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(v)

SUMMARY

The purpose of this investigation was two-fold. Firstly to examine the

development and regulation of acid invertase activity in ageing carrot

discs. Employing the density labelling technique of Hu et al.,(1962)

the de novo synthesis of acid invertase was demonstrated. This increase

in acid invertase activity lags behind the initial slicing by approximately

6 h. Ethylene was shown to be necessary for the development of acid

invertase activity in the ageing carrot discs.

Secondly the in_ vivo distribution of acid invertase was examined. The

pH and ionic strength of the extraction buffer was shown to determine

the distribution of acid invertase activity between the fractions prepared

by differential centrifugation of the homogenised tissue. The existence

of two size classes of acid invertase, separable by gel filtration

chromatography on Sephadex G-100 was demonstrated. These two size classes

were shown to differ in their thermostability and kinetic parameters

as well as being differentially distributed between the fractions prepared

by differential centrifugation of the homogenised tissue. Both size

classes were shown to increase in acid invertase activity in the ageing

carrot discs. The molecular weight of the acid invertase included by

Sephadex G-lOO was estimated to be 45,000.



INTRODUCTION



1

It has been known for many years that higher plant tissues exhibit a

remarkable and rapid change in metabolic activity in response to slicing

(Boehm, 1887; Steward et al, 1933). Plant storage tissue, in particular,

exhibits a dramatic shift from a state of very low metabolic activity

in the intact dormant storage organ to one of high metabolic activity

in the tissue slice. This rapid and prolonged increase in metabolic

activity, in response to slicing, has been called the 'wounding response'

or 'ageing process' (van Stevininck, 1975). This phenomenon has been

observed in plant tissue other than storage tissue, such as excised leaf

sections (Deheo and Sacher, 1970; Kinraide and Behan, 1975) and stem

slices (Rains and Floyd, 1970).

Plant storage tissue, however, is a useful experimental material; it

is easily obtained, stored and handled. Investigations over the last few

years into the changes that occur during the ageing process have provided

insights into many aspects of the development of physiological competence

in such tissue slices which may be relevant to the biochemical changes

which occur in response to wounding in the whole plant.

Historically the increase in respiration rate that occurs after slicing

was the first aspect of the wounding response to be described (Hopkins,

1927; Bennet-Clark and Bexon, 1943; Stiles and Dent, 1947). In carrot

tissue slices (Adams and Rowan, 1970; Adams, 1970) there is an immediate

drop in respiration rate on slicing but by 1-2 hours there is a rapid

rise, followed by a more gradual rise, reaching a maximum by 3 days,

which Laties (1957) has termed 'induced respiration'.

This increase in respiration provides a sufficient fund of 'high energy'

adenylates to power the macromolecular syntheses (vide infra) which are

set in motion in response to wounding. The intention of the macromolecular

syntheses is presumably to maintain the integrity and physiological status

of the damaged tissue (cells), prevent infection and effect repair.

The major energy source in storage tissue is carbohydrate. This may
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be starch, inulin, sucrose or free sugars depending on the plant species

but in carrot, the tissue under investigation in this thesis, it is

predominantly sucrose (Ricardo and ap Rees, 1970; Ricardo and Sovia,

1974). Acid invertase, the enzyme responsible for sucrose breakdown

(Ricardo and ap Rees, 1970; Ricardo and Sovia, 1974; Ricardo, 1974),

is not active until 6-8 hours following slicing of the storage tissue,

be it carrot (Ricardo and ap Rees, 1970) , sugar beet (Bacon et. ad,

1965) or Jerusalem artichoke (Edelman and Hall, 1965). Following this

lag period there is, in ageing carrot discs, a large and prolonged

increase (35-fold) in acid invertase activity which reaches a maximum

at 96 hours (Ricardo and ap Rees, 1970).

The initial drop in respiration on slicing, which is accompanied by a

depletion (the result of the leakage of cell contents - Adam and Rowan,

1970) in the levels of glycolytic intermediates and nucleotides, is

followed, in ageing carrot discs, by an increase in the activities of the

conventional respiratory pathways (ap Rees and Royston, 1971), glycolysis

and the tricarboxylic acid cycle, though the tricarboxylic acid cycle

does not make a significant contribution to induced respiration (ap Rees

and Royston, 1971). There is also a large increase in the activity of

the pentose phosphate pathway (ap Rees and Beevers, 1960) to meet the

demands of the biosynthetic pathways for NADPH^. Ricardo and ap Rees
(1972) have shown that during the first 24 hours following slicing the

pentose phosphate pathway is the predominant pathway for hexose utilisation.

During this initial 24 h period, following slicing, there is little change

in the storage sucrose content of the ageing carrot discs (Ricardo and

ap Rees, 1970) and with only a small increase in acid invertase activity

during this period the initial rise in respiration rate is presumably

accommodated by free hexoses in the ageing cells.

Following this initial period there is a close correlation between the

rapid rise in acid invertase activity and the decline in the storage
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sucrose content of the ageing carrot tissue (Ricardo and ap Rees, 1970

and 1972). This decline is also paralleled by an increase in the hexo-

kinase activity and the increased ability of the aged carrot tissue to

metabolise glucose (Ricardo and ap Rees, 1972) predominantly by the

glycolytic pathway.

This pattern of respiration in carrot storage tissue, following slicing,

differs from that of other storage tissue. Jacobson et al (1970) have

shown that in freshly cut potato slices lipid breakdown provides a

significant contribution to the observed rise in respiration. This

utilisation of lipid via the a-oxidation of fatty acids (Jacobson et al,

1970; Laties et al, 1972) is linked to the early changes in the endo-

membrane system of cells near to the cut surface of the potato tissue

slices (Mollenhauer et al, 1960). The endomembrane system becomes very

greatly reduced and is only apparent as small vesicles by 24 hours before

a new extensive system develops (Jackman and van Stevininck, 1967). By

the time 'induced respiration' is apparent, carbohydrate has replaced

lipid as the primary respiratory substrate and there is also the develop¬

ment of an alternative pathway for oxidative phosphorylation - 'cyanide

resistant respiration' Hackett et aT (I960). There is no evidence in

aged carrot tissue (cited by Laties et al_, 1972)„ for this endomembrane

disintegration and subsequent re-construction typical of potato and other

storage tissue slices and there is also no evidence for the utilisation

of lipid as a primary respiratory substrate in freshly sliced carrot

storage tissue.

By the use of metabolic inhibitors, Bryant and ap Rees (1971a) have shown

that the development of induced respiration in carrot is dependant on

RNA and protein synthesis. It is therefore not surprising to find that

the changes in carbohydrate metabolism and the development of individual

enzyme activities (Table 1) are coupled with changes in nucleic acid



TABLE 1

INCREASES IN ENZYME ACTIVITY REPORTED IN AGEING STORAGE TISSUE DISCS

Enzyme

Invertase

Invertase

Hexokinase

G-6-P dehydrogenase

6-PG dehydrogenase

Invertase

Invertase

Invertase

Ascorbate oxidase

Invertase

PAL

PAL

G-6-P dehydrogenase

6-PG dehydrogenase

Tissue

Carrot

Carrot

Carrot

Carrot

Carrot

Red Beet

Red Beet

Jerusalem artichoke

Jerusalem artichoke

Sweet potato

Sweet potato

Sweet potato

Potato

Potato

Reference

Leaver and Edelman (1965)

Ricardo and ap Rees (1970)

Ricardo and ap Rees (1972)

Ricardo and ap Rees (1972)

Ricardo and ap Rees (1972)

Vaughan and MacDonald (1967ab)

Palmer (1966)

Edelman and Hall (1965)

Edelman and Hall (1965)

Matsushita and Uritani (1974)

Minamikawa and Uritani (1965)

Shannon et_ al_ (1971)

Kahl, Large and Rosenstock
(1969)

Kahl, Large and Rosenstock
(1969)

6-PG dehydrogenase Potato Sacher et al (1972)

Alcohol dehydrogenase Potato Sacher et al (1972)

Hexokinase Potato Sacher et al (1972)

PAL Potato Sacher et al (1972)

Ribonuclease Potato Sacher et al (1972)

Peroxidase Potato Sacher et al (1972)

Chlorogenic acid oxidase Potato Sacher et al (1972)

G-6-P dehydrogenase Swede Sacher et al (1972)

6-PG dehydrogenase Swede Sacher et al (1972)

Abbreviations

G-6-P dehydrogenase

6-PG dehydrogenase

PAL

Glucose-6-phosphate dehydrogenase

6-phosphogluconate dehydrogenase

phenylalanine ammonia lyase
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and protein synthesis.

