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Abstract-Acetone powders were prepared from tomato fruit ttssue sampled during development and the pro- 
tems were separated by polyacrylamide disc gel electrophorests The gels were stamed to show up general proteins, 
hpoprotems, glycoprotems and certam enzymes Minor changes m protein and glycoprotem patterns accom- 
panied development Most enzymes exhibited more than one acttve band, wrth maxrmum diverstty and specrtfc 
actrvitres usually appearmg m extracts from mature green trssue and least with over-rrpe ttssue. The results sup- 
port the view that enzyme synthesis accompanies the chmactertc resptratton rrse 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 proteins, as m the tomato the total amount present on a fresh weight 
basis falls during development. Within this limit, a change in protein composrtion is prob- 
able, leading to the production of what has been called “the enzymes of rrpenmg”.2 

Polyacrylamrde disc gel electrophoresis is a useful techrque for the study of fruit proteins 
as it is relatively simple, versatile and reproducible. The small amount of protein 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 mam components which were located by general protein stains. Further gels 
were specifically tested for the presence of certain terminal oxrdases, 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 m specific activity, often accompanied by characteristic changes in the isoenzyme 
patterns. 

’ DILLEY, D. R (1970) The Btochemrsrry of Frutts and their Products (HULME, A C, ed ), Vol 1, pp 179207, 
Academic Press, London 

* HULME, A C (1972) J Food Technol. 7, 343 
3 SACHER. J. A (1973) Ann Rev Plant Physrol 24, 197 
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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 beginnmg of the chmacteric respiration 
rise). red (RED) and over-ripe (OR-post-climacteric), and the protems extracted by an 
alkaline-salt solution contammg sucrose Although the amount of protein extracted per 
gram acetone powder did not alter slgmficantly from stage to stage durmg development 
(Table l), (which allowed direct comparison of enzyme actlvitles in gels from different 
stages, on the basis of the fresh weight of tissue) there were slgmficant differences between 
each successive stage The proteins separated electrophoretlcally m acrylamlde gels were 
subsequently stained to show the general dlstributlon of components (Fig. 1). Common 
bands between the various stages of development were established by coelectrophoresis, 
and each stage gave a characterlstlc stainmg pattern containing constituents of widely dlf- 
fermg charge and size 

TABLE I ACXTONE-INSOLC'HL~ UITKOGLN ANDPROTFIN CONTFNTOF TOMATO FRLIT OUT~K LocuLr. WALLS IXKING 

DtVELOPhCUT 

Small 
green 

stage 01 dovcloplnenl Least 
slgmficant 

Mdture Sigmficance difference 
green Red Over-ripe level at P = 0 05 

N content of acetone 
powder (mg per g) 

Protem extracted* 
from acetone powder 
(me per g) 

1% content per umt 
fresh weight (mg 
per 100 g) 

Protem extracted* 
per umt fresh 
weight (mg per IOOg) 

78 66 72 71 P c 00s I 0 

28 7 22 3 26 1 22 0 

48 4 22 4 183 153 P < 0001 3 0 

178 I 7.5 7 660 47 7 P < 0001 194 

* For extractIon detatls see ExperImental sectjon 

Most of the bands also showed up as glycoprotems although agam the differences 
between the stages of development were small Further gels were exammed for hpoprotems 
and the result with MG extracts IS given in Fig. 2(A). All eight bands also showed up with 
RED extracts, but OR fruit gave only four (e--II), and SG two (h and e). The posltlons of 
most of the active zones were confirmed by the use of fluorescem, but a number of ad- 
ditional regions also became coloured and this stain IS, perhaps, less specific for hpopro- 
teins than is Sudan black 

