The size of the

enzyme subunit was evident from this step since the enzyme eluted from HAP column showed a

single and an enzymatically inactive band on SDS-PAGE with an apparent molecular weight of 60
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Figure 4. Effect of' ionic strength on enzynte binding to QMA meditun: Sample: 7 mg total proteins
obtained by ammonium sulfate fractionation and dialyzed against 100 mM sodium
phosphate buffer pH 7; column: 1 x 10 cm glass column packed with Aocell quatemary
methyl amine (QMA) anion exchange medium; binding buffer: 100 mM sodium phosphate
pl-1 7; flow rate: 60 ml/hr; detection: 280 nm. See Figure for trace description.

Chapter 2: Biochemical and physicochemical characterization of' maize B-glucosidase 50







kD. Moreover, a subunit size of 60 kD was evident by SDS·PAGE in the presence or absence of

the reducing agent ß·mercaptoethanol. This indicated that the quatemary structure of the enzyme

was either monomeric or the subunits were not covalently bound in an oligomeric enzyme struc-

ture. The SDS-PAGE profiles of active enzyme preparations from various steps during the purifi-

cation process are presented in Figure 9 on page 57. The final product was homogeneous by both

electrophoretic criteria and size exclusion gel filteration chromatography (not shown). The

chromatographic configurations used during enzyme purification resulted in about 1000-fold in-

crease in the enzyme specific activity with a recovery of 22% of the original enzyme units. The

specific activity of the purified enzyme was about 2 units/ug protein. A summary of the purification

of active ß- glucosidase from the inbred K55 is presented in Table 1 on page 56.

Subunit identification and quatemary structure

The identification of the inactive enzyme subunit after SDS- PAGE was further confirmed by

an indirect immunological reaction on Western blots. Partially purified enzyme preparations re-

solved by SDS·PAGE and blotted onto a nitrocellulose filter were reacted with polyclonal anti-

bodies raised against the 60 kD subunit. Since these antibodies cross·reacted with heterologous

polypeptides in the preparation (not shown), the blot was incubated with a native extract ofmaize

ß·glucosidase and developed with the chromogenic substrate S·bromo~4-chloro-3-

indolyl·ß-D·glucopyranoside to identify the subunit composition of the native enzyme (Figure 10

on page 59). This procedure indicated that the enzyme contained a single polypeptide of 60 kD.

To elucidate the enzyme quatemary structure, an enzyme fraction (purified by QMA

chromatography) was incubated with dimethyl suberimidate to cross-link the enzyme subunits and

the products of the reaction were analyzed by SDS·PAGE in the presence of the reducing agent,

2-mercaptoethanol (Figure 9 on page 57). A monomer (M, 60,000) and a dimer (M, 120,000), were

observed on SDS·PAGE, but no larger aggregates. Moreover, Glul heterozygotes with two

electrophoretically distinguishable allelic variants showed three ß·g1ucosidase activity bands on
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Table I. Summary of puriücation of maize ß-glucosidase
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Native·PAGE and each activity band was composed of a single-sized (60 kD) polypeptide

(Figure 9 on page 57). Therefore, it was clear from SDS-PAGE of the purified enzyme, cross-

linking data and zymograrns of the F; heterozygotes that maize ß-gluoosidase is a homodimer

composed of two polypeptides with identical size (60 kD). This agreed with the previous reports

of Pryor (1976) and Goodman and Stuber (1983) on the dimeric nature of maize ß-glucosidase.

Moreover, since ß- mercaptoethanol was not required for enzyme monomerization this indicated

that the two subunits were non·covalent1y associated in the enzyme oligomer

pH aptimum

A study of the effect of pH on the activity of the purified enzyme was performed and a plot

of activity vs. pH (pH profile) is shown in Figure 11 on page 61. The enzyme showed maximal

activity at pH 6.8 (pH optimum). Two pH units comprised the width of the pH profile at half

height. Determination of the pK values of the amino acid side chains whose ionizations were re-

quired for the enzyme activity was also attempted to obtain information on the composition of the

enzyme active center. Tentative estimates of these values from the pH profile indieated that two

groups having pK values of 6.1 and 8.1 were involved in catalysis. Dixon logarithmic plots were

also used to determine these values (Figure 11 on page 61). These plots indicated that both the

aflinity of the enzyme to the substrate PNPG (determined as Michaelis constant) and the Vmax

were affected by a group having pK, value of 6-6.2. Another group whose pK, was 7.25 appeared

to be responsible for further increasing the afiinity of the enzyme to the substrate PNPG, however,

with a concomitant decrease in Vmax. These results suggested the followingsz (1) the involvement

of an imidazole (pk
-

6.3) in maize ß·g1ucosidase catalysis, (2) a terminal a·amino group (pk =

7.5) might also participate in enzyme catalysis with a probable involvement in substrate binding,

and (3) no sulphydryl groups (pK = 9.1-9.5) were implicated in catalysis. Although histidine was

implicated in the catalytic site of other glucohydrolases as exo-ß-D-glucanase from Baridiomycete

sp. (Jeüboat and Kirkwood, 1987), the sequence valine-methionine-serine·aspartic acid-tryptophan
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was reported by Legler (1979) and Bause and Legler (1980) as the putative substrate binding site

of ß-glucosidase from Aspcrgillus wentii (pH optimum of 1.5-5). This sequence was also common

(with accepted substitutions) to ß·g1ucosidases from Kluyveromyces jragilis, Candida pelliculosa,

and Schizophyllum commune (Raynal et al., 1987).

Thermal stability

The effect of temperature on the activity and stability of the purilied enzyme indicated the

following: (1) the optimum temperature for enzyme activity was 40°C, (2) the enzyme was stable

at temperatures up to 50°C for 20 minutes (Figure 12 on page 62), (3) a loss of 50% of the original

stability was observed at 61.6°C (arrow in Figure 12), (4) the enzyme was totally inactivated alter

20 minutes of incubation at 80°C, and (5) the loss of enzyme activity at temperatures above 50°C

was irreversible as no activity was regained upon further incubation at room temperature or alter

electrophoresis on Native·PAGE performed at 4°C. The temperature sensitivity of the enzyme

might be due to the lack of inter-subunit disullide bonds. However, temperature·stab1e maize al-

cohol dehydrogenase dimers lacking inter-subunit disullide bonds were reported by Schwartz

(1974), and therefore, the lack of inter-subunit disullide bonds is not always associated with the

temperature of proteins.

Effects of thiol and disulfide reagents and divalent catious

The enzyme activity showed a slight decrease when incubated with either iodoacetic acid (48

mM) or HgC1; (100 uM) for 90 minutes at room temperature. Moreover, no thiol groups on the

enzyme were reactive with the charge-modifying alkylating agents, iodoacetic and maleic acids, as

evidenced by the mass/cha.rge·dependent mobility of the treated enzyme on Native- PAGE (not

shown). The insensitivity to Hg** might be due to the lack of reactive sullhydryl groups on the
A

· enzyme molecule and agreed with the previous reports of Huber and Nevins (1979-1982) on maize
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Figure ll. The effect of pH on rnaize ß-glucoaidase activity: The puriiied enzyme was reacted with
the substrate PNPG at the pH indicated. (A) The release of p·nitrophenol was measured
spectrophetometrically and the data were expressed as percent of the highest activity. (B)
semi-iogarithmic plot: of Michaelis constant and Vmax against pH.
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ß·glucosidase tolerance to the effect of heavy metals. Enzyme activity was not dependent on

divalent cations based on the fact that incubation of the enzyme or crude extracts with 100 mM

EDTA for 90 mins. did not reduce the enzyme activity. However, incubation of maize

ß·glucosidase with an increasing molar concentration of ß-mercaptoethanol resulted in an expo-

nential decline in enzyme activity as a function of the reagent concentration (Figure 13 on page

64). Moreover, the enzyme inactivation was: (1) time·dependent because a brief incubation (10

minutes) did not reduce activity, and (2) irreversible as shown by monitoring the activity of the

treated enzyme on Native·PAGE under reagent withdrawal conditions. Therefore, both the inac-

tivation of the enzyme and the inactivation·lag implied the existcnce of intra· chain disuliide bonds

necessary for the stability of the enzyme molecule. Although the reduction of some

inter- or intra- chain disulfide bonds with the retention of part or all of the biological activity has

been reported for a variety of proteins and enzymes (reviewed by Liu, 1977; and Creighton, 1984),

intra·chain disulfide bonds and thiol-disulüde interchanges play an important role in the regulation

of enzymatic stabilities and activities, e.g. ribonuclease A (Creighton, 1977), and glutathione

reductase (Schulz et aL, 1978). The irreversible nature of the effect of the reducing agent might

imply the occurrence ofa major conformational distortion during the reduction process (un-folding)

and/or that disulfide bond formation per se do not dictate the pathway of protein folding (Liu,

1977). The detection of intra·chain disullide bonds in maize ß·glucosidase subunit required further

studies and is the subject of another article.
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Thiodisußide isomerism of the maize ß—gIucosidase subunit

Abstract

Maize ß-glucosidase is an oligomer of two identical, non- covalently associated and catalyt-

ically inactive polypeptides. The existence of intra-chain disulüde bonds essential for a stable

enzyme conformation was deduced on the basis of the enzyme inactivation by disullide reducing

agents in the absence of any other denaturants. This study describes the electrophoretic detection

of conformational isomerism, stabilized by intra·chain disullide bonds, in the maize ß-glucosidase

subunit. In the absence of disullide reducing agents, three conformations of maize ß·glucosidase

subunit were resolved by non-reducing sodium dodecyl sulfate· polyacrylamide gel electrophoresis

(SDS- PAGE). Any of these forms migrated on SDS-PAGE as a single band with an estimated

molecular weight of 60 kD upon reduction of the disullide groups. Comparison of the peptide

maps of the three forms suggests that they represent conformational thiodisultide isomers of the

same polypeptide. On non·reducing SDS·PAGE these conformational isomers arise during (1)

unfolding of the native enzyme under the effectofthe protein denaturing conditions ofSDS-PAGE,

and (2) re-folding (oxidativeqepairing) of the reduced enzyme subunit. Conformational isomerism

on the subunit level does not result in detectable mass/charge heterogeneity on the oligorner enzyme

level since the native enzyme, when electrophoretically examined from any maize inbred, migrates

as a single activity band.
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Introduction
1

ß·g1ucosidases (ß-D·g1ucoside glucohydrolases, EC 3.2.1.21) catalyze the hydrolysis of

cellobiose as well as various aryl and alkyl ß-D·g1ucosides (Woodward and Wiseman, 1982) and

participate in such important physiological responses as phytopathogen resistance and catabolism

of ß·D·glucosides of various llavones (Bottom1et, et al., 1966; Liu and Castelfranco, 1968;

Hahlbrock and Grisebach, 1979; Bell, 1981; I..abavitch, 1981; Schliemann, 1984). The involvement

of ß- glucosidases from different members of Gramineac, including maize, in the peroxidase·

catalyzed degradative decarboxylation of indoleacetic acid (IAA) has been recently reported (Wiese

and Grambow, 1986). Maize ß·glucosidase was shown to be a homodimer encoded by Glul locus

(Pryor, 1976 and 1978), puritied from maize seedlings (Rifaat and Esen, in preparation) andshown

to be: (1) composed of two non-covalently associated and catalytically inactive polypeptides (60

kD each), and (2) inactivated by disuliide reducing agents (in the absence of any other protein de-

naturing conditions) suggesting the existence of intra·chain disulüde bonds involved in stabilizing

the active enzyme conformation.

Disulüde bond formation, a post·translational modification, is largely dependent on protein

conformation; i.e. a proper peptide backbone orientation and a proximity of 4-9 Angstroms be-

tween the er carbons of the two cysteines contributing to such a bond (Creighton, 1984). Due to

their covalent nature, disulfide bonds contribute directly to the conformational stability of protein

molecules (Liu, 1977). Moreover, the location of intra-chain disullide bonds has been shown to

be highly conserved in iimctionally homologous proteins (e.g. haemagglutinins of H2 and I-13 sub-

types of Asian inlluenza virus; Wateriield and Scrace, 1981).

Thio1·disuliide rearrangements (thiodisulfide interchangu or isomerization) appear to play an

important role in the regulation of the activities and biological functions of various enzymes and

proteins, e.g. trypsin and bovine basic trypsin inhibitor (Liu et al., 1971), glycogen synthetase

(Emest, 1974), ribonuclease A (Creighton, 1977d), wheat gerrn agglutinins (Wright, 1977) and

glutathione reductase (Schulz et al., 1978). Several reports (e.g. Delorenzo et al., 1966(a,b), Straub, °
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1967, Hillson et al., 1984, and Wetlaufer, 1984), described the roles of protein disuliide isomerase

(PDI; thiol disullide oxidoreductase, EC. 5.3.4.1) as well as non-cnzymatic catalysts in this regu-

latory mechanism.