In ageing carrot tissue slices there is a considerable time lag of 48 hours

before there is net synthesis of DNA (Bryant and ap Rees, 1971). In

ageing potato slices increased rates of DNA synthesis have been reported

soon after slicing (Borchet et_ al, 1974) and they reach a maximum by

22 hours (Watanabe and Imaseki, 1973). These changes are accompanied by

increases in the nuclear size and granularity of the nucleoli (Fowke and

Setterfield, 1968) and nuclear pore density (Jordan and Chapman, 1973).

Bryant and ap Rees (1971) detected net RNA synthesis in carrot discs

8 hours after slicing which continued for at least 4 days. There is a

50% increase in the total RNA in the 24 hours following slicing of the

carrot storage tissue which is followed by a more gradual rise to a

maximum at 3 days (Leaver and Edelman, 1965). Of this net synthesis of

RNA ribosomal RNA contributed 60% of the total increase but there were

also significant increases in the level of a DNA associated RNA (mRNA)

(Leaver and Edelman, 1965). These authors further showed that some RNA

species was necessary for the development of acid invertase activity.

Vaughan and MacDonald (1967c) obtained similar results for aged red

beet discs. In aged potato discs Sampson and Laties (1968) found that

this requirement for RNA synthesis for the development of acid invertase

was restricted to the initial 12 hours following slicing but Rutherford

(1971) reported that continuous mRNA synthesis was necessary to maintain

the increase in acid invertase activity.

In intact carrots the ribosome population exists predominantly as

monosomes but on slicing there is a rapid and dramatic transition from

monosomes to polyribosomes. By 6 hours following slicing the polysome

content has risen from 10% to 65% (Leaver and Key, 1967). This

transition required the synthesis of mRNA, but not rRNA, and not the

construction of new ribosomes (C-Y Lin et al^, 1973) . These authors (1973)

found that ribosome preparations from aged carrot discs differed from
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those from fresh tissue by binding more effectively with poly-U. There

were also increased levels of peptidyl tRNA associated with the ribosome

preparations from the aged carrot discs (tRNA levels have been found to

increase in aged carrot discs, Gore and Wray, personal communication),

and significant changes in the protein complement of the ribosome

preparations (C-Y Lin ert al, 1973). Leaver and Key (1967) have shown

14
that the rate of in vitro poly U directed C-phenylalanine incorporation

is increased in ribosome preparations from aged carrot discs compared

with preparations from fresh tissue. Other authors, Ellis and MacDonald

(1967) using red beetroot and Chapman and Edelman (1967) using Jerusalem

14
artichoke obtained maximum in vitro incorporation of C-amino acids

with ribosome preparations from 24 hour aged discs.

Are the increases in enzyme activity observed (Table 1 ) following slicing

a reflection of the increased rates of de novo protein synthesis? Several

workers have used inhibitors such as actinomycin D (an inhibitor of DNA

dependant RNA polymerase), puromycin (an analogue of phenylalanyl tRNA)

and p-fluorophenylalanine (an analogue of phenylalanine) as a test for

the de_ novo synthesis of specific enzymes. Edelman and Hall (1965)

have shown that inhibitors of protein and nucleic acid synthesis prevent

the increase in acid invertase activity in aged Jerusalem artichoke discs

but this does not prove that the increase in activity is due to de_ novo

synthesis. An increase in activity could be due to the removal or

destruction of an inhibitor or to the activation of a pre-formed protein

precursor, processes which themselves may depend on a functional protein

synthesising apparatus.

An alternative approach has been the use of the density labelling

technique of Hu et aJ (1962), which involves supplying the system under

study with a substance containing a heavy isotope which will be

incorporated into the amino acids used for the synthesis of the new

protein. This incorporation of the heavy isotope will result in an



TABLE 2

REPORTS OF THE DE NOVO SYNTHESIS OF ENZYMES IN AGEING STORAGE TISSUE SLICES

Tissue Enzyme Reference

Potato Glucose-6-phosphate dehydrogenase Kahl (1974)

Potato 6-phosphogluconate dehydrogenase Kahl (1974)

Potato phenylalanine ammonia lyase Sacher et al (1972)
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increase in the mass of the protein which can be detected by isopycnic

equilibrium centrifugation. By this means it is possible to decide

whether a protein is synthesised after the addition of the substance

containing the heavy isotope or whether it existed in the cell before

the addition of the isotope.

Using this method Shannon et al (1971) and Sacher et al_ (1972) have

demonstrated that the increase in phenylalanine ammonia lyase activity

which occurs on slicing sweet potato is due to de_ novo synthesis. However,

although there is a large increase in acid invertase activity on slicing

it is not at present known whether this is due to de_ novo synthesis.

Nor do we know what initiates this increase. Hormonal control of the

development of acid invertase activity has been postulated by many

workers but there is no agreement as to which hormone is involved. Since

exogenous application of gibberellic acid stimulates the development

of acid invertase in ageing Jerusalem artichoke discs (Edelman and Hall,

1964; Bradshaw el; a_l, 1969) Bradshaw and Edelman (1969) have proposed

that the development of acid invertase is controlled by (endogenous)

gibberellins. Inhibition of acid invertase development by AMO 1618

(an inhibitor of gibberellic acid synthesis) supports this conclusion

(Cherry, 1968). Ricardo (1976) has shown that exogenous application of

gibberellic acid stimulates the development of acid invertase activity in

ageing carrot discs and the same author proposes that in developing carrot

roots acid invertase activity and sucrose storage is regulated by endogenous

gibberellins (and kinetin). Auxin has been shown to both promote (Flood

et al, 1967; Rutherford et al, 1968) and to inhibit (Edelman and Hall,

1968) the development of acid invertase activity in Jerusalem artichoke.

An alternative possibility is that the increase in acid invertase activity

(and the activity of other enzymes), observed following slicing, is due

to the plant hormone ethylene which greatly influences many growth

phenomena inhigher plants (Burg, 1962; Abeles, 1972). Exogenous application
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of ethylene to swede tissue discs increases the respiration rate and

phenylalanine ammonia lyase activity (Rhodes and Wooltorton, 1971).

In fact ethylene may be the initial trigger for the wounding response.

The production of ethylene is probably autocatalytic (Imaseki et ad,

1968b) and is initiated by the breakdown of cellular compartmentation

which occurs on wounding (Kende and Baumgartner, 1974).

The intriguing question of what initiates the wounding response is as

yet unanswered. Though slicing causes disruption of cells at the cut

surface (with the loss of metabolites - Adams and Rowan, 1970) changes

are soon observed at the ultrastructural level in red beet discs (Jackman

and van Stevininck, 1967), but no such changes have been reported for

ageing carrot discs (Adams, 1970b). However, changes in respiratory

metabolites are observed within minutes of slicing the carrot tissue

(Adams, 1970b).

The nature of the stimulus, however, that radiates away from the cut

surface is as yet far from clear. Action potentials with transmission

rates of the order of 10 mm/sec have been reported in response to mechanical

injury in a variety of plant tissue (Pickard, 1973) and they may be related

to changes in the ionic environment of the cells (van Stevininck, 1961) ,

changes in membrane permeability (van Stevininck, 1975) and ethylene

synthesis (Imaseki et ^al, 1968b and Imaseki, 1970) .

In carrot discs the long term development of the ageing process may

depend on the development of acid invertase activity to provide hexoses

for the respiratory pathways which in turn are required to supply a

sufficient fund of 'high energy' adenylates and NADPH^ to power the
synthetic pathways set in motion by the initial wounding stimulus.

In carrot tissue there are two types of invertase, acid invertase and

alkaline invertase (Cooper and Greenshields, 1964). The energy demands

of the intact tissue, actively storing sucrose are met by alkaline invertase



8

hydrolysis of sucrose (Ricardo, 1974). On wounding there is little or

no increase in alkaline invertase activity (Ricardo, 1974) and storage

sucrose is broken down by acid invertase which rises to high levels

as described above.

