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Abstract—Acetone powders were prepared from tomato fruit tissue sampled during development and the pro-
temns were separated by polyacrylamide disc gel electrophoresis The gels were stained to show up general proteins,
lipoproteins, glycoprotemns and certamn enzymes Minor changes in protein and glycoprotein patterns accom-
panied development Most enzymes exhibited more than one active band, with maximum diversity and specttic
activities usually appearing 1n extracts from mature green tissue and least with over-ripe tissue. The results sup-
port the view that enzyme synthesis accompanies the chimacteric respiration rise at the expense of non-metabolic
protein.

INTRODUCTION

VARIATIONS in the activities of many enzymes during the development of fruits have been
extensively investigated with attention mainly being focused on the changes with ripen-
ing.!~ The key factors governing the initiation of the ripening phenomenon remain obs-
cure but there is considerable evidence to show that the main biochemical changes during
ripening result from a coordinated synthesis of selected proteins, probably involving
degradation of other protens, as 1n the tomato the total amount present on a fresh weight
basis falls during development. Within this limit, a change in protein composition is prob-
able, leading to the production of what has been called “the enzymes of ripening”.?

Polyacrylamide disc gel electrophoresis is a useful techique for the study of fruit proteins
as it is relatively simple, versatile and reproducible. The small amount of protemn in tomato
locule walls, together with the presence of a range of deleterious substances, necessitates
preliminary concentration as an acetone powder and subsequent extraction with salt solu-
tions.

The proteins from tomato fruit at closely defined stages of development were separated
into their main components which were located by general protein stains. Further gels
were specifically tested for the presence of certain terminal oxidases, dehydrogenases, ester-
ases and hydrolases selected for examination because of their potential importance in the
onset and furtherance of ripening. During ripening a number of the enzymes appeared to
change 1n specific activity, often accompanied by characteristic changes in the isoenzyme
patterns.

! DiLLEY, D. R (1970) The Biochemustry of Fruits and thew Products (HULME, A C, ed), Vol 1, pp 179-207,

Academic Press, London
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RESULTS
Extraction procedures and general protein patterns

Acetone powders were prepared from tomato fruit at four stages of development, viz.
small green (SG), mature green (MG—-close to the beginning of the climacteric respiration
rise). red (RED) and over-ripe (OR—post-climacteric), and the protemns extracted by an
alkaline-salt solution containing sucrose Although the amount of protein extracted per
gram acetone powder did not alter significantly from stage to stage during development
(Table 1), (which allowed direct comparison of enzyme activities in gels from different
stages, on the basis of the fresh weight of tissue) there were significant differences between
each successive stage The proteins separated electrophoretically 1n acrylamide gels were
subsequently stained to show the general distribution of components (Fig. 1). Common
bands between the various stages of development were established by coelectrophoresis,
and each stage gave a characteristic staining pattern containing constituents of widely dif-
fering charge and size

TABLE | ACETONE-INSOLUBLE NITROGLN AND PROTFIN CONTENT OF TOMATO FRUIT OUTER LOCULL WALLS DURING

DEVELOPMENT
Stage of development Least
significant
Small Mature Significance  difference
green green Red Over-ripe tevel at P =005

N content of acetone

powder (mg per g) 78 66 72 71 P <005 10
Protein extracted*

from acetone powder

(mg per g} 287
N content per unit

fresh weight (mg

per 100 g) 484
Protein extracted*

per unit fresh

weight (mg per 100 g) 178 1 757 66 0 477 P < 0001 194

[l
[
(%)

261 220

(O]
b
'

183 153 P < 0001 30

* For extraction details see Experimental section

Most of the bands also showed up as glycoprotemns although agaimn the differences
between the stages of development were small Further gels were exammed for lipoproteins
and the result with MG extracts 1s given in Fig. 2(A). All eight bands also showed up with
RED extracts, but OR fruit gave only four (e-h), and SG two (b and ¢). The positions of
most of the active zones were confirmed by the use of fluorescen, but a number of ad-
ditional regions also became coloured and this stain 1s, perhaps, less specific for lipopro-
teins than is Sudan black