Although the reduction and re-forrnation of disulüde bonds in vitro has been studied in only

few proteins, it has been shown that the renaturation process involves an rapid reoxidation

phase yielding a mixturc of disullide bonded transient intermediates followed by a slower phase

where thiol disulfide interehanges occur to jvc rise to the native protein conformation (Hillson ct

al., 1984). The procedures comrnonly cmployed to isolate and characterize these transient inter-

mediates relics on the use of: (1) 'trapping agents and treatments', e.g. acidilication, alkylation,

thiol-blocking and disulüde reagents, and (2) charge-dcpendent fractionation methods, e.g.

electrophoresis in acidic gels, urea gels, isoclectric focusing, and ion exchange chromatography

(Creighton, 1984; Hillson, 1984). This report describes the detection of intra-chain disulfide bonds

and thiol-disultide conformational isomerism arising during un·fo1ding and re-folding of maize

ß·glucosidase subunit through the use of one and two·dimensional sodium dodecyl sulfate

polyacrylamide gel electrophoresis under reducing and non- reducing sample preparation conditions

(refcrred to hercafter as reducing and non-reducing SDS·PAGE). The rationale of such an ap-

proach is that the complete denaturation of a protein usually requires the combined effects of

disullidc reducing agents and other unfolding denaturants (e.g. urea, SDS, temperature). These

treatments result in a nearly size-dependent mobility in SDS-PAGE. However, unfolding of a

protein structure under oxidative-rcpairing conditions would allow for the maintenance or forma-

tion of inter- and intrachain disulfide bonds. lf intrachain disulüde bonds exist in a polypeptide

structure, the relative mobility of that polypeptide in non-reducing SDS·PAGE would show a

conformational· dependency, and, therefore, non-linearity to logw molecular weight. Therefore,

polypeptides are expected to separate diagonally on two-dimensional reducing/non-reducing SDS-

PAGE unless inter- and/or intrachain disultide bonds or thiol- disulfide transitions are taking place

in the protein examined.
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Materials and Methods

Materials

Acrylamide, N-N'-methy1ene~bis·acrylamide, sodium dodecyl sulfate (SDS), and other chem-

icals for electrophoresis were purchased from Bio-Rad Laboratories (Richmond, CA). Sepharose

CL·6B-200 gel liltration medium was from Pharmacia Fine Chemicals (Uppsala, Sweden).

Quatemary methylamine anion exchanger (QMA) medium was purchased from Millipore Waters

(Milford, MA). lodoacetic acid, maleic acid, 6-bromo·2·naphthyl· and 4·methyl umbelliferyl-

ß-D·glucoside substrates, Fast Blue BB, avidin-alkaline phospatase, 5-bromo·4·ch1oro-3—indo1yl

phosphate (BCIP), nitroblue tetrazolium chloride (NBT), and chymotrypsin were from Sigma

Chemical Co. (St. L.ouis, MO). Biotin-N·hydroxy-succinimide ester (BNHS) was purchased from

Boehringer Mannheim Biochemicals.

Preparatiou ofmaize ß-glucosidase

The maize inbred K55 was the source for all enzyme preparations used in this study. Crude

extracts were prepared for electrophoresis by homogenizing 7 day·old eoleoptilcs and roots in 8.3%

sodium ascorbate (pH 7.38) containing 16% sucrose (Cardy et aL, 1981). A partially puriiied ß-

glucosidase was prepared by using a combination of differential solubility and chromatographic

techniques. The tissues were ground in liquid nitrogen and the resulting powder was extracted with

50mM phosphate buffer (pH 7) containing 50 mM 2- mercaptoethanol. The extract was claritied

by squeezing through three layers of cheese cloth and spining at 20,000 X g for 20 minutes.

Ammonium sulfate was added to the supernatant and the 35-50% saturation pellet was redissolved

in a minimum volume of 50 mM potassium phosphate buffer (pH 7). This preparation was

fractionated on a Sepharose CL-6B-200 gel ültration column (2.6 x 92 cm) equilibrated with the
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same bulfer. Further puriäcation of the enzyme was accomplished by anion exchange

· chromatography on quaternary rnethylamine (QMA) medium as described by Rifaat and Esen (in

preparation).

Two—dimensioual reducing/non-reducing SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS·PAGE) was performed in

two·dimensions based on the presence or absence of the reducing agent 2-mercaptoethanol. The

procedures for electrophoresis were essentially those described by Laemmli (1970) and Wang and

Richards (1974), and the determination ofmolecular weight was performed as described by Weber

and Osbom (1969). ln the non·reducing SDS separation, the disu1äde·reducing agent

2-mercaptoethanol (ZME) was omitted during sample preparation. When a non·reducing dimen-

sion followed a reducing one, gel slices or protein bands containing the reduced polypeptides were

equilibrated in 2ME·less SDS sample buä'er to allow for the withdrawal of the reducing agent and

the oxidative re-pairing of the thiol groups. Electrophoresis conditions were: (1) resolving gel (13

cm, T% and C% as indicated in Figure Iegends): 0.375 M Tris·HCl pH 8.8, 0.1% SDS, 0.05%

ammonium persulfate (AP), 0.05% N,N,N',N’-tetramethyl ethylenediamine (TEMED), (2) stack-

ing gel (1.5 cm, T 5%, C 3%): 0.125 M Tris-HC1 pH 6.8, 0.1% SDS, 0.06% AP, 0.1% TEMED,

and (3) running bag/fer (Tris-glycine·SDS): 25mM Tris - 192mM Glycine pH 8.3, 0.1% SDS. Aäer

electrophoresis the gel was stained with Coomassie blue R-250, then destained in a solution of 25%

isopropanol·10% acetic acid (v/v) and stored in a solution of 7% (v/v) acetic acid. When protein

biotinylation was used, the sliwd protein bands were incubated for 2 hr at 4°C with biotin·N-

hydroxysuccinimide ester (BNHS) in 10 mM phosphate buä'er (pH 7) at a concentration of 1 mg

BNHS per 1 ml änal volume as described by Billingsley et al. (1987). The protein bands were

equilibrated in SDS sample buffer and inserted into the wells of the second dimension gel. Alter

electrophoresis, the biotinylated proteins electrophoretically transferred from the gel to a

nitrocellulose älter by using the procedure described by Towbin et aL (1979) and Bers and Garän

Chapter 2: Biochemical and physicochemical characterization of maize B-glucosidase 73



(1985) and developed as described by Blake et al. (1984) and Billingsley et al. (1987) using avidin·

alkaline phosphatase and the chromogens 5·bromo·4-chloro-3·indo1y1 phosphate (BCIP) and

nitroblue tetrazolium chloride (NBT).

Treatment with thialprobes

The effects of iodoacetic and maleic acids on the electrophoretic mobility and activity of the

enzyme were assayed as described by Fisher and Harris (1972) and Harris and Hopkinson (1978).

The enzyme preparations were incubated with each of the thiol reagents at pH values of 6.0-7.8 for

12-24 hrs. at 4°C. The enzyme preparation was then examined on Native-PAGE performed as

described by Davis (1964). Zymograms were developed with 6- bromo-2-naphthyl ß·D-glucoside

substrates coupled with the azo·dye, Fast Blue BB as described by Cardy er al. (1981), or 4-methyl

umbelliferyl-ß-D·g1ucoside as described by Harris and Hopkinson (1978).

Peptide mapping by limitedproteolysis

Bands containing stained or biotinylated proteins were subjccted to limited proteolytic di-

gestion during SDS-PAGE as described by Cleveland et al. (1977), and Billingsley er al. (1987).

Results and discussion

Maize ß-glucosidase is a dimer of two identical and catalytically inactive polypeptide subunits

(Rifaat and Esen, in preparation). ln the presence of reducing agents, the enzyme subunit migrates

in SDS-PAGE as a single band with a molecular weight of 60 kD. Figure 14(A) shows that the
' omission of reducing agents during sample preparation results in the resolution of the enzyme

1

subunit into two bands on 10% polyacrylamide gel. It appcared that under non-reducing
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SDS-PAGE conditions, about half of the enzyme subunits, labelled 'C' in Figure l4(A), assumed

an apparently lower molecular weight. The mobility of the polypeptide species labelled 'R' in the

same figure was invariant under reducing and non~reducing conditions. lt was also obvious that

the gradient of reducing agent established between adjacent reducing and non- reducing slots was

accompanied by a sharp downward transition in the apparent molecular weight of the subunit 'C'

when passing from a reducing to a non-reducing slot; i.e. 'diagonal-effect'. Passing from a non-

reducing to a reducing slot, the enzyme subunit unfolds and, therefore, assumes a longer effective

chain length in the reduced state. Allore and Barber (1984) reported that the downward transition

in the apparent molecular weight upon passing from reduced to non- reduced slots was highly in-

dicative of intramolecular disulfide bonding. The absence of a dimer·sim band that would be ex-

pected if the native enzyme were stabilized by inter-subunit disulfide bonds was also evident from

this one-dirnensional SDS-PAGE. 'l'his result agrees with previous reports on the absence of inter-

subunit disulfide bonds from the quaternary structure of intracellular enzymes (Liu, 1977; Shulz and

Schirmer, 1979). Since the native enzyme is inactivated by reducing agents (Rifaat and Esen, in

preparation), it can be concluded that intra-chain disulfide bonds are essential for maintaining the

active enzyme configuration of maize ß-glucosidase.

lt appeared also that all cysteine residues were involved in intra-chain disullide bonds in maize

ß-glucosidase subunit. Figure 14(B) shows that both the activity and mobility of the native

enzyme are not aüected by incubation of the enzyme with the sulfhydryl reagents; iodoacetic and

maleic acids. A positive reaction would be expected to either inactivate the enzyme ifan ·SH group

is important for the enzyme's activity or to produce a charge variant with a faster anodal migration.

A positive reaction was evident only with Glu3- but not Glul-encoded activity (arrows in

Figure 14B). The former activity represents a different ß- glucosidase isozyme in maize distin-

guishable from Glul on the basis of subunit sim, net charge, and native molecular weight (Rifaat

and Esen, in preparation). The data, therefore, suggest the absence offree reactive sulfhydryl groups

in the native enzyme molecule.

The one-dimensional reducing/non-reducing SDS-PAGE described above demonstrates the

upward transition in molecular weight resulting from 'un-folding' the polypeptide chain under the
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effect of the reducing agent. The advantage of using a reducing/non-reducing two-dimensional

SDS~PAGE is that it allows for monitoring the transition in molecular weight resulting from 're-

folding' of the polypeptide upon the withdrawal of the reducing agent. The results of

electrophoresis of a partially puriüed maize ß-glucosidase preparation on two·dirnensional

reducing/non-reducing SDS·PAGE are presented in Figure l5(A). The mobility of the "C' com-

ponent is indistinguishable from that of the "R' component under reducing (un-folding) conditions.

As stated above, this is due to a longer un-folded 'C' chain length. Upon the withdrawal of the

reducing agent the effective chain length of the 'C' component decreases due to re-folding of the

polypeptide and, therefore, the component 'C' migrates below the diagonal in the second dimen-

sion. All protein impurities show diagonal separation in the second dimension indicating the ab-

sence of detectable intra- or inter·chain disulfide bonds in these proteins. Figure l5(B) shows the

transitions in apparent molecular weight under a non·reducing/reducing SDS-PAGE. The results

from these two·dimensional electrophoretic runs supported those obtained from one·dimensiona1

SDS·PAGE (Figure 14 on page 76). The 'C' component runs more rapidly before reduction and,

therefore, appears above the diagonal in the second dimension, while the
’R'

component is

diagonally resolved in the second·dimension. Therefore, these data indicate that folding and un-

folding of the 'C" component is reversible (i.e. conformational).

Since the mobility of the "R' component was not aßected by the presence or absence of the

reducing agents (Figure 14 on page 76), and showed diagonal separation upon two·dimensiona1

reducing/non-reducing SDS·PAGE (Figure I5 on page 78), the question of whether or not this

component represents a dißerent polypeptide species (impurity) lacking inter- and intra-chain

disulfide bonds was investigated through comparative peptide mapping by limited proteolysis. On

14% non-reducing SDS-PAGE, the enzyme subunit was found to resolve into three bands (R, I,

and C in Figure 16A), indicating that gel concentration might play a significant role in the detection

of conformational-dependent mobility shilts. Identity ofpeptide maps following limited proteolysis

indicated that the peptide structure of the three forms is indistinguishable. It is likely that they

represent different conformations of the same polypeptide stabilized by intra-chain disulfide bonds

(Figure 16 on page 79). The relative mobility of each of the three forms (R, I, C) was not altered
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by electrophoresis under non-reducing SDS-PAGE conditions (Figure 16B), indicating that these

oonformational isomers were "trapped' in their respective oxidized states (scrambled polypeptide

monomers), probably due to the presence of SDS. Similar results were reported by Hillson er al.