Several workers using a variety of plant storage tissues i.e. Jerusalem

artichoke (Edelman and Hall, 1965), red beet (Vaughan and MacDonald,

1967b) and carrot (Ricardo and ap Rees, 1970) attempted to determine

the iri vivo distribution of acid invertase by examining its distribution

between the fractions prepared after extraction and differential centri-

fugation of the aged tissue discs. Ricardo and ap Rees (1970) found

that the distribution of acid invertase activity between the so liable

supernatant and the insoluble cell-wall fractions was a function of

the pH and the nature of the extraction buffer. It was left to

Little and Edelman (1973) to show, from their re-examination of

the data of Ricardo and ap Rees (1970) and their study of the distribution

of acid invertase activity between the fractions prepared from aged

Jerusalem artichoke discs, that the distribution of acid invertase

activity between the soluble supernatant and the loosely bound cell-

wall fractions was dependent not only on the pH but also on the

ionic strength of the extraction buffer. Little and Edelman (1973)

were unable to completely solubilise the acid invertase activity

present in the insoluble cell-wall fraction. These authors concluded

that acid invertase could bind to the cell wall in three different

ways, namely (i) ionically bound, (ii) covalently bound or (iii)

occluded within the cell wall matrix. Copping and Street (1972) have

also proposed that part of the cell-wall acid invertase fraction prepared

from cultured Sycamore cells was loosely bound and part firmly bound.

On the basis of the results obtained for the differential distribution

of acid invertase activity between the soluble supernatant fraction

and the cell-wall fraction, after extraction and differential



9

centrifugation of aged carrot discs and the observed relationship between

the acid invertase activity, alkaline invertase activity and sucrose

content in mature and immature roots of different carrot varieties,

Ricardo (1974) has put forward a scheme (Fig. 2) for the control of

sucrose-hexose metabolism in storage tissue. In this scheme alkaline

invertase is located solely in the cytoplasm whilst in the ageing

tissue acid invertase is not found in a free form in the cytoplasm

but is located at the tonoplast and plasmalemma. These locations

for alkaline invertase and acid invertase have not been confirmed.

Metzenberg (1964) reported the presence of multimolecular forms of

invertase in Aspergillus niger and more recently multimolecular forms

of acid invertase have been found in a variety of higher plants; excised

tomato roots (Chin and Weston, 1974) , cultured Convolvulus cells (Klis

and Akster, 1974), leaves of winter wheat (Roberts, 1973) and in

developing internodes of oat (Jones and Kaufman, 1975). It is uncertain

what relevance the existence of multimolecular forms of acid invertase

is to the scheme postulated by Ricardo (1974).

The objectives of this thesis were then, using ageing carrot discs, to

(i) examine whether ethylene plays a role in the development of acid

invertase activity, (ii) determine if the observed increase in acid

invertase activity was due to de novo synthesis, (iii) determine the

distribution of acid invertase activity between the fractions prepared

after extraction and differential centrifugation of aged carrot discs

and (iv) determine whether multimolecular forms of acid invertase

are present in aged discs.
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A scheme postulated by Ricardo (1974) for the regulation
of sucrose-hexose interconversion, by acid and alkaline
invertase, in root storage tissue.

Fig. 2
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CHEMICALS

Sephadex G-lOO was obtained from Pharmacia (G.B.) Ltd. Chloramphenicol,

^-globulin (Cohn fraction II), myoglobin (type II from Whale Skeletal muscle)

bovine serum albumin and cytochrome c (type II-A from Horse Heart) were

obtained from the Sigma (London) Chemical Company Ltd.

Arsenomolybdate reagent (Nelson, 1944) and Folin and Ciocalteau's phenol

reagent were obtained from BDH Chemicals Ltd. All other chemicals were

obtained from the usual suppliers and were of standard laboratory grade.

PLANT MATERIAL

Fresh carrots (Daucus carota L.) were obtained from local shops, as required.

Only intact undamaged carrots were used in this investigation.

PREPARATION AND INCUBATION OF DISCS OF CARROT ROOT PHLOEM PARENCHYMA

After washing the carrots, cylinders (10 mm diameter) of root tissue were

cut perpendicular to the longitudinal axis of the carrot and discs (1 mm

thick) of phloem parenchyma were prepared. The discs were rinsed three

times with distilled water and 10 g lots were placed in 1 litre Erlenmeyer

flasks with 80 ml distilled water containing chloramphenicol (40 yg/ml).

The flasks were lightly stoppered with cotton wool and incubated on a New

Brunswick controlled environment shaker at 210 rpm and 28-29°. In a

typical experiment 40 g of discs were incubated for 70 h.

EXTRACTION OF ACID INVERTASE

All operations and subsequent manipulations were carried out at 4°.
(1) Extraction of acid invertase at pH 4.8

(a) Preparation of the supernatant (soluble) acid invertase fraction

After incubation the discs (40 g) were rinsed three times with distilled

water and lightly dried with absorbent paper. The discs were then ground

(4 g at a time) in a mortar and pestle in a small volume of 0.35M-sodium

acetate/0.246M-acetic acid pH 4.8 (0.6M-acetate buffer) in the presence

of a small quantity of acid washed sand. 40 g of discs required approximately

80 ml of extraction buffer. The brei was centrifuged at 1000 g for 30 min in
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MSE Highspeed 18 centrifuge to sediment the "cell walls" (the "cell wall"

pellet was retained for the preparation of the cell-wall loosely bound

acid invertase - see 1 (b) below).

The supernatant was centrifuged at 112,000 g for 60 min in an MSE Super-

speed 40 centrifuge and four volumes of saturated ammonium sulphate (pH 7.5)

were added to the resulting clear supernatant. After stirring for 40 min

the precipitated protein was sedimented by centrifugation at 30,000 g_ in

an MSE Highspeed 18 centrifuge for 30 min and dissolved in 24.ImM-Na^HPO^/
12.5mM-citric acid, pH 4.8, (J = 0.148). The solution constitutes the

pH 4.8 supernatant (soluble) acid invertase.

(b) Preparation of the cell-wall loosely bound acid invertase fraction

The"cell wall"pellet (see 1 (a) above) was washed three times with 0.6M-

acetate buffer (pH 4.8) and sedimented at 1000 g_. The"cell walls"were

then suspended in lM-NaCl in 0.6M-acetate buffer (pH 4.8) and gently

stirred for 60 min. The suspension was then centrifuged at 30,000 g

for 30 minuntes and four volumes of saturated ammonium sulphate (pH 7.5)

were added to the resultant clear supernatant. After stirring for 40 min

the precipitated protein was collected by centrifugation at 30,000 g

for 30 min. The protein pellet was dissolved in 24.3mM-Na2HPO^/12. 5mM-
citric acid (pH 4.8) (T = 0.148). This solution constitutes the pH 4.8

cell-wall loosely bound acid invertase.

(2) Extraction of acid invertase at pH 8.0

(a) Preparation of the supernatant (soluble) acid invertase fraction

After incubation, the discs (40 g) were rinsed three times with distilled

water and lightly dried with absorbent paper. The discs were then ground

(4 g at a time) in a mortar and pestle with a small volume of O.095M-Na2HP0^/

0.005M-NaH2P0^, pH 8.0, (0.lM-phosphate buffer) in the presence of a small
quantity of acid washed sand. 40 g of discs required about 80 ml of extraction

buffer. The brei was then centrifuged at 1000 g for 30 min to sediment the

"cell walls" (the "cell wall" pellet was returned for the preparation of the pH8
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cell-wall loosely bound acid invertase - see 2(b) below). The supernatant

was centrifuged at 112,000 g for 60 min and four volumes of saturated

ammonium sulphate (pH 7.5) were added to the resulting clear supernatant.

After stirring for 40 min the precipitated protein was sedimented by

centrifugation at 30,000 g for 30 min and dissolved in 48.6mM-Na2HPO^/
0.7mM-citric acid, pH 8.0, (J = 0.150). This solution constitutes the

pH 8.0 supernatant (soluble) acid invertase.

(b) Preparation of cell-wall loosely bound acid invertase

The"cell wall"pellet (see 2(a) above) was washed three times with O.IM-

phosphate buffer (pH 8.0) and sedimented at 1000 g. The"cell wall"pellet

was then suspended in lM-NaCl in 0.lM-phosphate buffer (pH 8.0) and gently

stirred for 60 min. The suspension was then centrifuged at 30,000 g for

30 min and four volumes of saturated ammonium sulphate (pH 7.5) were added

to the resulting clear supernatant. After stirring for 40 min the precipitated

protein was sedimented by centrifugation at 30,000 g for 30 min. The

protein pellet was dissolved in 48.6mM-Na2HP0^/0.7mM-citric acid, pH 8.0,
(J = 0.150) . This solution constitutes the pH 8.0 cell-wall loosely bound

acid invertase. The extraction buffers used, i.e. 0.6M-acetate (pH 4.8)

and 0.lM-phosphate (pH 8.0) contained 25 mM mercaptoethanol to reduce the

oxidation of phenolic compounds extracted from the aged tissue discs. If

the mercaptoethanol was omitted from the extraction buffer the level of

extractable acid invertase activity was greatly reduced.

