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(ABSTRACT) 

Plant B-glucosidases (f8-D-glucoside glucohydrolases, 

E.C. 3.2.1.21) are known to function in defense in 

cyanogenic systems, and may also function in the metabolism 

of phytohormone glucosides and glucosides of other secondary 

plant products. Maize (Zea mays L.) #-glucosidase is a 

homodimer of 60 KD monomers and occurs in the plastid. 

Numerous glycosides were tested as substrates and K,'s and 

V,'S were determined. Various compounds were also tested as 

inhibitors and K,;'s and/or K,’ 's were estimated. 4- 

methylumbelliferyl-8-D-glucoside was the best substrate 

(K=0.14 mM) for which kinetic data were obtained. 

Monosaccharides were poor inhibitors. The best competitive 

inhibitors were D-gluconic acid lactone, dhurrin, and 2,4- 

dihydroxy-7-methoxy-2H-1, 4-benzoxazin-3(4H)-one (DIMBOA) 

(K,;'s< 1 mM). The enzyme had broad substrate specificity 

and could cleave many glycosides with hydrophobic aglycones. 

One major substrate, the hydroxamic acid 2,4-dihydroxy-7- 

methoxy-1, 4-benzoxazin-3-one-8-D-glucopyranoside (DIMBOA- 

glc), was found in methanolic maize extracts. Increasing



DIMBOA levels are associated with increasing resistance to 

several pests. The highest levels of enzyme activity and 

hydroxamic acids along K55 and H95 shoot length were found 

near the node. Tissue distribution of hydroxamic acids and 

B-glucosidase activity was also determined. In K55, both 

were found in the stele of the mesocotyl, the young leaves, 

and associated with the vascular bundles of the coleoptile. 

A major function of the enzyme is to mediate insect and 

pathogen resistance via the release of the toxic aglycone 

DIMBOA.
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Maize f#-glucosidase substrate specificity and natural 

substrates 

Literature Review 

Potential natural substrates of plant f-glucosidases 

B-glucosidases (E.C. 3.2.1.21) hydrolyze both aryl and 

alkyl B-glucosides; for a general review of these types of 

reactions, see Sinnot (1990). There are numerous 8-glucosides 

found in plants, each of which is a potential B-glucosidase 

substrate. Many function in defense, as a part of cyanogenic 

systems. In these systems, a cyanogenic glucoside is cleaved 

by a £f#-glucosidase, releasing glucose and an alpha- 

hydroxynitrile. The alpha-hydroxynitrile is then cleaved by 

a hydroxynitrile lyase or decomposes spontaneously to release 

hydrogen cyanide and an aldehyde (Poulton, 1990). The HCN is 

toxic to herbivores and pathogens, and serves a defensive 

function. Cyanogenic glucosides include dhurrin, which is 

found in sorghum (Sorghum bicolor L.) (Halkier et al, 1991); 

amygdalin, which is found in black cherry (Prunus serotina 

Ehrh. ) (Poulton, 1993) and almond (Prunus amygqdalus) 

(Paseshnichenko, 1990); linustatin, which is found in flax 

(Fan and Conn, 1985); lotaustralin, which is found in cassava 

(Manihot esculenta) (Koch et al, 1992) and white clover 

(Trifolium repens L.); and linamarin, which is found in 

cassava (Koch et al, 1992), Hevea brasiliensis (Selmar et al, 

1987), white clover, and lima bean, etc.



Other noncyanogenic glucosides are also implicated in 

defense; for instance, (1S8,2R,4S,5S) -Angelicoidenol-2-0-£-D- 

glucopyranoside in Scots pine against moose (Sunnerheim- 

sjoberg, 1992), phenolic glycosides in aspen (Populus 

tremuloides) against gypsy moth (Lymantria dispar) (Arteel and 

Lindroth, 1992), cardenolide glycosides from Anodendron affine 

against silkworm (Bombyx mori) (Fukuyama et al, 1993), and 

glaucarubolone glucoside from Castela emoryi against grape 

downy mildew (Plasmopara viticola) (Hoffmann et al, 1992). 

Monolignol glucosides function as messengers in fungus-plant 

symbioses (Chapela et al, 1991, Castle et al, 1992). 

Pyridoxine (vitamin B6) @-D-glucosides are found in many 

plants; 7% of the B6 in frozen corn is glycosylated (Gregory, 

1993). Other plant glucosides may prove useful as therapeutic 

agents (Ueda and Iwahashi, 1991 and Jisaka et al, 1992) and as 

sweeteners (Brandle and Rosa, 1992). In addition, plants 

contain numerous other glucosides whose function(s) and uses 

are unclear. However, they are potential B-glucosidase 

substrates. 

Salicylic acid glucosides 

Another glucoside of recent interest to plant biologists 

is salicylic acid glucoside. Its aglycone, salicylic acid, 

has two functions which have been characterized. Firstly, it 

is the trigger for heat production in the voodoo lily 

(Sauromatum guttatum) (Raskin et al, 1989). Secondly, it is 
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involved in the signal transduction pathway which triggers 

resistance to TMV in tobacco (Enyedi et al, 1992). In tobacco 

inoculated with TMV the levels of free SA and its B-glucoside 

both increase. The $-O-D-glucosylsalicylic acid can be 

cleaved by almond f-glucosidase, however, it is not known 

whether it can be cleaved by maize B-glucosidase or whether 

salicylic acid or its glucoside is present in maize. 

Glucosides in maize 

Phytohormone glucosides are a potential maize £- 

glucosidase substrate. Schneider et al (1992) found that the 

glucosyl ester of gibberellin A,, was metabolized in maize to 

three GA glucosides, which are potential f$-glucosidase 

substrates. Smith and Van Staden (1978) found zeatin 

glucoside and zeatin riboside glucoside were present in mature 

corn kernels and were apparently transported to the embryo 

during seedling growth. 

Cuevas et al (1992) showed that DIMBOA-glc may be the 

natural substrate of maize ~B-glucosidase. DIMBOA-glc is a 

hydroxamic acid whose aglycone, DIMBOA, is implicated in 

maize's defense against pathogens and insects. DIMBOA levels 

are negatively correlated to field leaf damage from European 

corn borers in maize (Reid et al, 1991). The related compound 

6~methoxybenzoxazolinone (MBOA) is toxic to the European corn 

borer when added to artificial diet (Campos et al, 1988). 

Similarly, there is an inverse correlation between aphid 

3



population levels on plants and hydroxamic acid levels in 

plants (Niemeyer, 1991). DIMBOA is also inhibitory to soft 

rotting Erwinia species (Corcuera et al, 1978) and 

Agrobacterium tumefaciens (Sahi et al, 1990). DIMBOA appears 

to be important in resistance to the Northern corn leaf-blight 

fungus (Helminthosporium turicum (Niemeyer, 1988). This 

hydroxamic acid is found as the glucoside in intact maize 

tissue (Hofman and Hofmaova, 1971; Wahlroos and Virtanen, 

1959). When the glucoside is cleaved, DIMBOA is released 

which equilibrates rapidly in aqueous solution with an open 

chain compound containing a highly reactive electrophilic 

aldehyde group (Fig. 1) (Queirolo et al, 1983). This group can 

react with cysteine, lysine, serine, and arginine residues in 

enzymes, which may be responsible for this compound's 

bioactivity (Niemeyer, 1991). DIMBOA is known to inhibit 

plant ATPase (Quierolo et al, 1981, 1983), and alkyl 

hydroxamic acids can inhibit lipoxygenases by reducing the 

active site iron (Nelson et al, 1991). Acetylcholinesterases 

from the aphid Rhopalosiphum padi(L.) are inactivated by 

DIMBOA, presumably by the reaction of DIMBOA with cysteine and 

serine residues in the enzyme (Niemeyer, 1991); 

acetylcholinesterases are key enzymes in the transmission of 

nerve impulses. DIMBOA or its glucoside may also be involved 

in iron metabolism, since they form tight complexes with it 

(K=[FeA,]/[Fe*][A]*; log K=21.3 and 19.4, respectively; 

4



"(ERG 
‘Te 

19 
O[OILaNd 

uo 
Apyed 

paseq) 
asepisoon{s-g 

Aq 
aseavoyo 

9u0-¢-UIzexozu9q-p‘ 
[-Axoujoul- 

/ -AxoipAy-p-jAsouvsAdoony3-q-9-O-7 
*[ 

“st 

V
O
d
W
I
a
 

918-VORWNIG 

u
y
 
0
 

O
H
O
 

2
1
3
-
0
 

O
H
O
 

(Q@AN9ead) 

HO 
HO 

| 
O 

i 

7
"
 

Y
Y
 

/ 
—
—
 

|, 
3 

\ 
“be 

| 

S
N
 

OHO 
O 

Oo 
oO 

  



compare to 11.85 for citric acid) (Tipton and Buell, 1970). 

Although DIMBOA is the major hydroxamic acid in maize (levels 

ranging from 1.360-6.500 pmoles/g fresh weight depending on 

the inbred or hybrid used), the compounds HBOA (2-hydroxy-2H- 

1,4-benzoxazin-3(4H)-one), DIBOA (2,4-dihydroxy-2H-1,4- 

benzoxazin-3(4H)-one), HMBOA (2-hydroxy-7-methoxy-2H-1,4- 

benzoxazin-3(4H)-one), and DIM,BOA (2,4-dihydroxy-7,8- 

dimethoxy-2H-1, 4-benzoxazin-3 (4H)-one) are also found (levels 

are 0.847 ummoles/g fresh weight or less) (Woodward et al, 

1979) (Fig. 2). 

Some work has been done on the distribution of hydroxamic 

acids in maize tissues. Argandona and Corcuera (1985) found 

that concentrations of hydroxamic acid was higher around the 

vascular system of leaves than the whole leaf. However, they 

detected no hydroxamic acid in xylem exudates. They also 

found that younger leaves and roots had higher hydroxamic acid 

levels than older leaves and roots. Hydroxamic acids are more 

concentrated in the stele than in the cortex of roots and 

mesocotyl. Xie et al (1991) studied the distribution of 

hydroxamic acids in the root system. They found that nodal 

roots had the highest levels, and adventitious roots had the 

lowest. In contrast to the findings of Argandona and 

Corcuera, they found that hydroxamic acid levels were higher 

in the cortex of roots than the stele. However, they found 

that in the mesocotyl, levels were higher in the stele than in 
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RI] R2 R3 Abbreviation nmole 

/s 
hydroxamic— acids (4-hydroxv-1,4-benzoxazin-3-ones) 

H H H DIBOA 847 
K H_ Gk DIBOA-gic 
McQ HH DIMBOA 6500 
McOQ H Gic DIMBOA-gic 

0. McO McO H DIM2BOA 375 
wo aed Gle DIM2BOA-gic 

H TRIBOA 

Lactams (1,4-benzoxazin-3-ones) 
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R QO OR 

  

  

  

H H HBOA 66.6 
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McO Gil HM2BOA-gic 
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‘ 
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eE
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H 
Methyl! derivative (4-methoxy-1,4-benzoxazin-3-one) 
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R O JOR 
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OMe 

menzoxazonnones 

H H BOA 

MeO H MBOA 
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Figure 2. 1,4-Benzoxazin-3-ones and benzoxazolin-2-ones from 
Gramineae (Niemeyer, 1988 and Woodward et al 1979) 
“OH45 aqueous extract, grams are fresh weight



the cortex. 

Hydroxamic acids in other organisms 

Hydroxamic acids are also found in other species of 

Gramineae, such as wheat (Triticum sp.) (Gustavo and Massardo, 

1991), barley (wild Hordeum sp., not cultivated varieties) 

(Barria et al, 1992), and rye (Secale cereale) (Gagliardo and 

Chilton, 1992), as well as Aegilops, Arundo, Chusquea, Coix, 

  

Elymus, Sorghum, Tripsacum, and Triticale. They are also 

found in teosinte (Zea mexicana) (Niemeyer, 1988). They are 

not found in Avena or Oryza (Niemeyer, 1988). Outside of the 

Gramineae, only Acanthus mollis and Scoparis dulcis are 

reported to contain hydroxamic acids (Niemeyer, 1988). In 

wheat, the major hydroxamic acid is also DIMBOA, and it 

appears to mediate resistance to the aphid Metopolophium 

dirhodum(Argandorna et al, 1981). In wild barley, the 

hydroxamic acid DIBOA (2,4-dihydroxy-1,4-benzoxazin-3-one) is 

found, and increased DIBOA levels are correlated with 

decreased aphid (Rhopalosiphum padi) performance (Barria et 

al, 1992). Hydroxamic acids in rye (Secale cereale cv. 

