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Fig. 10. Comparison or the weights or unmodified, partially modified

and fully modified fractions from barley malted for various
periods. The fractions were divided by using a Friabilimeler and a
sieve.
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Fig. 12. Comparison of the proteolytic activity in unmodified, par

tially modified and fully modified regions of barley malted for
various periods.
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Fig. II. Soluble and bound P-amylase present in unmodified (U),

partially modified (PM) and fully modified (FM) regions of

barley malted for different periods.

decreased. Bound P-amylase was converted into the Tree

enzyme mostly in the fully modified regions of the grain. It

was in this region that the majority of the proteolytic activity

was found (Fig. 12). Release of bound p-amylase was not

apparent in the unmodified regions of the grain and there was

no protease activity in this region either.

Discussion

When bound and free P-amylase monomers were separated

by clectrophoresis, five main monomer forms were found in the

soluble extract but only the two smallest monomer forms were

present in the extract containing the bound P-amylase. The

origin of the multiplicity of P-amylase monomer forms is the

proteolytic processing, in the carboxy-terminal region, of the

largest P-amylase monomer34. This occurs, at least in part,

during seed development when P-amylase monomers with size

and charge differences are produced34. The reason for the
presence of the different forms remains unclear. The number

of monomer forms previously detected (in other varieties of

barley) was at least four"-40. Lundgard and Svensson34

reported the effective separation and purification of four

monomers. These were termed P-amylase 1, 2,3 and 4 in order

of decreasing molecular weight. The largest P-amylase

monomer, termed P-amylase I, is the only gene product". It is

the parent P-amylase form and the primary structure for the

protein corresponds to the nucleotide sequence of the gene33.

P-Amylase 1 undergoes proteolysis to form the other
monomers34-35. The smallest monomer previously reported
(54 kDa) was a stable species that did not readily undergo

proteolysis3'. Indeed, it has been claimed that the only P-
amylase monomer present in significant amounts in malts has

a molecular weight of 55 kDa22. This presumably corresponds
to the smallest form found by other workers. Such proteolytic

cleavage (and production of P-amylase forms) has been used to

explain the release of bound P-amylase during germination90.

The barley embryo releases endogenous gibberellins during

early germination416. Gibberellins are known to induce the
production and release of proteases and a range of other

enzymes in the aleurone layer24 and have been shown here to
cause the production of P-amylase releasing factors (Table I).

Low molecular weight thiols, such as glutathione, are not

directly responsible for the release of bound P-amylase in viwi$

(Fig. 2). The releasing factors are high molecular weight and

are almost certainly proteins. The principal proteases present

in malt are sulphydryl proteases, serine proteases, metallo

proteases and aspartate proteases26. A mixture of inhibitors of

all these classes of proteases (added in theoretical excess),

when incubated with a malt extract and bound P-amylase,

failed to inhibit all the proteolytic activity present in a three

day malt extract and failed to stop about 20% of the bound

enzyme being released (Fig. 3). This may have been due to

incomplete inhibition of the proteases. However, incubation of

a malt extract at 95°C for 15min destroyed all proteolytic

activity, yet this extract still released some of the bound

P-amylase, presumably by the reductive cleavage of disulphide

links (Fig. 4). The release was even more striking when the

denatured extract had been pre-incubated with DTT, in order

to reduce any protein disulphide groups present in the extract

to thiol groups, so increasing the reducing power of the

proteins in the denatured extract. The DTT was removed,

prior to incubation with the bound P-amylase, by small scale

gel filtration. Proteolysis is widely believed to be the cause of

release of bound P-amylase during germination and the use of

protease inhibitors has been shown to be more effective, in

some instances, at preventing the release of bound P-amylase

by germinated grain extracts than we have demonstrated50.
However, the complete prevention of release has never been

achieved by the use of proteolytic inhibitors. It has also been
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Fig. 13. The possible origins of the major forms of P-amylase in malted barley (using data from Lundgard and Svensson 1987M and Kreis el at.,
198732.
Key: * = Bound P-amylase may be bound via one or more of the exposed cysteine residues. P = Endosperm protein to which insoluble

P-amylase is bound (protein-Z may be involved in these interactions). p-Amylase I is the largest monomer form (59.7 kDa). Proteolysis at

site I on the protein to which insoluble P-amylasc is bound, could release bound p-amylase. Proteolysis at site A produces p-amylase 4 (54.0
kDa). Proteolysis at site B produces P-amylase 31 (approximately 56 kDa). Proteolysis at site D produces P-amylase 2 (58.0 kDa).

suggested that endogenous gibbcrellins were indirectly res

ponsible for the release of bound p-amylase, but also that

thiol-disulphide exchange may have a role in the release5. The
theory that proteolysis is the only mechanism of release of

bound P-amylase would be easily acceptable if only the largest

monomer forms were present in the bound form. This is not

the case, the two smallest p-amylase monomers are the most

abundant forms present in the bound form (Fig. 1). If the

smallest p-amylase monomer is stable to proteolysis, then the

release of this form would have to be mediated by thiol-

disulphide exchange. If this form is not completely stable to

proteolysis, then release may occur by proteolytic cleavage,

removing a small peptide from the carboxy-terminal region.