(1984) on beef pancreatic ribonuclease A, where reduction and re·oxidation ofdisulüde bonds under

denaturing conditions produced a fully oxidized mixture of randomly formed disullide bonds.

Since all of the -SH groups in the enzyme subunit are involved in intra·chain disullide bonds,

it requires a minimum of 4 cysteine residues in each subunit to account for these results. Whether

all of these conformations exist in the native ß·g1ucosidase oligomer is not known. The latter,

however, shows no detectable mass/charge dependent heterogenity when examined from maize

inbreds (Stuber et al., 1977; Goodman and Stuber, 1983; and Figure 17 on page 81). Folding

intermediates of bovine pancreatic trypsin inhibitor involve non·native and native states and some

of these intermediates represent dead·ends in the protein folding pathway (Creighton, 1977a-c). It

is interesting that the conformational isomers of maize ß·g1ucosidase subunit arise during either

unfolding of the native enzyme under non-reducing SDS·PAGE (Figure 14A, and Figure 15B) or

the oxidative·repairing (re·folding) of the reduced enzyme subunit upon the withdrawal of the re-

ducing agent (Figure 15A, and Figure 17 on page 81). Whether or not any of maize

ß·g,lucosidase subunit isomers represents the correct folding pathway of the enzyme polypeptide

or a biologically signiücant isomerism is a subject for further studies.
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Abstract

The soluble ß·glucosidase (ß-D·glucoside glucohydrolase) from maize exhibits higher aüinity

towards p- nitrophenyl ß-D·glucopyranoside (Km = 0.6 mM) and p· nitrophenyl

ß·D·fucopyranoside (Km == 0.8 mM), less aflinity towards p·nitrophenyl ß-D·galactopyranoside

(Km = l.2 mM) and p·nitrophenyl ß-D—ce1lobioside (Km = 1.8 mM) and much less aßinity to-

wards cellobiose (0-ß·D-glucopyranosyl (l·4)- ß·D-glucopyranoside, Km = 3.6 mM). These ac-

tivities (1) oo- purilied to the same extent during purilication, and (2) were impossible to separate

by further purilication. Moreover, both ß-glucosidase and ß·fucosidase activities were inhibited

similarly by the competitive inhibitors D-glucose, glucono·l,5·lactone and l·thiophenyl

ß-D-glucoside. Further, these activities were non·additive in the presence of both p-nitrophenyl

ß-D- glucopyranoside and p·nitrophenyl ß-D-fucopyranoside substrates. There was also no cor·

relation between the endogenous levels of cellobiose and that of the soluble ß·glucosidase aryl ac-

tivity throughout the course of seed development and germination. These results indicate that: (1)

the soluble ß·glucosidase possesses a dominant aryl ß-glycosidase activity as compared to ccllobiase

activity, (2) the coniigurations of C-4 and C-6 carbon atoms on the glycone moeity play a signif-

icant role in determining the substrate specilicity of the enzyme, (3) both ß-glucosidase and

ß~fucosidase activities are mediated by the same active site on the enzyme molecule, and (4)

cellobiose is unlikely to be a substrate for the enzyme in vivo.

Chapter 3: Substrate specitlcity of maize B-glueosidase 86



Introduction

Plant ß-glueosidases (ß·D-glucoside glucohydrolases, EC 3.2.1.21) are implicated in a variety

of biological functions, e.g. peroxidase·cata1ysed decarboxylative degradation of IAA in grasses

(Wiese and Grambow, 1986), indoleacetic acid (IAA)- induced extension growth (Datko and

Maclachlan, 1970), hydrolysis of conjugated gibberellins (Schliemann, 1984), stress metabolism and

resistance to phytopathogens (Dunn and Routley, 1972; Rosenthal and Janzen, 1979; and reviewed

by Bell, 1981), de- toxilication of metabolic aocumulates (Liu and Castelfranco, 1968), and

catabolism of ß-gluoosides of various llavones (Waygood and Maclachlan, 1961; Bottornley et al.,

1966; and reviewed by Hahlbrock and Grisebach, 1979). The involvement of ß·g1ucosidases in cell

wall metabolisrn, however, is not well understood, especially in monocots, in which cell walls have

dominant arabinoxylans and mixed linkage glucans as compared to dicots (Larnport, 1970;

Labavitch, 1981; and reviewed by Taiz, 1984).

Studies on ß-glucosidases from different sources indicate that the functional diversity of these

enzymes is due to a oonsiderable diversity in structure, substrate specilicity, and catalytic conditions

(Reese, 1977; Woodward and Wiseman, 1982; Sakamoto et al. 1985a,b; Kohchi ct al. 1985; Love

and Streifl', 1987). Based on substrate specilicity, Sakamoto er al. (l985a,b) have categorized ß-

glucosidases from microbial sources into aryl ß·g1ucosidases, eellobiases, and ce11ooligo~gluoosidases

with the highest activity towards aryl ß-D-glucosides (e.g. p·nitrophenyl ß-D·g1ucoside, PNPG),

oellobiose (or eellotriose), and eellooligosaccharides (with a degree of polymerization of 4- 5), re-

spectively. Moreover, with few exeeptions, aryl ß- glueosidases tend to exhibit broad substrate

speciücities. ß·glucosidase from Chaetomium trilaterale functions also as a ß·xylosidase (Uziie er

al., 1985) and that from almond (also called emulsin) has ß·D·galactosidase, ß·D·fucosidase, and

ß·D·xylosidase activities as well (reviewed in Chen and Lian, 1986). By oontrast, sorghum

ß·g1ucosidase is highly specific for dhurrin, the cyanogenic compound in sorghum and barely

hydrolyzes the aryl substrate 4-nitrophenyl-ß·D·glueoside (reviewed in Hosel and Conn, 1982).
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Maize ß-glucosidase is cytoplasmic (Huber and Nevins, 1980, 1981 and 1982; Nagahashi and

Baker, 1984). The purification and characterization of this enzyme was described in another

report (Rifaat and Esen, in preparation). The enzyme is a temperature-sensitive oligomer com-

posed of two identical and non- covalently associated polypeptides, 60 kD each. Data conceming

the effect of reducing agents on the enzyme activity as well as pl-1 optima profiles suggested the

involvement of an imidazole ring and possibly a terminal a-amino group in enzyme catalysis and

substrate binding, as well as intra-chain disulfide bonds in stabilizing the active enzyme conforma-

tion. This study presents some of the catalytic properties of the enzyme and shows that the

buffer-soluble ß-glucosidase from maize exhibits a dominant aryl ß-glucosidase activity with broad

specificity towards aryl ß·g1ycosides having a common aglycone moeity.

Materials and Methods

Materials

Acrylamide, N-N’·methylene·bis-acrylamide, sodium dodecyl sulfate (SDS) and other chemi-

cals for electrophoresis, protein assay reagents and DNA-grade hydroxylapatite chromatography

matrix were from Bio·Rad Laboratories. 4-methyl umbelliferyl (4- MU-) and 6-bromo-2-naphthyl

(6-BN-) ß-D-glucoside substrates, Fast Blue BB, glucose enzymatic assay kit, p·nitrophenyl·ß~D-

glucopyranoside (PNPG), p-nitrophenyl-ß-D-cellobioside (PNPC),

p·nitropheny1·ß·D-galactopyranoside (PNPGal), p- nitrophenyl-ß~D-fueopyranoside (PNPF),

p-nitrophenyl-ß- D-xylopyranoside (PNPX), glucono-1,5-lactone, 1-thiophenyl ß·D·glucoside,

glucose, cellobiose, avidin-alkaline phospatase, 5·bromo-4-chloro·3-indolyl phosphate (BCIP) and

nitroblue tetrazolium chloride (NBT) were obtained fiom Sigma Chemical Co. (St. Louis, MO).

Biotin·N·hydroxysuccinimide ester (BNHS) was obtained from Pierce Chemical Co. (Rockford,

I1., USA). Sepharose CL·6B-200 was purchased frpm Pharmacia Fine Chemicals (Uppsala,
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Sweden) and quatemary methylamine (QMA) anion exchange resin was from Millipore Waters

(Milford, MA).
‘

Enzyme preparations

The maize inbred K55 (Illinois Foundation Seeds, Inc.) was used as the enzyme source in this

study. Tissues and organs were sampled at different times throughout the course of seed develop-

ment and germination, and homogenized in a mortar at 4°C in the presence of 8.3% aseorbic acid

buffer (pH 7.4) containing 16% sucrose (Cardy et al., 1981). The ratio of tissue weight to ex-

traction buffer volume was 2:3. The homogenate was further claritied by centrifugation and used

as 'crude extract'. The soluble enzyme was purilied l000·fold from the coleoptiles and roots of 7

day-old seedlings by differential solubility, anion exchanger chromatography on quaternary

methylamine medium and hydroxylapatite chromatography (Rifaat and Esen, in preparation). The

diH'erent enzyme preparations were concentrated 50- to 100·fold by using a Diallo ultra-filtration

membrane (molecular weight cut-off of 30 kD) and fractionated on a Sepharose CL·6B-200 gel

filtration column (2.6 x 92 cm). The active fractions were biotinylated with biotin-N-

hydroxysuccinimide ester (BNHS) at a ünal concentration of 1 mg BNHS per mg of protein as

described by Billingsley et al. (1987). The active fr·actions were resolved by electrophoresis on

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS·PAGE) to monitor the protein

profile of the co-fractionating activities. The cell wall·bound enzymes were prepared from the

coleoptiles of 7 day-old seedlings according to the procedure described by Huber and Nevins (1980,

1981 and 1982).

Enzyme assays and substratc specüicity

The enzyme activities in crude extracts, partially puriiied and purilied enzyme preparations and
”

gel filtration fractions were quantitatively determined by using either the chromogenic substrate
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p·nitrophenyl ß·D· glucopyranoside (PNPG) or cellobiose (0-ß-D-glucopyranosyl (l-4)-ß-D-

glucopyranoside. The enzyme ~ substrate reactions were performed at 37°C in 50 mM potassium

phosphate buffer (pl-! 6.8). The p·nitrophenol liberated from PNPG was measured

spectrophotometrically at 410 nm and the glucose liberated from cellobiose was measured by the

glucose oxidase / peroxidase method (Sigma Chemical Co., St. Louis, Mo.). One unit of

ß-glucosidase activity was defined as the amount of enzyme that catalyzes the release of 1 umole

of p-nitrophenol or the hydrolysis of 1 umole of cellobiose per minute under the specified condi-

tions. The specificity of the enzyme for each substrate was determincd from its respective kinetic

constant (Km). Determination of kinetic parameters of individual or mixed substrates as well as

enzyme inhibition constants were performed as described by Hiromi et al. (1966), Michal (1983),

Uziie (1985), Chen and Lian (1986) to provide information on the number and nature the enzyme

active site(s).

Enzyme turnover kinetics

Enzyme turnover kinetics were estimated as described by Schimke and Doyle (1970). The

degradative phases of the time course curvee were used to estimate the degradation constant K, and

tm using the relationship:

tip = [B2 [ Kr u

where:

tu, = the enzyme haIf·life.

'The rate constant for the enzyme synthesis, K, , was determincd using the relationship:

dB/dr = K, - K, E

where:

E is the enzyme concentration at time t.

K,Eisthefractionoftheenzymethathasbeendeg1·adedattimet.
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Electrophoresis

The time course of the changes in enzyme activity was quantitatively analyzed as described

above and qualitatively monitored using non-denaturing polyacrylamide gel electrophoresis

(Native·PAGE). Non·denaturing polyacrylamide electrophoresis was performed as described by

Davis (1964), Sachs and Freeling (1978) and Sachs et al., (1980). Zymograms were equilibrated in

50 mM potassium phosphate buffer (pH 6.8) for 20~30 minutes at 4°C and developed with either

6·br~omo·2-naphthyl ß-D- glucoside substrate coupled with the azo·dye, Fast Blue BB as described

by Cardy er al. (1981), or the fluorogenic substrate, 4-methylumbelliferyl ß-D-glucoside (lmg/10rnl

phosphate buffer, pl-! 6.8). The latter was applied to the gel on a filter paper overlay as described

by Harris and Hopkinson (1978) and incubated at room temperature for 10 mins before inspection

under a long·wave UV lamp for flourescent zones. Sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS·PAGB) was performed according to the procedure of Laemmli (1970). After

electrophoresis, the gel was stained with Coomassie blue R·250, destained in a solution of 25%

isopropano1· 10% acetic acid (v/v), and stored in a solution of 7% (v/v) acetic acid. Gels containing

biotinylated proteins were electro-blotted onto a nitrocellulose filter by using the procedure of

Towbin et al. (1979) and Bers and Garfin (1985) and visualized as described by Blake et al. (1984)

and Billingsley et al. (1987) using avidin~a1kaline phosphatase and the chromogens

5-bromo-4·chloro·3·indoly1 phosphate (BCIP) and nitroblue tetrazolium chloride (NBT).