All the acid invertase preparations were clarified by centrifugation at

112,000 g for 30 min and then dialysed overnight against either,

(i) 24.3mM-Na2HPO^/l2.5mM-citric acid, pH 4.8 (J = 0.148)
or (ii) 48.6mM-Na2HP04/0.7mM-citric acid, pH 8.0, (j = 0.150)
depending on the subsequent experiment.

After dialysis any precipitated protein was removed by centrifugation at

112,000 g_ for 30 min.
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SEPHADEX GEL FILTRATION CHROMATOGRAPHY

The Sephadex G-lOO was suspended in either,

(i) 24.3mM-Na2HPO^/12,5mM-citric acid, pH 4.8 (X = 0.148)
or (ii) 48.6mM-Na2HPO^/ 0.7mM-citric acid, pH 8.0, (J = 0.150)
degassed and then left to stand for at least five days prior to use. A

column (40 x 2 cm) was packed and the column void volume (Vo) was determined

with blue dextran.

Gel filtration was performed by applying 3 ml samples of acid invertase

and eluting with the appropriate buffer. 3 ml fractions were collected

and assayed for acid invertase activity as described below.

ASSAY OF ACID INVERTASE

The activity of the acid invertase in the enzyme samples was determined by

measuring the rate of release of reducing sugars from sucrose. Reducing

sugars were determined by the method of Nelson (1944) as modified by Somogyi

(1955). 0.5 ml enzyme sample was added to 0.5 ml 50mm-sucrose in 0.12m-

sodium acetate/0.08m-acetic acid, pH 4.8, and incubated at 28° for 10 min.

1 ml copper reagent was then added and the samples were heated in a boiling

water bath for 20 min. After cooling, 1 ml arsenomolybdate reagent was

added, the sample was mixed and then left to stand for 30 min. The

absorbance at 500 nm was measured and converted to yg reducing sugar using

a standard glucose curve (0-200 yg glucose) (Fig. 3 ). The copper reagent

was produced by mixing 25 parts solution A with 1 part solution B.

Solution A consisted of 25 g Na2C03
25 g sodium potassium tartrate

20 g NaHC03
200 g Na2S04
in 1 litre distilled water.

The solution was kept at 30° to prevent crystallisation.

Solution B consisted of 15 g CuSO^.Sf^O
plus 2 drops conc. E^SO^ in 100 ml distilled water.



14

DETERMINATION OF THE THERMAL STABILITY OF ACID INVERTASE

Enzyme samples (0.2 ml) were incubated at 35° or 50° for timed intervals

and then rapidly cooled by plunging the test tubes into iced water. The

acid invertase activity in these samples was determined as described

previously.

DETERMINATION OF THE K FOR SUCROSE
m

The K for sucrose was determined, according to the method of Lineweaver and

Burk (1934) over a range of 5 to lOOmM sucrose.

MOLECULAR WEIGHT DETERMINATION OF ACID INVERTASE

The molecular weight of acid invertase was estimated by Sephadex G-lOO gel

filtration chromatography, according to the method of Andrews (1964). The

Sephadex G-lOO column (40 x 2 cm) was calibrated using ^-globulin^ bovine

serum albumin, myoglobin and cytochrome C. The elution profile of these

standards was determined by measuring the absorbance of the eluate at

280 nm ( ^-globulin and bovine serum albumin) 407 nm (myoglobin) and

412 nm (cytochrome C).

PROTEIN ESTIMATION

Protein was estimated by the method of Lowry et cil (1951) . The protein was

precipitated from samples, overnight, by the addition of an equal volume of

10% (w/v) trichloroacetic acid. The precipitated protein was sedimented,

washed three times with 5 ml 90% ethanol, and then dissolved in 1 ml of

lM-NaOH. A 0.2 ml sample was mixed with 1 ml reagent C and allowed to

stand for at least 15 min. 0.1 ml of Folin and Ciocalteau's reagent was

then added, whilst the sample was vigorously mixed. After standing for

30 min the absorbance at 500 nm was measured and converted to yg protein

by comparison with a standard curve (O-lOO yg bovine serum albumin) at

the same time (Fig. 4). Reagent C above was made up of 50 parts 2%

Na^CO^ in O.lM-NaOH (reagent A) to 1 part 0.5% CuSO^.SH^O in 1% sodium
tartrate (reagent B).
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Fig. 4 A standard curve for protein determination
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DENSITY LABELLING AND PREPARATION OF CELL-WALL LOOSELY BOUND ACID INVERTASE

FOR ISOPYCNIC EQUILIBRIUM CENTRIFUGATION

Discs, prepared as previously described, were aged for 60 h at 28°.
10 g of discs were shaken with either 25 ml f^O or 25 ml 90% deuterium
oxide, containing 40 Rg/ml chloramphenicol, in 250 ml Erlenmeyer flasks.

The aged discs were rinsed with distilled H^O, blotted dry and ground in
a mortar and pestle with 0.05M-sodium acetate/0.041M-acetic acid, pH 4.8,

(0.lM-acetate buffer). The brei was centrifuged at 1000 g_ to sediment

the "cell walls!' The supernatant was discarded and the"cell walls"were

washed three times with O.lM-acetate buffer (pH 4.8) and sedimented at

1000 cj. The "cell walls"were then suspended in 25 ml l.OM-NaCl in O.lM-

acetate buffer (pH 4.8) and gently stirred for 60 min. The suspension

was then centrifuged at 30,000 cj for 30 min and four volumes of saturated

ammonium sulphate (pH 7.5) were added to the resulting clear supernatant.

After stirring for 1 h, the precipitated protein was sedimented by centrifug-

ation at 30,000 g and dissolved in O.lM-acetate buffer (pH 4.8). This acid

invertase was used for isopycnic equilibrium centrifugation.

ISOPYCNIC EQUILIBRIUM CENTRIFUGATION

Isopycnic equilibrium centrifugation was performed in an MSE Superspeed 65

Mk I Preparative Ultracentrifuge using a 3 x 5 ml swing out aluminium rotor.

The gradient mixture contained 1 ml enzyme preparation 1 ml O.lM-acetate

buffer (pH 4.8) and 1 ml saturated CsCl (20°). The gradient mixture was

overlaid with 1.5 ml paraffin. Following centrifugation at 140,000 g

for 65 h at 4°, the tubes were punctured at the bottom and 50-60 fractions

of 3 drops (0.05 ml) each were collected through a needle. Refractive

index determinations were made on 8 fractions throughout the gradient

using a Bellingham and Stanley Abbe type refractometer. A standard curve

relating buoyant density to refractive index was prepared using the

equation (Anon, 1970).

25
Q = (10.8601 x refractive index) - 13.4974

25 o
Where Q is the density at 25
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Acid invertase activity was determined in the other fractions by the

addition of 0.4 ml distilled water and 0.5 ml 50mM-sucrose in 0.2M-acetate

buffer (pH 4.8). After incubation at 28° for 30 min reducing sugar was

determined as previously described.

DETERMINATION OF THE EFFECT OF ETHYLENE ON THE DEVELOPMENT OF ACID

INVERTASE IN AGEING CARROT DISCS

1 g of carrot root discs, prepared as previously described, was incubated

in lO ml distilled water containing 40 yg/ml chloramphenicol in 150 ml

narrow necked Erlenmeyer flasks sealed with rubber Subaseal caps. A clear

plastic well containing 5% (w/v) KOH in distilled water, to absorb carbon

dioxide which is a competitive inhibitor of ethylene action (Burg and Burg,

1965; Gahagan, et_ al, 1968) was suspended by a thin wire above the

surface of the incubation medium.

In experiments to study the removal of ethylene on the development of acid

invertase activity a second well, containing 0.25M-mercuric perchlorate

in 0.2M-perchloric acid, was suspended above the incubation medium. Mercuric

perchlorate readily absorbs ethylene (Young et_ aT, 1952) and has been used

in the study of the physiological role of ethylene in higher plants (Bireka

and Miller, 1974). Mercuric perchlorate was prepared after the method of

Young et ad (1952) by dissolving 52.2 g 'red' mercuric oxide in 250 ml

perchloric acid (172 ml of 70% (v/v) perchloric acid diluted to 250 ml).

After filtering, the solution was made up to 1 litre with distilled water.

