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FiG. 13. 13'51e possible origins of the major forms of B-amylase in malted barley (using data from Lundgard and Svensson 1987* and Kreis et al.,
1987,
Key: * = Bound B-amylase may be bound via one or more of the exposed cysteine residues. P = Endosperm protein to which insolpble
B-amylase is bound (protein-Z may be involved in these interactions). B-Amylase 1 is the largest monomer form (59.7 kDa). Proteolysis at
site | on the protein to which insoluble B-amylase is bound, could release bound B-umylase. Proteolysis at site A produces fi-amylase 4 (54.0
kDa). Proteolysis at site B produces B-amylase 3! (approximately 56 kDa). Proteolysis at site D produces B-amylase 2 (58.0 kDa).

suggested that endogenous gibberellins were indirectly res-
ponsible for the release of bound B-amylase, but also that
thiol-disulphide exchange may have a role in the release®. The
theory that proteolysis is the only mechanism of release of
bound B-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 f-amylase monomers are the most
abundant forms present in the bound form (Fig. 1). If the
smallest B-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 Svensson® 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
B-amylase, is the site of proteolysis by which the forms are
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 B-amylase mono-
mer occurs between amino acid residues 493 and 497, whilst
the cystine residue by which the B-amylase monomers are
supposed to be bound is at residue 503 (Fig. 13). Therefore
this smallest B-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 B-amylase monomer has never been
detected, this seems unlikely. However, the smallest B-amylase
monomer (B- amylase 4) has been shown to have COOH
terminals in three or four different positions*. The molecular
weight of this form was about 54 kDa. When the largest form
was treated with papain or trypsin, another form B-amylase 4’,
(55kDa), was formed*®. This presumably terminated on the
carboxy-terminal side of Cys 503, implying that the smallest
B-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 smailer 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 B-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 B-amylase is
bound) and cause the release of bound B-amylase (Fig. 13,
arrow 1). This would lead to the production of a form in
which fragments of protein are attached to the B-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
B-amylase may be released by reduction of the disulphide
bridges linking B-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 disulphides?*2*®_ Thioredoxin has also been detected
in the endosperms of wheat sceds®, B-Amylase was released
from barley flour by thioredoxin, when thioredoxin was
present in an estimated 20 fold excess of the B-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 B-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% protein’. Thus each
grain contains approximately 4.8 mg protein of which about
1-2% is B-amylase’?. Each P-amylase molecule on average
contains 5 cysteine residues®. As about hall the B-amylase is
in the bound form, the grain contains between 24 pug and 48 pg
bound B-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 B-amylase is bound. Thio-
redoxin (83 nmol) in a ratio of about 3/2 to the maximum
amount of bound B-amylase disulphide groups, released about
30% of the bound enzyme demonstrating that at low concen-
trations thioredoxin is a powerful releasing agent for bound
B-amylase. The same molar concentration of DTT did not
release any bound PB-amylase. This is not surprising since
thioredoxin is approximately 1000-fold more efficient on a
molar basis than DTT at reducing protein-disulphides?*¥2, If
thioredoxin and thioredoxin reductase were present in ger-
minating barley seeds, it is a possibility that B-amylase and
seed storage proteins could be reduced by this system as
previously suggested?®. 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 arc
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
tissues®. The redox potential of the thioredoxin-S, and the
GSSG couples are similar, -0.26 V and -0.25 V respectively,
Thus if thioredoxin was present in barley endosperms, the
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ratio of thioredoxin-(SH), to thioredoxin-(S,) 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-
thione 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 B-amylase
release. When endosperm extracts were prepared from three
day germinated grain and divided into different molecular
weight fractions, the fraction which would contain thioredoxin
(molccular weight, 12.7 kDa), if it were present, (6-15 kDa)
may have caused the release of some B-amylase (Fig. 5).

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 ¢ (molecular weight 12.4 kDa). The protein was
applied to grains degermed at various stages of germination,
and allowed 1o 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 35.2 kDa. This is similar to the molecular
weight of many of the cysteine endoproteases 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. Caprita® 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
sativus (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 ungerminated
barley endosperm. When the crushed cell layer, between the
embryo and the endosperm was left intact, the cytochrome ¢
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 [rom 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 B-amylase begins'®. 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 B-amylase was probably caused directly by proteases.
By day two of germination, the release of bound f-amylase
had started in the “fully modified” regions of the grain. It was
these regions of the grain that contained most of the proteo-
Iytic activity.