Assay ofreduciug sugars by paper chromatography

Cellobiose levels of plant tissues were qualitatively analyzed throughout seed development and

germination. Tissue homogenates prepared as described above were spotted on Whatman 3MM

paper and the chromatogram was developed twice in ascending direction with

l·butanol·pyridine·water (6:4:4 v/v). Reducing sugars were detected by the acetone~si1ver nitrate

method (Sakamoto et aL, 1985b).
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Results and Discussion

The co-punjication ofß-givcosidase activities

Throughout the different steps used to purify maize ,6- gucosidase, aryl ß·g1ucosidase and

oellobiase activities were assayed under saturating levels of each substrate; i.e. p- nitrophenyl ß-D-

gucopyranoside (PNPG), p·nitropheny1 ß-D- fixcopyranoside (PNPF), p·nitropheny1 ß-D-

galactopyranoside (PNPGal), p·nitropheny1 ß-D- xylopyranoside (PNPX), p-nitrophenyl ß-D-

cellobioside (PNPC) and O-ß·D- gluoopyranosyl (1-4)-ß-D-glucopyranoside (cellobiose). Except

for ß·D· xylosidase activity, which was detectable only in partia11y~purified enzyme preparations,

all activities were detectable in all enzyme preparations. The enzyme exhibited higher activity to-

wards PNPG and PNPF, less activity towards PNPGal and much less activity towards PNPC and

cellobiose. These ß-gycosidase activities were found to co-purify to nearly the same extent

throughout the puxification process, and to co·fractionate upon gel filtration on Sepharose

CL·6B-200 (Figure 18 on page 93). That is, these activities are not separable by fiirther purifica-

tion and, therefore, might be mediated by the same enzyme molecule. Sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS·PAGE) of the co- fractionating activities showed a single

enzyme subunit band with a molecular weight of 60 kD (Figure 18B). This result strongy indi-

cated that all the co-fractionating ß·glycosidase activities are mediated by a singe enzyme. Previous

data from Nagahashi and Baker (1984) have indicated that maize ß·glucosidase and

ß·galactosidase activities co-fractionated upon centrifugation on 15-50% linear sucrose gradient.

Several reports on other ß-glucosidases from microbial and plant sources have also indicated the

broad glycone specificities of these enzymes (e.g. Hosel and Conn, 1982; Uziie et al., 1985; and

Chen and Lian, 1986). ‘
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Figure I8. The c0·l'I·actionating ß-glycosidase activities: Sepharose CL-6B-200 gel filtration proliles
showing t.he co-fractionating ß-glycosidase activities. The 30—50% ammonium sulfate cut
(A) and a highly purilied enzyme prepared by chromatography on a hydroxylapatite col-
umn (B) were gel-filtered through a sepharose CL-68-200 column (2.6 x 92 cm). Fractions
of 2.5 ml were collected and assayed for activity with each of the substrates:
p·nitrophenyl·ß-D-glucopyranoside (G), p·nitrophenyl-ß·D-li1copyranoside (F), p-
nitrophenyl- ß·D·galactopyranoside (Gal), p·nitrophenyl-ß-D- cellobioside (C), and
p~nitrophenyl-ß~D-xylopyranoside (X). The SDS~PAGE profile of the activity peak is
shown along with t.he chromatogram. Electrophoresis conditions: (1) resolving gel (13 cm,
T 10% and C 4%): 0.375 M Tris·HCl pH 8.8, 0.1% SDS, 0.05% Ammonium persulfate
(AP), 0.05% N,N,N',N' tetramethyl ethylenediamine (TEMED), (2) sracking gel (1.5 cm,1* 5%, c 3%): 0.125 M ms-nc1 pn 6.8, 0.1% sus, 0.06% AP, 0.1% TEMED, am: (3)
running buffer (1'ris·glycine-SDS): 25mM Tris - 192mM Glycine pH 8.3, 0.1% SDS.
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Figure I9. Effects of glycone moeity on enzyme catalysis: The allinity cf the enzyme to each
substrate is expressed as the Michaelis constant (Km). Abbrev. (g) glucose, (gal) galactose,
(l) fucose, (PNP) p-nitrophenol, (PNPG) p- nitrophenyl ß-D·g,luc0pyran0side, and (PNPC)
p·nitr0phenyl ß- D-cellobioside. See text for explanation.
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The role ofglycone moeity in enzyme catalysis

The aiiinity of the puriiied enzyme to different aryl ß·D· glycoside substrates sharing a com-

mon aglycone moeity (p- nitrophenol) is expressed as Michaelis constant (Km) in Figure 19 on

page 94. The use of these substrates made it possible to draw conclusions regarding the effect of

the configuration of certain carbon atoms in the glycone moeity on the hydrolysis of the ·C~l-

O-C·PNP bond. The aüinity of the enzyme for a given substrate showed a dependency on the

configuration of the carbon atoms C-4 and C-6 of the sugar residue. The enzyme discriminates

between the conligurations of these atoms and has a higher affinity towards glucose (staggered H

and OH on C-4 and C-6, respectively) and fucose (staggered OH and H on C-4 and C-6, respec-

tively) and a much lower atlinity towards galactose (staggered OH groups on both C-4 and C-6

carbon atoms). lt is interesting that epimerization at the C-4 carbon (compare glucose vs. galactose

in Figure 19 on page 94) decreased the aliinity of the enzyme to the substrate üom 0.6 mM

(glucose) to 1.2 mM (galactose). On the other hand, a second site substitution, H for OH at C-6,

nearly restored the enzyme’s atlinity for the substrate (compare galactose vs. 6- deoxy-galactose

(iiicose) in Figure 19 on page 94). Therefore, the presence of two staggered OH groups on the

non·reducing end of the substrate (galactose in Figure 19 on page 94) decreases the afünity of the

enzyme to the substrate, and the replacement ofany of these hydroxyl groups with a hydrogen atom

restores the original enzyme aßinity to the substrate. This might be due to a steric hinderance effect

and illustrates the positive role of the glycone moeity in substrate speciiicity and catalysis. More-

over, although the ß·D- glycohydrolysis event takes place at the ·C·1·O·C·PNP bond, the catalysis

mechanism must involve a binding or a recognition step between the enzyme molecule and the

non-reducing end of the substrate (C·4 and C-6 carbon atoms); i.e. the two processes, hydrolysis

and substrate recognition, are spatially separated. This result agrees with the previous implication

ofa substrate binding site (terminal a-amino group) and a catalytic site (an imidazole ring) in maize

ß- glucosidase catalysis (Rifaat and Esen, in preparation).

Comparison of the enzyme’s aflinity to PNPG, PNPC and cellobiose provided also a basis for

investigating the effect of cha.in~length and bonding type on enzyme catalysis. The hydrolysis of the
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·C·l·O-C-PNP bond is more efiicient in PNPG than in PNPC as reilected by their respective

maximal velocities (Vmax) in reactions containing equal enzyme/bond ratio (Figure 18 on page

93) and Km (Figure 19 on page 94). Since the only dißerence between PNPG and PNPC is the

number of glucose monomers (chain- length), it is obvious that increasing chain length decreases

the afiinity of the enzyme towards the ·C·l·O·C-PNP bond from 0.6 mM (PNPG) to 1.8 mM

(PNPC). These results indicated that the catalytic efiiciency ofmaize ß·glucosidase decreases as the

substrate chain length increases from 1 to 2 glucose monomers. Moreover, the enzyme exhibits low

afiinity towards cellobiose, and therefore, is best described as an aryl ß-D-glucoside glucohydrolase

in accordance with the calssification adopted by Sakamoto et al. (1985a,b).

Figure 19 on page 94 shows also that the -C·1·O-C-PNP bond is preferentially hydrolyzed in

the PNPC substrate as compared to the ·C-1-O·C-4- bond in the same substrate. This is based

on the following:

1. The preferential cleavage of the C-1-O-C- PNP bond would release both p-nitrophenol and

cellobiose (low afiinity substrate) in equimolar amounts. Since the concentration of cellobiose

in the reaction mixture can be readily estimated from the moles of p·nitropheno1 released at a

given time, the expected amount of glucose produced in the reaction mixture could also be

calculated based on cellobiose concentration [S] and Km and Vmax determined from an

equivalent reaction with cellobiose. It follows that the expected phenol / glucose molar ratio

produced from PNPC under maximal reaction conditions exceeds the unity and equalsz

(Km••u•u«• + Vmaxc-1-0-c-pur) / Vmaxmuum

2. On the other hand, the preferential hydrolysis of -C·1-0-C-4- in PNPC would lead to the

formation of PNPG (high afiinity substrate) and glucose in equimolar amounts. The amount

of p- nitrophenol (PNP) produced under maximal reaction rate can not exceed that of the

glucose‘ produced in the same reaction. The expected phenol] glucose molar ratio would,

therefore, be less than unity and equivalent to:

Vmdxmml (V”W·xc-1-o—c-4 ‘*' Kmmm + Vm¤·*m·6)
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The observed phenol/glucose ratio produced under saturating concentration of PNPC was 605

(Figure 19 on page 94), indicating the preferential hydrolysis of the -C·1-O-C-PNP bond in the

pathway of the hydrolysis of PNPC.

The enzyme appears to hydrolyze both PNPG and PNPF at a single active site.. This was

shown by (1) the competitive inhibition of both ß·g,1ucosidase and ß-fucosidase activities by

glucose, 1- thiophenyl ß-D·glucoside and glucono·1,5·1actone (Figure 20 on page 98 and

Figure 21 on page 99), and (2) the kinetics of enzyme reactions with mixed PNPG and PNPF

substrates (Figure 22 on page 100 and Figure 23 on page 101). Glucose was a competitive

inhibitor for both ß-glucosidase and ß~fucosidase activities (Ki values were 27 and 14 uM, respec-

tively), while 1- thiophenyl ß~D·glucoside showed less competitive inhibitory effect (Ki values were

43 and 18 uM, respectively) and g1ucono· l,5·lactone was a poor competitive inhibitor for both

activities (Ki values were 3.04 and 0.64 mM, respectively). The inhibition of several

ß·glucosidases by glucose (end-product inhibition) has been reported (Kohchi et al., 1985; Love

and Streiü', 1987) and is the limiting factor in the application of these enzymes in cellulose

saccharification industry (Woodward and Wiseman, 1982). Lineweaver-Burk plots for the

hydrolysis of the mixed substrates PNPG and PNPF at several molar fiactions (f) of PNPG are

presented in Figure 22 on page 100. The experimental values for the rate of nitrophenol pro-

duction at each mixed·substrate concentration were less than the sum of the respective activities

determined separately. That is, the two activities were non-additive in mixed·substrate reactions.

