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Abstract-Cell walls prepared from aged discs by extraction m 0 1 M acetate buffer, pH 4 8, possess lomcally 
bound acid mvertase which can be removed from the wall by mcubatlon in 1 M sodmm chloride m 0 1 M 
acetate buffer, pH 4 8, and more firmly attached enzyme which IS not removed Cell walls prepared m 0 195 M 
phosphate-O 003 M citrate-buffer, pH 8 0, do not possess lomcally bound enzyme Iomcally bound mvertase 
IS density labelled when discs are aged m 90% deuterium oxide suggesttng that at least part of the Increase 
m actlvrty observed during aging IS due to de nova protein synthesis 

INTRODUCTION 

WOUNDING of plant tissue IS followed by an increase m resplratlon,’ nucleic acld,2*3 
polysome3 and protein4 synthesis, and the actlvlty of a number of enzymes 5-1o Of these 
enzymes, mvertase @fructofuranosldase, E C 3 2 1 26) has probably received the most 
attention smce Bacon9 showed m 1961 that washed, aerated shces of sugar beet tissue pro- 
gressively develop mvertase actlvrty This observation has smce been extended to red beet,‘O 
Jerusalem artlchoke,6 potatoll and carrot I1 Invertase appears to be located both on the 
wall and m the cytoplasm, although there 1s some dispute about this I2 

Actmomycm-D, p-fluorophenylalamne and thlouracll prevent the increase m activity 
after woundmg,C mdlcatmg that protein and nucleic acid synthesis are mvolved This how- 
ever does not prove that the Increase m actlvlty IS due to de mm synthesis, since an Increase 
m actMy could be due to removal or destruction of mhlbltor, or to actlvatlon of a per- 
formed protem precursor, processes which themselves may depend on a functlonal protem 
synthetic apparatus 

We have utilized the density labelhng technique, first mtroduced by Hu, Bock and 
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Halvorson’3 and successfully employed by subsequent workers,* I4 Is to determme whether 
acid mvertase 1s synthesized de nom after woundmg This techmque mvolves supplylng the 
system under study with a substance contammg a heavy isotope which can be incorporated 
into the ammo acids used for the synthesis of new protein The mcorporatlon of the Isotope 
results m an increase m mass which can be detected by lsopycmc equrhbrmm centrlfugatlon 
In this way it IS possible to decide whether the protein IS synthesized after the addition of the 
labelled compound or whether It had existed in the cells before Isotope addltlon The 
results presented m this paper show that the agmg of discs m deutermm oxide leads to the 
formation of density labelled lnvertase We conclude that at least part of the increase in 
acid mvertase actlvlty observed during aging IS due to de now protein syntheses 

RESULTS AND DISCUSSION 

Although the pronounced mcrease m mvertase actlvlty which occurs m agmg discs of 
various storage tissues has been demonstrated by several workers, the mtracellular locatIon 
of the enzyme IS still m dispute Two main methods have been used to determine the mtra- 
cellular dlstrlbutlon of acid mvertase The first method, In whtch Intact discs dre assayed, 
mvolves treating aged discs with ethyl acetate lo This destroys cell membranes and allows 
sucrose m the assay medium to come mto contact with soluble (cytoplasmlc) mvertase m 
the cell The difference m the amount of reducmg sugar produced by ethyl acetate-treated 
discs and untreated discs IS then a measure of soluble acid mvertase 
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FIG 1 LOSS OF REDUCING SUGAR FROM UNTREATED AND ETHYL ACETATE TREATED CARROT DISCS 

Care must be taken however, since although the discs are washed thoroughly after treat- 
ment, we have consistently observed a leakage of reducmg sugar from the discs for at least 
a further hour No reducmg sugar was lost from untreated discs (Fig I) These observations 
indicate that m experiments mvolvmg the assay of mvertase m ethyl acetate treated discs It 
IS necessary to perform control incubations m which discs are incubated m buffer rather 
than sucrose If no control mcubatlons are performed, the Increased appearance of reducing 
sugar from ethyl acetate-treated discs ~111 appear to be due to mvertase actlvlty, whereas It 
may be due to the loss of reducmg sugar from the damaged cells Many workers make no 
mention of performmg such control mcubatlons 
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The alternative method of determmmg the mtracellular dtstnbutton of the enzyme is to 
fractionate the aged discs mto cell wall and soluble fractions by homogemzatron and differ- 
ential centrifugatton. By this method artichoke mvertase appears to be located on the cell 
wall, and cannot be removed by treatment with detergent, orgamc solvents or proteolyttc 
enzymes 6 Vaughn and MacDonald, I1 however, showed that m carrot, potato and beet 
discs extracted at pH 5.0, both walls and supernatant possessed mvertase activtty Twice as 
much mvertase was assocrated wrth carrot cell walls as with the supernatant This suggested 
that mvertase was associated with both the walls and the cytoplasm 