In other experiments to study the effect of the addition of ethylene,

ethylene was injected into the sealed flasks to give a final concentration

of 15 ppm. The tissue discs were incubated at 28° in a Grant shaking

water bath. Every 24 hours the flasks were flushed, the well contents

replaced with 'fresh' KOH or mercuric perchlorate, resealed and where

appropriate, ethylene was injected into the sealed flasks. The acid

invertase activity of the intact discs was assayed as follows (after the

method of Vaughan and MacDonald, 1967b). The discs were carefully removed
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from the flasks, washed three times with distilled water and lightly dried

with absorbent paper. The discs were then incubated for 15 min at 28°
in 5 ml 25mM-sucrose in O.lM-acetate (pH 4.8) or 5 ml O.lM-acetate (pH 4.8)

in a Grant shaking water bath. 0.5 ml samples of the incubation medium

were removed and assayed for reducing sugars by the method previously

described.



RESULTS
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THE DEVELOPMENT OF ACID INVERTASE ACTIVITY IN AGEING TISSUE DISCS

Discs of carrot storage tissue were aged for 72 h at 28° and the acid

invertase activity in these intact discs was determined at set intervals

(after the method of Vaughan and MacDonald, 1967b). 1 g lots of discs

(in duplicate) were carefully removed from the incubation flasks, washed

three times with distilled water and lightly dried with absorbent paper.

The discs were then incubated for 15 min at 28° in 5 ml 25mM-sucrose

in O.lM-acetate (pH 4.8) or for the control 5 ml O.lM-acetate (pH 4.8)

in a Grant shaking water bath. Duplicate samples (0.5 ml) of the incubation

medium were removed and assayed for reducing sugar.

The development of acid invertase activity in ageing carrot discs is

presented in Fig. 5. There is an initial lag of about 6 h before a rapid

and large increase in acid invertase activity. This result is similar

to those reported by Ricardo and ap Rees (1970) and Vaughan and MacDonald

(1967b) for ageing carrot discs as well as those results for the development

of acid invertase activity in other ageing tissue discs (potato and red

beet - Vaughan and MacDonald, 1967a; sweet potato - Matsushita and Uritani,

1974) .

THE ROLE OF ETHYLENE IN THE DEVLEOPMENT OF ACID INVERTASE ACTIVITY IN AGED

TISSUE DISCS

The plant hormone, gibberellic acid, has been implicated in the development

of acid invertase activity in ageing tissue slices (Edelman and Bradshaw,

1969) as well as other aspects of the wounding response.

Another hormone, ethylene, has been shown to be synthesised by sweet potato

discs (Imaseki et al., 1968b) and exogenous application of ethylene to ageing

sweet potato discs stimulates phenylalanine ammonia lyase and peroxidase

activity (Imaseki et al., 1968a). Other workers (Rhodes and Wooltorton, 1971)

have shown that the application of ethylene stimulates the development

or respiration and phenylalanine ammonia lyase activity in aged discs of

swede.



Fig. 5 The Development of Acid Invertase Activity in Aged Carrot Discs.

The discs, 1 g (in duplicate) were incubated in 10 ml distilled
water, containing 40 yg/ml chloramphenicol, at 28°. At the
times indicated the acid invertase activity of the intact
discs was assayed (after the method of Vaughan and MacDonald,
1967b) as described in the 'Materials and Methods' section.



AcidInvertaseActivity(mgreducingsugar/h/gfreshwt.)
1
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The following experiments were carried out to study the role of ethylene

on the development of acid invertase activity in ageing carrot tissue

slices. Two approaches were employed.

1. Exogenous application of ethylene

In this case (Table 3) addition of ethylene had little effect in stimulating

acid invertase activity in ageing discs. In two experiments the increase

in acid invertase assayed in 67 h aged discs was (i) 22% and (ii) 3%.

This small increase in acid invertase activity may be the result of

endogenous ethylene saturating the tissue such that further application

of ethylene has little effect.

2. Incubation of discs in the presence of mercuric perchlorate in the

gas phase

Mercuric perchlorate has been shown to be a very efficient absorbent of

ethylene (Young et; al, 1952) . It should then be possible to interpret

the results obtained for the development of acid invertase in the presence

and absence of mercuric perchlorate in the gas phase to indicate the

role ethylene may play in the development of this acid invertase activity

in aged carrot discs.

When discs were allowed to age in the presence of mercuric perchlorate

in the gas phase there was a very dramatic drop in acid invertase in the

67 h aged discs (Table 3). In two experiments this decrease was (i) 56%

and (ii) 52% compared with the control samples. To further demonstrate

this effect of the presence of mercuric perchlorate on the development

of acid invertase activity the following experiment was carried out.

The development of acid invertase activity was followed in carrot discs

incubated in the presence or absence of mercuric perchlorate in the gas

phase. The results presented in Fig.6 show that, in the presence of

mercuric perchlorate, the development of acid invertase activity was

greatly reduced. If after 48 h the mercuric perchlorate was removed

from the incubation flasks there was a rapid increase, (approximately 45%)



TABLE
3

Effect
of

ethylene
or

mercuric
perchlorate

(MP)

treatment
on
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development
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invertase
activity
in

ageing
carrot

discs.

Acid

Invertase
Activity

(mg

reducing
sugar/min/g
fresh

wt.)

Treatment

Experiment
I

Experiment
II

None

233.3

180.0

+

C2H4

281.7

185.0

+

MP

103.3

85.0

Ethylene
(10

ppm)
or

mercuric
perchlorate

treatment
commenced

immediately
after
slicing
and

discs
were

assayed
67
h

later.

All

flasks

contained
a

KOH
well
to

absorb
C02.
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in the acid invertase activity of these tissue discs (Fig. 6).

The above experiments show that if ethylene was removed from the incubation

system there was a very dramatic drop in the development of acid invertase

activity. This situation was reversible. When the mercuric perchlorate

was removed from the gas phase there was a rapid rise in acid invertase

activity (Fig. 6) presumably because endogenous ethylene levels rise.



Fig.6 The Effect of Mercuric Perchlorate (MP) Treatment on the Develop¬
ment of Acid Invertase Activity in Ageing Carrot Discs.

1 g of carrot discs were incubated in 10 ml distilled water
containing 40 yg/ml chloramphenicl at 28°. Mercuric
perchlorate treatment commenced immediately on slicing
by suspending a well containing 0.25M-mercuric perchlorate
in the gas phase above the discs. The flasks also contained

a KOH well to absorb CO and were sealed with Subaseal caps.
At the times indicated the discs were assayed for acid
invertase activity (after the method of Vaughan and MacDonald,
1967b) as described in the'Materials and Methods* section.
After 48 h the mercuric perchlorate was removed from the
gaseous phase of some discs (as indicated by the arrow).

Treatment

None

+ MP

MP removed at 48 h o—o
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DE NOVO SYNTHESIS OF CELL-WALL LOOSELY BOUND ACID INVERTASE

The development of acid invertase activity in aged carrot discs is well

documented (Leaver and Edelman, 1965; Ricardo and ap Rees, 1970). This

is subject to regulation by ethylene (Fig. 6) as well as gibberellin

(Edelman and Bradshaw, 1969). Is this increase in activity the result

of the activation of a pre-formed protein or due to de novo synthesis?

Edelman and Hall (1965) have presented evidence from the use of specific

metabolic inhibitors that nucleic acid and protein synthesis is required

for the induction of acid invertase activity. This does not, however,

prove that acid invertase is synthesised de novo since this increase in

enzyme activity could result from the removal or destruction of an inhibitor

or the activation of a pre-formed protein precursor, processes which themselves

may depend on a functional protein synthesising apparatus.

To unequivocally demonstrate the de_ novo synthesis of acid invertase

the density labelling technique of Hu et a(L., (1962) was employed. The

heavy isotope used for incorporation into the amino acids used for the

synthesis of new protein was deuterium. The carrot discs were aged for

65 hours in either H^O or 90% deuterium oxide and the cell-wall loosely
bound acid invertase was prepared, as described in the Materials and

Methods section. There was a 35% decrease in the amount of extractable

cell-wall loosely bound acid invertase from the discs aged in deuterium

oxide compared with discs aged in H^0.
As shown in Fig. 7 the buoyant density of the acid invertase prepared

from discs aged in H^O was 1.295 kg/1 and that for the acid invertase
prepared from discs aged in deuterium oxide was 1.312 kg/1. The shift

in buoyant density was 0.017 kg/1 or 1.4% and this result suggested that

the cell-wall loosely bound acid invertase is synthesised de_ novo and

that at least part of the increase in acid invertase activity observed

in ageing carrot discs is due to de_ novo synthesis of the protein.

This shift in the buoyant density of the cell-wall loosely bound acid



Fig. 7 Equilibrium Distribution of the pH 4.8 Cell-Wall Loosely Bound
Acid Invertase in a CsCl Gradient obtained by Ultracentrifugation.