Proteases causing the release of bound B-amylase have been
shown to be principally cysteine endoproteases'™. Various
cysteine endoproteases, with molecular weights ranging from
30 to 37 kDa have been isolated from malt®-4'¥, It js also
proteins in this molecular weight range that, after hecat de-
naturation, are able to mediate the non-proteolytic releasc of
bound B-amylase (Fig. 6). As early as 1908 boiled papain was
shown to release bound B-amylase'. We suggest that it could
be possible that the thiol groups on cysteine endoproteases
may in part be responsible for the release of bound f-amylase
during germination, acting to break the enzyme-insoluble
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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 ugents able to reduce
disulphide bonds to free thiols.

REFERENCES

1. Analytical Committee of the Institute of Brewing Recommended
Methods of Analysis, 1986, section 2.16.

2. Bajomo, M. F. & Young, T. W, Journal of the Institute of Brewing,
1990, 96, 373.

3. Beynon, R, J. In Protein Purification Methods, a Practical
Approach (Harrs, E. L. V. & Angal, S., eds.). IRL Press 1992, p.
40

4. Briggs, D. E. In Barley: Genetics, Biochemistry, Molecular Biology
and Biotechnology (Shewry, P. R., ed.), 1992, p. 369, C.A.B.
International Wallingford.

S. Briggs, D. E. In Biosynthesis and its Control in Plants (Milborrow,
B. V., ed.), 1973, p. 219, Academic Press, New York.

6. Briggs, D. E. In Cereals in a European Context (Morton, 1. D,,
ed.), 1987, p. 119, Ellis Horwood, Chichester.

7. Briggs, D. E., Hough, J. S., Stevens, R. & Young, T. W. In Malting
and Brewing Science ( Malt and Sweet Wort), 2nd edition, Volume
1, 1981, Chapman & Hall, London.

8. Brookes, P. A. & Martin, P. A. Journal of the Institute of Brewing,
1975, 81, 357.

9. Caprita, N. C. Science, 1982, 218, 813.

10. Caprita, N. C., Sabularse, D., Montezinos, D. & Delmer, D. P.
Science, 1979, 205, 1144,

11. Daussant, J,, Gmbar, P. & Nummi, M. Proceedings of the 10th
Congress of the European Brewery Convention, Stockholm, 1965, p.
62.

12. Enari, T-M., Puputti, E. & Mikola, J. Proceedings of the 9th
Congress of the European Brewery Convention, Brussels, 1963, p.
37.

13. Engel, C. Biochemica et Biophysica Acta, 1947, 1, 42,

14, Ford, J. S. & Guthrie, J. M. Journal of the Institute of Brewing,
1908. 14, 60.

15. Grime, K. H. & Briggs. D. E. Journal of the Institute of Brewing,
1995, 101, 337.

16. Groat, J. 1. & Briggs, D. E. Phytochemistry, 1969, 8, 1615.

17. Guerin, J. R., Lance, R. C. M. & Wallace, W. Journal of Cereal
Science, 1992, 15, 5.

8. Hara-Nishimura, 1., Nishimura, M. & Daussant. J. Protoplasma,
1986, 134, 149.

19. Hardie, D. G. Phytochemisiry, 1975, 14, 1719.

20. Harris, E. L. V. In Protcin Purification Methods, a Practical
Approach (Harris, E. L. V. & Angal, S, eds.), p. 50, 1992, IRL
Press.

21. Harris, G. In Burley and Malt Biology. Biochemistry and Techno-
logy (Cook, A. H., ed.), p. 583, 1962, Academic Press, London &
New York.

22, Hejgaard, L. Journal of the Institute of Brewing, 1978, 84, 43.

23. Holmgren, A. Journal of Biological Chemistry, 1979, 254, 9113.

24. Jacobsen, J. V. & Vamer, J. E. Plant Physiology, 1967, 42, 1596.

25. Johnson, T. C., Wada, K., Buchanan, B. B. & Holmgren, A. Plant
Physiology, 1987, 88, 446.

26. Jones, B. L., Wrobel, R., Marinac, L. & Zhanng. N. Proceedings
of the 20th Congress of the European Brewery Convention, Oslo,
1993, p. 53.