Detection of specific protems as enz)lmes 

Other gels were exammed for mdlcatlons of change m activity durmg the development 
of fruit for representative enzymes from various pathways thought to play a part m rlpen- 
mg Tests were carried out for two termmal oxldases, tyrosmase and peroxldase, usmg 
catechol and benzidme. respectively. as substrates. Active zones on the gels for MG. RED 
and OR extracts coincided with the hpoprotem bands e-h in Fig. 2(A). Extracts from SG 
fruit showed only one zone at a similar posmon to band e. The substltutlon of gualacol 
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for benzidine in tests for peroxidase revealed a further zone of activity at an R,,, (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. 
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FIG 1 DISCONTINUOUS GEL ELECTROPHORESIS OF PROTEINS FROM TOMATO FRUIT DURING DEVELOPMENT 
Amtdo black or Coosmasste blue was used as a stam after the separatton of alkalme-salt extracts of 
protems from, A, small green fruit, B, mature green, C, red and D, over-rtpe frutt In thus and the follow- 
mg Ftgures, the areas that are blocked-m represent heavtly stammg bands at these pomts on the gels, 
double hatchmg represents moderate stammg, and smgle hatchmg represents light stammg The pro- 
tems were separated anodally, and the numbers on the left of the Ftgure mdtcate the distance bands 

moved relattve to bromophenol blue 

The esterase pattern revealed that there were 13 centres of activity m MG fruit (Fig. 
2(B), but band d was absent in SG and c andf-h absent In RED and OR fruit extracts. 
Acid phosphatase distribution was somewhat less complex and that for SG fruit IS shown 
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FIG 2 ELECTROPHORETIC SFPARATION OF TOMATO FRUIT PROTEINS 
The gels were stamed for, A, hpoprotems from mature green frutt, B, esterase from mature green frutt. C, 

phosphatase from small green frutt, and D. NADH, -dtaphorase from mature green frutt 
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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 fand g were maintained m MG frurt Further reductrons m activity later 
in development left only three regions (u. c and d) which showed up with the stainmg mtx- 
ture. 

A zone close to the mid-point of the gels vvrth SG extracts responded to both [j-glycero- 
phosphatase and ATPase staining mixtures, and with both enzymes reactron was less m- 
tense later m development. Other weakly staming bands were detected but wrth glycero- 
phosphatase these were exclusrvely m the lower half of the gel5 and 141th ATPare In the 
upper half 

B C D 

FIG 3 ~L~(‘1ROPHORFllC STI’ARATIO~ OF IOMAlO FRI II PRO1 I i\S 

The gels were stamed for A, fumardse, R. NADP’-m&c enzyme. C glutamlc dch!drogenw. 
and D, phosphofructokmase All extracts were from matme green hult twui ekcept C \vlr~ch v.aq 

from small green fruli 

Tests for NADH,-dtaphorases revealed a wrdc dtstrrbutron of reacttve sates and that for 
MG fruit is shown in Frg. 2(D). There were mmor but characterrstrc reducttons m both 
the number and intensity of the bands with extracts from all the other stages of ripeness 
More specific dehydrogenases were then examined startmg wrth those from the trrcarboxy- 

lit acid cycle. Fumarase separated as four zones of activity 111 MG extracts (see Frg 3(A)). 
but only bands u and c persisted m RED and OR lirurt SG hurt extracts showed only one 
weakly stammg band at posttton (1 Mahc dchydrogenase sl~owcd ltttlc charrgc m actrvrty 
with development, there always being two reactive sites. a more rntensc one with an R,,,, 
of about 0 44 and a further weaker one composed of three bands between 0 49 and 055. 
The NADP+-activated “mahc“ enzyme by whrch pyruvate IS formed directly from malatc 
was distributed between four centres of activity with MG frun extracts. and this 1s tllus- 
trated m Fig. 3(B). Of these only band c gave a reaction for malrc dehydrogeuasc as well. 
Band c was not visible with SG extracts and nerther c’ non d u rth RED or OR extracts. A 
single active zone for lsocttrtc dehydrogenase m SG fruit (I~,,,,,, 0 54) was augmented by 
another band (R,,, 0.40) at the MC and subsequent stages nl‘dcvelopment The total actr- 
vity progressively decreased towards over-ripeness 

Glutamic dehydrogenase 1s often present m plant tissues m closely related rroenrymrc 
forms4 Frgure 3(C) mdrcates that SG fruit extracts contarned $1~ zones of acttvrty wtth 

’ Yw. S B (1969) Pltrr~r P/~w~i 44. -t5i 
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band b stammg 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 ttssue activity persisted only in band a. 