Moreover, the V and Km values calculated from each line changed continuously as a function of

(f) from f = 0 to f' = 1 (Figure 23 on page 101). These results indicated the involvement ofa single

active center in mediating both ß-D-glucoside glucohydrolase and ß-D-fucoside fucohydrolase ac-

tivities of the enzyme (l-liromi er al., 1966; and Uziie er al., 1985). Similar results were reportcd for

ß-glucosidases from other sources. '1'he active centers in barley and alrnorld ß-glucosidases
U

catabolize also the glycosidic derivatives of the two glycones, glucose and fucose (6-deoxy-

galactose), as well as those of other sugars (Hosel and Conn, 1982; Chen and Lian, 1986).
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Figure 20. Competitive inhwon ofß·D-glucosidase activity: Lineweaver·Burk plots showing the ef-
fect of the oompetitive inhibitorsglucose (G +G), l·thiophenyl ß-D- gluooside (G +T) and
glucono~l,5-Iactone (G+|.) on -gluoosidase activity of the enzyme. All inhibitors were
used at 0.2 molar fraction of the substrate p·nitrophenyl-ß-D~g|ucopyranoside, and con-
trols (G) were run in the absence of any inhibitors. Reaction conditions: 50mM potassium
phosphate bulfer, pH 6.8 and 37°C for 2 mins.
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Figure 2l. Competitive inhibitiou of ß·D·fucosidase activity: Lineweaver-Burk plots showing the ef-
fect ol' the competitive inhibitors glueose (F +G), Hhiophenyl ß·D~ glucoside (F+T) and

— glucono-l,5·lactone (F+L) on ß-fuoosidase activity of the enzyme. All inhibitors were
used at 0.2 molar fraction of the substrate p-nitrophenyl-ß-D-fucopyranoside, and controls
(F) were run in the absenoe of any inhibitors. Reaction conditions: $0mM potassium
phosphate buffer, pH 6.8 and 37'C for 2 mins.
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-
the sum of concentration of the two substrates, v

-
1.he

initial rate of phenol production for the total substrate concentration, f
-

molar fraction
of PNPG • PNPG / PNPG + PNPF. The plot corresponding to f • 0 is for PNPF
alone and that corresponding to f

-
l is for PNPG alone.
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Ccllobiasc activity ofmaize ß·gIucosidas¢

Compared to aryl ß-glueosidase activity, the cellobiase activity of the enzyme is weak as re-

flected by the affinity of the enzyme (Km) towards cellobiose (Figure 19 on page 94). Since the

Km reflects the tentative intracellular level of the substrate, it seems unlikely that cellobiose serves

as the natural substrate for the buffer- soluble enzyme in vivo. That is, maize cellobiase activity

might be mediated by another distinct enzyme. The differential temporal expression of these two

enzymatic activities (ß-glucosidase and cellobiase) during seed development and germination pro-

vided a further support to this notion. Measurements of ß- glucosidase, cellobiase and cellobiose

levels during development did not demonstrate a oorrelation between the endogenous cellobiose

levels and that of the soluble ß-glucosidase (Figure 24 on page 104). ß-glucosidase activity ap-

peared in the ovular integuments, nueellus and pericarp on the 5th DAP and an exponential de-

crease in this activity begins on the 9th DAP (days after pollination) with a rate constant of

degradation (K,) of 0.24 day" and tm of 70 hrs. Following germination, the activity increases

8-fold in the scutellum over 24 hrs (3-4 DAG), and declines to a basal level with a K, of 0.35 day“
‘

and tm of 47 hrs. A bi-phasic increase in enzyme activity occurs in both the coleoptiles and roots,

with a 3.4-fold increase over 48 hrs (6-8 DAG) in each organ and rate constant of synthesis K, of

32 milliunits/min./coleoptile and 20 milliunits/min./root. The activity, however, attained maximal

levels in the ooleoptile division and elongation zones and the root tip. Nearly equal concentrations

of cellobiose observed in the scutellum over 4-8 days after germination (DAG), regardless of

the decline in enzyme Cellobiase activity was assayed throughout seed development and

germination. Measurements showed a low steady-state level throughout, rising to maximal activity

in the roots of 6 day-old seedlings, and followed by a decline (Data not shown). The cellobiase

activity was reflected in a lower cellobiose level at 6 DAG only (arrow in Figure 24C). This latter

observation indicated that the involvement of the soluble ß-gluoosidase in cellobiose hydrolysis in

vivo is The differential expression of cellobiase and aryl ß-glucosidase activities strongly

supports the hypothesis that these activities are mediated by different enzyme molecules in maize

and agrees with previous studies by Huber and Nevins (1982) who pointed out that the soluble
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ß-glucosidase from maize acts strictly as a ß- glucosidase and does not participate in cell wall

turnover. Moreover, the molecular form of maize ß·g1ucosidase purilied and characterized in this

investigation exists only as a soluble component. The soluble and wall·associated fractions were

prepared from maize coleoptilu as described by Huber and Nevins (1982), and separated on

Native·PAGE. as described under Materials and Methods. Cell wall·bound fractions showed no

ß- glucosidase activity co-migrating with the soluble ß·g1ucosidase activity band(s), (Figure 25 on

page 105). The absence of the enzyme from the cell wall fraction supports the results of previous

studies on the localization of the enzyme to the cytoplasmic compartment (Nagahashi and Baker,

1984) and its fractionation into a soluble component by Huber and Nevins (1980, 1981 and 1982),

and further indicates that maize ß- glucosidase might not participate directly in cell wall turnover

in vivo.
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Figure 24. Comparative developmental profiles: (A) maize caryopsis during development and
germination. The nucellus (dotted) completely disintegrates around 21 DAP. Theierthdospqm (cg;) begns ddeäefäpmeeä äoo; after poglinatioin ind äotptinues maturity.

e pencarp ma res g s ev opment y gra ua ce ismtegrauon events.
The developing embryo is shown in circular insets and the onset ofpollination is indicated
by an arrow pointing down. The coleoptile (CO), elongation (E) and cell division (D)
zones are shown to the right of the diagram (Randolph, 1936 and Kiesselbach, 1949). (B)
the buffer-soluble aryl activity ofmaize ß·glucosidase was estimated as units of enzyme per
unit weight and expressed as a percentage of' the maximal activity. Differential activities
(dy/dx) are shown ln the insets. Abbrev. (NP) nucellus and pericarp, (SC) scutellum, (P)
pericarp, (CO) coleoptile and (RT) root. (C) endogenous cellobiose (G2) and glucose (Gl)
levels. Abbrev. (M) Cellobiose and glucose markers, (EP) endosperm and pericarp, (EM)
embryo, (EN) endosperrn.
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Abstract

Maize ß·glucosidase (ß~D~gucoside glucohydrolase, EC. 3.2.l.2l) is a dimer encoded by Glul

locus that shows sporophyte·specilic expression. A null mutation with an apparent allelism to Glul

locus showed postitive complementation, in trans, in the sporophytes ofall the F1 progeny resulting

from crosses between that null and normal inbred lines of coru. Moreover, the mutation in this

null inbred was accompanied by a shift in the tissuc specific expression of the locus (from

sporophytic to gametophytic speciücity) as Glul-like activity could be resolved from the pollen

gaius of this mutant. This iudicates that: (l) the mutation in this null inbred is not a true allele

to Glul structural gene, (2) a tightly-linked trans-acting regulatory element might control Glul ex-

pression thus accounting for the pseudoallelism of this mutation, and (3) an abnormal cis·acting

eleruent might be present at the mutant locus and shifts its tissue·specilic expression. It is suggested

that a single mutational event at or near Glul locus might mediate these effects. Evidence sug-

gesting the existence of another ß-glucosidase structural gene in maize, GIu3, is also presented.

GIu3·encoded activity is invariant regardless of the allclic variant at Glul locus and distinguishable

from GIuI•encoded activity on the basis ofhydrodynamic properties, native size, surface net charge,

isoelectric point, subunit size, peptide map and enzyme kinetics.
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Introduction

ß~g1ucosidases (ß·D·glucoside glucohydrolases, EC 3.2.1.21) are implicated in: (1) mechanisms

of resistanee to phytopathogens (Dunn and Routley, 1972; and Bell, 1981), (2) cell wall tumover

(Labavitch, 1981), and (3) catabolism of various ß·D·g1ucosides, most notably indole-3~methanol

ß·D- glucoside and indole-3·carboxylic acid ß-D·g1ueoside, the intermediates of the peroxidase-

catalyzed decarboxylative degradation of MAI in oereals (Wiese and Grambow, 1986; and de

Miranda and de Miranda, 1986). The isolation and characterization of ß·glucosidases as well as

their genes is of interest due to the diversity in the physiological roles of these enzymes as well as

their potential applications in cellulose saccharification industry (Hosel and Conn, 1982; and

Woodward and Wiseman, 1982; Sakamoto et al., 1985a,b; Kohchi ct al., 1985; Kohchi and Toh·e,

1985 and 1986; Love and Streilll 1987; Raynal ct al., 1987).

The biochemical genetics of maize ß-glucosidase was first described by Pryor (1976), Stuber

and Goodman (1976) and Stuber er al. (1977). The sporophytic enzyme is a dimer of identical

subunits encoded by the Glul locus that maps to maize chromosome 10 (Pryor, 1978). Doebley

et al. (1985) eoncluded that Glul has an unusually high degree of: (1) polymorphism (with 18
l

alleles in Mexican maize alone), (2) heterozygosity per collection, (3) total panrnictic heterozygosity,

and (4) null alleles (with a frequency of 0.11 observed in 19 Mexican races). 'I'he allelic series

known at Glul exceeds that of any other plant enzyme locus (Goodman and Stuber, 1983). Mul-

tiple ß-gluoosidase electrophoretic variants, however, were resolved from the sporophytes of maize

inbreds by Hadacova and Benes (1977) and Benes and Hadacova (1980), suggesting that the

sporophytic enzyme multiplicity might be encoded by more than one structural gene. Frova (1987)

pointed out that another locus, GIu2, was only expressed in maize male gametophytes.

The enzyme encoded by Glul locus was purified from maize sporophytic tissues (Rifaat and

Esen, in preparation) and shown to be an oligomer of two identical, non·covalent1y associated and

catalytically inactive polypeptides (60 kD each). In this study, a naturally occurring ß·glucosidase

null phenotype is shown to be: (1) complemented in all the F, progeny resulting from crossings
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with normal inbreds, and (2) unexpectedly expressed in the pollen gaius, where normal Glul alleles

are not. A second locus encoding a ß-giucosidase, GIu3, is suggested based on comparative protein

biochemistry and enzyme properties.

Materials and Methods

Materials

Sodium dodecyl sulfate (SDS), acrylamide, N·N’-methylene·bis- acrylamide and other chemi-

cals for electrophoresis were from Bio Rad Laboratories. Sepharose CL-6B-200 was purchased

from Pharmacia Fine Chemicals (Uppsala, Sweden), quatemary methyl amine (QMA) from Waters

Millipore (Milford, MA, USA), and DEAE- Trisacryl was from LKB. Chymotrypsin,

6-bromo-2-naphthyl (6-BN-) ß-D-glucoside, Fast Blue BB, avidin-alkaline phospatase, 5-

bromo-4-chloro·3-indolyl phosphate (BCIP), nitroblue tetrazolium chloride (NBT),

5-bromo-4-chloro-3-indolyl-ß-D-glucoside (x- glu), protein-A peroxidase, and 4-chloro-I-naphthol

were purchased from Sigma Chemical Co. (St. Louis, Mo, USA). Biotin- N·hydroxy·succinimide

ester (BNHS) was purchased from Boehringer Mannheim Biochemicals. The radioactive arnino

acids ’I·I- leucine, ’H-lysine and ’H-proline were from New England Nuclear (DuPont, DE).

Maizé inbred lines and hybrids

Maize inbreds K55°°, H99", 0H7B", MO17$—" and H95°°, as well as F, hybrids resulting from

the crosses OH7B” X H95°° and H99" X H95°° were obtained from Illinois Foundation Seeds,

Inc. The hybrid OH7B” X MOl7“' as well as other maize genotypes were obtained from the

Department of Agonomy at Virginia Polytechnic Institute and State University. The superscripts
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dcnote the variants at Glul locus with the anodal electrophoretic mobility order of C, S, I, F (C

being the most cathodal and F the most anodal).

Enzyme preparations

Maize seeds were germinated in darkness at 22°C and coleoptiles of 7 day·old seedlings were

used for enzyme extraction as described by Cardy et al. (1981). To prepare crude homogenates, the

coleoptiles were ground in liquid nitrogen and the resulting powder was extracted with 8.3%

sodium ascorbate buifer (pH 7.4) containing 16% sucrose (Cardy et al., 1981). Partially puriiied

enzymes were prepared by extracting the ground tissues with 50mM sodium phosphate buffer (pH

7) containing 50 mM 2-mercaptoethanol. The extracts were clariiied by squeezing through three

layers of Miracloth (Sigma) and spining at 20,000 X g for 20 minutes. Arnmonium sulfate

fractionation was carried out at 4°C by the gradual addition of the solid salt and the 30-50% satu-

ration pellets containing most of the enzyme activity were re~dissolved in 50 mM phosphate buffer,

concentrated 100-fold by using a Diailo ultra·ültration membrane (molecular weight cut·o1i’ of 30

kD, Amicon), iractionated further on a 2.6 x 92 cm Sepharose CL·6B·200 gel iiltration column,

and re-concentrated by ultraältration. Crude pollen extracts were prepared according to Weeden

and Gottlieb (1980) by extraction in the following buifers: 50mM Tris·HCl buffer (pH 8.0) [T-

buffer]; 50rnM Tris-HC1 buffer (pH 8.0) containing 1 mM EDTA [TE-buffer]; and 50mM Tris·HCl

buifer (pH 8.0) containing 1 mM EDTA and 14 mM 2-mercaptoethanol [TEM-buffer].