However, recent work by Rtcardo and ap Rees l2 shows that the apparent subcellular 
distributton of acid mvertase is markedly dependent on the pH of the extraction buffer 
Extraction and fracttonatton at pH 8 0 caused more mvertase to be associated with the 
soluble fraction than with the walls Extraction and fracttonatton at pH 5 0 gave hrgh active- 
ties m the cell wall fraction and little activity m the supernatant This latter result agrees 
with the observation of Vaughn and MacDonald,” and 1s slmtlar to that reported for aged 
discs of artichoke 6 Results presented m Table 1 of this paper agree with the results of 
Rtcardo and ap Rees l2 Extraction of aged discs m 0 1 M acetate buffer, pH 4 8 (acid buffer) 
resulted m 5 times as much acid mvertase bang associated with the cell-wall than when 
extraction was performed m 0 195 M phosphate-O 003 M citrate-buffer, pH 8 0 (alkalme 
buffer) 

TABLE 1 EFFECT OF EXTRACTION pH ON DISTRIBUTION OF ACID INVERTASE BETWEEN CELL WALL AND SUPER- 
NATANT FRACTION 

Cellular 
fraction 

Acid mvertase 
activity 

(mg reducing 
Extraction sugar/hr/g mltlal 

PH fr wt) 

Supematant 48 0 32 
80 221 

Unwashed cell 48 5 10 
walls 80 108 

Cellular 
fraction 

Acid mvertase 
activity 

(mg reducing 
ExtractIon sugar/hr/g mltlal 

PH fr wt) 

NaCl washed 48 1 50 
cell walls 80 102 

NaCl wash from 4 8 2 62 
cell walls 80 0 15 

LamporP has suggested that cell walls can bmd enzymes either tomcally or covalently. 
Enzyme acttvitrcs removed from the wall by 1 M sodium chloride are apparently iomcally 
bound In the present mvestigation, carrot cell walls prepared m ather acid or alkalme 
buffer were washed with 1 M sodium chloride Invertase was released only from walls 
prepared m acid buffer The activity associated with the washed walls was found to be the 
same as that associated with unwashed walls prepared m alkaline buffer (Table 1). Walls 
prepared m pH 4 8 buffer possess iomcally bound acid mvertase which 1s removed by sodmm 
chlortde and firmly bound enzyme that 1s not removed, while cell walls prepared m pH 8 0 
buffer possess only firmly bound enzyme * The m uzuo location of the lomcally bound 
enzyme cannot yet be decided 

We have used the density labelhng technique of Hu, Bock and Halvorson13 to determine 
whether the ionically bound acid mvertase is synthesized de nouo Aging of discs m 90% 

I6 LAMPORT, D T A (1965) Ado Rot Res 2, 151 
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deutermm oxide for 60 hr causes a 30-40 % decrease m the formatlon of the lomcally bound 
mvertase actlvlty The equlhbrlum dlstnbutlon m the caesmm chloride gtadlents of mvertase 
prepared from discs ages m water or deutermm oxide IS shown m Fig 2(a) and (b) respec- 
tively The buoyant densltles observed were 1 295 for the normal enzyme and 1 3 12 for the 
deuterated enzyme The shift m buoyant density IS 1 4% The results suggest that the 
lomcally bound mvertase IS synthesized de nouo Although several plant mvertases are 
known to be glycoprotems, e g grape berry mvertase contams 25 “/, carbohydrate,” there 
are no reports that carrot mvertase 1s a glycoprotem, and the fact that the buoyant density 
of the normal enzyme IS 1 295 suggests that the enzyme does not contam 
moeity 

06 
j(a) Normal enzyme 

J%T+ik% 
Fraction No 

06 
(b) Deuterated enzyme 
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FIG 2 EQUILIBRIUM DISTRIBUTION OF ACID INVERTASE ACTIVITY AFTER CENTRIFUGATION FOR 65 hr 
AT 39000 rpm 

The mechamsm by which mvertase synthesis 1s mltlated 1s uncertain although there IS 
evidence that glbberelhc acid may be mvolved l8 The component(s) of the protem- 
syntheslzmg machmery which IS rate hmltmg 1s also unknown, although It has been 
suggested that on cutting, an enhanced synthesis of mRNA leads to the observed increase m 
polyrlbosomes 3 The actlvlty of the ammoacyl tRNA synthetases does Increase to a low 
maxlmum between 12 and 24 hr after cuttmg I9 But the actlvlty then falls to a level equal 
to or lower than the activity of freshly cut discs by 48 hr, at which time mvertase actlvlty 1s 
St111 mcreasmg 

EXPERIMENTAL 

Preparatron and ugmg of currot dncs Fresh carrots (Duucus carom) were obtamed as required from local 
shops Intact, undamaged carrots were always used DISCS of phloem parenchyma (1 x 8 mm), prepared 
with the ald of a cork borer were aged for 60 hr at 28” on a shaker 1 g samples of discs were shaken m 
25 ml Erlenmeyer flasks contammg 5 ml of 40 pg/ml chloramphemcol m H,O 