The pH 4.8 cell-wall loosely bound acid invertase was prepared
from discs (lO g) aged in either 25 ml distilled water or 25 ml
90% deuterium oxide containing 40 llg/ml chloramphenicol. The
isopycnic equilibrium centrifugation was performed in a MSE
Superspeed 65 preparative ultracentrifuge using a 3 x 5 ml
swing out rotor at 39,000 g for 65 h at 4°. The gradient
mixture employed had the following composition: 1 ml saturated
solution CsCl (20°), 1 ml 0.lM-acetate, pH 4.8, and 1 ml
enzyme. After centrifugation the tubes were punctured and
approximately 60 fractions of 4 drops each were collected.
The refractive index of 8 fractions throughout the gradient
was determined, using a Bellingham and Stanley Abbe type
refractometer, to prepare a standard curve relating buoyant
density to refractive index. The acid invertase activity of
the remaining fractions was determined as described in the
Materials and Methods section.
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invertase which was observed in a number of experiments may result from

deuterium being incorporated into monosaccharide. If this were so the

shift in the buoyant density represents the de novo synthesis of a

carbohydrate moiety (Anstine et jfL. , 1970) associated with acid invertase

rather than the do novo synthesis of the protein moiety. Arnold (1965)

has shown that grape berry acid invertase is a glycoprotein containing 25%

carbohydrate but there is no evidence to suggest that carrot acid invertase

is a glycoprotein. In their study of the turnover of catalase isoenzymes

Quail and Scandalios (1971) found that the buoyant density of both

4 4
catalase isoenzymes V and Z was 1.255 kg/1. These authors calculated

that if de novo synthesis of carbohydrate was to account for the observed

shift in the buoyant density, the catalase molecule had to be at least

45% carbohydrate. Horse radish peroxidase, a glycoprotein known to

be 16% carbohydrate (Shannon et ad., 1966), had a buoyant density of

1.349 kg/1 whilst that of barley Ot-amylase, which is 0.4% carbohydrate,

was 1.30 kg/1 (Filner and Varner, 1967). The carbohydrate content of

the molecule is loosely correlated with the buoyant density in that

the lower the buoyant density the smaller the carbohydrate moiety is.

From the result of 1.295 kg/1 for the buoyant density of the cell-wall

loosely bound acid invertase it may be inferred that acid invertase has

little or no associated carbohydrate and the shift of 1.4% in the

buoyant density of the acid invertase when the carrot discs were aged

in deuterium oxide was due to the de novo synthesis of the protein.
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DISTRIBUTION OF ACID INVERTASE ACTIVITY BETWEEN THE FRACTIONS PREPARED

AFTER HOMOGENISATION AND DIFFERENTIAL CENTRIFUGATION OF AGED CARROT DISCS

Following homogenisation and differential centrifugation of aged discs

of carrot, red beet and potato, Vaughan and MacDonald (1967a) found

that acid invertase activity was distributed between the soluble super¬

natant and the (insoluble) cell-wall fractions. These authors (Vaughan

and MacDonald, 1967b) were unable to solubilise the acid invertase

activity associated with the insoluble cell-wall fraction prepared from

red beet discs. Edelman and Hall (1965) were also unable to solubilise

the acid invertase associated with the cell-wall fraction from aged

Jerusalem artichoke discs. Ricardo and ap Rees (1970) proposed that

the distribution of acid invertase activity between the soluble supernatant

and the (insoluble) cell-wall fractions was a function of the pH and the

chemical composition of the extraction buffer. When an alkaline buffer

was employed a large proportion of the acid invertase activity was present

in the soluble supernatant fraction whilst if an acid buffer was used

the acid invertase activity was predominantly associated with the

insoluble cell-wall fraction. It was left to Little and Edelman (1973)

to show that the distribution of acid invertase activity was a function

not only of the pH but also of the ionic strength of the extraction

buffer. When buffers of high ionic strength were used the majority of

the acid invertase activity was present in the soluble supernatant.

Little and Edelman (1973), however, were unable to achieve complete

removal of acid invertase activity from the cell wall preparation with

high ionic strength buffers. To illustrate the role the extraction buffer

pH plays in determining the distribution of acid invertase activity

between the soluble supernatant and the (insoluble) cell-wall fraction,

the following experiment was carried out.

Carrot discs, aged for 60 h, were homogenised with either O.195M-phosphate/

0.003M-citric acid, pH 8.0 (alkaline buffer) or 0.lM-acetate, pH 4.8
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(acid buffer). After extraction and differential centrifugation with

acid buffer there was considerably (five times) more acid invertase

activity in the (insoluble) cell-wall fraction than in the soluble

supernatant fraction (Table 4). When alkaline buffer was used the

acid invertase activity was distributed between the soluble supernatant

and the (insoluble) cell-wall fraction with the majority (two thirds)

of the activity in the soluble supernatant fraction (Table 4).

It has been proposed that cell walls can bind enzymes ionically or

covalently (Lamport, 1965; Little and Edelman, 1973) . Any enzyme

activity that can be released by washing the cell-wall preparation

with high ionic strength solution was assumed to be ionically bound.

Enzyme activity still associated with the cell-wall preparation, after

washing, was presumed to be covalently bound or occluded within the

cell-wall matrix.

The (insoluble) cell-wall fractions prepared by extraction and differential

centrifugation with acid and alkaline buffer were washed with lM-NaCl

in O.lM-acetate, pH 4.8 (T = 1.1). Acid invertase activity was only

released from the acid buffer prepared cell walls (Table 4). After

repeated washings with lM-NaCl in 0.lM-acetate, pH 4.8, the activities

of both the acid (1.5 mg reducing sugar produced/h/g fresh wt.) and

the alkaline (1.02 mg reducing sugar/h/g fresh wt.) prepared cell walls

were similar. This acid invertase, not solubilised by a high ionic strength

solution was assumed to be either covalently bound or occluded within

the cell-wall matrix. The acid invertase released from the acid prepared

cell walls by a high ionic strength solution was presumed to be ionically

bound to the cell walls.

These results indicate that, after extraction and differential centrifugation

three fractions can be prepared from aged carrot discs, (1) a soluble

supernatant fraction, (2) a cell-wall loosely bound fraction



TABLE
4

The

effect
of

extraction
buffer

on

the

distribution
of

acid

invertase

activity
between
the

supernatant
and
the

cell
wall

fraction

ExtractionBuffer
pH

4.8

Acid

invertase
activity
(Ug

reducing
sugar

produced/h/g
fresh

wt.)

Supernatant319.8

Unwashed
cell

walls5100.0

NaCl

washed
cell
walls1500.0

NaCl
wash
from

cell
walls2620.2

8.0

2209.8

1080.O

1020.0

150.0

Discs
were
aged
for
67
h

at

28°

before

extraction
and

differential

centrifugation
with
pH

4.8
or
pH

8.0

buffer.
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presumably ionically bound to the cell wall. This acid invertase

fraction can only be prepared from "cell walls" extracted in acid buffer;

there was no cell-wall loosely bound acid invertase associated with the

alkaline buffer prepared "cell walls". Finally (3) a cell-wall strongly

bound acid invertase not solubilised by high ionic strength solutions.

This cell-wall strongly bound acid invertase fraction is not influenced by

the pH or ionic strength of the extraction buffer.

The pH and/or the ionic strength of the extraction buffer, however, determines

the distribution of acid invertase activity between the soluble supernatant

and the cell-wall loosely bound fractions. Following extraction with

acid buffer the acid invertase (with the exception of the cell-wall strongly

bound acid invertase) was partitioned between the soluble supernatant

and the cell-wall loosely bound fractions. When an alkaline or high

ionic strength buffer was employed all the acid invertase activity (with

the exception of the cell-wall strongly bound acid invertase) was in the

soluble supernatant fraction. From these results it was concluded that

the pH 8.0-soluble supernatant acid invertase was made up of both the

pH 4.8 soluble supernatant and the pH 4.8 cell-wall loosely bound acid

invertase.

Ricardo and ap Rees (1970) have also shown that the distribution of acid

invertase activity was dependent on the extraction conditions. Because

of this it has not been possible to determine the iii vivo location of

acid invertase on the basis of the results obtained for the distribution

of acid invertase activity between the fractions prepared by extraction

and differential centrifugation. Ricardo (1974), however, has put forward

a scheme (Fig. 2) for the regulation of sucrose-hexose metabolism in

carrot storage tissue in which the author postulates that the acid

invertase was primarily located at the tonoplast. In this scheme acid

invertase was also located at the cell surface but was not present in a

free form in the cytoplasm. These locations for acid invertase have yet
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to be confirmed and as Ricardo (1974) pointed out it is necessary to

determine unequivocally the in. vivo location of acid invertase before

its role in regulating sucrose-hexose metabolism in ageing tissue discs

or the developing storage organ can be fully understood.