Enzyme assays and kinetics

Enzyme activity was spectrophotometrically deterrnined by using the chromogenic substrate

p·nitropheny1 ß-D·glucopyranoside (PNPG). The enzyme was incubated with 10 mM PNPG for

3-6 minutes at 37°C in 50 mM potassium phosphate buffer, pH 6.8. The reaction was terminated

with 0.1 M sodium hydroxide and the p- nitrophenol liberated f1·om PNPG was measured at 410
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nm. One unit of ß~g1ucosidase activity was defined as the amount of enzyme that hydrolyzed one

micromole of the substrate per minute under the specified conditions. Enzyme kinetic parameters

were determined as described by Segel (1976) and Michal (1983).

Isoclcctric point estimation

The isoelectric points were estimated from the electrophoretic titration curves performed as

described by Rosengren et al. (1977), where the enzyme preparation was applied as a single line

across a pH gradient, previously generated by isoelectric focusing of carrier ampholytes alone, and

electrophoresed perpendicular to the focusing dimension. The pH·dependent binding of the

enzyme molecules to the anion exchanger matrix, quaternary methylarnine (QMA), was also used

to estimate the isoeleetric points as described by Yang and Langer (1987).

Electrophoresis

Native·PAGE was performed as described by Davis (1964), Sachs and Frecling (1978) and

Sachs et al., (1980). Zymograms were developed for ß-glucosidase activity with the chromogens

6-bromo-2-naphthyl ß·D·glucoside substrate and Fast Blue BB, or with the flourogenic substrate

4-methyl umbelliferyl ß·D·§ucopyranoside substrate as described by Cardy et aL (1981) and Harris

and Hopkinson (1978). Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- PAGE)

was performed according to the procedure of Laemmli (1970). After SDS-PAGE, the gel was

stained with Coomassie blue R-250 and then destained in a solution of 25% isopropanol·l0%

acetic acid (v/v) and stored in a solution of 7% (v/v) aoetic add. Biotinylated proteins were

electrophoretically transferred from the gel to a nitrocellulose filter by using the procedure of

Towbin et al. (1979) and Bera and Garfin (1985) and developed as described by Billingsley et al.

(1987) and Blake et al. (1984) using avidin· alkaline phospatase and the chromogens

5-bromo·4•chloro-3·indolyl phosphate (BCIP) and nitroblue tetrazolium chloride (NBT). Gels
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containing tritiated proteins were treated with ’H-Enhance as described by the manufacturer

(Amersham), dried and autoradiographed on Kodak X·Omat AR älm for 8 days at -70°C.
1

Pulse-labeling with radioactive amino acid.: V
I

Maize seeds were soaked in water overniglrt at room temperature and germinated on älter

paper in petri dishes in the dark. At various times after germination, individual seedlings were

transferred to test tubec containing 1 ml of 5 mM Tris-Cl (pH 8) containing 75 ug chloramphenicol

and 0.15-0.2 mCi of ’H-leucine, ’l·l-lysine and
’H-

proline (Sachs and Freeling, 1978). The apical

l cm of the root was allowed to contact the solution for 8-24 hours. Roots and coleoptiles were

collected after pulse- labeling and extracted individually in 100 ul of 8.3% Na- ascorbate buffer (pH

7.38) or 50 mM Tris-Cl buffer (pH 6.8) containing 1% (v/v) 2-mercaptoethanol and 15% (v/v)

glycerol. The homogenates were clariäed by centrifugation and resolved by Native·PAGB.

Protein biotinylation

Samples to be biotinylated were dialyzed against 50 mM phosphate buffer (pH 7), incubated

for 2 hours at 4°C with biotin-N-hydroxystrccinirnide ester (BNHS) at a änal concentration of 1

mg BNHS per mg ofprotein and re-dialyzed against the same bulfer prior to electrophoresis. Bands

containing proteins to be biotinylated were equilibrated in 50 mM phosphate buffer (pH 7) and

reacted with BNHS at a concentration of l mg BNHS per 1 ml buäer as described by Billingsley

et al. (1987). The protein bands were equilibrated in sample buffer prior to electrophoresis.
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Peptide mapping by limitedproteolysis

Activity bands were cut from native zymograms and biotinylated as described above. The

biotin-labeled enzyme bands were then subjected to limited proteolytic digestion during

SDS-PAGE as described by Cleveland et al. (1977) and Billingsley et al. (1987).

Results and Discussion

Trans-activation ofa Glul nullphenotype

Figure 26 on page 117 summarizes the ß·glucosidase activity of maize Glul variants.

Zymograms of the F; seedlings resulting from crossing two maize inbreds, OH7B” and M0l7‘~*',

having electrophoretically distinguishable enzyme variants (fast and slow, respectively), showed

three ß-glucosidase activity bands; i.e. two parentals and one with an intermediate mass/charge-

dependent mobility. Further, each ß·glucosidase allozyme (FF, FS, and SS) revealed a single sub-

unit size of 60 1cD on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE),

supporting the conclusion that Glul locus encodes an enzyme subunit of about 60 1rD in size.

These results indicated also the dimeric nature of the enzyme’s quatemary structure since three

enzyme bands were detectable in heterozygous genotypes. The segregation pattern ofthese variants

in the F; generation supports their allozymic nature; i.e. multiple molecular forms encoded by

alleles at Glul locus (Pryor, 1976; Stuber and Goodman, 1982; Goodman and Stuber, 1983; Kahler

et al., 1984; and Rifaat, unpublished observations).

The presence of three ß·g1ucosidase activity bands in the ooleoptile extracts of all the F;

progeny resulting from crossing normal and null inbreds (OH7B" X H95°° and H99" X H95°°)

is presented in Figure 26 on page 117. The slow-migrating activity band (labelled as 'SS' in

Figure 26B) is absent from all parents, OH7B”, H99", and l—I95°°, and is common to the F;
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progeny of the crosses: OH7B" X H95°° and H99" X H95°°. This implies that the slow·migrating

activity is encoded by a gene derived from the null parent H95°°. Since this band was present in

all the F1 progeny (20 seedlings were individually screcned from any cross), it must represent a

positive In trans complementation of the null mutation. To support this conclusion, the protein

profiles from the inbred H95°° were compared to those from 0H7B” and the F 1 progeny resulting

frorn the cross 0H7B" X H95°°. A ß·glucosidase activity band was absent in the inbred H95°°.
_ Further, there was no native protein band corresponding to that of ß·glucosidase in the coleoptilar

extracts of that inbred (Figure 27A). Finally, a polypeptide of subunit size corresponding to that

encoded by normal Glul alleles was absent from the inbred H95°° in SDS·PAGE (Figure 27B).

That data indicated that the null phenotype in the inbred H95°° was not due to a dimerization

deficiency, but due to the absence of the normal enzyme subunit. Moreover, each of the three ac-

tivity bands (SS, FS, and FF) present in all the F; individuals from the cross 0H7B” X H95°°

showed the correct subunit size of the enzyme on SDS-PAGE (60 kD) and were indistinguishable

by the criteria of peptide mapping by limited proteolytic hydrolysis (Figure 26C). However, the

reduced activity exhibited by the enzyme autodimer "SS' in the F1 resulting from the crosses

0H7B" X H9S°° and H99" X H95°° (Figure 26B) was due to a quantitative difference in the

abundance, rather than in the specific activity, of the enzyme molecules as indicated from their

biotin·1abe1led protein profiles on Native·PAGE (not shown). The lack of detectable structural

differences between the enzyme variants SS and FF in the hybrid 0H7B” X H95°° indicated that

the ß·glucosidase coding sequence was apparently intact in the inbred H95°° (SS). This result

would be unexpected if the null phenotype were a true allele to ß—glucosidase structural gene. ln

the latter case, the F1 would show only one enzyme band derived from the normal parent. The

responsiveness of the null phenotype to complementation was also evident in all the F; progeny

resulting from the cross H95°° X K55°° (data not shown). These results indicated that: (l) the null

mutation in the inbred H95°° is not allelic to Glul mutations, (2) the lack of enzyme in this null

inbred is due to the lack of a trans·acting factor required for its expression (epistatic effect), and (3)

the latter must be encoded by a nuclear gene since complementation was independent of the di-

rection of the cross. Moreover, the linlrage of this mutation to GIuI locus (Stuber and Goodman,
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1982; Kahler et al., 1984) implied that the trans·acting regulatory element might be at or tightly-

linkedto Glul locus. Goodman and Stuber (1983) and Doebley et al. (1985) have reported on the

abnormal behavior of null allelism at Glul locus and indicated that the breeding behavior of some

of these null variants is neither understood nor indicative of a true null allelism at the locus, and

that some null mutations were de·repressed in the F1 progeny, but behaved as alleles to the locus

by the ordinary test of allelism. The existence of a tightly·linked trans·acting regulatory element

of Glul would account for the co·segegation of the null phenotype with the locus (i.e. pseudo-

allelism).

A cis-actütg control ofGlul expression

The hypothesis formulated above requires that the expression of ß-glucosidase structural gene

is under the control of a tightly·linked traus·acting positive regulatory element. Although this ex-

planation accounts for the expression of the null phenotype in the sporophytic tissues of F1

heterozygotes, it is not suliicient to explain two observations: (1) the low amount of the 'SS"

autodimer in the F1 resu.lting from the crosses OH7B” X H95°° and H99" X H95°° (Figure 26

on page 117), and (2) the unexpected expression of Glul-like activity in pollen gaius of the null

inbred H95°° (Figure 28 on page 122). Glul expression is sporophyte·specitic (Gorla er al., 1983;

Frova, 1987) and data from the present study support this tissue specilic expression. No Glul-en-

coded activity bands were resolved from pollen grains of normal inbreds by using either the three

extraction buifers described under Materials and Methods or the extraction buffer of Cardy et al.

(1981). However, the pollen gaius from the null inbred H95°° showed a ß-glucosidase activity

band similar to the GluI·encoded activity based on the criteria ofmass/charge mobility and subunit

size (Figure 28 on page 122). This and the low amounts of the autodimer, suggested that the ex-

pression of Glul locus in the inbred H95°° is controlled by an 'abnorrnal' cis·acting regulatory el-

ement specifying gametophytic, but limited sporophytic, expression. The model postulated for the

genetic control of Glul locus (Figure 29 on page 123) includes two regulatory components required
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for its sporophytic expression: (1) a trans-active element mapping near or at the locus (T), and (2)

a cis-acting element responsive to trans·activators (S).

Since the loss of a trans-active function in the inbred H95°° appears to be accompanied by a

shift in the tissue-specific expression of Glul, and is linked to Glul, it is possible that a single

mutational event (e.g. an insertion of a controlling element) might account for both abnormalities.

The insertion event might result in both a defective trans-active function (dT) required for

sporophytic expressivity and a limited responsiveness to normal trans·activators horn other

genomes (S'). Freeling and Bennett (1975) reported that the insertion oftransposable elements near

or at the Adhl locus in maize shilted the tissue-specilicity of its expression and resulted in several

other expression abnormalities. Moreover, the possibility that transposition events are controlling

the unusually high degree ofpolymorphism and null allelism at Glul locus has been advanced ear-

lier by Doebley ct al. (1985) and is still open for molecular verification.

Maize ß·gIucosidase multiplicity

The zymograms presented in Figure 30 on page 125 indicate the existence of a slower mi-

grating ß·glucosidase activity in maize coleoptilar extracts (referred to as GIu3· encoded enzyme or
l

activity hereafter) with the following characteristics: (1) electrophoretically invariant regardless of

the allelic variant at Glul, and (2) present in inbreds with null Glul alleles. This suggested that

Glul- and lGIu3-encoded activities might not share a subunit in common since Glul mutations do

not alter the mobility of GIu3-encoded enzyme. Furthermore, activity bands with mobilities inter-

mediate between those of Glul- and Glu3-encoded activities were detectable in zymograms of

coleoptilar extracts prepared from maize inbred genotypes and developed with the sensitive

fluorogenic substrate 4·methyl umbelliferyl ß-D-glucopyranoside. The electrophoretic mobility

of these intermediate bands were affected proportionately by that of the allelic variant at Glul

(compare II and FF slots in Figure 30). This implied that these intermediate bands represented

hybrid inter- genic enzyme molecular forms and that GIuI- and GIu3·encoded enzyme must have
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Figure 29. A postulated model for ß-glucosidase gene control: (A) Normal Glul locus. (S) is a cis-
acting element mediating sporophytic-specilicity of gene expression, and (T) is a trans-
acting element required for sporophytic expression. (B) Glul locus in the inbred H95°°.
(dT) is a defective trans-acting element responsible for the lack of sporophytic expression
in this mutant, (S') is a responsive cis-acting element mediating the limited activation ofthis
locus in the presence of a tiinctional (T) expression, and (G) is a cis·acting element ab-
normally present at Glul locus in the inbred H95°° and mediates gametophytiespecilicity
of expression. (C) Trans-activation of the null mutation in the F, resulting from crossing
null and normal inbreds. ln the presence of a functional trans-acting element (I"), three
enzyme (e) bands are expected in all Glul heterozygous genotypes. This model accounts
for the segregation of trans- activation with Glul locus.
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different polypeptide subunits. Moreover, the presence ofmore than one hybrid molecular enzyme

form in an inbred genotype (Figure 30) ruled out the possibility that Glu3·er1coded enzyme could

have a dimeric quaternary structure. Hadacova and Benes (1977) and Benes and Hadacova (1980)

reported results suggesting that more than one structural gene might encode the sporophytic

ß-glucosidase multiplicity in maize. These studies showed that maize ß-glucosidases could be re-

solved on alkaline polyacrylamide gels into three activity bands (one of these is weakly active and

the others appear to correspond to GluI· and GIu3- encoded activities).

