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Abstract—When phytochemical defence response was elicited by treatment of maize with chitosan, the binomial
isoenzymes of L-glutamate dehydrogenase (GDH, EC 1.4.1.2) isomerized. The amination electrode potential of the
GDH charge isomers decreased by 10 mV in the chitosan-treated maize. GDH isomerization and amination are
therefore spontaneous reactions. The free L-Glu and L-Gln were 3.84 and 3.68 wmol, respectively, per 10 g of the
chitosan-treated maize. The amination activities of GDH showed that the 10 mV decrease in electrode potential
accounted fully for the 3.84 wmol free L-Glu content of the chitosan-treated maize. Therefore the binomial GDH
synthesized all the L-Glu, thereby salvaging at least 51% of the NH; liberated during phytochemical defence
response, while glutamine synthetase salvaged the remaining NH . The chitosan-elicited isomerization of maize
GDH and the accompanying 10 mV decrease in electrode potential widened the plant—pathogen amination energy

barrier, thereby minimizing the amount of NH, the pathogen can absorb from the plant.

INTRODUCTION

The phenylpropanoid pathway embodies the major
chemical defence mechanism consequent upon the
infection of a plant by a pathogen. The committed step
in the pathway [1] is the release of NH, from L-Phe by
phenylalanine ammonia-lyase. The metabolic flux
through the pathway is considerable because up to 40%
of the plant’s organic matter is derived from L-Phe
during phytochemical defence response [2]. The sal-
vage of the NH, released during phytochemical de-
fence response has been ascribed to the activities of
glutamine synthetase-glutamate synthase (GS-GOGAT)
cycle [3]. Studies in which '*N-labelled L-Phe was used
showed that the NH, was recycled to the phenyl-
propanoid pathway [2]. The recent demonstration that
NADH-glutamate dehydrogenase (GDH, EC 1.4.1.2) is
more efficient than GOGAT in the synthesis of L-Glu in
maize [4] suggests that the enzyme may be involved in
the salvage of the NH, during phytochemical defence
response. The charge-dependent isomerization of the
subunits of GDH also suggests that the mechanisms by
which the subunits salvage NH; may be part of the
inducible defence response mechanism of plants against
pathogens. Ammonium ion salvage is part of the
general intermediary metabolism of the cell. Apart from
the supply of some intermediates to the secondary
metabolic pathways, the direct role of primary inter-
mediary metabolism in phytochemical defence response
has not been described before. Previous studies have

also demonstrated that the GOGAT of chitosan-treated
maize is inhibited by 2-ketoglutarate [5]. Chitosan
treatment of maize therefore provides a unique oppor-
tunity for probing not only the general mechanism of
NH; salvage, but in particular the role of GDH during
phytochemical defense response.

Pathogenic fungal species are primarily found as
contaminants of maize seeds. It has been demonstrated
that the fungal infection induces chitosanase activities
as a defense response by maize [6, 7]. Treatment of
seeds with elicitor chitosan also triggered the phenyl-
propanoid pathway by inducing the synthesis of phen-
olic compounds and antifungal phytoalexins [8—10].
Chitosan is a de-N-acetylated derivative of chitin.
Polysaccharides chitosan and chitin are structural com-
ponents of the cell walls of many fungi [11]. Chitin and
chitosan are thought to be released during plant—patho-
gen interaction by the actions of chitinase and chitosan-
ase that cleave fungal wall polysaccharides [12]. Treat-
ment of plants with chitosan therefore mimics fungal
infection and thereby provides a method for avoiding
the use of microbes in phytochemical defence response
experiments.

Hereunder, we report that the elicitation of phyto-
chemical defence response by treatment of maize with
chitosan induced the isomerization of GDH and a
lowering of the reductive amination potential of the
enzyme by 10mV, thereby enabling the enzyme to
salvage at least 51% of the NH, released during the
defence response.
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Fig. 1. One-dimensional native PAGE of GDH: native PAGE
of the GDHs extracted from equal weights (130 mg) of the
endosperms of (A) control maize seedlings, and (B) elicitor

chitosan-treated seedlings. The electrophoresed gel was
stained for NADH-GDH activity with tetrazolium blue re-
agent. Lane (C) is peanut GDH, which served as a marker.