Emerald) also protect against aphids (Metopolonium dirhodum) 

(Argandona et al, 1980). 

Maize B-glucosidase 

Maize S-glucosidase (8-D-glucoside glucohydrolase), which 

cleaves hydroxamic acid glucosides, has been purified using an 

assay based on  p-nitrophenyl-@-D-glucopyranoside (pNPG) 
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hydrolysis (Esen, 1992). Its pH optimum is about 5.8, and its 

pl is about 5.2 (Esen, 1992). The enzyme is a 60 KD monomer. 

Genetic (Stuber et al, 1977) and gel filtration data indicate 

that it is functionally a dimer. The genetic data of Stuber 

et al (1977) also indicate that there is only one £- 

glucosidase locus in maize. Maize B-glucosidase activity 

levels are reduced by exposure of seedlings to light (Frova, 

1992). In some inbreds, f$-glucosidase aggregates into 

extremely large complexes (> 1.5 x 10° KD) (Esen and Cokmus, 

1990; Esen, 1993). The enzyme is located in plastids (Esen 

and Stetler, 1993). 

Campos et al (1992) have shown that maize B-glucosidase 

binds indoleacetic acid (IAA) analogues. They used 5'azido- 

[7-H] indole-3-acetic acid to label a protein whose 

characteristics are very similar to the maize 8-glucosidase I 

studied. Both proteins are dimers with a monomeric molecular 

weight of 60 KD, cleave p-nitrophenyl-8-D-glucopyranoside with 

a K, of about 0.45 mM, have at least two different isoforms, 

and are inhibited by 6-gluconolactone. 

Cuevas et al (1992) have also partially purified B- 

glucosidase from maize. They tested for activity using both 

PNPG and 2-O0-8-D-glucopyranosy1-4-hydroxy-7~-methoxy-1,4- 

benzoxazin-3-one (DIMBOA-glc) as substrates. These activities 

are separable by gel filtration and chromatofocusing. The 

DIMBOA glucosidase activity has an M. of 158,000 and a pI of 

9



4.8. The pNPG glucosidase activity has a M, of 60,000 and a 

pl of 6.4. The DIMBOA-glucosidase activity has a K, of 0.11 

mM for DIMBOA-glc and 0.46 mM for pNPG. It is not immediately 

apparent how these data fit in with previous studies. It is 

consistent with the finding that IAA binds to the enzyme, 

since hydroxamic acids have been shown to bind to auxin 

binding sites (Niemeyer, 1988). However, the finding of two 

B-glucosidase activities is not consistent with Stuber et al's 

(1977) genetic data. If there are two or more S-glucosidases 

in maize, only one must use  6-bromo-1l-naphthy1-@-D- 

glucopyranoside as a substrate, or they would have been 

detected in Stuber's (1977) genetic studies, which used only 

that substrate. Alternatively, there may be only one £- 

glucosidase in maize. In this case, the molecular weight data 

might be explained as follows: the 60KD protein is the enzyme 

monomer. The 158 KD protein is the enzyme dimer with another 

protein bound to it. The pI data can be explained by 

different post-translational modification (for instance, 

perhaps a phosphorylation), or possibly proteolysis during 

enzyme purification. These post-translational modification 

may result in a change in substrate specificity. The post- 

translational modification hypothesis is supported by IEF data 

of Esen and Cokmus (1989) which show that even inbreds have 2 

or 4 distinct isoelectric forms. The issue will be greatly 
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clarified when a Southern blot is done with cDNA probes. 

B-glucosidases from other organisms 

B-glucosidases are also found in other plants, fungi, 

bacteria and animals; it is a ubiquitous enzyme. A review of 

plant @-glucosidase research by Paseshnichenko (1990) has been 

published recently. Plant f$-glucosidases often exhibit 

Specificity for their corresponding naturally occurring 

substrates (Conn, 1993). 

Almond $-glucosidase has been characterized kinetically 

by Grover and Cushley (1977) and Dale et al (1984). Grover 

and Cushley found that this enzyme could cleave both p- 

nitrophenyl-8-D-glucopyranoside (pNPG) and p-nitropheny1l-@-D- 

galactopyranoside (pNPgal), although the Km for the glucoside 

was tenfold lower. They did inhibition studies of these 

reactions, and found that D-glucose, p-nitrothiopheny1-£-D- 

glucopyranoside, 5-deoxy-5-thio glucose, and D-gluconic acid 

lactone inhibited pNPG hydrolysis competitively and pNPgal 

hydrolysis mainly non-competitively. In addition, D- 

galactose, p-nitrothiopheny1-$-D-galactopyranoside and 

methylthio-8-D-galactopyranoside inhibit pNPG hydrolysis 

noncompetitively and pNPgal hydrolysis mainly competitively. 

Therefore, Grover and Cushley (1977) conclude that almond B6- 

glucosidase has kinetically distinct glucoside and galactoside 

sites. Inhibition studies were also done by Legler (1978). 

He found that basic inhibitors (such as N-B- 
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glucosylpiperidine) are more effective than neutral 

inhibitors, because their binding is stabilized by the 

presence of a carboxylate anion in the active site. Dale et 

al (1984) confirmed Legler's results and expanded on them. 

They found that sugars were poor inhibitors of the enzyme; the 

major binding determinant was the aglycone moiety of the 

substrate. They propose that there is a hydrophobic binding 

site on the enzyme and at least one anionic site. Evidence 

for the latter includes the greater affinity for the enzyme of 

amines than their corresponding alcohols and the lack of 

binding of the negatively charged glucuronic acid or glucose 

6-phosphate to the enzyme. They also found that D-glucono- 

1,5-lactam, gluconolactone, 1-deoxynojirimycin, and 

nojorimycin, although excellent inhibitors, are not true 

transition state analogues. However, they may have some of 

the interactions normally present between the enzyme and the 

substrate in the transition state. 

Cassava f$-glucosidase (linamarase) has been studied 

recently by several groups (Yeoh and Woo, 1992; Mkpong et al, 

1990; Nok and Ikediobi, 1990; and Hughes, 1993). This enzyme 

is of particular interest because its substrate, linamarin, is 

cyanogenic, and consumption of cassava as a staple food can 

result in exposure to cyanide which can cauSe various 

disorders in humans. Mkpong et al (1990) localized the enzyme 

by immunogold staining to the cell walls (and golgi apparati) 
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of cassava leaves. Hughes (1993) localized the mRNA encoding 

the enzyme to latex vessels in the leaves using an antisense 

riboprobe. When cassava is processed, the enzyme and 

substrate come into contact, linamarin is cleaved, and HCN is 

released. Most of the HCN is washed away in liquid or blown 

away in air, so that it is not consumed (Gidamis et al, 1993). 

The substrate specificity of this enzyme was investigated by 

Yeoh and Woo (1992). They found that pNPG (K, =0.39 mM) and 

pNPfucoside (k, = 0.57 mM) were the best substrates, followed 

by linamarin (K,=2.08 mM) (Yeoh and Woo, 1992). 

Besides almond and cassava, another cyanogenic f- 

glucosidases that has been well studied is that of Hevea 

brasiliensis. Selmar et al (1987) found that this enzyme 

exhibits very broad substrate specificity. It is the only p- 

glucosidase found in rubber tree, and therefore must not only 

be involved in cyanogenesis but also lignification and other 

processes involving the hydrolysis of B-glucosides. Linamarin 

(K=7.6 mM), lotaustralin (K=7.7 mM), 4-methylumbelliferyl-£- 

D-glucoside (K=0.9 mM), p-,m-, and o-nitrophenyl-f-glucosides 

(K=1.0, 2.3, and 0.5 mM, respectively), were all good 

substrates. Cellobiose and alpha-glycosides were not 

hydrolyzed. Inhibition studies using glucosyl-piperidine and 

galactosyl-piperidine indicated that both competitively 

inhibited both glucoside and galactoside hydrolysis. This 

indicates that both bind to the same site in the enzyme. 
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The @-glucosidases of black cherry (Prunus serotina) have 

been studied by J. Poulton (1993). Black cherry kernels 

contain the cyanogenic diglycoside (R)-amygdalin (the B- 

gentiobioside of (R)-mandelonitrile). This is cleaved 

sequentially by the fS-glucosidases amygdalin hydrolase and 

prunasin hydrolase, releasing mandelonitrile, which is further 

broken down to benzaldehyde and hydrogen cyanide. Under the 

conditions used, Poulton found that amygdalin hydrolases 

cleaved 4-methylumbelliferyl-@-D-glucopyranoside (4-MUG) 

Slightly better than amygdalin. p-and o-nitrophenyl-s-D- 

glucopyranoside are also good _ substrates. Cellobiose, 

gentiobiose, (S)-Dhurrin, methyl-D-glucoside, linamarin, 

laminarin, methyl-@-D-glucoside and phenyl-fS-glucosidase are 

not cleaved. These substrates are also not cleaved by the 

prunasin hydrolases. Besides (R)~prunasin, p-and o- 

nitrophenyl1-8-D-glucopyranoside are good substrates for these 

enzymes. 

Two other plants with cyanogenic systems are lima beans 

(Phaseolus lunatus L.) and flax (Linum ussitatissimum). The 

lima bean f-glucosidase (linamarase) can cleave’ the 

monoglucosides linamarin and lotaustralin, ultimately leading 

to the release of HCN (Istock et al, 1990). Flax contains 

both a linamarase and a linustatinase (Fan and Conn, 1985). 

The linustatinase cleaves the terminal glucose from 

linustatin, the B-gentiobioside of acetone cyanohydrin (K=2.6 
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mM). The resulting monoglucoside, linamarin, is cleaved by 

linamarase to release sugar and cyanohydrin (K,=8.2 mM), the 

latter being degraded to produce cyanide. Linustatinase is 

inactive toward linamarin and linamarase is inactive toward 

linustatin, so both enzymes are required for cyanogenesis. 

Both enzymes have acidic pH optima and are glycoproteins. 

They are competitively inhibited by 6-gluconolactone (K;=0.11 

mM for linustatinase, 0.27 mM for linamarase). Both are 

somewhat flexible in their substrate specificities. 

Linustatinase cleaves the monoglucosides p-nitrophenyl-f-D- 

glucopyranoside, p-nitrophenyl-@-D-galactopyranoside, and 

Ghurrin, as well as the bis-glucosides neolinustatin, 

amygdalin, and neocycasin A. It also has lesser activity 

against the diglucosides cellobiose and f$-gentiobiose. 

Linamarase has very little activity against diglucosides and 

bisglucosides, but does cleave the monoglucosides prunasin, p- 

nitrophenyl-8-D-glucopyranoside, and p-nitropheny1-@-D- 

galactopyranoside (Fan and Conn, 1985). 

The cyanogenic system of white clover has also been well 

characterized, particularly genetically. In order for white 

clover to be cyanogenic, it must possess at least one Li 

allele, which encodes a cyanogenic B-glucosidase, and one Ac 

allele, which controls the presence of cyanogenic glucosides. 

White clover also possesses another, noncyanogenic £f- 

glucosidase. Oxtoby et al (1991) have cloned and sequenced 
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these genes. They have 55% amino acid similarity. The 

kinetics of the enzyme have been studied by Pésci et al 

(1989). They found that it had a broad substrate specificity, 

and that the aglycone and the sterochemistry around the 

glycosidic linkage were the major determinants of substrate 

specificity. 

There are also noncyanogenic defense systems in plants 

that rely on the presence of a f-glucosidase to cleave a 

nontoxic precursor to a compound that is toxic to pests. 

Avena sativa has a f-glucosidase which aggregates in the 
  

chloroplast to form bodies called "stromacenters". This 

enzyme cleaves pNPG (K,=2.2 mM) and avenacosides A and B (K=12 

uM). Avenacosides A and B are saponins. Oat f£-glucosidase 

specifically cleaves the glucose from C-26 of the 

avenacosides, producing 26-desgluco-avenacosides, which have 

antifungal activity not possessed by avenacosides themselves 

(Nisius, 1988). 