Detection of specific proteins as enzymes

Other gels were examined for indications of change n activity during the development
of fruit for representative enzymes from various pathways thought to play a part in ripen-
ing Tests were carried out for two termunal oxidases, tyrosinase and peroxidase, using
catechol and benzidine. respectively, as substrates. Active zones on the gels for MG, RED
and OR extracts coincided with the lipoproten bands e-h in Fig. 2(A). Extracts from SG
fruit showed only one zone at a similar position to band e. The substitution of guaiacol



Electrophoretic investigation of enzymes 1385

for benzidine in tests for peroxidase revealed a further zone of activity at an Rypy (relative
mobility compared with bromophenol blue) of 0-12-0-15. Thus all the sites of tyrosinase
activity and most of the peroxidase bands occurred on the gels at points coincident with
those staining for lipoproteins.

01

02
03

04
05

FiG 1 DISCONTINUOUS GEL ELECTROPHORESIS OF PROTEINS FROM TOMATO FRUIT DURING DEVELOPMENT

Amudo black or Coosmassie blue was used as a stain after the separation of alkaline-salt extracts of

proteins from, A, small green fruit, B, mature green, C, red and D, over-ripe frurt In this and the follow-

g Figures, the areas that are blocked-in represent heavily staining bands at these points on the gels,

double hatching represents moderate staining, and single hatching represents light staining The pro-

temns were separated anodally, and the numbers on the left of the Figure indicate the distance bands
moved relative to bromophenol blue

The esterase pattern revealed that there were 13 centres of activity in MG fruit (Fig.
2(B), but band d was absent in SG and ¢ and f~h absent m RED and OR fruit extracts.
Acid phosphatase distribution was somewhat less complex and that for SG fruit 1s shown
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FiG 2 ELECTROPHORETIC SFPARATION OF TOMATO FRUIT PROTEINS
The gels were stamned for, A, hipoproteins from mature green fruit, B, esterase from mature green fruit, C,
phosphatase from small green fruit, and D, NADH, -diaphorase from mature green fruit
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in Fig. 2(C). A high level of activity at this stage was spread between eight bands and all
of these except f and g were maintamed in MG fruit Further reductions m activity later
in development left only three regions («. ¢ and d) which showed up with the staining mix-
ture.

A zone close to the mid-point of the gels with SG extracts responded to both f-glycero-
phosphatase and ATPase staining mixtures, and with both enzymes reaction was less mn-
tense later in development. Other weakly staining bands were detected but with glycero-
phosphatase these were exclusively m the lower half of the gels and with ATPase n the
upper half
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F1G 3 ELECTROPHORETIC STPARATION OF TOMATO FRU €1 PROTLINS
The gels were stamned for A, fumarase, B. NADP " -malic enzyme, C glutamic dehydrogenase,
and D, phosphofructokinase All extracts were from matute green huit tissuc except € which was
from small green fruit

Tests for NADH ,-diaphorases revealed a wide distribution of reactive sites and that for
MG fruit is shown in Fig. 2(DD). There were minor but characteristic reductions 1 both
the number and intensity of the bands with extracts from all the other stages of ripeness
More specific dehydrogenases were then examined starting with those trom the tricarboxy-
lic acid cycle. Fumarase separated as four zones of activity in MG extracts (see Fig 3(A)).
but only bands a and ¢ persisted in RED and OR fruit SG fruit extracts showed only one
weakly staining band at position ¢ Malic dehydrogenase showed hittle change n activity
with development, there always being two reactive sites. a more intense one with an Ry
of about 044 and a further weaker one composed of three bands between 049 and 0-55.
The NADP*-activated “malic” enzyme by which pyruvate 1s formed directly from malate
was distributed between four centres of activity with MG frunt extracts. and this 18 dlus-
trated 1n Fig. 3(B). Of these only band ¢ gave a reaction for malic dehydrogenase as well.
Band ¢ was not visible with SG extracts and neither ¢ not d with RED or OR extracts. A
single active zone for isocitric dehydrogenase 1n SG fruit (R, 0 54) was augmented by
another band (Rypgp 0-40) at the MG and subsequent stages ol development The total acti-
vity progressively decreased towards over-ripencss