RESULTS AND DISCUSSION

Isomerization of GDH during phyvtochemical defence
response

The GDH extracted from control maize endosperms
and from the endosperms of chitosan-treated seeds were
electrophoresed through native 7.5% polyacrylamide
gel (PAG). In the result (Fig. 1), maize GDH displayed
a 2-isoenzyme system in this traditional one-dimension-
al fractionation of the enzyme, compared with peanut
GDH, which displayed the classical 6-7 system of
isoenzymes. Furthermore, maize GDH isoenzyme 2
was more abundant in the chitosan-treated maize than
in the control maize. Therefore, chitosan treatment of
maize altered the relative abundance of the 2-iso-
enzyme system.

The GDH isolated from control maize endosperms
and from the endosperms of chitosan-treated seeds were
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then subjected to isoelectric focusing (IEF) using Bio-
Rad’s Rotofor IEF cell [13]. Thereafter, the resulting 20
fractions were subjected to native 7.5% PAGE, fol-
lowed by activity staining of the electrophoresed gel
[4]. The resolution achieved is shown in Fig. 2. The
GDHs from control maize and from chitosan-treated
maize, focused in Rotofor tubes 5, 6, 7, 8,9, 10, 11 and
12, corresponded to pH values of 5.8, 6.1, 6.3, 6.5, 6.8,
6.9, 7.1 and 7.3, respectively. This is therefore the
typical 7 charge isomer system of GDH [14]. Native
PAGE resolved each charge isomer to the constituent
isoenzymes [4]. Therefore, Rotofor IEF elegantly frac-
tionated the 2-isoenzyme system of maize GDH to the
constituent isoenzymes of different charges. The res-
olution of maize GDH isoenzymes to their different
charge isomers by Rotofor IEF was so efficient that
isoenzyme 1, which was not detected in the traditional
one~-dimensional native PAGE became detectable in
some charge isomers (Fig. 2). A comparison of Figs |
and 2 therefore shows that the one-dimensional native
PAGE of GDH did not resolve the enzyme into its
population of binomial hexameric isoenzymes. The
inability of the traditional one-dimensional native
PAGE to resolve GDH isoenzymes into their respective
charge isomers hampered the understanding of the
isomerization property of the enzyme.

In the control maize. the GDH isoenzymes in row 3
were more abundant than those in row 2. However, in
the chitosan-treated maize, the GDH isoenzymes in row
2 were more abundant than those in row 3. Therefore,
the population distribution pattern of the GDH iso-
enzymes in the chitosan-treated maize differed from
that of the control maize. Phytochemical defence
response in maize therefore induced GDH subunit
isomerization similar to those induced by NH, [4].

Many pathogenesis-related proteins, including
chitosanase, chitinase and 1,3-8-glucanase are induced
in plants during plant—-pathogen interaction [15]. How-
ever, GDH differs from pathogenesis-related proteins
because it is present in the plant prior to the infection of
the plant by pathogen, but the NH, released by the
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Fig. 2. Binomial isoenzymes of the GDH of control and chitosan-treated maize: the GDH isolated from maize seeds germinated
in the presence of distilled water (control) and 0.1% elicitor chitosan solution were fractionated by Rotofor IEF and then by
native 7.5% PAGE. GDH activity was detected by staining the electrophoresed PAG with tetrazolium blue reagent.
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Table 1. Aminating activities* of the GDH charge isomers of control and chitosan-treated germinating
maize seeds

Rotofor tubes pH Control maize Chitosan-treated maize
5 5.8 0.100+0.009 0.1342+0.012
6 6.1 0.087=0.007 0.170%0.013
7 6.3 0.122+0.011 0.297+0.020
8 6.5 (0.168+0.014 0.180*0.013
9 6.8 0.166*+0.014 0.170%0.016
10 6.9 0.07320.006 0.172x0.014
11 7.1 0.12220.011 0.126x0.013
12 7.3 0.062+0.007 0.098+0.010

*Activity is expressed in NADH converted into NAD ™ min ' ml ™' of each Rotofor fraction. Activity is

also numerically equal to mmol Glu produced.

plant during defence response induces the enzyme to
isomerize. Therefore, GDH is a defence-related en-
zyme. Its inducible isomerization ensures the rapid
salvage of the NH, released during the interaction of
the plant with the pathogen.