In addition to the many @-glucosidases involved in plant 

defense systems, there are other glucosidases which cleave 

plant hormones and phenolics. For example, B-glucosidase 

activities in soybean (Glycine max) are found that hydrolyze 

the isoflavone glucosides daidzin and genistin (Matsuura and 

Obata, 1993). B-glucosidase activity on conjugated 

gibberellins is reported in rice (Oryza sativa lL.) 

(Schliemann, 1984). In addition to f@-glucosidases, the 
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related enzymes B-mannosidase and N-acetyl-@-D-glucosaminidase 

(Giordani, 1992) and myrosinase, which hydrolyzes 

glucosinolates (Fig. 3)(Lenman et al, 1992), are found in 

plants. Brassica napus myrosinase has 43% and 44% amino acid 

sequence similarities to white clover f-glucosidases; this 

includes 6 out of 7 residues which are conserved in the B- 

glucosidase family called BGA. The BGA family includes many 

B-glucosidases, B-galactosidases, and phospho-@-glycosidases, 

having sequence similarity from 20-50% (Lenman et al, 1992). 

There are also numerous well characterized fungal and 

bacterial B-glucosidases. In the case of fungi (Woodward and 

Wiseman, 1982), these are often equivalent to the cellobiases 

used in cellulose degradation. These enzymes are often found 

to be extremely stable. A B-glucosidase from the fungus 

Stachybotrys atra is well characterized kinetically. Its 

kinetic mechanism is shown in Fig. 4 (Aerts et al, 1985). Of 

particular note is the presence of a eglycosyl-enzyme 

intermediate, in which the aglycone site is empty. Aglycone 

analogues and the aglycone portion of glycosides can bind to 

this site, causing uncompetitive inhibition (Aerts et al, 

1985). When an aglycone or its analogue binds to the site, 

the reaction can also proceed in the reverse direction, 

leading to glycosyl transfer to the aglycone analogue (Aerts 

et al, 1982). The glycosyl group can also be transferred to 

alcohols (Aerts and De Bruyne, 1981). The @-glucosidase of 
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Figure 3. Three modes of glucosinolate degradation (Larson, 
1981). 
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Figure 4. Kinetic mechanism of B-glucosidase (based on Aerts 
et al, 1985) E=enzyme; SP=substrate; S=glycosyl moiety; 
P=aglycone; N=nucleophile (usually water); I=inhibitor. 
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Trichoderma reesei is also well studied. It is a 70-80 KD 

enzyme with a pI of 7.5-8.5 (Barnett et al, 1991). It 

hydrolyzes small oligodextrins (mainly cellobiose), and is the 

limiting enzyme in cellulose degradation (Stockton et al, 

1991). As well as cleaving cellobiose (K=1250 uM), the 

enzyme also cleaves p-nitrophenyl-@-D-glucopyranoside (K =102 

uM) and 4-methylumbelliferyl-8-D-glucopyranoside (K=20 pM) 

(Chirico and Brown, 1987). It is strongly competitively 

inhibited by glucose (K,=700 wm), cellobiose (K,;=1040 um), 

cellotriose (K,=58 um), cellotetraose (K;=46 um), cellopentaose 

(K;=35 um), and cellohexaose (K,=31 um) (Chirico and Brown, 

1987). Chirico and Brown proposed that the high affinity for 

glucose relative to the substrate cellobiose may serve as a 

point of regulation for S-glucosidase, and thus the cellulase 

complex. They also proposed that the active site consists of 

at least three subsites; subsite one contributes most of the 

binding energy, and subsite two binding is unfavorable. 

Subsite two prefers hydrophobic groups; this accounts for the 

enzyme's preference for the aromatic glucosides over 

cellobiose. 

In the case of bacteria, one particularly noteworthy B- 

glucosidase is that of Bacillus circulans subsp. alkalophilus 

(Paavilainen et al, 1993), which has activity at higher pHs 

than other 8-glucosidases. Another bacterial @-glucosidase of 

note is that of Agrobacterium tumefaciens. One of its 
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substrates is coniferin. Strains with high f#-glucosidase 

activity are able to use coniferin for vir gene induction and 

were more virulent on gymnosperms (Castle et al, 1992). This 

enzyme cleaves p-nitrophenol-$-D-glucopyranoside well (K=78 

HUM), and also cleaves B-D-galactosides, mannosides, xylosides, 

and fucosides, and a-L--arabinosides (Trimbur et al, 1993). 

B-glucosidase: mechanism of catalysis 

Based on the evidence from kinetic and other studies, a 

reaction mechanism for fB-glucosidase has been proposed. 

According to this mechanism, the anomeric configuration of the 

sugar is preserved and hydrolysis is by a double displacement 

mechanism. The proposed reaction mechanism for B-glucosidases 

is shown in Figure 5 (Clarke et al, 1993). There are two 

carboxyl groups in the active site, one of which acts as an 

acid catalyst; the other stabilizes the positive charge on the 

putative oxocarbonium transition state and forms a covalent a- 

glucosyl intermediate (Clarke et al, 1993). Evidence for this 

includes a bell shaped pH dependence curve (Dale et al, 1986), 

inhibition by basic glucosyl analogues such as glucosylamines 

and glycosylpyridinium salts, transition metal binding (These 

metals may be chelated by the two carboxyl groups.) (Clarke et 

al, 1993). Additional evidence is provided by the chemical 

modification, affinity labeling (Clarke et al, 1993), and 

mutation of these residues (Trimbur et al, 1993). Various 

noncovalent interactions may provide rate enhancement (Clarke 
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Figure 5. Endocyclic pathway of the double displacement 
mechanism proposed for the retaining @-glucosidases (Clarke et 
al, 1993). Retaining B-glucosidases are those that release 6- 
glucose, not a-glucose, as the initial product. 
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et al, 1993) to B-glucosidase catalyzed reactions. 

Objectives 

The objectives of this research were twofold. Firstly, 

the substrate specificity, particularly the aglycone 

specificity, of maize B-glucosidase has been investigated by 

determining the K, and V_,, values for a variety of natural and max 

artificial substrates. This was extended by obtaining Kk; 

values for aglycones and aglycone analogues. Secondly, I 

looked for potential natural substrates of maize f- 

glucosidase. Extracts were fractionated and examined for the 

presence of ~-glucosidase substrates. It appears that the 

hydroxamic acid DIMBOA-glucoside is a substrate of maize B- 

glucosidase; this has been confirmed. Hydroxamic acids were 

localized in the maize plant. The results of this study 

should give more insight into potential roles of maize B- 

glucosidase in nature. 
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Kinetic Studies of Maize B-glucosidase 

Introduction 

B-glucosidases (E.C. 3.2.1.21) hydrolyze both aryl and 

alkyl B-glucosides; for a general review of these types of 

reactions, see Sinnot (1990). In the reactions catalyzed by B- 

glucosidases, the anomeric configuration of the sugar is 

preserved and hydrolysis is by a double displacement 

mechanism. The proposed reaction mechanism for B-glucosidases 

is shown in Figure 1 (Clarke et al, 1993). There are two 

carboxyl groups in the active site, one of which acts as an 

acid catalyst; the other stabilizes the positive charge on the 

putative oxocarbonium transition state and forms a covalent a- 

glucosyl intermediate (Clarke et al, 1993). Evidence for this 

includes a bell shaped pH dependence curve (Dale et al, 1986), 

inhibition by basic glucosyl analogues such as glucosylamines 

and glycosylpyridinium salts, and transition metal binding; 

these metals may be chelated by the two carboxyl groups 

(Clarke et al, 1993). Additional evidence is provided by the 

chemical modification, affinity labeling (Clarke et al, 1993), 

and mutation of these residues (Trimbur et al, 1993). Various 

noncovalent interactions may provide rate enhancement (Clarke 

et al, 1993) to B-glucosidase-catalyzed reactions. 

The substrate specificities of several plant 8- 

glucosidases have been examined. Almond @-glucosidase has been 

characterized kinetically by Grover and Cushley (1977) and 
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Dale et al (1984). Grover and Cushley found that this enzyme 

could cleave both p-nitrophenyl-8-D-glucopyranoside (pNPG) and 

p-nitrophenyl-£-D-galactopyranoside (pNPgal), although the Km 

for the glucoside was tenfold lower. They did inhibition 

studies of these reactions, and found that D-glucose, p- 

nitrothiophenyl-8-D-glucopyranoside, 5-deoxy-5-thio glucose, 

and D-gluconic acid lactone inhibited pNPG hydrolysis 

competitively and pNPgal hydrolysis mainly non-competitively. 

In addition, D-galactose, pNPgal and methylthio-@-D-gal 

inhibited pNPG hydrolysis noncompetitively and _ pNPgal 

hydrolysis mainly competitively. Therefore, Grover and 

Cushley (1977) have concluded that almond S-glucosidase has 

kinetically distinct glucoside and galactoside sites. Legler 

(1978) also carried out inhibition studies. He found that 

basic inhibitors (e.g., N-S-glucosylpiperidine) are more 

effective than neutral inhibitors, because their binding is 

stabilized by the presence of a carboxylate anion in the 

active site. Dale et al (1984) confirmed Legler's results and 

expanded on them. They found that sugars were poor inhibitors 

of the enzyme; the major binding determinant was the aglycone 

moiety of the substrate. They propose that there is a 

hydrophobic binding site on the enzyme and at least one 

anionic site. Evidence for the latter includes the greater 

affinity for the enzyme of amines than their corresponding 

alcohols and the lack of binding of the negatively charged 
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glucuronic acid or glucose 6-phosphate to the enzyme. They 

also found that D-glucono-1,5-lactam, gluconolactone, 1- 

deoxynojirimycin, and nojirimycin, although excellent 

inhibitors, are not true transition state analogues. However, 

they may have some of the interactions normally present 

between the enzyme and the substrate in the transition state. 

Cassava f$-glucosidase (linamarase) has been studied 

recently by several groups (Yeoh and Woo, 1992; Mkpong et al, 

1990; Nok and Ikediobi, 1990, Hughes, 1993). This enzyme is of 

particular interest because its substrate, linamarin, is 

cyanogenic, and consumption of cassava as a staple food can 

result in exposure to cyanide which can cause various 

disorders in humans. When cassava is processed, the enzyme 

and substrate come into contact, linamarin is cleaved, and HCN 

is released which is removed in air or liquid (Gidamis et al, 

1993). The substrate specificity of this enzyme was 

investigated by Yeoh and Woo (1992). They found that pNPG (K,, 

=0.39 mM) and pNPfucoside (K, = 0.57 mM) were the best 

substrates, followed by linamarin (K=2.08 mM). 

Besides almond and cassava, another cyanogenic £- 

glucosidase whose substrate specificity has been well studied 

is that of the rubber tree (Hevea brasiliensis). Selmar et al 

(1987) found that this enzyme accepts a wide variety of 

substrates. It is the only fB-glucosidase found in rubber 

tree, and therefore must not only be involved in cyanogenesis 

42



but also lignification and other processes involving the 

hydrolysis of f#-glucosides. Linamarin (K=7.6 mM), 

lotaustralin (K=7.7 mM), 4-methylumbelliferyl1-@-D-glucoside 

(MUG1c) (K=0.9 mM), p-,m-, and o-nitrophenyl-S-glucosides 

(K=1.0, 2.3, and 0.5 mM, respectively) were all good 

substrates. Cellobiose and alpha-glycosides were not 

hydrolyzed. Inhibition studies using glucosyl-piperidine and 

galactosyl-piperidine indicated that both competitively 

inhibited both glucoside and galactoside hydrolysis. This 

indicates that both bind to the same site in the enzyme. 

Maize B-glucosidase is a dimeric protein of 120 KD. It 

is resistant to denaturation and proteolysis. Its pH optimum 

is 5.8 and pI 5.2 (Esen, 1992). The enzyme is located in 

plastids (Esen and Stettler, 1993), and is an abundant protein 

in young maize shoots. It has been proposed to function in 

hormone metabolism (Campos et al, 1992), since it can be 

labeled with azido-indole-3-acetic acid and can cleave 

indoxyl1-8-D-glucoside. 

Cuevas et al (1992) partially purified a 6-glucosidase 

from maize and showed that the enzyme cleaves hydroxamic acid 

glucosides. Antibodies raised against maize 6-glucosidase 

purified in this laboratory react against that enzyme (L. 