IA B C D 

FIG 4 EL~CTROPHOR~TICS~PARATIONOFTOMATOFKLJITPROTEINS 

The gels were stamed for, A, Gphosphogluconate dehydrogenase, B, phosphoglucomutase, C, 
phosphohexose lsomerase, and D, glucose-6-phosphate dehydrogenase All extracts were from mature 

green fruit tissue 

Phosphofructokmase probably controls the rate of glycolysis by the Embden-Meyerhof 
scheme through activation by phosphate.5 Four active zones were detected in MG extracts 
(u-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, fructokmase and adenylate kmase. 

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 m Fig. 4 It will be seen that on the basis of activity distribution 
the enzymes fall mto two pans, 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 mto four bands but then positions were not related to those of the prevtous 
enzyme. The combined activity of the peptidase reached a peak at the RED stage of devel- 
opment. 
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DISCUSSION 

The method adopted for the concentratron of the protein fraction from tomato wall trs- 
sue provtded a starting material that was essenttally free from acetone-soluble carbohyd- 
rates. polyphenols. organic acids and most pigments thus mmtmrzmg protein denatu- 
ration Calculated from the !I’ content of the acetone powders, wall tissue contained only 

about 0 3”;, protein on a fresh wcrght basrs for SG fruit and about half thus figure for fruit 
later m development The acetone powders thcm\elvcs contamed about 4”,, protem on the 

same basrs. about half of whtch was brought mto solutron by the extraction medium. On 
balance, past reports’ are m favour of a loss of protein durtng the rrpenmg period. Davies 
and Cockmg7,8 exammed the changes m protein levels u-r locule tissue on a “per cell” basis 

and concluded that there were two mam synthettc periods. the second comctdent with the 
cfimacteric respiratton rise fn view ofthe apparent contmumg increases m di size. com- 
parisons of these results with others IS dtfficult 

Vtsual mspectton of the gels allowed comparative class&cation of the depths of staming 
shown by the active zones In a proportion of cases the depth of stain was confirmed by 
densttometry, or. m the case of actd phosphatase by eluting the coloured product and mea- 
surmg its absorbance ’ However, data on comparative enzyme actrvtttes from the gels 1s 
at best semt-quantitative, although the present results are supported by, published activity 
figures for peroxtdase. ’ “.’ ’ acid phosphatase. ” maltc dehydrogenase’ 3 and phenolase’ 4 
durmg tomato fruit ripening 

Terminal oxrdases such as tyrosmase and peroxtdase increased m activity considerably 
during maturation, the extra actrvtty bcmg m part assoctated with rsoenzymes of lower 
molecular weight Extenstve purtficatton of peroxtdasc by Ku et a/ ’ ’ prior to electrophor- 

esrs allowed the detection of several further bands of actrv rty addmonal to those reported 

here 
The tsoenzyme patterns of esterase and phosphatase have often been used as btochemt- 

cal markers in genetic studres.” I6 The spectficrty with the commonly used substrates IS 
often not very hrgh but this approach can often gave meanmgful results The phosphatase 
band near the middle of the gel (band u’ tn Fig 2(C)) also showed activity during tests for 
P-glycerophosphatase and ATPase, whereas tt IS possible that all three enzymes separate 
at the same point on the gel, a broad specrficrty by a single enzyme species 1s more hkely 