Glutamic dehydrogenase 1s often present in plant tissues n closely related 1soenzymic
forms * Figure 3(C) indicates that SG fruit extracts contained six sones of activity with

“Yur, S B (1969) Plant Physiol 44, 453
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band b staining the most heavily. A similar pattern emerged with MG fruit extracts but
the total activity was considerably greater. RED tissue gave only weak responses confined
to bands a and b, and with OR tissue activity persisted only in band a.
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FiG¢ 4 ELECTROPHORETIC SEPARATION OF TOMATO FRUIT PROTEINS
The gels were stamned for, A, 6-phosphogluconate dehydrogenase, B, phosphoglucomutase, C,
phosphohexose 1somerase, and D, glucose-6-phosphate dehydrogenase All extracts were from mature
green fruit tissue

Phosphofructokinase probably controls the rate of glycolysis by the Embden—-Meyerhof
s¢heme through activation by phosphate.® Four active zones were detected in MG extracts
(a—d in Fig. 3(D)) but band a did not show up when RED or OR extracts were examined.
SG fruit showed reaction only in zones b and d. No marked change in overall activity dur-
ing development was apparent Control experiments were made to eliminate the possibility
of interference from fructose-1,6-diphosphatase, fructokinase and adenylate kinase.

Four enzymes concerned with the metabolism of glucose were examined, namely 6-
phosphogluconate dehydrogenase, phosphoglucomutase, phosphohexose isomerase and
glucose-6-phosphate dehydrogenase. Comparative examples of the activities shown by
MG fruit extracts are given 1n Fig. 4 It will be seen that on the basis of activity distribution
the enzymes fall into two pairs, A with B and C with D. With the first pair, activity was
maximal at the MG stage and the other three stages of development showed far fewer reac-
tive zones. The second pair, on the other hand, were about as active at the SG stage as
at the MG, activity only falling away towards over-ripeness The number of isoenzymes
was also much more uniform throughout development.

Glutamate-oxaloacetate transaminase activity was found to be concentrated into four
zones following electrophoresis and each of these was represented at the four stages of de-
velopment. The total activity decreased throughout development. Leucine aminopeptidase
also separated into four bands but their positions were not related to those of the previous
enzyme. The combined activity of the peptidase reached a peak at the RED stage of devel-
opment.

3 Cuarmers, D 1 and Rowan, K. S (1971). Plant Physiol 48,235
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DISCUSSION

The method adopted for the concentration of the protein fraction from tomato wall tis-
sue provided a starting material that was essentially free [rom acetone-soluble carbohyd-
rates. polyphenols. organic acids and most pigments thus mimmizing protein denatu-
ration Calculated from the N content of the acetone powders, wall tissue contained only
about 0 3%, protein on a fresh weight basts for SG fruit and about half this figure for fruit
later in development The acetone powders themselves contained about 4 protem on the
same basis. about hall of which was brought into solution by the extraction medium. On
balance, past reports® are in favour of a loss of protein during the ripenung period. Davies
and Cocking’-® examined the changes in protein levels in locule tissue on a “per cell” basis
and concluded that there were two main synthetic periods, the second comcident with the
climacteric respiration rise [n view ol the apparent continuing increases m cell size. com-
parisons of these results with others 1s difficult

Visual inspection of the gels allowed comparative classification of the depths of staining
shown by the active zones In a proportion of cases the depth of stain was confirmed by
densitometry, or, in the case of acid phosphatase by eluting the coloured product and mea-
surmg 1ts absorbance ® However, data on comparative enzyme activities from the gels 1s
at best semi-quantitative, although the present results are supported by published activity
figures for peroxidase.'®!! acid phosphatase.'? malic dehydrogenase!® and phenolase'*
during tomato fruit ripening