Jonsson, personal communication), and the K's for pNPG are 

identical. Therefore, the hydroxamic acid 2-0-$-D- 

glucopyranosy1l-4-hydroxy-7-methoxy-1,4-benzoxazin-3-one 
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(DIMBOA-glc) may be the natural substrate of maize £B- 

glucosidase, and the enzyme probably functions in defense, 

analogous to cyanogenic systems. When injury to tissue or 

other circumstance brings: the enzyme and DIMBOA~-glc into 

contact, DIMBOA is released. DIMBOA levels are negatively 

correlated to field leaf damage from European corn borers in 

maize (Reid et al, 1991). The related compound 6- 

methoxybenzoxazolinone (MBOA) has been shown to be toxic to 

the European corn borer when added to artificial diet (Campos 

et al, 1988). There is an inverse correlation between aphid 

population levels on plants and hydroxamic acid levels in 

plants (Niemeyer, 1991). DIMBOA is also inhibitory to soft 

rotting Erwinia species (Corcuera et al, 1978) and 

Agrobacterium tumefaciens (Sahi et al, 1990). DIMBOA appears 

to be important in resistance to the Northern corn leaf-blight 

fungus (Helminthosporium turcicum) (Niemeyer, 1988). This 

hydroxamic acid is found as the glucoside in intact maize 

tissue (Hofman and Hofmanova, 1971). When the glucoside is 

cleaved, DIMBOA is released which equilibrates rapidly in 

aqueous solution with an open chain compound containing a 

highly reactive electrophilic aldehyde group (Queirolo et al, 

1983) (Fig. 1). This group can react with cysteine, lysine, 

serine, and arginine residues in enzymes, which may be 

responsible for this compound's bioactivity (Niemeyer, 1991). 

DIMBOA is known to inhibit plant ATPase (Queirolo et al, 1981, 
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1983), and alkyl hydroxamic acids can inhibit lipoxygenases by 

reducing the active site iron (Nelson et al, 1991). 

Acetylcholinesterases from the aphid Rhopalosiphum padi (L.) 

are inactivated by DIMBOA, presumably by the reaction of 

DIMBOA with cysteine and serine residues in the enzyme 

(Niemeyer, 1991); acetylcholinesterases are key enzymes in the 

transmission of nerve impulses. DIMBOA or its glucoside may 

also be involved in iron metabolism, since they form tight 

complexes with it (K=[FeA,]/[Fe**](A™]*; log K=21.3 and 19.4, 

respectively; compare to 11.85 for citric acid) (Tipton and 

Buell, 1970). Although DIMBOA is the major hydroxamic acid in 

maize (levels ranging from 1.36-6.50 pmoles/g fresh weight 

depending on the genotype), the compounds HBOA (2-hydroxy-2H- 

1,4-benzoxazin-3(4H)-one), DIBOA (2,4-dihydroxy-2H-1,4- 

benzoxazin~3 (4H) -one), HMBOA (2-hydroxy-7-methoxy-2H-1, 4- 

benzoxazin-~3(4H)-one), and DIM,BOA (2,4-dihydroxy-7,8- 

dimethoxy-2H-1,4-benzoxazin-3(4H)-one) are also found (levels 

of these compounds range from 0-0.847 pumoles/g fresh weight) 

(Woodward et al, 1979). 

The purpose of my experiments was to determine the 

substrate specificity of maize B-glucosidase. I did kinetic 

studies utilizing various substrates and also inhibition 

studies. 

Materials and Methods 

The following were tested as substrates: pNPG, o- 
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nitrophenyl-8-D-glucopyranoside, pNPgal, p-nitrophenyl-8-D- 

xyloside, p-nitrophenyl-f#-D-fucoside, p-nitrophenyl-~-D- 

glucuronide, arbutin, salicin, phenyl-8-D-glc, n-octyl-8S-D- 

gle, MUGlc, indoxyl-f-D-glucopyranoside, GA,-13-O-glucoside, 

GA,~glucosyl ester (provided by G. Schneider), resorufin-f-D- 

glucopyranoside, prunasin, linamarin, dhurrin (provided by Dr. 

E.E. Conn, U. of CA, Davis), phloridzin, pyridoxine-5'-0-f8-D- 

glucoside (provided by Dr. J. Gregory, U. of FL, Gainesville), 

methyl~@-D-glucopyranoside, gentiobiose, cellobiose, n- 

dodecyl-£-D-glucopyranoside, p-nitrophenyl-@-D-lactoside, p- 

nitrophenyl-f£-D-maltoside, and p-nitrophenyl-8-D-cellobioside. 

In addition, glucose, fucose, salicylate (2-hydroxybenzoate), 

tryptophan, tryptamine, imidazole, indole-3-acetic acid, 

benzoate, salicin, phenyl-f-D-glc, pyridoxine (B6), arbutin, 

p-nitrophenol, dhurrin, D-gluconic acid lactone, 4- 

methylumbelliferone (MU), and 8-hydroxygquinoline were tested 

as inhibitors. fB-glucosidase was purified according to Esen 

(1992). 

2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3 (4H) -one 

(DIMBOA) was purified from K55 maize. 58.48 g of seven day 

old etiolated shoots that had been frozen at -80°C were ground 

in a chilled (-20°C) mortar. One-hundred ml water was added, 

and the coleoptiles were ground further. The mash was then 

allowed to warm at room temperature for 30 minutes. It was 

then transferred to a beaker in a 37°C incubator and allowed 
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to warm further for 30 minutes. The mash was then centrifuged 

at 10,000xg for 15 minutes and the supernatant was filtered 

through Whatman #1 filter paper on a Buchner funnel. The 

filtrate was frozen (-80°C) and lyophilized. The resulting 

powder was then extracted with five ml 70% methanol, and the 

mixture was centrifuged ten minutes at 10,000xg. The 

supernatant was then loaded onto a Sephadex LH-20 column (33cm 

high, diam. 2.5 cm) which had been equilibrated with 70% 

methanol. The compounds were eluted with 70% methanol (The use 

of Sephadex LH-20 and the solvent system of 70% methanol was 

suggested by Zwaving's (1968) separation of dianthrone and 

anthraquinone glycosides). Fractions which formed a blue 

color with ferric chloride reagent (0.6% FeCl,, 7.5 mM HCl, in 

ethanol) were pooled and lyophilized and used for inhibition 

experiments. Fractions showed only one spot by TLC on 0.25 mm 

‘Silica gel with fluorescent indicator UV,,, (Macherey-Nagel) 

(Chloroform:methanol:water 65:25:4, v/v/v) 

Two assays for B-glucosidase activity were used. Unless 

otherwise specified, all solutions were prepared in and 

dilutions were made in 10 mM citrate-20 mM phosphate buffer, 

PH 5.5 or 50 mM acetate buffer, pH 5.5. In the first assay 

(PNP assay) was used to test sugar specificity. In this assay, 

70 wl of various dilutions of a p-nitrophenyl-8-D-glycoside 

was placed into the wells of a microtiter plate. Next, 70 pl 

of purified enzyme, appropriately diluted, was added to the 
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wells to start the reaction. An appropriate dilution of 

enzyme is one that gives a V.,, equivalent to 0.1-1.0 

absorbance units under the conditions used. After 10 minutes, 

or longer in the case of poor substrates, the reaction was 

stopped by adding 70 wl of 0.4 M NaCO, prepared in water. The 

absorbance of the p-nitrophenol produced was measured at 410 

nm. The second assay (PGO assay), was used to test aglycone 

specificity. It is a peroxidase/glucose oxidase based assay. 

Twenty or 50 wl of various dilutions of glucoside or glucose 

(as a standard, 0.348, 0.696, and 1.39 mM) was placed in the 

well of a microtiter plate. Next, 40 wl of appropriately 

diluted B-glucosidase was added to start the reaction. After 

10 minutes, the reaction was stopped by adding 50 wl 40 mM D- 

gluconic acid lactone prepared in water. Next, 40 wl of 4 

mg/ml 2,2'-azinobis(3-ethylbenzthiazolinesulfonicacid) (ABTS) 

(prepared just before use in water) was added to each well. 

Lastly, 50 wl of PGO (peroxidase/glucose oxidase) enzymes were 

added to each well. PGO enzymes (Sigma cat. 510-6) come in 

capsules, each of which contains 500 units of glucose oxidase 

(Aspergillus niger), 100 Purpurogalin units of peroxidase 

(horseradish), and buffer salts. One capsule was dissolved in 

25 ml distilled deionized water. After adding the PGO 

enzymes, the reaction was allowed to proceed ~15 minutes or 

until complete (~30-60 minutes). Both assays were done at 

room temperature (about 25 °C); for some experiments, shaking 
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was used during the reaction. Generally, less than about 3% 

of the substrate was cleaved; therefore, the velocities 

measured were taken to be initial velocities. Microtiter 

plate based assays were done for shorter time periods for 

convienience. 

In addition, some substrates were tested using paper 

chromatography. Ten ul substrate (typically 50 or 100 mM) was 

mixed with 10 wl of purified B-glucosidase and 30 wl of 10 mM 

citrate-20 mM phosphate buffer, pH 5.5. The mixture was 

incubated at room temperature for various periods of time, 

depending on the substrate used. The mixtures were then 

spotted multiple times onto paper and then developed in sec- 

butanol:acetic acid:water (5:4:1); B6é and related compounds 

were developed in n-butanol:pyridine:water (6:4:3) (Tadera et 

al, 1979). The chromatogram was dried and sugars detected by 

the method of Robyt and White (1987). This method is based on 

the reaction of sugars with alkaline silver nitrate. It also 

detects hydroxamic acids and arbutin (although with less 

sensitivity). Some substrates were tested by TLC on 0.25 mm 

silica gel with fluorescent indicator UV,,, (Macherey-Nagel). 

The same solvent system was used for most substrates, and 

Sugars were detected the same way, except that the reagents 

were sprayed on. For gibberellic acid related substrates, a 

solvent system of isopropanol: concentrated ammonia: water 

(15:1:2) was used (Sembdner et al, 1987), and they were 
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detected by spraying with 5% sulfuric acid in ethanol followed 

by heating about 15 min at about 100°C, and observing under UV 

light (366 nm) (Cherry, 1973). In the case of resorufin-£-D- 

glucopyranoside, cleavage caused a color change which was 

observed visually. Substrates which were assayed by paper 

chromatography or TLC were incubated for longer periods of 

time in order to detect cleavage of even poor substrates. 

For inhibition studies, pNPG was used as a substrate. In 

most cases, 50 wl of substrate dilutions (usually serial 

dilutions from 50 mM to 1.5 mM) were placed in the wells of a 

microtiter plate. Fifty or one-hundred pl of inhibitor, 

prepared in the same buffer (except for MU and DIMBOA, which 

were dissolved in water to which just enough NaOH solution was 

added to permit them to dissolve), was added to each well, 

followed by 50 wl of enzyme, diluted in the same buffer, to 

start the reaction; at least one no enzyme control was used 

for each substrate dilution; in the case where inhibitors were 

colored, at least one no enzyme control was used for each 

substrate and inhibitor dilution used. After 10 minutes, the 

reaction was stopped by adding 70 wl 0.4 M NacoO,;, and the 

absorbance was read at 410 nm. For MU, a control of dilute 

NaOH (of the same concentration as the MU solutions) with no 

MU dissolved was used. For DIMBOA, the pH of the reaction mix 

in several wells was tested; it was close to 5.5. To test p- 

nitrophenol inhibition, a modified PGO-based assay was used. 
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Forty wl of the following were added sequentially into the 

wells of a microtiter plate: pNPG dilutions, p-nitrophenol 

dilutions (or buffer for a control), and diluted £B- 

glucosidase. The plate was then incubated for ten minutes at 

room temperature. Next, 40 wl of the following was added 

sequentially: 40 mM D-gluconic acid lactone, 40 wl of the same 

dilutions of p-nitrophenol to control wells, or buffer into 

experimental wells, 4 mg/ml ABTS, PGO enzymes prepared as 

described above. The plate was incubated for 15 minutes at 

room temperature and the absorbance read at 600 nm. For IAA 

inhibition, the IAA was dissolved in 50% ethanol, and a 

control of 50% ethanol-50% buffer was used to correct for 

inhibition by ethanol alone. 

Kinetic data were analyzed by direct linear plot 

(Eisenthal and cCornish-Bowden, 1974; Cornish-Bowden and 

Eisenthal, 1974). The method involves plotting points in 

parametric space and finding the interesection point(s). The 

mean of the intersection points gives the K, and V, values. 