It was shown in the above experiment that following extraction with acid

buffer the acid invertase activity was partitioned between the soluble

supernatant fraction and the cell-wall loosely bound fraction (Table 4).

There are two possible explanations for this result. Firstly the cell-

wall loosely bound acid invertase fraction was an artefact of the extraction

procedure. Alternatively, there may be differences in the nature of the

acid invertase present in the soluble supernatant fraction and in the

cell-wall losely bound fraction. To test the possible identity of the

pH 4.8 soluble supernatant and the pH 4.8 cell-wall loosely bound acid

invertase Sephadex G-lOO chromatography was employed in this thesis.
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SEPHADEX G-lOO CHROMATOGRAPHY OF ACID INVERTASE

In the experiments the acid invertase fractions were prepared from 70 h

aged carrot discs with 0.6M-acetate, pH 4.8 (acid buffer), or O.lM-phosphate,

pH 8.0 (alkaline buffer), as described in the Materials and Methods

section. The distribution of acid invertase activity (Table 5) following

extraction with acid and alkaline buffer was similar to that obtained for

the experiment described above (Table 4).

In the experiments described below, after extraction and precipitation

with ammonium sulphate the acid invertase was dissolved up in 24.3mM-

Na2HPO^/12.5mM-citric acid, pH 4.8 (J = 0.148) or 48.GmM-Na^HPO^/
0.7mM-citric acid, pH 8.0 (J = 0.150) as appropriate. These buffers

of low ionic strength were used for the subsequent analysis and gel

filtration chromatography.

Sephadex G-lOO Chromatography of the pH 4.8 Soluble Supernatant Acid

Invertase

The acid invertase was prepared from 70 h aged discs as described in

the Materials and Methods section, using 0.6M-acetate, pH 4.8. A

3 ml sample (0.62 mg reducing sugar produced/h/g fresh wt.) was

applied to a Sephadex G-lOO column equilibrated with 24.3mM-Na2HPO^/
12.5mM-citric acid, pH 4.8. After elution with the same buffer two

peaks of acid invertase were observed (Fig. 8). One peak eluted at

the void volume, whilst the other peak was retarded (Ve = 43 ml).

90.8% of the eluted acid invertase activity was associated with the

retarded peak.



TABLE 5

The effect of extraction buffer pH on the distribution of
acid invertase activity between the supernatant

and the cell-wall fraction

0.6M-acetate

pH 4.8
0.lM-phosphate

pH 8.0

Fraction Acid invertase activity
(mg reducing sugar produced/

h/g fresh wt.)

soluble supernatant 1657.1 5293.4

cell-wall loosely bound 2664.7 129.6

cell-wall firmly bound 1435.6 1334.3

Discs were aged for 70 h at 28° before extraction and differential
centrifugation with 0.6M-acetate, pH 4.8 or 0.lM-phosphate, pH 8.0.



The Sephadex G-lOO Elution Profile of the pH 4.8 Soluble
Supernatant Acid Invertase.

A 3 ml sample of the pH 4.8 soluble supernatant acid invertase,
prepared from 70 h aged carrot discs, was applied to a

Sephadex G-100 column (2 x 40 cm) equilibrated with 24.3mM-
Na„HPO ./12,5mM-citric acid, pH 4.8. Fractions (3 ml) were
collected and 0.5 ml samples were assayed for acid invertase
activity, as described in the Materials and Methods section.
(The arrow indicates the void volume).
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Sephadex G-lOO Chromatography of the pH 4.8 Cell-Wall Loosely Bound

Acid Invertase

The cell wall pellet obtained after extraction with O.6M-acetate, pH 4.8,

was washed with lM-NaCl to prepare the loosely cell wall bound acid

invertase as described in the Materials and Methods section. A 3 ml

sample ( 0.76 mg reducing sugar produced/h/g fresh wt.) was

applied to a Sephadex G-lOO column equilibrated with 24.BmM-Na^HPO^/
12.5mM-citric acid, pH 4.8. After elution with the same buffer two

peaks of acid invertase activity were observed (Fig. 9). Again one

peak eluted at the void volume whilst the other peak was retarded

(Ve = 44 ml). In this case the majority of the eluted acid invertase

(79.5%) was associated with the excluded peak.

These results showed that two (or more) forms of acid invertase were

present in ageing carrot storage tissue discs. Furthermore, these

molecular forms of acid invertase were differently distributed between

the soluble supernatant and the cell-wall loosely bound fractions

prepared after extraction with acid buffer. The soluble supernatant

acid invertase fraction consisted predominantly of a Sephadex G-lOO

included form whilst the cell-wall loosely bound acid invertase was

excluded by Sephadex G-lOO.

Sephadex G-100 Chromatography of the pH 8.Q Soluble Supernatant Acid

Invertase

The pH 8.0 soluble supernatant acid invertase was prepared from 70 h

aged discs with 0.lM-phosphate, pH 8.0. A 3 ml sample (0.91 mg

reducing sugar produced/h/g fresh wt.) was applied to a

Sephadex G-100 column equilibrated with 48.6mM-Na2HPO^/0.7mM-citric
acid, pH 8.0 and eluted with the same buffer. One excluded peak of

acid invertase activity was observed (Fig. 10) though in this and

subsequent elution profiles there was a noticeable 'tail'.



Fig. 9 The Sephadex G-lOO Elution Proifle of the pH 4.8 Cell-Wall
Loosely Bound Acid Invertase.

A 3 ml sample of the pH 4.8 cell-wall loosely bound acid
invertase, prepared from 70 h aged discs, was applied to
a Sephadex G-lOO column (2 x 40 cm) equilibrated with
24.SmM-Na^HPO./12.5mM-citric acid, pH 4.8. Fractions (3 ml)
were collected and 0.5 ml samples were assayed for acid
invertase activity as descibed in the Materials and Methods
section. (The arrow indicates the void volume).
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Fig. 10 The Sephadex G-lOO Elution Profile of the pH 8.0 Soluble Super¬
natant Acid Invertase.

A 3 m.1 sample of the pH 8.0 soluble supernatant acid invertase,
prepared from 70 h aged discs, was applied to a Sephadex G-lOO
column (2 x 40 cm) equilibrated with 48.6mM-Na2HP0^/0.7mM-citric
acid, pH 8.O. Fractions (3 ml) were collected and 0.5 ml
samples were assayed for acid invertase activity as described
in the'Materials and Methods section. (The arrow indicates
the void volume).
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The results, presented in Tables 4 & 5, illustrate how the distribution

of acid invertase between the fractions prepared following homogenisation

and differential centrifugation was dependent on the pH of the extraction

buffer. Furthermore, following extraction with alkaline buffer (pH 8.0)

little or no acid invertase activity could be found in the pH 8.0 cell-wall

loosely bound fraction. Furthermore, the pH 8.0 soluble supernatant acid

invertase fraction was equivalent to the acid invertase partitioned between

the pH 4.8 soluble supernatant and the pH 4.8 cell-wall loosely bound acid

invertase fractions (prepared by extraction and differential centrifugation

with acid buffer, pH 4.8).

The single excluded peak of acid invertase activity obtained when the

pH 8.0 soluble supernatant acid invertase was eluted from Sephadex

G-100 with 48.6mM-Na2HP0^/0.7mM-citric acid, pH 8.0 (Fig. 10) must
then consist of more than one form of acid invertase. Furthermore,

the Sephadex G-lOO permeating properties of (at least) one of these

(multi) molecular forms of acid invertase appeared to be determined

by the pH of the extraction and elution buffers since the pH 4.8

soluble supernatant acid invertase was retarded by Sephadex G-100

(Fig. 8) when eluted with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8.
The following experiments were carried out to investigate further

the effect of the pH of the extraction and elution buffers on the

Sephadex G-lOO permeating properties of the acid invertase extracted

from aged carrot discs.

The Effect of Acid pH on the Sephadex G-lOO Permeating Properties of

the pH 8.Q Soluble Supernatant Acid Invertase

Following extraction and differential centrifugation with 0.lM-phosphate,

pH 8.0, the pH 8.0 soluble supernatant acid invertase preparation was

divided into two equal portions, one dialysed against 48.6mM-Na2HPO^/
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0.7mM-citric acid, pH 8.0, the other against 24.3mM-Na2HPO^/12.5mM-
citric acid, pH 4.8.