Lundgard and Svensson34 suggested that the conserved repeat

sequence, Gly-Met-Gly-Gly-GIn, which occurs four times in

the carboxy-terminal region of the unproteolysed form of

P-amylasc, is the site of proteolysis by which the forms arc

inter-converted and released from the bound form. However,

the repeat sequence which would be the site of proteolysis

responsible for the formation of the smallest P-amylase mono

mer occurs between amino acid residues 493 and 497, whilst

the cystine residue by which the P-amylase monomers are

supposed to be bound is at residue 503 (Fig. 13). Therefore

this smallest P-amylase form could not be bound via the

cystine residue at position 503 but via a different cystine

residue closer to the N-terminal end of the protein, for

example Cys 376. Proteolysis to release this monomer would

give a released protein of molecular weight approximately 41

kDa. Since such a small p-amylase monomer has never been

detected, this seems unlikely. However, the smallest p-amylase

monomer (p- amylase 4) has been shown to have COOH

terminals in three or four different positions34. The molecular

weight of this form was about 54 kDa. When the largest form

was treated with papain or trypsin, another form P-amylase 4',

(55kDa), was formed34. This presumably terminated on the

carboxy-terminal side of Cys 503, implying that the smallest

P-amylase form could be released by reduction of the cystine

or by proteolysis at the repeat sequence between residues 493

and 497. A fifth and even smaller monomer has also been

formed by the extensive proteolysis of larger forms with

subtilisin A. There are presumably not just four sites of

proteolysis by which the P-amylase monomers can be

separated, and released from the bound form. Thus the

smallest form may be released by thiol-disulphide exchange,

but may conceivably be released by limited proteolysis. A
further possibility is that proteolysis could occur on the

protein-Z molecule (or other proteins to which p-amylase is

bound) and cause the release of bound P-amylase (Fig. 13,
arrow I). This would lead to the production of a form in

which fragments of protein are attached to the P-amylase via a
disulphide link. The molecular weight of this form would have

a molecular weight above that of its monomeric components.

Purification, isolation and amino acid sequencing of all the

malt forms of the enzyme would show whether this was the

case.

We present evidence here, that suggests that in vivo bound

p-amylase may be released by reduction of the disulphide

bridges linking P-amylase to the insoluble protein mass of the

endosperm. The reducing agent is macromolecular (Fig. 2).

Thioredoxin, a 12.7 kDa protein has been shown to reduce

protein disulphides23-29-30. Thioredoxin has also been detected
in the endosperms of wheat seeds25. P-Amylase was released
from barley flour by thioredoxin, when thioredoxin was

present in an estimated 20 fold excess of the P-amylase, on a

molar basis (Fig. 8). Other disulphide links in the preparation

might have "used up" the reducing power of the thioredoxin.

The bound p-amylase was prepared from 0.5 g flour (approxi

mately 12 grains). The dry grain weight is approximately 40

mg and each grain contains around 11.9% protein7. Thus each

grain contains approximately 4.8 mg protein of which about

1-2% is P-amylase32. Each P-amylase molecule on average

contains 5 cysteine residues34. As about half the P-amylase is
in the bound form, the grain contains between 24 ug and 48 |ig

bound P-amylase (approximately 0.45 to 0.89 nmol). Thus the

amount of bound P-amylase cysteine residues per corn is

between 2.3 and 4.5 nmol (although not all these are ex

posed"). So in twelve grains there are at most approximately

54 nmol of disulphide bridges by which the enzyme is bound.

However, not all of the cysteine residues may be involved in

disulphide formation by which P-amylase is bound. Thio

redoxin (83 nmol) in a ratio of about 3/2 to the maximum

amount of bound P-amylase disulphide groups, released about

30% of the bound enzyme demonstrating that at low concen

trations thioredoxin is a powerful releasing agent for bound

p-amylase. The same molar concentration of DTT did not

release any bound P-amylasc. This is not surprising since

thioredoxin is approximately 1000-fold more efficient on a

molar basis than DTT at reducing protein-disulphides23-42. If

thioredoxin and thioredoxin reductase were present in ger

minating barley seeds, it is a possibility that P-amylase and

seed storage proteins could be reduced by this system as

previously suggested23. However, in order to activate thio
redoxin, it must be reduced in vivo by NADPH and thio

redoxin reductase. NADPH can be generated by the enzymes

of the pentose phosphate pathway, but these enzymes are

presumably only present in the living tissues of the grain, not

in the starchy endosperm. In previous studies, no account

has been made as to how NADPH or thioredoxin could be
shuttled between the starchy endosperm and the living

tissues30. The redox potential of the thioredoxin-S, and the
GSSG couples are similar, -0.26 V and -0.25 V respectively54.