The method was implemented by using a computer program written 

by me in IBM advanced basic (appendix I). For substrate 

hydrolysis, 6 substrate concentrations with 4 replicates each 

were used. For inhibition studies, at least 3 different 

inhibitor concentrations were used, each with 4 replicates of 

6 different substrate concentrations. 
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Results 

Maize B-glucosidase cleaved many different substrates. 

A typical substrate concentration versus velocity graph is 

shown in Figure 6. Of substrates whose kinetic constants were 

determined, MUGlc had the lowest K, (143 uM). pNPG and pNP-f- 

D-fucoside were also good substrates, having K,'s around 0.5 

mM and the third highest and highest V's, respectively. The 

poorest substrates were pNPgal, which had the highest K,, and 

PNP-8-D-xyloside, which had the lowest V,. K, and relative V, 

values are given in Table 1. Kinetic constants were not 

determined for some substrates: salicin and pNP-lactoside 

required incubations lasting days before cleavage could be 

detected; resorufin-@-D-glucopyranoside and indoxyl-§-D- 

glucopyranoside were cleaved rapidly, but indoxyl-8-D- 

glucoside did not prove amenable to the PGO assay, and I was 

unable to quantitate well the color change upon resorufin-£-D- 

glucopyranoside cleavage using any of the filters available on 

our spectrophotometer. Two products of pNP-@-D-cellobioside 

hydrolysis were shown by paper chromatography and the PGO 

assay to be pNP and glucose. Dhurrin, although a substrate of 

sorghum S-glucosidase, was not cleaved by maize B-glucosidase. 

Other substrates which are not cleaved by maize @-glucosidase 

are given in Table 2. 

B-glucosidase was strongly competitively inhibited by 

many aglycones and aglycone analogues, but only weakly 
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Figure 6. p-nitrophenyl-8-D-glucopyranoside hydrolysis by 
maize fS-glucosidase. Product (glucose) production was 
measured at pH 5.5, 25°C by the PGO assay (see methods). 
Absorbance at 450 nm is directly proportional to the glucose 
concentration. 
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competitively inhibited by fucose and glucose; K, and K;,! 

values and modes of inhibition of various inhibitors are given 

in Table 3. Tryptamine was a mixed inhibitor (Table 3, Figure 

7). The best inhibitors were D-gluconic acid lactone, 

Dhurrin, DIMBOA and MU, which had K,'s of less than 1 mM. No 

inhibition by 8-hydroxyquinoline, tryptophan, or benzoate was 

detected. 
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nitrophenol-f$-D-glucopyranoside cleavage by maize B- 
glucosidase. Cleavage was measured by p-nitrophenol 
production (absorbance at 410 nm). Reactions took place at pH 
5.5 and 24°C. 
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Table 1. Michaelis-Menton contstants for the hydrolysis of B- 

glycosides by maize B-glucosidase (pH 5.5, 24°C) 
  

  

SUBSTRATES Km Vm 
(mM) (relative) 

4-methylumbelliferyl-B-D-glucoside 0.143 99 

n-octyl-8-D-glucopyranoside@ 0.251 6.7 
p-nitrophenyl1-8-D-xyloside 0.394 0.978 
p-nitrophenyl-B-D-glucopyranoside 0.58 100. 
p-nitrophenyl-8-D-fucopyranoside 0.648 1120 
p-nitropheny1-B-D-cellobioside 0.674 1.80 
p-nitropheny1-B-D-mannopyranoside 0.769 3.71 
o-nitrophenyl-8-D-glucopyranoside 1.64 545 
p-nitropheny1-8-D-galactopyranoside 6.32 22.3 
resorufin-8-D-glucopyranosideb ND ND 
indoxyl-B-D-glucopyranoside ND ND 
salicind ND ND 
p-nitrophenyl-8-D-lactoside® ND ND 
  

aapparent Vm and Km. 

bassay: color change. Conditions: 0.016 mM, 10 minutes. 
Cassay: PGO. Conditions: 4.03 mM, 15 minutes. 

dassay:paper chromatogram. Conditions: 10 mM, three days. 

assay: pNP. Conditions: <8 mM, three days 
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Table 2. 8-glycosides for which no cleavage by maize B-glucosidase 
was detected. The concentration tested, length of incubation, and assay 
used are shown below. 
  

  

methyl-B-D-glucopyranoside 17 10 min 

p-nitrophenyl-8-D-glucuronide 25 20 min. 
p-nitrophenyl-8-D-maltoside 4 5 days 

substrate mM time assaya 

arbutin 17 10 min PGO 
10 1.5 hrs PC 

cellobiose 27 4 hrs PC 

Dhurrin 13. 5 days FC 

n-dodecyl-B-D-glc> 58 2 hrs PC 
GAs-glucosyl ester ? 24 hrs TLC 

GAs-13-0-glucoside ? 24 hrs TLC 
gentiobiose 17 10 min PGO 

10 4 hrs PC 
linamarin 50 3 hrs TLC 

4 hrs PC 

PGO 

pNP 
pNP 

Pflorizdzen 6 2 hrs PC 
pheny1-8-D-glucopyranoside 5 1.5 hrs PC 
prunasin 25 3 hrs TLC 

4 hrs PC 

4 pyridoxine-5'-O-8-D-glucoside 30 30 hrs 

4PGO=peroxidase/glucose oxidase based assay; PC=paper 
chromatography; TLC=thin layer chromatography; pNP=p-nitrophenol 
production based assay (see methods). 

assay done in the presence of alcohol 
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Discussion and Conclusions 

Maize B-glucosidase, like Hevea and almond B-glucosidase, 

has broad substrate specificity. It cleaved many different 

aryl glycosides, as well as n-octyl-@-D-glucopyranoside. The 

best substrate tested was MUGIc, whose aglycone is 

structurally similar to that of the natural substrate DIMBOA- 

glc. 

Like cassava and Hevea f-glucosidase, maize fB- 

glucosidase did not cleave glycosyl glucosides (e.g. 

cellobiose and gentiobiose). Indeed, I am not aware of any 

report of cellobiose cleavage by a plant B-glucosidase. I was 

therefore surprised to find that some aryl diglycosides, such 

as pNP-@-D-cellobioside and pNP-£-D-lactoside were substrates; 

they are not substrates of cassava B-glucosidase (Yeoh and 

Woo, 1992). I propose that a relatively hydrophobic aglycone 

group is required in order for cleavage of the B-glycosidic 

bond between the two sugars to occur; the difference in Kk, 

values between glucose and pNP suggests that sugars simply do 

not bind well to the active site. Once pNP-£-D-cellobioside 

is bound to the active site, however, cleavage of the B- 

glucosidic bond between the two glucose residues can occur, 

releasing pNPG and glucose. The pNP-$-D-glucopyranoside is 

then rapidly hydrolyzed. This 'sequential' pathway is similar 

to that found in the degradation of several cyanogenic 
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diglucosides, although the steps are usually catalyzed by two 

distinct @-glucosidases (Poulton, 1990). The alternative 

sequence of bond cleavage, which would result in first 

releasing pNP and cellobiose, would seem unlikely, because the 

enzyme did not hydrolyze cellobiose to glucose even after days 

of incubation, and glucose was found to be a product of pNP-£- 

D-cellobioside cleavage. 

The sugar moiety of a glycoside seemed to have little 

influence on binding to the enzyme; the K, of various 

PNPglycosides varied only about tenfold, from 0.394 mM for the 

xyloside to 6.32 mM for the galactoside. However, the V, of 

these pNPglycosides varied about 1000-fold from the xyloside 

to the fucoside (Table 1). This suggests that a specific 

sugar conformation is necessary for cleavage to occur. 

Maize B-glucosidase was inhibited by a variety of 

aglycones and glucosides, but was only poorly inhibited by 

monosaccharides (e.g., glucose or fucose). Almond and cassava 

B-glucosidases are also poorly inhibited by monosaccharides 

(Dale et al, 1985; Yeoh and Woo, 1992). This suggests that 

most of the binding energy in the enzyme-substrate complex is 

due to contacts between the aglycone and the enzyme, not the 

glycone and the enzyme. As expected, both aglycone and 

glycoside inhibitors bind to the active site of the free 

enzyme (competitive inhibition) ; some also bind to the enzyme- 

substrate complex (mixed inhibition). The putative kinetic 
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mechanism (Fig. 3), which is based on the mechanism proposed 

for Stachybotrys atra S-glucosidase (Aerts et al, 1985), calls 

for two enzyme-substrate complexes, a noncovalently linked 

enzyme-glycoside complex and a covalently linked enzyme- 

glycosyl complex that remains after the aglycone is released. 

In this latter complex, the aglycone-site is empty and 

therefore aglycone-resembling inhibitor (either an aglycone 

analogue or the aglycone portion of a glycoside) can bind to 

this complex, causing the uncompetitive component of mixed 

inhibition; this is similar to what was found for Stachybotrys 

B-glucosidase (Aerts et al, 1985). 

Also of note is the strong inhibition by dhurrin 

(K,=0.054 mM, Table 3), the cyanogenic glucoside found in 

sorghum, which was not cleaved by maize S-glucosidase. This 

suggests that in spite of the obvious differences in substrate 

specificity, maize B-glucosidase and sorghum dhurrinase may be 

closely related. 

The putative reaction mechanism of @-glucosidases (Clarke 

et al, 1993) calls for two acidic groups to be present in the 

active site. The uncompetitive aspect of tryptamine 

inhibition can be explained if its amino group can interact 

with the acidic group which is deprotonated only when the 

glycosyl-enzyme intermediate is formed. Thus, tryptamine 

might have a better affinity for the glucosyl-enzyme 

intermediate than with the enzyme itself. 
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These studies support the previously proposed kinetic and 

reactions mechanisms (Clarke et al, 1993; Aerts et al, 1985) 

for B-glucosidase. The low K, of DIMBOA is consistent with 

DIMBOA~glucoside being the natural substrate of maize £B- 

glucosidase. 
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Hydroxamic acid glucosides: substrates of maize B-glucosidase 

Introduction 

Hydroxamic acids contain oxidized peptide (amide) 

bonds (-CON(OH)-) (Neilands, 1967). Taxa of the Gramineae are 

known to contain hydroxamic acids of the 1,4-benzoxazin-3-one 

type (Niemeyer, 1991). Specifically, 2-0-8-D-glucopyranosyl- 

4-hydroxy-7-methoxy-1, 4-benzoxazin-3~one (DIMBOA-glc) is found 

in maize and is a natural substrate of maize B-glucosidase (f- 

D-glucoside glucohydrolase; E.C. 3.2.1.21) (Cuevas, 1992). 

The aglycone of DIMBOA-glc, DIMBOA, has been implicated in 

maize's defense against pathogens and insects. DIMBOA levels 

are negatively correlated to field leaf damage from European 

corn borers (Ostrinia nubilalis Hubner) in maize (Reid et al, 

1991). The related compound 6-methoxybenzoxazolinone (MBOA) 

is toxic to the European corn borer when added to artificial 

diet (Campos et al, 1988). Similarly, there is an inverse 

correlation between aphid population levels on plants and 

hydroxamic acid levels in plants (Niemeyer, 1991). DIMBOA is 

also inhibitory to soft rotting Erwinia species (Corcuera et 

al, 1978) and Agrobacterium tumefaciens (Sahi et al, 1990). 

DIMBOA appears to be important in resistance to the Northern 

corn leaf-blight fungus (Helminthosporium turcicum) (Niemeyer, 

1988). This hydroxamic acid is found as the glucoside in 

intact maize tissue (Hofman and Hofmanova, 1971). When the 

glucoside is cleaved, DIMBOA is released which equilibrates 
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rapidly in aqueous solution with an open chain compound 

containing a highly reactive electrophilic aldehyde group 

(Fig. 4) (Queirolo et al, 1983). This group can react with 

cysteine, lysine, serine, and arginine residues in proteins, 

which may be responsible for its bioactivity (Niemeyer, 1991). 

DIMBOA is known to inhibit plant ATPase (Queirolo et al, 1981, 

1983), and alkyl hydroxamic acids can inhibit lipoxygenases by 

reducing the active site iron (Nelson et al, 1991). 