Tests for specific enzymes riced to be accompanied by control experiments, especrally 
where one of the products of a reaction forms the substrate for a second enzyme The mul- 
tiple specificity of certain bands was demonstrated by cuttrng the gel rn half lengthways 
after protein separatton and suh)ectmg each part to the approprtnte stam 
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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.’ 7 The latter 
scheme, it was concluded, assumed increasing importance with ripening. From the present 
work the first enzymes m 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 lsoenzymes during development might be caused by sub-unit forma- 
tlon 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.e. in the presence of 10 mM 2-mercaptoethanol,‘8 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 resplratlon 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 
m respiration and concomitant synthesis of new enzymlc protein. These new enzymes of 
ripemng’ 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,20-22 experiments using protein inhlbitors20*23 and evidence on the synthesis of spe- 
cific enzymes24,2 s provide a basis for this interpretation. 

A significant number of the enzymes examined m this study show a maximum diversity 
of components m 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 peroxldase) 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 mto 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 

Polyacryamde gel electrophorem Analyhcal electrophoresls was carried out m 10 x 0 5 cm precision-bore 
glass tubes m coqunctlon v&h a Qulckfit & Quartz Ltd P A GE apparatus The separation gel (1 4 ml m each 

” WANG, C H, Dnult-. W P and RA~SFY, J C (,1962) Pluttt P/u\~nl 37, I 
” PAVVt D M. Poan~. Cl W and @AC\, R W (1972) 41r(1 B[r~rh<l<r Bqh~;\ lu, 122 
I9 BASHAM C W (1965) Ph D thesis, Umverslty of Maryland 
2o BRADY, ‘C I, Parma, I K , CYCONNELL, P B H and SMIUIE, R M (1970) Phytochemmy 9,1037 
21 CL~MENTS, R L (1970) The Blochemstry ofFrum and thew Products (HULME, A C, ed), Vol 1, pp 159-177, 

Academic Press, London. 
” HARTMANN, C and DKOUET, A (1973) PhyvoI PIunt 28,284 
I3 DILLEY, D R and KLEIN, I (1969) Qua1 Plant Mater Veg 19, 55 
24 R~oa~s, M I C, WC~C)CTORTC)N, L S C , GALLIAR D, T and Hu~aa~, A C [ L968) Phytochemstry 7,1439. 
25 FRENKFL, C. KLEIN, I and DILLEY, D R (1968) Plant Physol 43, 1146 
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tube) was based on system no I described by Maurer”’ except that addItIona HCI was added to the first com- 
ponent mixture to brmg the PH to 8 3. and the proportlon of H,O increased to 1 6 parts to give 7”,, acrylamlde 
<0lnz?I%~‘ii~fit-~ iimlxxhaI~~ pl~Ul”i?.Ta3~~;S’~ mi’u?‘-d sphW?~gLl’hVL?0T S~SiVKr AU 29’ I6 imrf stiiXiiiU<iITg S 5 pl’i3 

of 501. sucrose for the H,0Z7 to Gove n 2 67”,, acrylamlde concentration was polymerlLed on top Anode ‘tnd 
cathode buffer solns consisted 010 05 M Trls-0 4 M glycme pH 8 3 dduted with 2 vol H:O before use. and 0 I ml 
of a 0019, solution of bromophenol blue was added to the cathode buffer as a tlackmg dye. allowmg relative 
moblllty to be calculated fol the various /one\ of actlvlt) 