Terminal oxidases such as tyrosinase and peroxidase increased n activity considerably
during maturation, the extra activity being in part associated with 1soenzymes of lower
molecular weight Extensive purification of peroxidase by Ku et al '! prior to electrophor-
esis allowed the detection of several further bands of activity additional to those reported
here

The 1soenzyme patterns of esterase and phosphatase have often been used as biochemi-
cal markers in genetic studies.'” 1® The specificity with the commonly used substrates 1s
often not very high but this approach can often give meaningful results The phosphatase
band near the middle of the gel (band d in Fig 2(C)} also showed activity during tests for
p-glycerophosphatase and ATPase, whereas 1t is possible that all three enzymes scparate
at the same point on the gel. a broad specificity by a single enzyme species 1s more likely

Tests for specific enzymes need to be accompanied by control experiments, especially
where one of the products of a reaction forms the substrate lor a second enzyme The mul-
tiple specificity of certain bands was demonstrated by cuttung the gel in half lengthways
after protein separation and subjecting each part to the appropriate stam

® Hoeson, G E and Davies. I N (1970 The Bmehenusivy. of Frusts and thew Products (HULME. A C _ed),
Vol 2,p 437 Academic Press. London

7 Davirs, ] W and Cocking, E C (1965) Planta 67, 242

8 Davis, J W and CochiNe, E C (1967) Planta 76, 285

© MACINTYRE, R I (1971) Biochem. Gen. 5,45
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Gukujutsu Hokoku 20, 67
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The relative importance of the Embden-Meyerhof and the hexose monophosphate
pathways for glycolysis has been studied by radiochemical tracer techniques.!” The latter
scheme, it was concluded, assumed increasing importance with ripening. From the present
work the first enzymes 1n the hexose monophosphate pathway do appear to be particularly
active at the MG stage, but impressions gained merely from results with the two enzymes
investigated may be misleading.

The proliferation of 1soenzymes during development might be caused by sub-unit forma-
tion brought about by electrophoresis. However, not all the additional bands were of lower
molecular weight than the original zone, and separations carried out under non-dissociat-
ing conditions, 1.¢. in the presence of 10 mM 2-mercaptoethanol,’® in no case affected the
number of bands shown up.

It 1s clear that the onset of the climacteric respiration is brought about by the release
of some constraint which controls the respiration prior to this point. In the tomato there
1s some evidence to support the concept!? that at a certain point in development the pro-
duction of ethylene rises. This promotes metabolic changes leading to the climacteric rise
n respiration and concomitant synthesis of new enzymic protein. These new enzymes of
ripening® apparently come from storage of structural protein as a fall in total protein
accompanies ripening. Studies on the enzyme patterns during the development of
fruits,2°~%2 experiments using protein inhibitors?%:?* and evidence on the synthesis of spe-
cific enzymes**?° provide a basis for this interpretation.

A significant number of the enzymes examined 1n this study show a maximum diversity
of components 1n extracts from MG tissue, tissue that was taken from fruit which con-
tained, on average, sufficient internal ethylene to allow the first signs of colour change to
occur within 48 hr. Further enzymes gave indications of maximum specific activity at the
MG stage within a constant number of components. Tissue taken from fruit about 10 days
prior to the MG stage, and referred to as large green (LG), showed none of the physical
signs of ripening and would almost certainly have contained a very low ethylene con-
centration. Tests with this LG tissue indicated that whereas some enzymes already showed
patterns typical of MG fruit (e.g. esterase and 6-phosphogluconate dehydrogenase), others
(e.g. glutamate dehydrogenase and peroxidase) were still characteristic of SG fruit. These
observations lead to the suggestion that during development isoenzymes are formed
specifically to carry out the changes associated with the final stages of the process. As the
full complement of isoenzymes is accumulated, perhaps mediated by ethylene, the tissue
then moves nto the ripening period with its attendant respiration rise. By the time the
full red colour 1s attained by the fruit many of these isoenzymes have disappeared perhaps
because their function 1s over.