27. Kelly, L. & Briggs, D. E. Journal of the Institute of Brewing, 1993,
99, 57.

28. Kervinen, J., Surkkinen, P, Kalkkinen, N., Mikola, L. & Saarma,
M. Phytochemistry, 1993, 32, 799.

29. Kobrehel, K., Boihon, C. Y. & Buchanan, B. B. Journal of
Biological Chemistry, 1991, 266, 16135.

30. Kobrehel, K., Wong, J. H., Balogh, A., Kiss, F., Yee, B. C. &
Buchanan, B. B. Plant Physiology. 1992, 99, 919.

31. Koehler, S. M. & Ho, T-M. D. Plam Physiology, 1990, 94, 251.

32. Kreis, M., Williamson, M.. Boxton, B., Pywell, J., Hejgaard, J. &
Svendsen, |. FEBS Letters, 1987, 169, 517.

33. Lauriére, C., Lauriére, M. & Daussant, J. Physiologia Plantarum,
1986, 67, 383.

34. Lundgard, R. & Svensson, B. Carlsherg Research Communications,
1987, 82, 313.

35. Lundgard, R. & Svensson, B. Carlsberg Research Communications,
1986, 51, 487.

This document is provided compliments of the Institute of Brewing and Distilling

www.ibd.org.uk

Copyright - Journal of the Institute of Brewing



270

36.
3%
38.
)9.

41.
42.

43.

45.

B-AMYLASE RELEASE BY MACROMOLECULES

MacGregor, A. W,, LaBerge, D. E. & Meridith, W. O. S. Cereal
Chemistry, 1971, 48, 255,

Mikola, J. & Enari, T-M. Journal of the Institute of Brewing, 1970,
76, 182.

Niku-Paavola, M-L., Skakoun, A., Nummi, M. & Daussant, J.
Biochimica et Biophysica Acta, 1973, 322, 181,

Nummi, M., Vilhunen, R. & Enari, T-M. Proceedings of the 10th
Congress of the European Brewery Convention, Stockholm, 1965, p.
52,

. Nummi, M.. Vilhunen, R. & Enari, T-M. Acta Chemica Scandina-

vica, 1965, 19, 1793.

Phillips, H. A. & Wallace, W. Phytochemistry, 1989, 28, 3285.
Pigiet, H. A. & Schuster, B. ). Proceedings of the National Aca-
demy of Sciences USA, 1986, 83, 7643.

Pollock, J. R. A. & Pool, A. A. Journal of the Institute of Brewing,
1958, 64, 151.

Poulle. M. & Jones, B. L. Plant Physiology, 1988, 88, 1454,
Sandegren, E. & Klang, N. Journal of the Institute of Brewing,
1950, 56, 313.

46.

47.
48.
49.
50.
Sk,

52.
53,

54,

[3. Inst. Brew.

Sarath, G., De La Motte, R. S. & Wagner, F. W. In Proteolytic
Enzymes, a Practical Approach (Beynon, R. J. & Bond, J. S, eds.),
p 25, IRL Press 1990.

Sarkkinen, P,, Kalkkinen, N., Tilgmann, C., Siuro, )., Kervinen, J.
& Mikola, L. Planta, 1992, 186, 317.

Shinke, R. & Mugibayashi, N. Agricultural and Biological
Chemistry, 1971, 38, 1381.

Shutov, A. D. & Vaintraub, L. A. Phytochemistry, 1987, 26, 1557.
Sopanen, T. & Lauriére, C. Plamt Physivlogy, 1989, 89, 244.
Spradlin, J. & Thoma, J. A. Journal of Biological Chemistry, 1970,
245, 117,

Strumeyer, D. H. Analytical Biochemistry, 1967, 19, 61.
Sundblom, N-O. & Mikola, J. J. Physiologia Plantarum, 1972, 27,
281.

Williams, C. H., Jar. In Tke Enzymes (Boyer, P. D., ed.), 1976, 13,
89, Academic Press, New York.

This document is provided compliments of the Institute of Brewing and Distilling

www.ibd.org.uk

Copyright - Journal of the Institute of Brewing