Estimation of the isoelectric point (pl) of the two ß-glucosidase activities is presented in

Figure 31 on page 126. The
pI’s

estimated from both electrophoretic titration curves and

pH·dependent binding were 5 and 8 for Glul- and GIu3·encoded activities, respectively. This result

explained why GIu3·encoded activity could not be resolved by anodal migration at pH 5.7 (Stuber

et al., 1977; and Cardy et al., 1981). Moreover, it indicated that, except at pH 4 where the titration

curves inter-crossed, the net surface charge on both enzymes was dilferent over the pH range 3-10,

and therefore, could be fractionated on an ion exchange chromatograph with adequate resolution.

Figure 32 on page 127 represents an anion-exchange based chromatographic fractionation of these

activities. Both Glul- and GIu3-encoded enzymes were bound to an anion exchange column at pH

8.8 and, as expected, the latter was eluted from the column at a lower salt concentration. This in-

dicated a lower net negative charge on GIu3·encoded enzyme compared to Glul-encoded enzyme

at pH 8.8. Examination of the results of the pH-dependent binding assay (Figure 31 on page

126) supported this conclusion. Furthermore, analysis of the charge- dependent steady-state

stacking profiles performed in 5% polyacrylamide gels at pH 8.3 (Figure 33 on page 128) indicated

that GIu3-encoded enzyme was outside the stack, while Glul-encoded enzyme showed a migration

velocity equal to that of the leading and trailing ions in the moving boundary; i.e. R, = 1. ’I'his

result also indicated that the net negative charge on GIu3·encoded enzyme was less than that on

Glul-encoded enzyme at that pH, because proteins with lower net charge require a larger net charge

, difference for efficient stacking.

The determination of the relative mobility (R,) for each ß·g1ucosidase activity at various

polyacrylarnide gel concentrations (T%) permitted the construction of Ferguson plots, where
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Figure 32. Anion exchange chromatography of ß·glucosidas¤: Sample: de·salted 30~50%
ammonium sulfate fraction from the coleoptilar extracts of both inbreds I-l95°° and
KSSCC; column: l x 6 cm glass column packed with DEAE~ Trisacryl medium; binding
buffer: IO mM Tris·Cl pH 8.8; elution buffer: 500 mM Tris-Cl pH 8.8; flow rate: l ml/min;
detection: 280nm; enzyme recovery: >98%. GI:43-encoded activities from both inbreds
co·fractionated on this chromatographic run.
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login R, was plotted against T%. The plots yielded straight lines (Figure 34 on page 130) with a

slope (K,) and an extrapolated Y·axis intercept (Y,) yielding molecular size and surface net charge

density, respectively. These plots showed that GIul· and GIu3-encoded enzymes could be distin-

guished by native molecular weight (K, of 0.06 and 0.134, respectively) and surface net charge den-

sity (Y, of 1.01 and 0.72, respectively). Since GIul·encoded enzyme has a dimeric quaternary

structure and a K, of 0.06, GIu3·encoded enzyme (K, = 0.134) might have a tetrameric quaternary

structure assuming that the polypeptide subunits of both enzymes are similar in size. The distinct

net surface charge on GIu3·encoded enzyme as well as its higher native molecular weight were

common to GIu3·encoded activities from different inbreds and resulted in the slower anoda.1 mo-

bility of this activity on alkaline polyacrylamide gels under a resolving pH of 9.5 (see Figure 31 on

page 126 for comparing net charges at pH 9.5). Ferguson plots were also used to extrapolate the

optimum pore size for resolving GIu3·encoded activity on alkaline polyacrylamide gels and indicated

that a mobility with an R, of 0.25 would require a polyacrylamide gel concentration below 3%

(arrow in Figure 34 on page 130). A

Figure 35 on page 131 shows some ofthe properties of GIu3·encoded enzyme from the inbred

H95°° as compared to GIuI·encoded enzyme. Moreover, the enzyme activity was soluble, because

cell wall extracts prepared by the procedure of Huber and Nevins (1979-1982) lacked this activity
U

(data not shown). Kinetic analysis of activity also indicated the contribution of multiple isozymes

from the inbred K55°° to the final reaction velocity as shown by the non·1inearity of Eadie-

Scatchard plots (Figure 35). On the other hand, crude extracts from the inbred H95°° showed a

linear plot indicating that a single molecular form of ß-glucosidase (GIu3·encoded) existed in that

inbred. Assuming that GIu3· encoded activities in both the inbreds H95°° and K55°° are kinetically

indistinguishable, it is possible to partition the non-linear Eadie-Scatchard curve of the inbred

K55°°' into at least two linear components corresponding to Glul and GIu3 activities with the for-

mer having an extrapolated Michaelis constant comparable to that determined from the purilied

enzyme (Figure 35).

The SDS·PAGE profiles of partially purilied Glul- and GIu3·encoded enzyme preparations

are shown in sections labeled (B) in Figure 27 on page 120 and Figure 36 on page 134. These
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Figure 34. Ferguson plot analysis of maize ß·glucosidases: ß·glucosidases activities (Glul and GI113)
diifer from each other in both molecular size (K,) and net charge (Y,) under electrophoresis
at pl-l 9.5. K and IQ values are listed in the upper right. The arrow indicates the lower limit
(R,

-
0.25) of resolving GIu3·encoded activity on these alkaline polyacrylamide gels.
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profiles indicated that the two enzymes must have different subunit molecular weight. Bands cor-

responding to Glul- and GIu3-encodui activities were cut out from a native gel, biotinylated in the

gel, and subjected to peptide mapping by limited proteolysis. The 29 kD chymotrypsin·resistant

peptide present in the chymotryptic digests of all GIuI~encoded enzymes studied (K55°°, 0H7B”,

H99", and H95°° 'SS') was absent from that of Glu3·encoded enzyme ( Figure 36C). Therefore,
S

the two enzymatic activities were distinguishable also by the criteria of subunit structure. The oc-

currence of multiple sporophytic ß-glucosidase activities with distinguishable subunit size and

structure in inbred genotypes suggests that non-allelic structural genes contribute to maize

ß·glucosidase multiplicity.

It is interesting that GIu3·encoded enzyme showed little or no activity in the F1 heterozygotes

resulting from the crosses K55°‘·' x OH5lA" , H99" x H95°° and OH7B” x H95°° compared to

inbred genotypes. Figure 36 (D) shows a representative zymogram indicating the absence of

GIu3-encoded activity in the F; progeny resulting from the cross 0H7B” x H95°° (progeny

showing trans-activation of Glul). In order to tentatively identify Glu.?-encoded subunit after

SDS·PAGE, biotinylated denatured proteins from the inbreds H95°° and OH7B” and the hybrid

OH7.8" x H95°° were blotted from the gel onto a nitrocellulose filter and reacted with polyclonal

antibodies raised against Glul-encoded subunit. The filter was incubated with a native extract of

maize ß-glucosidase and developed with 5·bromo-4- chloro·3-indoly1·ß-D·glucopyranoside (x-glu).

This assay showed an immuno~cross·reacting subunit common to both OH
7B”

and H95°° inbreds

(circled in section B of Figure 27 on page 120). The absence of GIu3-encoded activity from the

F1 hybrid OH7B" x H95°° was also accompanied by the absence of this subunit and the appear-

ance of a new immuno cross·reacting polypeptide with a higher molecular weight (circled bands in

Figure 27B). Although the nature of the mechanisrn controlling the expression of these two ac-

tivities is not yet understood, it appears that the two activities or loci undergo compensatory regu-

lation. Whether this efect co- segregates with Glul locus in the F; (i.e GIu3 expression is

determined by a genetic element at or near Glul) or whether GIu3 is a gene member within a

complex Glul structure are questions yet to be answered.
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Studies on ß-D·glucosidases (ß-D-glucoside glucohydrolases, EC 3.2.1.21) from several
‘ sources have indicatcd that these enzymes catalyze the hydrolysis of the last dcgradation product

of cellulose, cellobiose, and/or aryl and alkyl-ß·D-glucosides (e.g. Reese, 1977; Woodwand and

Wiseman, 1982; and Sakamoto et al., 1985a,b). Moreover, these enzymes exhibit a considerable

diversity in terms of: (1) substrate specificity, (2) optimum catalytic conditions, and (3) biological

functions (e.g. Liu and Castelfranco, 1968; Wilson, 1975; Hahlbrock and Grisebach, 1979;

Nahrstcdt et al., 1979; Rosenthal and Janzen, 1979; Conn, 1980; Bell, 1981; Hosel and Conn, 1982;

Schliemann, 1984; Taiz, 1984; Wiese and Grambow, 1986; and Matsuzaki and Koiwai, 1986).

Maize ß-glucosidase is implicated in phytohormone catabolism, disease resistance mechanisms, and

catabolism of various ß-D-glucosides (Pr·yor and Schwartz, 1973; Pryor, 1976; de Miranda and de

Miranda, 1986; and Wiese and Grambow, 1986). The enzyme is encoded by Glul locus that maps

to chromosome 10 and shows a sporophytic specilicity in expression (Frova, 1987) as well as high

polymorphism and frequency ofnull allelu (Goodman and Stuber, 1983; and Doebley et al., 1985).

Another locus, GIu2, is expressed in maize male gametophytes only and has not been fully studied

to date (Gorla et al., 1983; and Frova, 1987).

The purilication of maize ß·D-glucosidase was achieved in this study by a combination of

ammonium sulfate fractionation, anion exchange and hydroxylapatite chromatography. These

treatments resulted in a 1000-fold puriücation and the pusilied enzyme was homogeneous by

chromatographic and electrophoretic criteria. Procedures for method development and large-scale

purilication, based on aryl activity towards the synthetic substrate p-nitrophcnyl

ß-D-glucopyranoside (PNPG), were described in the text. The results of maize ß- glucosidase

characterization as compared to those of ß- glucosidases from other sources, and their possible

implications, could be categorized as follows:

1. The enzyme exhibited an isoelectric point (pl) at 4.9-5.0, a tperature and pH optima of

40°C and 6.8, respectively, no requirement for divalcnt metallic cations, and end-product

inhibition. The inhibition of the enzyme by its end- product might represent a post-

translational regulatory mechanism shared with ß·g1ucosidases from several sources, e.g.
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Alcaligerzes faecalis, Basidiomycete, Lenzite: trabea, and Trichoderma rpp. (Han and

Srinivasan, 1969; Berghem and Petterson, 1974; Howell and Stuck, 1975; Gordon er al. , 1978;

Herr er aL, 1978; and Woodward and W'rseman, 1982).

2. The primary function ofmaize ß·g1ucosidase might not be directly related to cell wall tum·over

or cellobiose catabolism in vivo. This was suggested by the absence of the enzyme from cell

wall preparations, the lack of correlation between the enzyme levels and those of the

endogenous cellobiose throughout the course of seed development and germination, and the

low aflinity of the enzyme towards cellobiose as compared to aryl ß·D-glucosides. This was

in agreement with previous reports by Huber and Nevins (1979, 1980, 1981, 1982) and

Nagahashi and Baker (1984) on the function and sub-cellular localization of the enzyme to the

cytoplasm (buffer·so1ub1e). Moreover, several other ß·g1ucosidases were reported to have poor

cellobiase activity and dominant aryl ß·glucosidase activity, e.g. Aspergillusfumigatus (Rudick

and Elbein, 1973), and Closrridium thermocellum (Ait et al., 1979 and 1982). The enzyme,

therefore, was considered as an aryl ß·g1ucosidase according to the classification of Sakarnoto

er al. (l985a,b).