Acetylcholinesterases from the aphid Rhopalosiphum padi (L.) 

are inactivated by DIMBOA, presumably by the reaction of 

DIMBOA with cysteine and serine residues in the enzyme 

(Niemeyer, 1991); acetylcholinesterases are key enzymes in the 

transmission of nerve impulses. DIMBOA or its glucoside may 

also be involved in iron metabolism, since they form tight 

complexes with it (K=[FeA,]/[Fe][A]*; log K=21.3 and 19.4, 

respectively; compare to 11.85 for citric acid) (Tipton and 

Buell, 1970). Although DIMBOA is the major hydroxamic acid in 

maize (levels ranging from 1.360-6.500 wmoles/g fresh weight 

depending on the inbred or hybrid used), the compounds HBOA 

(2-hydroxy-2H-1, 4-benzoxazin-3 (4H)-one), DIBOA (2,4-dihydroxy- 

2H-1,4- benzoxazin-3 (4H) -one) , HMBOA (2-hydroxy-7-methoxy-2H- 

1,4-benzoxazin-3(4H)-one), and DIM,BOA (2,4-dihydroxy-7,8- 

dimethoxy-2H-1,4-benzoxazin-3(4H)-one) are also found (levels 

are 0.847 umoles/g fresh weight or less) (Woodward et al, 

1979) (Fig. 5). 
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Some work has been done on the distribution of hydroxamic 

acids in maize tissues. Argandona and Corcuera (1985) 

extracted hydroxamic acids from various tissues and parts and 

found that the concentration of hydroxamic acid was higher 

around the vascular system of leaves than the whole leaf. 

However, they detected no hydroxamic acid in xylem exudates. 

They also found that younger leaves and roots had higher 

hydroxamic acid levels than older leaves and _ roots. 

Hydroxamic acids were more concentrated in the stele than in 

the cortex of roots and mesocotyl. Xie et al (1991) studied 

the distribution of hydroxamic acids in the root system. They 

found that nodal roots had the highest levels, and 

adventitious roots had the lowest. In contrast to the 

findings of Argandonha and Corcuera, they found that hydroxamic 

acid levels were higher in the cortex of roots than the stele. 

However, they found that in the mesocotyl, levels were higher 

in the stele than in the cortex. 

Cuevas et al (1992) have partially purified a £B- 

glucosidase from maize which hydrolyzes DIMBOA-glc. They 

tested for activity using both p-nitrophenyl1-§-D- 

glucopyranoside (pNPG) and DIMBOA-glc as substrates. These 

activities were separable by gel filtration and 

chromatofocusing. The DIMBOA glucosidase activity had aM. of 

158,000 and a pI of 4.8. The pNPG glucosidase activity had a 

M. of 60,000 and a pI of 6.4. The DIMBOA-glucosidase activity 
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has a K, of 0.11 mM for DIMBOA-glc and 0.46 mM for pNPG. 

This appears to be the same enzyme that has been purified 

using an assay based on pNPG hydrolysis by Esen (1992), since 

antibodies raised against the B-glucosidase purified by Esen 

react against the DIMBOA-glc fB-glucosidase (L. Jonsson, 

personal communication). Its pH optimum is about 5.8, and its 

pl is about 5.2 (Esen, 1992). The monomer is a 60 KD; genetic 

(Stuber et al, 1977) and gel filtration data indicate that it 

is functionally a dimer. The genetic data of Stuber et al 

(1977) also indicate that there is only one @-glucosidase gene 

in maize. Maize B-glucosidase activity levels are reduced by 

exposure of seedlings to light (Frova, 1992). In some 

inbreds, B-glucosidase aggregates into extremely large 

complexes (> 1.5 x 10° KD) (Esen and Cokmus, 1990; Esen, 

1993). The enzyme is located in plastids (Esen and Stetler, 

1993). 

The objectives of this investigation were to find the 

natural substrate(s) of maize B-glucosidase; and compare the 

distribution and localization of the substrate(s) and enzyme. 

Materials and Methods 

The following maize inbreds were used: K55, H95, and 

bxbx. bxbx is an inbred known to be deficient in hydroxamic 

acids (Hamilton, 1964a). This inbred was derived from a Gehu 

Yellow Dent open pollinated selection. The selection was 

based on crushing a root tip in ferric chloride solution; 
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seedlings giving a negative result (no blue color) were 

selected. The young seedlings had a stunted primary root and 

the coleoptile greatly outgrew the primordial leaves; 

otherwise, they appeared normal. bxbx seeds were obtained 

from Kevin Simcox (USDA/ARS, U. of MO, Columbia). 

Hydroxamic acids were detected using ferric chloride 

based reagents (Corcuera et al, 1978). A solution of 6% 

(wt/vol) FeCl, and 75 mM HCl in 95% ethanol was diluted 10x in 

ethanol and was used for microtiter based assays and paper 

chromatogram staining. A solution of 5% (g/ml) FeCl,, 0.5 M 

HCl in distilled deionized water was used for histochemical 

localization of hydroxamic acids. 

Hydroxamic acid levels along coleoptile lengths were 

determined by taking five young (approx. 4-6 cm) etiolated 

shoots which had been grown in vermiculite, lining them up at 

the node, and cutting them on a glass plate on ice in 5-6 mm 

cross sections (9-10 per shoot). Each group of 5 sections was 

extracted in 4°C 50 mM acetate buffer, pH 5.5, in a microfuge 

tube by crushing it with a pestle and using 3 wl buffer per mg 

of shoot material. The mixture was incubated for 1 hour on 

ice. The tubes were mixed once during that time. The tubes 

were then microfuged 5 minutes at 4°C. Two 20-40 wl aliquots 

of each supernatant was diluted in 1 ml of cold 50 mM acetate 

buffer, pH 5.5. These dilutions were then used for enzyme and 

protein assays. Protein was assayed using the Bradford 
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method. Enzyme assays were according to Esen (1992) except 

that in the case of H95 the substrate concentration and assay 

time were increased. Next, a volume of 4°C methanol was added 

to the tubes that was 2.3x the volume of buffer present. The 

tubes were immediately mixed and microfuged at 4°C for 5 

minutes. Hydroxamic acids were then determined by placing 50 

wl of the supernatant in a microtiter plate well, and adding 

50 wl ferric chloride reagent to each well. Absorbance of the 

resulting iron-hydroxamic acid complex was measured at 600 nm. 

All assays were done in quadruplicate whenever possible; in 

some cases, the amount of material at the shoot tips was too 

little to allow this. 

Hydroxamic acids were extracted from bxbx maize by 

excising mesocotyls from young, etiolated plants and placing 

them in boiling water for 10 minutes to inactivate pB- 

glucosidase. Eight-hundred wl of extract was mixed with 100 

wl of B-glucosidase or buffer (50 mM acetate buffer, pH 5.5). 

The samples were incubated overnight at room temperature, 

placed in a  speedvac concentrator until ary, and 

chromatographed on paper (2-butanol:acetic acid: water 5:4:1). 

In order to determine if there were any natural 

substrates of maize fP-glucosidase besides hydroxamic acid 

glucosides, a 70% methanol extract of etiolated maize shoots 

was made by grinding about 18g of frozen (-80°C) shoots ina 

chilled (-20°C) mortar, in 3 ml methanol/g shoot. The extract 
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was centrifuged at 10,000xg for 10 minutes. The supernatant 

was filtered through Whatman #1 filter paper in a Buchner 

funnel. The supernatant was concentrated under vacuum to a 

volume of about 7 ml. The concentrate was microfuged for five 

minutes. The supernatant was then passed through a sephadex 

LH-20 column (equilibrated with 70% methanol; eluted with 70% 

methanol); absorbance was monitored at 230 nn. 

Chromatographic fractions were analyzed by adding the 

ferric chloride reagent and measuring the absorbance at 600 

nm. Crude extracts and chromatographic fractions (dried ina 

speedvac concentrator and redissolved in water) were also 

tested for B-glucosidase substrates by incubating them with 

and without enzyme for 45 minutes for paper chromatography and 

10 minutes for the glucose assay. Samples were then run ona 

paper chromatogram (2-butanol:acetic acid:water 5:4:1), and 

stained with the ferric chloride reagent or for glucose 

(partially purified samples only) (Robyt and White, 1987). 

Samples were examined quantitatively for glucose using a 

peroxidase/glucose oxidase (PGO) based assay. To 20 wl of 

sample is added 40 pl of 4mg/ml 2,2'-azinobis(3- 

ethylbenzthiazolinesulfonic acid (ABTS). To this, 50 pl of 

PGO enzymes are added. PGO enzymes (Sigma cat. 510-6) come in 

capsules, each of which contains 500 units of glucose oxidase 

(Aspergillus niger), 100 Purpurogalin units of peroxidase 

(horseradish), and buffer salts. One capsule was dissolved in 
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25 ml distilled deionized water. The mixture is incubated 30 

minutes and the absorbance at 450 nm is measured. Any 

difference between the absorbance when enzyme is added and 

when buffer only is added is considered to be due to the 

presence of glucosides. 

Tissue prints were made by the method of Varner (1992), 

and stained for f-glucosidase activity similarly to 

polyacrylamide gels (Esen and Cokmus, 1990). Hydroxamic acids 

were localized histochemically by taking 4-6 cm etiolated K55 

and bxbx seedlings and making longitudinal or cross sections, 
  

and staining with the ferric chloride reagent. After about 

30-60 seconds, sections were observed and photographed under 

a dissecting microscope. 

Vacuoles were isolated according to Saftner and Martin 

(1993), except that 0.29 g desalted (on Sephadex G-25) 

cellulase RS was used instead of 0.5g cellulase, and also 0.2% 

Driselase. 

Results 

Analysis of Sephadex LH-20 fractions is shown in Fig. 8. 

There appears to be only one peak in which incubation with #- 

glucosidase causes an increase in the levels of glusose; 

therefore, there is only one major maize f$-glucosidase 

substrate which is separated here. This glucoside peak also 

corresponds to a ferric chloride reactive peak; therefore, 

this B-glucoside is a hydroxamic acid. This is confirmed by 

76



paper chromatograms of selected fractions (Fig. 9). They show 

the cleavage of the hydroxamic acid B-glucosidase substrate. 

The products of this cleavage are a hydroxamic acid with a 

higher R, value and a sugar. 

The distribution of hydroxamic acids and B-glucosidase 

activity along the shoot length is shown in Figs. 10-12. Both 

hydroxamic acid levels and S-glucosidase activity levels peak 

near the node in K55 and H95. bxbx maize has the highest 

levels of ferric chloride reactive material in the mesocotyl. 

Histochemical localization of hydroxamic acids is shown in 

Figures 14-23; Figure 13 shows the gross anatomy of a maize 

shoot. The most ferric chloride reactive material is found in 

young leaves (especially associated with the vascular bundles 

of the leaves) and in the stele of the mesocotyl and the 

vascular bundles of the coleoptile. bxbx maize stains only 

lightly in the mesocotyl and not at all in the primordial 

leaves or coleoptile. Primordial (adventitious) roots of bxbx 

(Fig. 16) also stain. The chromatogram of bxbx mesocotyl 

extract showed that the hydroxamic acid was not detectable 

after incubation with S-glucosidase. 

B-glucosidase activity is associated with the vascular 

trace in the coleoptile, leaves, and mesocotyl (Fig. 14, 15). 

B-glucosidase activity and hydroxamic acids appear to 

colocalize at the tissue level They are both found in the 

stele of the mesocotyl and young leaves, and associated with 
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the vascular bundles of the coleoptile. 

Isolated vacuoles contained contaminating protoplasts. 