* Evidence that the soluble fraction of mvertase associated with cell walls of aged discs of mature carrot 
root IS lomcally bound was obtamed by re-exammatlon of data of Rlcardo and ap ReeP by LITTLE, G and 
EDELMAN, J (1973) Phyfochem~stry 12, 67, m a paper pubhshed after submIssIon of this manuscript 

“ ARNOLD, W N (1965) Blochrm Bzophys Actu 110, 134 
'* EDELMAN, J and BRADSHAW, M J (1969) Planta 84,94 
I9 GORE, N R and WRAY, J L , unpubhshed observations 
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Preparatron of cell wall and soluble tnvertase 1 g of aged discs were ground m a mortar with either 0 1 M 
acetate buffer, pH 4 8 or 0 195 M Na,Hm& 003 M citric acid buffer, pH 8 0 The homogenate was 
centrifuged at 1000 g for 1.5 mm, and the supematant collected The supematant was centrifuged for I hr 
at 152000 g and the supematant was dlalysed overnight against 4 1 of 0 1 M Trls-HCl buffer, pH 8 0 After 
dialysis the sac contents were used for the assay of soluble acid mvertase The walls were washed 3 x with 
either acid or alkalme buffer, suspended m extraction buffer and sedimented by centrlfugatlon at 26000 g. 
The supernatant was discarded and an ahquot of the walls was assayed for mvertase activity The remamder 
of the walls were suspended in 5 ml of 1 M NaCl m 0 1 M acetate buffer, pH 4 8 After stlrrmg for 1 hr 
the suspension was centrifuged at 26000 g and the supematant collected The NaCl washed walls were 
re-suspended m 0 1 M acetate buffer, pH 8 0, and an ahquot taken for mvertase assay The sodium chloride 
wash was brought to 75 ‘A saturation by the addltlon of a saturated solution of ammonmm sulphate, pH 7 5 
After stirring for 1 hr the precipitated protein was collected by centrlfugation, dissolved m 0 1 M acetate 
buffer, pH 4 8, and assayed for aad mvertase activity 

Invertare assay The reaction mixture contamed 0 5 ml 50 mM sucrose m 0 1 M acetate buffer pH 4 8, 
0 1 M acetate buffer, pH 4 8, and soluble enzyme or cell wall suspension m a final vol of 1 0 ml After 
the desired mcubatlon period at 28”, reducing sugar was estimated by the method of Nelson f” Extmctlon 
readings were converted to Fg reducing sugar by performmg glucose standards each time the assay was 
carried out 0 5 ml of 0 1 M acetate buffer, pH 4 8, replaced sucrose m control mcubatlons Assay tubes 
were centrifuged on a bench centrifuge before measurmg extmctlons if this was found to be necessary. 

Preparation of muertase for ~sopycnrc equrlrbrlum centr&gatlon DISCS prepared as above were aged for 
60 hr at 28” on an orbital shaker 10 g of discs were shaken with either 25 ml Hz0 or 25 ml 90% deuterlum 
oxide, contammg 40 pg/ml chloramphemcol, m 250 ml Erlenmeyer flasks The aged discs were rinsed with 
dust H20, blotted dry, and ground m a pestle and mortar with 0 1 M acetate buffer, pH 4 8 The bret was 
centrifuged at 1000 g-to sediment the walls The supematant was discarded and the walls were washed 3 x 
with 0 1 M acetate buffer, oH 4 8 The walls were then susoended m 25 ml 1 M NaCl m 0 1 M acetate 
buffer, pH 4 8, stvred fo; i hr and then sedimented by cedtrlfugatlon at 26 000 g The supernatant was 
brought to 75 % saturation with saturated ammomum sulphate, pH 7 0, and after stlrrmg for 1 hr. preclpl- 
tated protein was sedimented, dissolved m 0 1 M acetate buffer, pH 4 8, and used for lsopycmc equdlbrmm 
centrifugation 

Zsopycnrc equd~brrum centrtfugatron Isopycmc eqmhbrmm centrlfugatlon was performed m a M S E. 
Superspeed 65 preparative ultracentrifuge usmg a 3 x 5 ml swing out rotor at 39000 rpm for 65 hr at 4” 
The gradient rmxture had the followmg composition 1 ml saturated solution CsCl(20”). 1 ml 0 1 M acetate 
buffer, pH 4 8, and 1 ml enzyme After centrtiugatlon, the tubes were punctured through the bottom and 
ca 60 fractions, of 4 drops each, were collected Six fractions across the gradient were used for refractive 
index determmatlons using a Belhngham and Stanley Abbe type refractometer A standard curve relating 
buoyant density to refractive index was prepared usmg the equation Qz5 = (10 8601 x refractive index) 
- 13 4974 given m the Handbook of Bzochenastry 21 Invertase actwlty was assayed by addmg 0 4 ml of 0 1 M 
acetate buffer, pH 4 8, and 0 5 ml 50 mM sucrose to the other fractions After mcubatlon at 28” reducing 
sugar was determmed as described above 

Deatment of dzscs wcth ethyZ acetate DISCS were treated with ethyl acetate essentially as described by 
Bacon, MacDonald and Knight lo 
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