Energetics of GDH isomerization

The amination activity of the GDH charge isomers
permitted the calculation of the equilibrium constant
(K,,,) of the amination reaction. The pH values of the
charge isomers (Table 1) and the K, were then applied
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to the Nernst equation [16] in order to derive the
amination electrode potentials of the charge isomers. A
plot of the electrode potentials against the pH values is
shown in Fig. 3. As expected, an increase of | pH unit
was accompanied by a 59 mV decrease in amination
electrode potentials of the GDH of both the control
maize and of chitosan-treated maize. This is further
evidence that amination is the thermodynamically
favoured reaction of GDH [17]. Oxidative deamination
activity of the GDH of chitosan-treated maize was
found to be negligible, being less than 3 gmol min '
ml ™" of the Rotofor fractions.
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300 . | L " |
s

Fig. 3. Active defence response by the charge isomers of maize GDH: maize GDH was isolated from the endosperms of seeds

germinated in the presence of distilled water (control) or 0.1% elicitor chitosan solution, followed by fractionation to the charge

isomers by Rotofor IEF. The aminating activities of the charge isomers were converted into electrode potentials and then plotted
against the pH values of the isomers.
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The electrode potentials of the GDH charge isomers
of chitosan-treated maize were 10 mV more negative
than those of the control maize (Fig. 3). This means
that the isomerization of, and amination by, GDH are
spontaneous reactions. The lower electrode potential of
the GDH of chitosan-treated maize widened the energy
barrier between the plant and the pathogen, thereby
minimizing the amount of NH, the pathogen can
absorb from the plant. If the NH, released by the plant
were readily available to the pathogen, the phenyl-
propanoid pathway would rapidly run out of L-Phe with
consequent collapse of the phytochemical defence
response. This means that the spontaneous isomeriza-
tion of GDH is part of the active biochemical defence
response by the plant. This energetic defence by GDH
has hitherto not been recognized [15].

Synthesis of glutamate during phytochemical defence
response

The free amino acid compositions of control maize
endosperm and of maize treated with chitosan are
shown in Table 2. The free L-Glu concentration of
chitosan-treated maize was 384 nmol g ' of maize.
Since GOGAT is inhibited in chitosan-treated maize
[5), GDH amination activity accounted for the free
L-Glu concentration. On the other hand, GDH is
inhibited in control maize [18]; therefore, GOGAT
accounted for the 262 nmol of the free L-Glu in control
maize [4].

Maize endosperm proteins are degraded to amino
acids during seed germination [19-22]. To investigate
the contribution which chitosan treatment of maize
seedlings made to proteolysis, the proteolytic activities
of endosperm extracts were determined. Proteolytic

Table 2. Free amino acid composition of control and chitosan-
treated germinating maize seeds

Chitosan-treated seeds
[nmol (g fr. w) ™"

Control seeds
[nmol (g fr. wt)~ 1

Amino acids

Glu 262 384
Ser 366 420
Gly 526 390
Asn 552 512
Gln 242 368
His 192 238
Thr 300 312
Ala 1006 1340
Arg 294 280
Pro 544 778
Tyr 256 392
Val 450 464
Met 120 158
Ile 194 220
Leu 454 738
Phe 114 182
Trp 50 28
Lys 294 252
Asp 272 380
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activities of the control, chitosan-treated and 25 mM
NH,Cl-treated maize were 15.3*x1.3, 14.6=1.5 and
16.2+2.0 ug casein hr 'g”' endosperm, respectively.
Theretore, the maize endosperms of the three ex-
perimental treatments had similar proteolytic activities,
which were further demonstrated by the solid-phase
digestion of PAG-immobilized casein (Fig. 4). The
proteolytic enzymes from the three experimental treat-
ments of germinating maize digested the casein in equal
areas of the PAG, as determined by the densitometric
measurements of the areas. Therefore, neither the
chitosan nor the NH,Cl treatment aftected the
proteolytic enzymes. Accordingly, the higher levels of
L-Glu and metabolically related amino acids in the
chitosan-treated maize were not due to the catabolism
of the proteins. These results are in agreement with
those on chitosan-mediated enhancement of the protein
contents of maize [6, 18, 23] because if chitosan
treatment of maize activated the proteolytic enzymes,
the protein content of maize would have decreased
instead.