Thus if thioredoxin was present in barley endosperms, the
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ratio of thioredoxin-(SH), to thioredoxin-(S2) would be similar

to that of GSH and GSSG. This being the case, the fact that

thioredoxin has a much greater reducing effect than gluta-

thionc on protein disulphide bonds implies that it would need

to be present in much lower concentrations than the concen

tration of glutathione required to mediate bound (3-amylasc

release. When endosperm extracts were prepared from three

day germinated grain and divided into different molecular

weight fractions, the fraction which would contain thioredoxin

(molecular weight, 12.7 kDa), if it were present, (6-15 kDa)

may have caused the release of some P-amylase (Fig. S).

To test the permeability of cell walls and to ascertain how

far advanced endosperm modification would have to be before

proteins the size of thioredoxin could penetrate the endosperm

tissue, a series of experiments were carried out with a coloured

protein of approximately the same molecular weight. This was

cytochrome c (molecular weight 12.4 kDa). The protein was

applied to grains degermed at various stages of germination,

and allowed to diffuse into the endosperm. A similar series

of experiments was carried out using the larger artificially

coloured protein triose phosphate isomerase (TPI) which has a

molecular weight of 3S.2 kDa. This is similar to the molecular

weight of many of the cysteine endoproleases found in ger

minating barley. This type of experiment does not allow

absolute conclusions to be made, as different proteins behave

in different ways, but it does allow rough estimations to be

made about the limiting diameters of pores in the endosperm

cell walls. Caprita9 claimed that the limiting diameter of pores

in undegraded plant cell walls was about 4 nm and that cell to

cell communication with molecules larger than this (globular

proteins having molecular weight greater than 17 kDa) would

be severely restricted. This work was carried out on Raphanus

salints (radish) roots and Gossypium hisutum (cotton) fibres.

The results showed that a protein of approximately the same

molecular weight as thioredoxin could penetrate the cell walls

of the unmodified starchy endosperm of the ungerminatcd

barley endosperm. When the crushed cell layer, between the

embryo and the endosperm was left intact, the cytochrome c

concentrated in this region and very little penetrated the endo

sperm. In the intact, ungerminated grain the crushed cell layer

may act as a physical barrier to check the passage of proteins

between the embryo and the endosperm, but would not

prevent the passage of proteins from the aleurone layer to the

endosperm. TPI did not penetrate the unmodified endosperm

of the ungerminated grain or grain that had been germinated

for one day. This shows that proteins the size of proteases

produced during the first 24 h of germination could not pene

trate the endosperm tissue until at least 48 h of germination,

when the release of bound P-amylasc begins15. The proteolytic

activity increased fastest in the most modified region of the

grain (Fig. 11). Since TPI could not penetrate the unmodified

endosperm, this was to be expected because the proteases

found in germinating barley were between 27 kDa and 64 kDa

(Fig. 7). The results with the grain fractions prepared using the

Friabilimeter showed that proteases were only located in the

most modified regions. As discussed earlier, most of the release

of bound P-amylase was probably caused directly by proteases.

By day two of germination, the release of bound p-amylase

had started in the "fully modified" regions of the grain. It was

these regions of the grain that contained most of the proteo

lytic activity.

Proteases causing the release of bound p-amylase have been

shown to be principally cysteine endoproteases17-50. Various
cysteine endoproteases, with molecular weights ranging from

30 to 37 kDa have been isolated from malt31-41*1. It is also
proteins in this molecular weight range that, after heat de-

naturation, are able to mediate the non-proteolytic release of
bound P-amylase (Fig. 6). As early as 1908 boiled papain was

shown to release bound P-amylase14. We suggest that it could

be possible that the thiol groups on cysteine endoproteases

may in part be responsible for the release of bound P-amylase

during germination, acting to break the enzyme-insoluble

protein disulphide bridge by reductive cleavage. These

proteases once extracted can be activated by thiols, 2-

mercaptoethanol for example. During grain germination, the

cysteine endoproteases may be activated by endogenous thiols

and themselves become reducing agents able to reduce

disulphide bonds to free thiols.
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