3. The mechanistic analysis of the developmental profile of the enzyme levels was indicative of -

an adaptive nature of synthesis during the course of seed germination. This implies that Glul

locus is differentially, and not constitutively, expressed during development. Although the

nature of the inducing agent(s) is unknown, the pattern is suggestive of the enzyme’s partic-

ipation in an adaptive developmental response, e.g. phytohormone and/or secondary

metabolism. Phytohormone· inducible ß-glucosidases &om dieot plants were reported previ-

ously (Waygood and Maclachlan, 1961; Bottomley et al., 1966; Datko and Maclachlan, 1970;

and Hahlbrock and Grisebaeh, 1979).

4. The enzyme had a broad aryl substrate specificity as do other ß·g1ucosidases, e.g. from

Clostridium thcrmocellum (Alexander, 1968; Ait et al., 1979 and 1982), Envinia spp.

(Woodward and Wiseman, 1982), Aspergillus aculearur (Sakamoto er al., 1985a,b), and Pnmus
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amygdalus (almond) and barley ß·gluoosidases (Hosel and Conn, 1982; and Chen and Lian, _:

1986). The highest aflinity was exhibited towards p·nitropheny1 /I-D-glucopyranoside and
V

p-nitrophenyl ß-D·fucopyranoside. Moreover, both ß·glucosidase and ß·fucosidase activities

co·purified to the same extent, were similarly inhibited by competitive inhibitors, and exhibited

non·additivity under saturating levels of substrate mixtures indicating that they were mediated

by the same active site on the enzyme molecule. ß- glucosidases with ß·fucosidase activities

were reported from several organisms, e.g. Clortridium thermocellum, Bifidobactetria Iongum,

Bifidobactetria brcve, Euphauria ruperba, barley, and almond (Alexander, 1968; Hosel and

Conn, 1982; Chen and Lian, 1986; Tochikura et al., 1986; and Sakai et al., 1986). lt appears,

therefore, that the substrate binding and catalytic site(s) on the enzyme does not

between gluoose and 6·deoxy·galactose (fucose) as the glycone moeity.

5. The aryl specificity and enzyme catalysis were alfected by the configuration of carbon atoms

C·4 and C-6 atoms on the glycone moeity and by the substrate chain length. This implies that

substrate binding and catalysis might be spatially separated events. The involvement of an

imidazole ring in catalysis and an a-amino group in substrate binding was suggested based on

analysis of the effect of hydrogen ion concentration on enzyme activity (pl-! profiles). Other

ß·glucosidases showed similar trends, e.g. the role of C·2 on the sugar moeity in binding of

ß-D—g1ucosidases from Clostridium thermoccllum to their substrate (Alexander, 1968; Ait et

al., 1979 and 1982), and C·1, C-2, C·3, and C·4 glycone carbons in the mechanism ofcatalysis

and substrate specilicity of ß·g1ucosidase from Stachybotry: atm (De Gussem et al., 1978).

6. Analysis of the purified maize ßßuoosidase by sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) revealed a subunit size of 60 kD. The enzyme subunit size was

similar to that from almond ß-glueosidase (66 kD; this laboratory, unpublished observations)

but not to those from Carica papaya (27 kD; Schreier and Schreier, 1986).

7. Comparison of allozymic profiles from hornozygous and heterozygous genetic constitutions

by non·denaturing polyacrylamide gel electrophoresis (Native-PAGE) supported the hypoth-
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esis that the enzyme is composed of two identical subunits. Moreover, two subunits in the

native enzyme could be cross·linked by dimethyl suberimidate confirming the dimeric

quaternary strucure of the enzyme. The native moleeular weight of the enzyme was similar to

bacterial ß-glucosidases, e.g. Alcaligenesfaecalir and Erwinia (Han and Srinivasan, 1969; and

Woodward and Wiseman, 1982), and some fungal ß-glucosidases, e.g. Aspergillus aczdeatus

(Sakamoto ct al. 1985a,b).

8. Behavior of the maize ß-gucosidase in SDS·PAGE in the absence of disullide reduction and

temperature stability assays indicated that the quatemary structure of the enzyme was

temperature·sensitive and lacked inter·subunit disullide bonds. However, the enzyme was

sensitive to the eüect of reducing agents in the absence of any other denaturants. This sug-

gested the existence of intra·chain disulfide bonds essential for maintaining the active enzyme

confonnation. Intra·chain disullide bonds, as well as the conformational isomers arising during

the refolding of the reduced enzyme polypeptide, were detected by using diagonal two-

dimensional SDS-PAGE. Three eonformational isomers of maize ß·glucosidase subunit were

resolved by this procedure and shown to have indistinguishable peptide maps and to migrate

as a single band upon reducing the disullide groups. The isomerism was only detectable at the

enzyme subunit level based on effective chain length assay. The native enzyme from any in-

bred, however, migrated as a singe activity band on non- denaturing gels. This might indicate

that thiol-disuliide isomerism either is not detectable by mass/charge dependent mobility

(Native-PAGE) or does not take place in the enzyme oligomer. lt is interesting that

ß·g1ucosidase from Trichoderma viride (a monomer with a molecular weight of 47 kD) has

six half~cystines per enzyme polypeptide which must be involved in intra-chain disulfide bonds

because no free ·SH groups are detectable by alkylating agents (Berghem and Petterson, 1974;

Howell and Stuck, 1975; and Gordon et al., 1978).

A null mutant with an apparent allelism to Glul locus (Stuber and Goodman, 1982) was

complemented in trans in the sporophytic tissues of all the F; progeny resulting from crossing this

null mutation with normal inbreds. This observation indicated that the mutational defect in this
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null inbred was not an allele of the ß—g1ucosidase structural gene mutations. The apparent allelism

of this mutation to Glul locus (i.e. the co-segregation of the complementability with Glul

heterozygosity) suggested the involvement of a tight1y·linked trans-acting positive regulatory ele-

ment in Glul expression (i.e. a pseudoallele) and, therefore, Glul might represent a complex locus.

Moreover, the mutational lesion in this inbred affected the tissue-specific expression of the locus

(from sporophytic to gametophytic). The implication of a singe mutational event (e.g. the in-

sertion of a controlling element upstream from Glul locus) has been hypothesized to account for

the disruption of the trans·activator as well as the shift in the tissue·specificity ofexpression of this

locus. It could be argued also that this particular null mutation brought Glul locus under a

transvection-like regulatory mechanism. Transvection is one of the unsolved mysteries in genetic

regulation in Drosophila, where: (1) a trans-acting regulatory element prevents the expression of

non-allelic genes provided that the latter exist in a homozygous state, or (2) a mutant allele prevents

the expression of a wild- type allele upon synapsis (Bingham and Zachar, 1985; Hazelrigg, 1987).

In both cases, the mechanism is depcndent on homologous pairing in somatic cells as chromosomal

translocations alleviate the transvection effect. ß- gucosidase expression in pollen grains from this

null mutant (H95°°) might then imply that the locus escaped the transvection effect due to the

haploidy of the gametophyte. However, it is not known to what extent maize chromosomes are

involved in homologous pairing in somatic cells. Moreover, it seems that a transvection-like

mechanism alone might not be sufiicient to explain the acquisition the new tissue-specificity of Glul

expression (from sporophytic to gametophytic) and the low expression of this mutation in

heterozygous genotypes, unless transvection is accompanied by or due to the insertion of an ele-

ment endowed with cis-acting gametophytic, with limited sporophytic, specificity. The insertion

of transposable elents at or near the Adhl locus in maize has been shown to shift the tissue

specificity of the locus by either disrupting a normal cis-acting elent and/or introducing a new

tissue-specific promotor (Freeling and Bennett (1985).

Another structural gene, GIu3, was postulated based upon the appearance of a soluble molec-

ular form ofß- gucosidase ble from that encoded by Glul on the basis ofhydrodynamic

properties, size, net charge, isoelectric point, peptide map, enzyme kinetics and quatemary structure.
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Multiple molecular forms of maize /i-glucosidase were reported before by 1-Iadacova and Benes

(1977) and Benes and Hadacova (1980) using alkaline non·denaturing polyacrylamide gel

electrophoresis. Moreover, ß·glucosidase multiplicity existed in several plants including Sorghum

bicolor, Carica papaya, and Prunus amygda1us(Hose1 and Conn, 1982; Schreier and Schreier, 1986;

and this laboratory, unpublished). Two reasons might explain why GIu3· encoded activity was

dillicult to identify before. (1) GIu3·enc0ded activity had a pl at 8 and, therefore, was impossible

to resolve by anodal migration at pH 5.7 as described by Stuber et al. (1977) and Cardy et al.

(1981). (2) GIu3·encoded activity showed low or no activity in certain hybrid genetic constitutions,

for reason(s) not yet understood. 'The detection of GIu3·encoded activity in the present study was

largely due to the use of electrophoretic titration curves and an alkaline non·denaturing

polyacrylamide gel electrophoresis (Davis, 1964; Sachs and Freeling, 1978; and Sachs er al., 1980).

Possibly Glul and GIu3 gene products undergo compensatory expression. GIu3· encoded ac·

tivity tended to be much lower or absent in Glul heterozygotes compared to that in Glul

homozygotes in the F; resulting from crossing normal inbreds having different Glul electrophoretic

variants (data not shown). However, the small number of the F; progeny exarnined limits this in~

terpretation. lfthe down·regulation of GIu3-activity co·segregates with Glul locus, this might imply

that the determinant of GIu3 expression is genetically at Glul locus. The hypothesis is especially

interesting in view of the implication of a trans-active regulatory element in GIul expression and the

possible genetic complexity of this locus. A regulatory mechanism involving gene competition is

known to operate on alcohol dehydrogenase loci, Adhl and Adh2, in maize (Schwartz, 1971; and

Freeling, 1975).

Mapping of GIu3 gene would further our knowledge about the organization of Glu genes in

maize. However, the invariability of GIu3-encoded activity in the studied maize genotypes makes

that task dillicult. The achievement of this objective would require the induction of a stable G1u3

electrophoretic variant as well as the improvent of GIu3 resolution on non·denaturing

polyacrylarnide or possibly starch gels. Further, the possiblity still exists that GIu3 activity is en-
1

‘
coded by a gene member within a complex Glul structure. lt is known that loci involved in
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mechanisms of disease resistance in plants tend to be complex and/or polymorphic with extensive

multiple allelic series, e.g. the tust resistance locus, Rp, in maize (Pryor, 1987).

Suggestions for cloning maize ß-glucosidase genes

l. Development of a specific immunological probe or an oligonucleotide probe based on the

amino acid sequence of an appropriate peptide fragment from the purified enzyme. Since both

the purified enzyme as well as its purification method are available, this approach should re-

ceive a considerable attention. A major problem encountered during this investigation with

respect to the cloning of maize ß-glucosidase genes involved the development of a specific

immunological screening probe for the identification of bacterial clones expressing the enzyme

polypeptide. Several trials were attempted to raise polyclonal antibodies against the purified

enzyme polypeptide and all yielded antibodies cross~reacting with several polypeptide species

on Westem blots. Atiinity purification of these antibodies was unsatisfactory, due to the lack

of sufiicient purified enzyme. The possibility that the cross-reactivity of these antibodies with

other heterologous antigens might be due to the existence of a dominant carbohydrate epitope

shared by all these polypeptides is being investigated in this laboratory (Esen, personal com-

munication).

2. The enrichment of ß·g,lucosidase mRNA by differential nucleie acid hybridization between

different stages/organs and/or between null and normal inbreds. Moreover, the use of cDNA

expression libraries constructed in suitable vectors (e.g. lambda gtll) might be more appro-

priate to obtain over·producing clones.

3. The use of screening strategy based on the functional expression of ß-glucohydrolase activity

in a yeast host. Certain Saccharomyces cerevisiae hosts lacking ß-glucosidase activity are
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available in this laboratory as well as from other laboratories. 'These ß·glucosidase null hosts

are very suitable for either screening or selection protocol: based on ß·glucohydrolase activity.

The high resolution of molecular genetics is expected to yield more defenitive and conclusive

answers concerning the followings:

l. The basis of polymorphism and null allelism at or near Glul locus through oomparative DNA

sequence analysis.

2. The molecular basis of 'communication' between the different Glu genes or their products.

As mentioned above, it seems that the maintainance of ß·glucosidase multiplicity might in-

volve novel genetic and molecular mecha.nism(s). The elucidation of such regulation mech-

anisms in molecular terms would be of utmost signilicance.
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