If GDH is solely responsible for the synthesis of
L-Glu in chitosan-treated maize, then the 10mV de-
crease in the reductive amination potential of the GDH
should account for the free L-Glu concentration. The
electrode potentials (Fig. 3) and the amination activities
of the GDH charge isomers (Table 1) showed that, on
average. 360 mV produced 140 gmol of L-Glu. Protein
extract from 10 g of maize endosperm was used for the
Rotofor preparation of the GDH charge isomers pre-

®

Fig. 4. Proteolytic activities of extracts from germinating
maize endosperm: extracts from equal weights (0.5 g) of the
endosperms of (1) control, (2) elicitor chitosan-treated and (3)
25 mM NH Cl-treated maize seedlings were electrophoresed
through native PAG copolymerized with casein. The elec-
trophoresed gel was incubated at 37° to permit proteolysis of
the casein to take place. The gel was then stained with
Coomassie Blue. Areas of proteolysis were quantified by
densitometry.
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sented in Fig. 2. From Table 2, the L-Glu content of
10 g of the endosperm of chitosan-treated maize was
3.84 pumol. Therefore, the 10 mV decrease in the reduc-
tive amination potential of GDH consequent upon the
elicitation of phytochemical defence response in maize
was sufficient to sustain the synthesis of the free L-Glu
content of chitosan-treated maize. This is further evi-
dence in support of the in vivo amination function of
GDH. The above results show that the decrease in the
electrode potential of the GDH of elicitor-treated maize
is part of the energetic defence response for ensuring
the efficient salvage of NH, and synthesis of L-Glu by
the enzyme. Synthesis of L-Glu during phytochemical
defence response ensures continued provision of L-Phe,
which is the first substrate in the phenylpropanoid
pathway [1, 2]. Synthesis of L-Glu is part of primary
intermediary metabolism. The decrease in the reductive
amination electrode potential of binomial GDH and the
accompanying increase in the synthesis of L-Glu repre-
sent the contribution which primary intermediary me-
tabolism makes in support of phytochemical defence
response.

Ammonium ion salvage during phytochemical defence
response

A comparison of the chitosan-dependent isomeriza-
tion of GDH with those that were induced by NH,CI
[4] shows that the effect of chitosan treatment was
similar to that of 25mM NH,CI treatment (Fig. 2).
This suggests that the NH, released during defence
response is considerable. The internal NH, concen-
trations of maize were 0.31+0.02, 0.9*0.1 and
0.8=0.1 umol g ' of endosperm for the control,
25mM NH,Cl-treated maize and chitosan-treated
maize, respectively. The fact that the internal NH
concentration of the 25 mM NH, Cl-treated maize was
equivalent to that of the chitosan-treated maize is
further evidence that the NH, released during phyto-
chemical defence response is considerable. The NH
content of actively photo-respirating plant cells [3, 24]
is of the same order of magnitude as that of chitosan-
treated maize. Therefore, NH, released during phyto-
chemical defence response is efficiently salvaged. Since
GOGAT is inhibited in chitosan-treated maize [5, 18],
it follows that GDH activities accounted for the syn-
thesis of all the L-Glu. However, GS was not inhibited
in chitosan-treated maize. Therefore, NH, was sal-
vaged by GDH and GS in chitosan-treated maize.
Based on the concentrations of free L-Glu and L-Gln,
which were 384 and 368 nmol g ' of maize endo-
sperm, respectively (Table 2), and on the fact that GDH
synthesized all the L-Glu, it follows that GDH salvaged
at least 51%. while GS salvaged at most 49% of the
NH, released during phytochemical defence response.
The combination of the GDH and GS activities is the
basis of the efficient salvage of the NH, released
during phytochemical defence response in maize.

Enhanced storage protein contents have been
achieved by treatment of yam tuber, sweet potato and
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maize with chitosan [23, 25]). The induction of GDH
isomerization by the NH, released in the chitosan-
treated maize and the accompanying increase in the
level of L-Glu now provide a further explanation for the
biochemical basis of the protein enhancement. Chitosan
treatment of suspension cell cultures of yam tuber and
sweet potato also induced isomerization of their GDHs,
and there were dramatic increases in the free L-Glu
levels of the cells [26]. Yam tuber and sweet potato
naturally carry heavy burdens of pathogenic fungi,
which induce phytoalexin synthesis in the crops (27,
28]. Therefore, the active defence response by GDH
ensures that the NH, released by the plant is efficiently
and rapidly salvaged. This enables the plant to continue
to operate the phenylpropanoid pathway in response to
the presence of pathogen. A practical application of
these results is that we have extended the post-harvest
storage life of yam tubers [29] significantly, by washing
the tubers with dilute solutions of chitosan (unpublished
result).

The accumulating data on the isomerization of GDH
are throwing more light on the possible physiological
role of the enzyme. The isomerization of the enzyme
has been demonstrated in plant senescence [30] and in
fruit ripening [31]. Since the committed step in the
GDH amination reaction is subunit isomerization [4], it
follows that the observed isomerization of GDH during
plant senescence and fruit ripening are indicative of the
NH, salvage reaction of the enzyme. In senescence,
just as in phytochemical defence response, NH; is
released [1, 2, 30, 31] by the plant. Therefore, senes-
cence and plant-pathogen interaction are the ideal
physiological states of the plant most suitable for
probing the role of GDH in NH, salvage. The use of
chitosan instead of pathogen in this study assured the
absence of pathogen’s GDH in the assays [30].