EXPERIMENTAL

Polyacryamide gel electrophoresis Analytical electrophoresis was carried out in 10 x 0 5cm precision-bore
glass tubes in conjunction with a Quickfit & Quartz Ltd P A GE apparatus The separation gel (1 4 ml n each
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tube) was based on system no | described by Maurer®® except that additional HCl was added to the first com-
ponent mixture to bring the PH to 8 3. and the proportion of H,O increased to | 6 parts to give 7°, acrylamide
comentiaior fmnmahiuiely priveio ose S 3 mt of @ spacargdd tnsedorr systam s 19070 ot sobsintutigs 3 5 pais
of 509, sucrose for the H,0?" to give a 267, acrylamide concentration was polymerized on top Anode and
cathode buffer soins consisted of 005 M Tris-0 4 M glycine pH 8 3 diluted with 2 vol H,O beforc use. and 0 1 ml
of a 001%, solution of bromophenol bluc was added to the cathode buffer as a tracking dye, allowmng relative
mobility to be calculated for the various sones of activity

Entraction and separation The general principles recommended by Clements for banana tissue?® wete followed
for the preparation of acetone powders from the outer locule walls of tomatoes (Lycopet sicon esculentum Mill
ov: Amdraey Crossy Defimtions of tre vinous stages of develuprnment Ineve already beeir giverr ™ Acctone
powders were stored under vacuum at —20" to delay denaturation The proteins were extracted overnight by
adding 10x the wt of 03 M K phosphate, 005 mM K,EDTA and 01 M KCl pH8 The tissue was squeezed
10 a nylon bag and the resulting hquid centrifuged at 0 . mixed with 0125 vol’ of 80, sucrose sol' and ( 225 mI
placed omr top of the spacer gel” Flectrophorene separation was cartied out anodally for about 4-hrat 3 nrA per
tube at 2, with coolant at 0 circulating through a coil in the anode compartment

Sienany und assocutted rechmyues Napitthatene black 128 (85°, in 7, HOA¢c) and- € comassie- brilliant blue-
R-250° (differentiating n 75, HOAc MeOH, 1 1) were used as general protein stains Lipoprotemns were detected
with a 17, solr ur Sudar black Bn acetone HLO (3 1 used overmght alternatively « 001¢, solr of 2 7-dichioro-
fluorescen in EtOH -H,O (1 1) for 1 hr followed by differentiation 1n 3, HOAc¢ Glycoproteins were stained by
the methrod of Felgentuuer* leaving the gels ur ScinfP's reagent for- at least 3 days Tyrosumse was detected: by
prolonged exposure to 1 5mM catechol and L-proline i 80°%, EtOH, and peroxidase by guaiacol®* or benzi-
drne* {earcirmogenic) Esterasey were lovated o Fast blue and confirnmed witlr Fast red Y Acrd: phosplratase:
distribution was detected using x-naphthyl phosphate as substrate®” after soaking the gels m NaOAc buffer
pH 5 5at 0 for 2 hr, glycerophosphatase accordmng to Burstonc*® using mixed 1somers as substrate, and ATPase
according to Hall 27 Standard methods were used for NADH,-diaphorase *# malic dehydrogenase®? (except that
045 M Tris=HET pH 71 was used «s bufler); glutame debrydrogemase; ' plutamate-oxaloacetate transammmase;
phosphoghrcomuase?* and phosphohexose somerase > For-formarase, ** 6-phosphoglucomate dehydrogemase:
NADP " -dependent “malic” enzyme,*® leucine aminopeptidase ** aldolase*' (confirmed by method A*?) glu-
cose-6-phosphate dehydrogenasc®® and phosphofructokinase, the gels were soaked in NaOAc buffer prior to de-
velopment To retain activity with these last two enzymes 10 mM 2-mercaptoethanol was added to the extractant
soln and for phosphofructokinase to the cathode buffer as well The staining miature for phosphofiuctokinase*?
WS IIFCUTproTated ir €1r fommagar overlay 7 Dersitomreter- iracings were: ades using ¢ Vitrairon TL B mstrumer;
total nitrogen by the method of Biale et al ** and protein nitrogen by the method of Lowry e al ** using bovine
serum albumin as standard
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