E~ract~rl o~tl s~prrrtrtrur~ The general prmclples recommended b) Clements fol banana tissue” were followed 
for the preparation of acetone powders from the outer locule walls of tomatoes (L~c.o/IL’~ .SI( 011 ~,\ru(c~tz,r~r Ml11 . 
~7 Adxrir) Cruus$- Deiirnlimn cf i’lrr vimuub z~dgw uf chvd~~rr h-d-w “;l-c&y kll- glwv ‘L’ ‘-‘I Acct0llc- 

powders were stored under vacuum at -70’ to delay denaturatlon The protems were extracted overmght 1~1 
addmg IO x the wt of 0 3 M K phosphate, 0 05 mM KIEDTA and 0 I M KCI pH X The tissue wds rqueered 
m a nylon bag and the resulimg hqurd centrlluged at 0 . mlxed with 0 IZ5voi of X0”,, sucrose soi and 0 Zymi 
@cc& on iup tr~-h ap~z-r gci ~kL7TOp~hUrcIlL- sq-rdrahorr was cdrl IS& out dlnX+diiy knr dhur 3 ill- dt 3 mii Ixr~ 
tube at 2 , with coolant at 0 clrculatmg through ;I co11 m the anode compartment 

Siznmn~/ cl& UUULIUIC’~ ~c&nc~z~e~ Nnpijriirairne Mack i 23 (0 5”,, in 7”,, HGAci and Coomd>sie brillrant blue 
R-250”” (dlfferentlatmg m 7’1,, HOAc MeOH, 1 I) were used a5 general protein \tams Llpoprotems were detected 
wltha i”,, suirr mSt~d:nr Mack B 111 accronc ii20 (3 i j use~_~ovenngi~t aitrrn‘lii>cl> ‘L ii i”,, soiw of 2 7.dIcMorO- 
lluorcsceln III EtOH-H,O (I I) fat I hl- followed b) dlfferenliation In 3”,, HOAc Gl>Loprotclns wcrc std~ncd h) 

ifx mtrtiro~oTFeigerril2mer.” icavlng i’n-e geium Sctnfi% reagel11- kIT d’l ieahi- -3 days TyroSmd\e wds detected b-\ 
prolonged exposure to 1 5 mM catechol and L-prohne 111 X07,, EtOH. and peroxldase bl guaracol”’ or benLI- 
dllx-7’ jcarcnmgemc)- ~~~vrdV_%~Wt?.~ iuxatnt wn~:-‘; iibi-i*;UP dn u’COlThlTK~-%~it~l- &lbi-~-C:d- Ii kid-phOS[tirdtiSe- 

dlstnbutlon uas detected using x-naphthyl phosphate as substrate3’ after soaking the gels m N<iOAc buffer 
pH 5 5 at O- for 2 hr. glycerophogphatase according to Btu-stonc’h using mixed Isomers ‘is substrate. and ATPdse 
accordmg to Hall 37 Standard methods were used tor NADHZ-dlaphorase ” mal~c dehvdrogenaso3” (except th,it 
ii 45 M Trls-HCi pH 7 i wd;4 twd as buffcrj, glutarmc dchydl-ogcrrdse,” gil~~~~~ate-o~aioacct2lte ir‘ansdmmzse,” 
p-il~Usphugiucomu t-&Iz3 dnri p~htrsphohexusc 1bornrrd52 31 Fur fum-drnse,” 6-ph~osp~n,giuco~r~e dzflydmgrnase. ” 
NADP+-dependent “m&c” enr)me,40 leucme ammopeptldase “’ dldolase”’ (confirmed by method A”) glu- 
cose-6-phosphate dehydrogenasc”3 and phosphofructokmase. the gels were soaked m NaOAc buffer prior to de- 
kelopment To retam actlvlty with these last two enzymes 10 mM 2.mercaptoethaliol was added to the extractant 
soln and for phosphofructokmase to the cathode buffer ai uell The atammg mixture lor phosphofi uctokmase4’ 

Mi as mom-pura trrci- nr an i-tnrdgar- crvoridy I1 ik~~l-OnKt~l- tl-d,Xl,@ WUL’- Ill-ddL’~Mlg- LL $‘~t~d~liXl-~‘c~- ~lF,tlu~~ri; 

total nitrogen by the method of B~ale rf al ‘* and protein mtrogen bq the method 01 Lowry it u/” usmg bovme 
yerum alhumm as standard 