The role of NADH-GDH in the salvage of the NH,
released during phytochemical defence response could
have been investigated further by treatment of the
maize seeds with mixtures of methionine sulphoximine
(MSX) and chitosan. Since MSX inhibits the subunit
isomerization of maize NADH-GDH [4], it is unsatis-
factory to apply it to the crop when specific inhibition
of GS [32, 33] is desired. A plant growth retardant like
MSX [33], which requires many days for its effects to
be manifested physiologically, does have the potential
additional problem of exercising some undesirable side
effects [34]. One of the side effects of MSX in maize
is, unfortunately, that it inhibits the isomerization of the
NADH-GDH. Since the committed step in the catalytic
mechanism of GDH is its subunit isomerization [4, 14,
18, 30, 31, 35], it is necessary not only to demonstrate
the GDH isoenzyme population distribution, but also
the activities of the GDH charge isomers in experi-
ments pertaining to NH, salvage. Many previous
excellent studies on the redox activities of the enzyme
did not carry out this analysis because there was no
preparative scale IEF equipment.

Since the amination reaction of GDH is considered
the thermodynamically more favourable reaction than
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the deamination reaction, it is somewhat contradictory
that the staining reaction of the enzyme in PAG is in the
deamination direction. This formazan precipitating re-
action is indeed very slow, normally requiring the
PAGE of milligram quantities of the GDH extract,
followed by overnight incubation of the gel in tetra-
zolium blue solution. The staining reaction is very slow
because NAD ™ and L-Glu bind to the enzyme to form
dead-end complexes [36]. The staining reaction is faster
in the amination direction, but more bands appear in the
gel due to the presence in plant extracts of other
NADH-dependent dehydrogenases. Although the direc-
tion in which an enzyme reaction is assayed does not
necessarily indicate the physiological function of the
enzyme, we have developed a Western blot method
which employs chemiluminescent substrates for the
detection of nanogram quantities of Rotofor-fraction-
ated GDH isoenzyme population in | min (unpublished
results). The over-riding chemical evidence in support
of a physiological function for the redox activity of
NADH-GDH is the spontaneity of the reaction in the
amination direction [34], as again demonstrated in Fig.
3.

EXPERIMENTAL

Germination of maize seeds. Maize seeds (Zea mavs
L. Pioneer 3369A var.) were soaked overnight in, 0.1%
native chitosan soln (Protein Lab., Redmond, WA,
U.S.A)) or 25 mM NH,CI. They were then germinated
between filter papers in 9-cm diam. Petri dishes, in a
growth chamber (30°, 12 hr day/night cycle). The filter
papers were moistened daily with H,O, chitosan or
25 mM NH,CI. Germination was stopped at 102 hr by
freezing the seedlings on dry ice. There was 100%
germination in each treatment. The endosperms were
dissected out by hand and immediately stored at —70°.

Extraction of GDH. GDH was extracted from the
endosperms (20 g) and partially purified by pptn with
solid (NH,),SO, [5]. The protein pellet was dissolved
in a minimum vol. of GDH extraction buffer [5] and
dialysed against 3 changes of 3.51 10 mM Tris—HCI
buffer (pH 8.2) at 4°. Protein ppts at the end of dialysis
were removed by centrifugation (10000 g, 15 min, 4°).
The vol. of dialysed extract was made up to 60 ml with
10 mM Tris—HCI buffer (pH 8.2).

Free soln IEF of GDH. Partially purified GDH (c«
0.5 g protein) extracted from 10 g endosperm was made
4M with de-ionized urea, and 2% with Bio-Lyte
ampholyte (pH 3-10. 40% w/v). This soln (40 ml) was
applied to the Rotofor cell [13] and focused {4]. After
IEF, the 20 Rotofor frs were collected and their pH
values measured. Removal of ampholytes was accom-
plished by making each fr. 1 M with NaCl and then
dialysing at 4° against 3 changes of 3.51 10 mM Tris—
HCI (pH 8.2).