They did not form a blue/purple color in the presence of the 

ferric chloride reagent. 
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Fig. 8. Sephadex LH20 fractions of a methanolic maize extract. 
Hydroxamic acids were determined using the ferric chloride 
reagent; glucose and glucosides were determinded using a 
glucose oxidase/peroxidase based assay (see methods). 
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Fig. 9. Paper chromatogram of Sephadex-LH20 fractions of 

methanolic maize extract. Paper chromatography was in sec- 
butanol:acetic acid:water (5:4:1). (+) sample incubated with 

B-glucosidase; (-) sample incubated with buffer only. Numbers 

are fraction numbers. (Top) Chromatogram stained with the 

ferric chloride reagent, showing hydroxamic acids. (Bottom) 

Chromatogram stained for sugar (Robyt and White, 1987). 
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Figure 10. Distribution of B-glucosidase activity, hydroxamic acids, and protein 
along the K55 shoot length. 8-glucosidase activity was measured using the pNPG 
assay and protein was determined using the Bradford assay; both were extracted 

in acetate buffer, pH 5.5. Hydroxamic acids (both glucoside and aglycone) were 
extrated with 70% methanol/30% acetate buffer, pH 5.5. They were quantitated 
using the ferric chloride reagent. See methods for details. 
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Figure 11. Distribution of B-glucosidase activity, hydroxamic acids, and protein 
along the H95 shoot length. B-glucosidase activiry was measured using the pNPG 
assay and protein was determined using the Bradford assay; both were extracted 

in acetate buffer, pH 5.5. Hydroxamic acides (both glucoside and alglycone) were 
extracted with 70% methanol/30% acetate buffer, pH 5.5. They were quantitated 
using the ferric chloride reagent. See methods for details. 
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Figure 12, Distribution of 8-glucosidase activity, hydroxamic acids, and protein 
along bxbx shoot length. B-glucosidase activity was measured using the pNPG 
assay and protein was determined using the Bradford assay; both were extracted 
in acetate buffer, pH 5.5. Hydroxamic acids (both glucoside and aglycone) were 
extracted with 70% methanol/30% acetate buffer, pH 5.5. They were quantitated 
using the ferric chloride reagent. See methods for details. 
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Figure 13. Schematic diagram of a maize 
shoot, showing anatomy. 
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       Fig. 14. Young, etiolated K55 mesocotyl cross section. Top: 
Fresh tissue section stained with the ferric chloride reagent 
to show the location of hydroxamic acids (blue/purple) . 
Bottom left: Tissue print ‘Varner, 1992) stained for ¢-— 
glucosidase activity (Esen and Cokmus, 1990). Bottom right: 
Fresh tissue section, unstained. 
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Fig. 15. Young, etiolated K55 shoot tip cross section, showing 
coleoptile and young leaves. Top: Tissue print (Varner, 1992) 
stained for B-glucosidase activity (Esen and Cokmus, 1990). 
Bottom left: fresh tissue section, stained with the ferric 
chloride reagent, showing the location of hydroxamic acids 
(blue/purple). Bottom right: unstained fresh tissue section 
(control) : 
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Fig. 16. Histochemical localization of hydroxamic acids ina 
young, etiolated bxbx maize shoot mesocotyl (About 1 cm up 
from the base of a 5 cm Shoot): Left: unstained. Right: 
Stained with the ferric chloride reagent, showing the location 
of hydroxamic acids (bluish-purple). Note the staining of 
adventitious roots (arrow). 
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Fig. 17. Histochemical localization of hydroxamic acids in a 
bxbx maize shoot tip (about 3 cm down from the tip of a 5 cm 
shoot). Left: unstained. Right: Stained with the ferric 
chloride reagent, showing the lack of hydroxamic acids (no 
bluish-purple color). 
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Fig. 18. Histochemical localization Of hyaroxamic acids in K55 
maize. Longitudinal section of the tip of a young, etiolated 
shoot, unstained (top) and stained with the ferric chloride 
reagent (bottom). Bluish-purple color indicates the presence 
of hydroxamic acids. 
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Fig. 19. Histochemical localization of hydroxamic acids in K55 
maize. Longitudinal section of the middle of a young, 
etiolated shoot, unstained (top) and stained with the ferric 
chloride reagent (bottom). Bluish-purple color indicates the 
presence of hydroxamic acids. 
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Fig. 20. Histochemical localization of hydroxamic acids in K55 
maize. Longitudinal section of the base of a young, etiolated 
shoot (mesocotyl), unstained (top) and stained with the ferric 
chloride reagent (bottom). Bluish-purple color indicates the 
presence of hydroxamic acids. 
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Pig. 21. Histochemical localization of hydroxamic acids in 
bxbx maize. Longitudinal section of the tip of a young, 
etiolated shoot, unstained (top) and stained with the ferric 
chloride reagent (bottom). Bluish-purple color indicates the 
presence of hydroxamic acids. 
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Fig. 22. Histochemical localization of hydroxamic acids in 
bxbx maize. Longitudinal section of the middle of a young, 
etiolated shoot, unstained (top) and stained with the ferric 
chloride reagent (bottom). Bluish-purple color indicates the 
presence of hydroxamic acids. 
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Fig. 23. Histochemical localization of hydroxamic acids in 
bxbx maize. Longitudinal section of the base (mesocotyl) of 
a young etiolated shoot, unstained (top) and stained with the 
ferric chloride reagent (bottom). Bluish-purple color 
indicates the presence of hydroxamic acids. 
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Discussion and conclusions 

Analysis of Sephadex LH-20 fractions indicates that 

-hydroxamic acid glucosides are the major f-glucosidase 

substrates found in maize. However, we cannot exclude the 

possibility of the existence of other major substrates which 

copurify with glucose on the Sephadex column. In addition, a 

low-abundance substrate might not have been detected. 

Hydroxamic acids are the major ferric chloride reactive 

material in maize (Hamilton, 1964b). Reacting maize extracts 

with the ferric chloride reagent has been shown to be a good 

method for estimating DIMBOA concentration (Long et al, 1974), 

which could not be the case if there were substantial amounts 

of interfering material, such as plant phenolics (Thackray et 

al, 1990). In addition, Woodward et al (1979) find a linear 

relationship between hydroxamic acids determined by the ferric 

chloride method and DIMBOA content determined by GLC. If the 

line is extrapolated to zero DIMBOA content, the amount of 

ferric chloride reactive material at that point is also 

virtually zero, indicating the lack of any other major ferric 

chloride reactive material besides DIMBOA. 

The distribution of hydroxamic acids along the shoot 

length is different than the distribution of fB-glucosidase 

(Figs. 10-12). The hx distribution does not have as great a 

peak near the node as the f-glucosidase distribution. The 
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inbred bxbx has some ferric chloride reactive B-glucosidase 

substrate in the mesocotyl, which is presumably a hydroxamic 

acid glucoside; the disappearance of hydroxamic acids upon 

prolonged incubation with @-glucosidase is due to the lability 

of the aglycone in aqueous solution (half-life approx. 5 hrs 

at 28°C) (Woodward et al, 1978). The glucoside is stable and 

remains after the incubation if enzyme is not present. bxbx 

has little detectable hydroxamic acid in the coleoptile or 

primordial leaves. This genotype may be a mutant in the 

distribution of hydroxamic acids. 

In the mesocotyl and coleoptile, most ferric chloride 

reactive material is associated with the vascular system 

and/or young, meristematic tissue. The hydroxamic acid/f- 

glucosidase defense system would appear to mainly protect 

young, growing plant parts. In a mesocotyl cross section 

(Fig. 14), the stele stains most intensely; this is consistent 

with the results of Xie et al (1991) who found higher levels 

of hydroxamic acids in the stele than in the cortex. Although 

they are associated with the vascular tissue, hydroxamic acids 

are probably not in xylem, since Argandofia and Cocuera (1985) 

found none in xylem exudates of leaves. It is possible that 

hydroxamic acids are in the phloem or apoplast; this would be 

consistent with their known deterrent effect to aphids. They 

could also be localized in parenchyma associated with the 

vascular system. Like hydroxamic acids, most B-glucosidase 
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activity is found in the stele of the mesocotyl, in the young 

leaves, and associated with the vascular bundles in the 

coleoptile (Fig. 14, 15). 

Hydroxamic acids are found as glucosides in the intact 

maize plant (Hofman and Hofmanova, 1971), and these glucosides 

are a substrate of maize B-glucosidase. Since the hydroxamic 

acid aglycone is toxic to maize, B-glucosidase and hydroxamic 

acids must be compartmentalized in the intact plants. An 

analogous situation exists for cyanogenic glucosides. There 

are three possibilities: 1) compartmentalization is 

subcellular; 2)compartmentalization could be at the cellular 

or tissue level; or 3) both of the above could be true. For 

the cyanogenic system of sorghum, alternative (3) is true. 

The @-glucosidase is found in the chloroplasts of mesophyll 

cells, while the glycoside is found in the vacuoles of 

epidermal cells (Poulton, 1990). In maize, given that £6- 

glucosidase activity and hydroxamic acids are found in the 

same tissues, a subcellular system of compartmentalization 

seems most likely. B-glucosidase is located in plastids; 

hydroxamic acids would be expected to be found in some other 

compartment. The preliminary vacuole isolation experiment 

showed little evidence of the presence of hydroxamic acids. 

However, it could be that the vacuoles are more readily 

isolated from cells that contain little or no hydroxamic 

acids. In addition, the concentration of vacuoles was not 
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high; this may have diluted the hydroxamic acids to the point 

at which they could not be detected. 
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General Discussion 

The data I have obtained about the substrate specificity 

of maize B-glucosidase supports the previously proposed 

catalytic models (Trimbur et al, 1993, Aerts et al, 1985). 

These models imply that there should be two sites or subsites 

on the enzyme, one for the binding of the sugar portion of the 

substrate, and the other for the binding of the aglycone 

portion. For maize fB-glucosidase, it appears that for 

aglycones and aglycone analogues, the more hydrophobic the 

analogue is, the better it functions as a competitive 

inhibitor (Table 2). Therefore, I propose that the aglycone 

site of maize #-glucosidase is a hydrophobic pocket. The 

glycone site does not appear to tightly bind sugars; thus, 

substrate specificity is largely determined by the aglycone 

binding site. Although the glycone site binding is not tight, 

actual hydrolysis appears to require a specific configuration 

of the sugar. An exception to the loose binding to the glycone 

site is the compound D-gluconic acid lactone. It has 

structural similarity to the transition state intermediate 

proposed in the model. 

The K, of DIMBOA, the aglycone of the natural substrate, 

is very low (0.11 mM, Cuevas et al, 1992). Typically, one 

would expect to find that the K, of a natural substrate is 

equal to the concentration of that substrate in vivo. This 

allows the enzyme to be efficiently regulated. However, the 
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concentration of DIMBOA-glc in maize, assuming that 1 g of 

tissue is equivalent to 1 ml of liquid and that the hydroxamic 

acid is evenly distributed throughout, is 1.3-6.5 mM 

(calculated from Woodward et al, 1979). This is more than 

tenfold higher than the K. This is consistent with DIMBOA- 

glc being the natural substrate of maize f@-glucosidase, 

however, if one takes the function of the enzyme into account. 

The DIMBOA-glc/f-glucosidase system is analogous to cyanogenic 

systems; upon tissue disruption, enzyme and substrate come 

into contact, and toxic aglycone is released, deterring or 

killing potential predators. There is no in vivo contact 

between enzyme and substrate, since the two are 

compartmentalized. In this system, the enzyme does not need 

to be regulated; it is only necessary to produce as much 

DIMBOA as possible, under whatever conditions exist 

(saturation kinetics). Therefore, one would expect a K, which 

is much lower than the expected substrate concentration. 

The adaptiveness of the resistance of the enzyme to 

proteases and denaturing agents might also be explained by 

considering its function. It is expected to act on its 

substrate when tissue is disrupted. Thus, the enzyme- 

catalyzed reaction will be happening in a soup of plant 

lysate, including various endogenous proteases; it might also 

be happening in an insect gut. Thus, the enzyme's resistance 

to proteases and denaturants and acidic pH optima facilitate 
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its action under adverse conditions, where it can act to 

protect the plant. 

The analogy to other defensive glucoside/f-glucosidase 

systems may extend to subcellular compartmentation. In Avena, 

glucosides called saponins are found in the vacuole, and £- 

glucosidase is found in the plastid (Nisus et al, 1988). 

Moreover, the B-glucosidase aggregates into large, EM visible 

structures called stromacenters. This might be analogous to 

the aggregation of B-glucosidase in certain maize inbreds. 

Future researchers should examine electron micrographs of 

these inbreds to see if any visible structures corresponding 

to B-glucosidase exist in maize. In sorghum, the glycoside is 

in the vacuole of the epidermal cells, while the B-glucosidase 

is in the mesoderm. (Kojima et al, 1979). Many linamarases 

(cyanogenic f$-glucosidases) are located in the apoplast 

(Poulton, 1990). Maize B-glucosidase is located in the 

plastid; preliminary experiments show no evidence of 

hydroxamic acids in the vacuole, but evidence for their 

presence in protoplasts. However, the amount of hydroxamic 

acids found in protoplasts seems to me to be too low to 

account for all the hydroxamic acids in the plant. Based on 

my histochemical localization, a subset of cells contains most 

of the hydroxamic acids. It could be that these cells do not 

make good protoplasts and/or do not yield good intact 

vacuoles. Indeed, it might be advantageous to the plant if 
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these cells were more easily disrupted (and therefore not 

often isolated as intact protoplasts) if this would result in 

the release of hydroxamic acids and the deterrence of 

predation or the decreasing of predator fitness. It is also 

possible that hydroxamic acids are synthesized in the cell and 

exported to the apoplast; this would account for finding 

relatively low amounts within the cells. This would allow the 

maximum separation between enzyme and substrate that is 

consistent with their presence in the same tissues. 