Assay of GDH activitv. GDH activity of the Rotofor
frs was determined by photometry at 340 nm [4, S]. For
the aminating reaction, all substrates were prepd in
0.1 M Tris—HCl (pH 8.2). Concs of 16 mM 2-keto-
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glutarate, SO0mM NH,Cl, 1mM CaCl, and 5mM
NADH were used. The reaction was started by addition
of 0.3 ml dialysed Rotofor fr. The total reaction vol.
was 3ml.

In the deaminating direction [14], all substrates were
prepd in 0.1 M Tris—HCI (pH 9.4). Concns of 50 mM
L-Glu, 0.5mM CaCl,, I mM NAD" and 0.3ml
dialysed Rotofor fr. were used. The total reaction vol.
was 3 ml.

Protein concns were determined by the method of
ref. [37], using BSA as standard. GDH activities
presented are the average of 3 independent experi-
ments, each with 2 replicate assays of GDH activity.

Native PAGE. Equal vols (400 ul) of partially
purified GDH extracts from control and chitosan-treated
maize were prepd [4] and electrophoresed through
native 7.5% slab PAG at 4°. GDH extracted from
peanut (Arachis hyvpogaea, L. var. Runner) cotyledons
was also loaded in an adjacent well and electrophor-
esed, to serve as a marker. After Rotofor fractionation
of the GDH extract, equal vols (250 ul) of the Rotofor
frs containing the GDH activities were prepd [4] and
similarly electrophoresed at 4° through native 7.5% slab
PAG.

GDH activity was detected by staining the elec-
trophoresed gel in  glutamate-NAD "—phenazine
methosulphate—tetrazolium blue soln [4, 38]. GDH
bands appeared after incubation of the reaction mixt. at
room temp. overnight. L-Glu was omitted in the blank
test. Gels stained without L-Glu showed no bands.

Free amino acid analysis by HPLC. Free amino
acids were extracted from maize endosperms by ho-
mogenization with twice their vol. (w/v) of 1% picric
acid [4]. The supernatant was passed through a 2-cm
column of Dowex-1 to remove the picric acid. Effluents
(10 il) were used for free amino acid analysis by
HPLC [4].

Ammonium ion contents of maize endosperm. Frozen
endosperms (5 g) were homogenized with 40 ml ex-
traction reagent (0.3 mM H,SO, containing 20 g PVP)
for 3min and centrifuged [6]. As controls, different
aliquots (50-200 u1) of 0.3 mM L-Gln were added to
the endosperms, and homogenized with extraction
reagent {6]. NH; contents of endosperm extracts were
determined by the phenol-hypochlorite method [39].
The controls with added L-Gln had ca 6% increase A;
therefore, interference by amino acids on the NH;
assay was negligible [6].

Extraction and assay of proteolytic enzymes. Endo-
sperms (5g) were defatted by homogenization with
50 ml cold Me,CO {19]. Proteolytic enzymes were then
extracted from the Me,CO powder by homogenization
with 40 mt 0.05M Na-Pi buffer (pH 7) containing
0.01% NaN,. After centrifuging (15000 g, 15 min, 4°)
the homogenate, the supernatant was treated with solid
(NH,),SO,. Protein which pptd between 30 and 65%
(NH,),SO, satn was collected by centrifugation
(15000 g, 15 min, 4°), dissolved in the minimum vol.
of extraction buffer and dialysed at 4° overnight against
3 changes of the same buffer, each change being 3.5 1.
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The dialysed extract was brought to a vol. of 5 ml with
proteolysis assay buffer (50 mM NaOAc, pH 4, con-
taining 5 mM 2-mercapto-ethanol).

Proteolytic activity was determined [19] by incuba-
tion of 0.5ml dialysed extract with 1 ml proteolysis
assay buffer, containing 5 mg casein, for 4 hr at 37°.
The reaction was stopped by addition of 1.5ml 10%
TCA. In the control experiments, TCA was added
without incubation at 37°. The TCA pptn of proteins
was allowed to take place at 4° for several hr. TCA-
insoluble protein was removed by centrifugation
(15000 g, 15 min). Protein content of the supernatant
was determined by the method of ref. [37]. Proteolytic
assays were done in triplicate.

Proteolytic activity was further demonstrated by
PAGE [19] in which 0.05% casein was copolymerized
in native 7.5% PAG. Equal vols (40 ul) of dialysed
protease extracts were prepd and loaded into gel wells,
and electrophoresed as described above at 4°, 100 V and
3.5 hr. The gel was then incubated overnight at 37° in
proteolysis assay buffer. After incubation, the gel was
stained with Coomassie Blue R. Areas of PAG in which
proteolytic enzymes digested casein were quantified by
densitometry.
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