Future research should concentrate on the subcellular 

localization of hydroxamic acids. There is also a need for 

research on the basis of the polymorphism of B-glucosidase, as 

well as the basis of the multiple isoforms. The latter may be 

due to posttranslational modification, since there is only one 

B-glucosidase gene in maize. 
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Appendix I. Computer program for determining K's and V,'s. 
Written in IBM Advanced BASIC (BASICa). 

100 REM this will be a program to do enzyme kinetics 
200 REM according to the Eisenthal-Cornish-Browden 
Equation=direct line plot 
210 PRINT "This program will calculate Km's and Vmax's using 
the direct linear plot." 
220 PRINT " (i.e., the Eisenthal-Cornish-Browden Equation.)" 
222 CLEAR 

225 ON ERROR GOTO 60000 

226 PRINT "Do you want to load a file from disk(y/n)" 
228 INPUT A$ 

230 IF A$="y" THEN GOSUB 8000 

232 IF AS="n" THEN GOTO 250 

235 GOTO 226 

250 INPUT “How many data points (substrate concentration, 
velocity) do you have" ;A% 
255 IF A%<2 THEN PRINT "you need at least two points to use 
this method" 
256 IF A%<2 THEN GOTO 250 

258 IF A%<50 THEN GOTO 300 

260 PRINT “are you sure that you have";A%"point?(y/n)" 
262 INPUT P$ 
264 IF PS="n" THEN GOTO 250 

266 IF PS="y" THEN GOTO 300 

268 GOTO 260 

300 DIM CONCENTRATION (A%) 

310 DIM VELOCITY (A%) 

320 DIM KM(A%,A3%) 
330 DIM VM(A%,A3%) 
331 IF A%<>6 THEN GOTO 350 

333 PRINT "Do you want to use the preset concentrations? (y/n)" 
335 INPUT AS 

337 IF AS$="y" THEN 55555 

340 IF AS="n" THEN 350 

345 GOTO 333 

350 PRINT "Next, you need to enter the data in the format" 
355 PRINT "substrate concentration, velocity, at the prompt." 
360 FOR X=1 TO A% 

370 PRINT "enter data point #";X 
380 INPUT CONCENTRATION (X), VELOCITY (X) 
390 NEXT X 

400 PRINT "Here is what you have entered" 
410 FOR X=1 TO A% 

420 PRINT "#"X": "CONCENTRATION (X) ; VELOCITY (X), 
430 NEXT X 

440 PRINT "Do you need to change any of these values (y/n)?" 
450 INPUT AS 
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460 IF AS="n" THEN GOTO 600 

470 IF AS="y" THEN GOTO 500 

480 GOTO 440 

500 PRINT "Which entry number do you need to change?" 
505 PRINT "(Type zero to print out the list again,or to stop 
editing)" 
510 INPUT X 

520 IF X=0 THEN GOTO 400 

525 IF X=~-1 THEN GOTO 400 

530 PRINT "enter new values for entry number" 
540 INPUT CONCENTRATION (X), VELOCITY (X) 
550 GOTO 500 
600 REM now that values have been entered,now we need to do 

calculations (ugh) 
700 FOR X=1 TO A% 

710 FOR Y=1 TO A% 
720 IF X=Y THEN GOTO 800 

725 IF KM(Y,X)<>0 THEN GOTO 800 

7 3 0 

KM (X,Y) =( (CONCENTRATION (X) *CONCENTRATION (Y) ) * (VELOCITY (Y) -VE 
LOCITY (X) ) ) / (CONCENTRATION (Y) * VELOCITY (X) -CONCENTRATION (X) *V 
ELOCITY (Y)) 
7 5 0 

VM(X,Y)=(VELOCITY (X) *VELOCITY (Y) ) * (CONCENTRATION (Y) -CONCENTR 
ATION (X)) / (VELOCITY (X) *CONCENTRATION (Y) -VELOCITY (Y) *CONCENTR 

ATION (X) ) 
760 PRINT "Km, Vmax for pair";X;Y;"is:"KM(X,Y) ;VM(X,Y) 
770 VALUES=VALUES +1 

800 NEXT Y 

810 NEXT X 

850 REM now calculate means 
860 DIM KMLIST(VALUES) 
870 DIM VMLIST(VALUES) 
1070 FOR X=1 TO A% 
1080 FOR Y=1 TO A% 

1085 IF KM(X,Y)=0 THEN GOTO 2000 
1090 TOTALKM=TOTALKM+EM (X, Y) 
1100 TOTALVM=TOTALVM+VM (X,Y) 
1120 P=P+1 

1130 VMLIST(P)=VM(X,Y) 
1140 KMLIST(P)=KM(X,Y) 
2000 NEXT Y 

2010 NEXT X 
2200 PRINT “average km=";TOTALKM/VALUES 

2300 PRINT "average Vm=";TOTALVM/VALUES 
2400 PRINT "Medians will now be calculated; it is recommended 
that you use these values for Km and Vmax. Press spacebar to 
stop the calculations." 
2401 GOSUB 10000 
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2500 PRINT "Do you want a printout(y/n)?" 
2600 INPUT AS 

2610 IF AS="y" THEN GOTO 2700 

2620 IF AS="n" THEN GOTO 3000 

2630 GOTO 2500 

2700 REM printout time 
2710 FOR X=1 TO A% 

2720 FOR Y=1 TO A% 

2730 IF KM (X,Y)=0 THEN 2900 

2740 LPRINT "kKm=";KM(X,Y)7;"Vm="7VM(X,Y);"for values";X;¥Y 
2900 NEXT Y 

2910 NEXT X 

2920 LPRINT "average km=";TOTALKM/VALUES 
2930 LPRINT "average vm=";TOTALVM/VALUES 
2940 LPRINT "median km=";MEDIANKM 

2950 LPRINT “median vm=";MEDIANVM 

3000 PRINT "Do you want to save your data on diskette?(y/n)" 
3010 INPUT BS 

3020 IF BS="y" THEN GOSUB 5000 

3030 IF BS="n" THEN GOTO 4000 

3050 REM 

4000 PRINT "Do you want to end the program? (y/n)" 
4010 INPUT BS 

4020 IF BS="y" THEN END 

4030 IF BS="n" THEN GOTO 100 

4050 END 

5000 REM this is a subroutine to save your data 
5010 PRINT "enter your filename (8 characters or less)" 
5015 PRINT "The suffix .kin will be appended to your 
filename." 
5020 INPUT BS 

5030 FILENAMES=LEFTS (BS$,8) 
5040 REM IF RIGHTS (FILENAMES,1)<"A" GOTO 5010 

5050 REM IF RIGHTS (FILENAMES,1)>"z" GOTO 5010 

5060 OPEN FILENAMES+".kin" FOR OUTPUT AS #1 

5062 PRINT "saving" FILENAME$S+".kin" 

5065 WRITE #1, A% 
5070 FOR X=1 TO A% 

6000 WRITE #1, CONCENTRATION (X) , VELOCITY (X) 
7010 NEXT X 

7020 CLOSE #1 

7030 RETURN 

8000 REM this is a section to take care of loading files 
8010 PRINT "Do you want a list of files (y/n)?" 
8020 INPUT BS 

8030 IF BS="y" THEN GOTO 8060 

8040 IF BS="n" THEN GOTO 9000 

8050 GOTO 8010 

8060 FILES "*.kin" 
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8070 REM need to trap file not found error 
9000 PRINT "Please enter the filename:" 
9010 INPUT BS 

9011 V=LEN(BS) 
9012 IF RIGHTS(BS,4)=".kin" THEN BS=LEFTS(BS$, V-4) 

9020 FILENAMES=LEFTS (BS, 8) 

9030 OPEN FILENAMES+".kin" FOR INPUT AS #1 

9040 INPUT #1,A% 

9042 DIM CONCENTRATION (AZ) 

9044 DIM VELOCITY (AZ) 

9050 FOR X=1 TO A% 

9070 INPUT #1,CONCENTRATION(X) , VELOCITY (X) 
9075 NEXT X 

9080 CLOSE #1 

9090 GOTO 400 

10000 REM this is a subroutine to find medians 
10010 DIM ORDEREDLIST (VALUES) 
10020 FOR X=1 TO VALUES 

10025 ORDEREDLIST (X)=-100 

10030 NEXT X 

10040 FOR X=1 TO VALUES 

10050 IF KMLIST(X)>ORDEREDLIST(1) THEN 
ORDEREDLIST (1) =KMLIST (xX) 
10060 NEXT X 

10070 FOR Y=2 TO VALUES 

10080 FOR X=1 TO VALUES 

10085 AS=INKEYS: IF AS=" " THEN 11000 

10090 IF KMLIST(X)>ORDEREDLIST(Y) AND 
KMLIST (X)<ORDEREDLIST(Y-1) THEN ORDEREDLIST (Y)=KMLIST(X) 
10100 NEXT X 

10200 NEXT Y 

10210 IF VALUES/2+.5=CINT(VALUES/2) THEN 
MEDIANKM=ORDEREDLIST (VALUES/2+.5) 
10220 IF VALUES/2=CINT(VALUES/2) THEN 
MEDIANKM= (ORDEREDLIST (VALUES/2) tORDEREDLIST (VALUES/2+1) ) /2 
10230 PRINT "median km=";MEDIANKM 
10300 FOR X=1 TO VALUES 
10310 ORDEREDLIST(X)=-100 
10320 NEXT X 
10330 FOR X=1 TO VALUES 
10340 IF VMLIST(X)>ORDEREDLIST(1) THEN 
ORDEREDLIST (1) =VMLIST (X) 
10350 NEXT X 
10370 FOR Y=2 TO VALUES 
10380 FOR X=1 TO VALUES 
10385 AS=INKEYS$: IF AS="" THEN 11000 
10400 IF VMLIST(X)>ORDEREDLIST(Y) AND 
VMLIST (X) <ORDEREDLIST(Y-1) THEN ORDEREDLIST(Y)=VMLIST(X) 
10410 NEXT X 
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10420 NEXT Y 
10430 IF VALUES/2+.5=CINT(VALUES/2) THEN 
MEDIANVM=ORDEREDLIST (VALUES/2+.5) 
10440 IF VALUES/2=CINT(VALUES/2) THEN 
MEDIANVM= (ORDEREDLIST (VALUES/ 2) +ORDEREDLIST (VALUES/2+1) )/2 
10500 PRINT "median vm=";MEDIANVM 

11000 RETURN 

55555 REM this routine to handle set concentrations 
55600 CONCENTRATION (1)=16.75 

55610 CONCENTRATION (2)=8.375 
55620 CONCENTRATION (3)=4.188 

55630 CONCENTRATION (4)=2.094 

55640 CONCENTRATION (5) =1.047 
55650 CONCENTRATION (6)=.5234 

55660 FOR X=1 TO A% 

55670 PRINT "velocity for" ;CONCENTRATION (X) ;"mM"; 
55680 INPUT VELOCITY (X) 

55690 NEXT X 

55700 GOTO 400 

60000 IF ERR= 53 THEN PRINT "That file is not on this 
diskette.":RESUME 8010 
60100 IF ERR =27 THEN PRINT "The printer is out of 
paper": RESUME 
60200 IF ERR=11 THEN PRINT "Division by zero? What kind of 
data are you entering anyway?":RESUME 400 
60300 IF ERR=61 THEN PRINT "The disk is full":RESUME 3000 

60400 IF ERR=70 THEN PRINT "The disk is write 

protected":RESUME 3000 
60450 IF ERR=71 THEN PRINT "If you would be so kind as to put 
a diskette in the drive.":RESUME 3000 
60460 PRINT "Error number"ERR"has occurred at line 
number"ERL"." 
60470 PRINT "This is probably due to a bug in the program 
which should be fixed." 
60480 ON ERROR GOTO 0 
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