(1) Sephadex G-lOO chromatography of the pH 8,0 soluble supernatant

acid invertase (dialysed against 48.6mM-Na^HP0^/0.7mM-citric acid, pH 8.Q)
When a 3 ml sample (0.92 mg reducing sugar produced/h/g fresh wt.)

of the pH 8.0 soluble supernatant acid invertase was applied to a

Sephadex G-lOO column equilibrated with 48.6mM-Na2HPO^/0.7mM-citric
acid, pH 8.0 and eluted with the same buffer, one excluded peak of

acid invertase activity was observed (Fig. 11) as expected.

(2) Sephadex G-lOO chromatography with 24. 3mM-Na^,HPO^/12 .5mM-citric
acid, pH 4.8, of the pH 8.Q soluble supernatant acid invertase following

dialysis against 24. 3mM-Na0HPO/t/12.5mM-citric acid, pH 4.8£ 4

After dialysing the pH 8.0 soluble supernatant acid invertase against

24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8, a 3 ml sample (0.92 mg

reducing sugar produced/h/g fresh wt.) was applied to a Sephadex G-lOO

column equilibrated with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8
and eluted with the same buffer. Two peaks of acid invertase activity

were observed (Fig. 12). One peak eluted at the void volume whilst

the other peak was retarded (Ve = 43 ml). This result again demonstrated

that two (or more) forms of acid invertase may be present in the pH 8.0

soluble acid invertase fraction and that they can be separated by

Sephadex G-100 chromatography with acid (pH 4.8) buffer. To confirm that

the pH 8.0 soluble supernatant acid invertase was made up of two (or

more) forms of acid invertase the following experiment was performed.



Fig. 11 The Sephadex G-100 elution profile of the pH 8.0 soluble super¬
natant acid invertase after dialysis against and elution from
Sephadex G-lOO with 48.6mM-Na2HPO^/0.7mM-citric acid, pH 8.O.
The pH 8.0 soluble supernatant acid invertase was prepared
from 70 h aged discs. The acid invertase was precipitated
by the addition of four volumes of ammonium sulphate (pH 7.5).
Following centrifugation at 30,000 jj for 30 min the protein
pellet was dissolved in and dialysed against iS.SmM-Na^HPO^/
0.7mM-citric acid, pH 8.O. A 3 ml sample of this acid
invertase preparation was applied to a Sephadex G-lOO column
(2 x 40 cm) equilibrated with 48.6mM-Na„HP04/0.7mM-citric
acid, pH 8.O. Fractions (3 ml) were collected and 0.5 ml
samples were assayed for acid invertase activity as described
in the 'Materials and Methods' section. (The arrow indicates
the void volume).
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Fig. 12 The Sephadex G-100 elution profile of the pH 8.0 soluble super¬
natant acid invertase following dialysis against and elution
from Sephadex G-lOO with 24.3mM-Na„HPO /12.5mM-citric acid,
pH 4.8.

The pH 8.0 soluble supernatant acid invertase was prepared from
70 h aged discs. The acid invertase was precipitated by the
addition of four volumes of saturated ammonium sulphate (pH 7.5).
After centrifugation at 30,000 g for 30 min the protein pellet
was dissolved in and dialysed against 24.3mM-Na2HP04/12.5mM-
citric acid, pH 4.8. A 3 ml sample of this acid invertase
preparation was applied to a Sephadex G-lOO column (2 x 40 cm)
equilibrated with 24.3mM-Na2HP04/12.5mM-citric acid, pH 4.8.
Fractions (3 ml) were collected and 0.5 ml samples were assayed
for acid invertase activity as described in the 'Materials
and Methods'section. (The arrow indicates the void volume).
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Sephadex G-100 Chromatography using 24.3mM-Na^HPO^/12,5mM-citric acid,
pH 4.8, of the excluded peak of acid invertase activity prepared after

Sephadex G-lOO chromatography, using 48.6mM-Na^HPO^/Q.7mM-citric acid,
pH 8.0, of the pH 8.Q soluble supernatant acid_invertase

The pH 8.0 soluble supernatant acid invertase was prepared from 70 h

aged discs and dialysed against iS.GmM-Na^HPO^/O.7mM-citric acid,
pH 8.O. A 3 ml sample (0.64 mg reducing sugar produced/h/g fresh

wt.) was applied to a Sephadex G-lOO column equilibrated with

48.6mM-Na2HPO^/0.7mM-citric acid, pH 8.0 and eluted with the same
buffer. One excluded peak of acid invertase activity was observed

(Fig. 13 ). Fractions 8-13 that constituted this excluded peak of acid

invertase activity were pooled and the acid invertase precipitated by

the addition of four volumes of saturated ammonium sulphate (pH 7.5).

After centrifugation at 30,000 g_ for 30 min the protein pellet was

dissolved in and dialysed overnight against 24.3mM-Na2HPO^/12.5mM-
citric acid, pH 4.8. A3 ml sample (0.63 mg reducing sugar produced/

h /ml) of this acid invertase preparation was then applied to a

Sephadex G-lOO column equilibrated with 24.3mM-Na2HPO^/12.5mM-citric
acid, pH 4.8 and eluted with the same buffer. Two peaks of acid

invertase activity were observed (Fig.14 ), one (small) peak at

the void volume whilst the other peak was retarded (Ve = 43 ml). This

result confirms that the two (or more) forms of acid invertase were

present in the pH 8.0 soluble supernatant acid invertase fraction.

By changing from a pH 8.0 to a pH 4.8 elution buffer it was possible

to convert one molecular form of acid invertase from a form excluded

to one included by Sephadex G-lOO.



Fig. 13 The Sephadex G-lOO elution profile of the pH 8.0 soluble supernatant
acid invertase when eluted with 48.6mM-Na2HP0^/0.7mM-citric acid,
pH 8.0.

A 3 ml sample of the pH 8.0 soluble supernatant acid invertase,
prepared from 70 h aged discs, was applied to a Sephadex G-lOO
column (2 x 40 cm) equilibrated with 48.6mM-Na2HP0^/0.7mM-citric
acid, pH 8.0. Fractions (3 ml) were collected and 0.5 ml samples
were assayed for acid invertase activity, as described in the
'Materials and Methods' section. (The arrow indicates the void
volume).
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Fig. 14 Sephadex G-100 chromatography, employing 24.3mM-Na„HPO^/12.5mM-
citric acid, pH 4.8, of the Sephadex G-100 excluded acid invertase
prepared by eluting the pH 8.0 soluble supernatant acid invertase
from Sephadex G-100 with 48.6mM-Na2HP0^/0.7mM-citric acid, pH 8.0.
The acid invertase sample was prepared by pooling fractions 8-13
(Fig. 13 ) that comprised the Sephadex G-lOO excluded acid invertase.
Four volumes of saturated ammonium sulphate (pH 7.5) were added
to precipitate the acid invertase. After centrifugation at
30,000 g for 30 min the protein pellet was dissolved in and
dialysed against 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8.
A 3 ml sample of this acid invertase preparation was applied
to a Sephadex G-100 column (2 x 40 cm) and equilibrated with
24.3mM-Na„HP0 ./12.5mM-citric acid, pH 4.8. Fractions (3 ml)
were collected and 0.5 ml samples were assayed for acid invertase
activity as described in the 'Materials and Methods' section.
(The arrow indicates the void volume).
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Sephadex G-100 Chromatography using 48.6mM-Na^HP0^/0.7mM-citric acid,
pH 8.Of of both the Sephadex G-100 excluded and included molecular

forms of acid invertase (prepared by eluting the pH 8.0 soluble

supernatant acid invertase from the gel with 24.3mM-Na^HPO^/12.5mM-
citric acid, pH 4.8

Having shown that it was possible to alter the Sephadex G-100 permeating

properties of one molecular form of acid invertase by changing the pH

of the elution buffer from pH 8.0 to pH 4.8, was this effect of pH

reversible?

The pH 8.0 soluble supernatant acid invertase was prepared from 70 h

aged discs. The acid invertase was precipitated by the addition of

four volumes of saturated ammonium sulphate (pH 7.5). Following

centrifugation at 30,000 g for 30 min the protein pellet was dissolved

in and dialysed against 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8.
A 3 ml sample of this acid invertase preparation (0.74 mg reducing

sugar produced/ h /g fresh wt.) was applied to a Sephadex G-100

column equilibrated with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8
and eluted with the same buffer. Two peaks of acid invertase activity

were observed (Fig. 15), one peak was eluted at the void volume whilst

the other peak was retarded (Ve = 44 ml). The fractions that constituted

these two peaks of acid invertase activity were pooled together, namely

fractions 10-11 (excluded peak) and fractions 13-17 (included peak). Four

volumes of saturated ammonium sulphate (pH 7.5) were added to precipitate

the acid invertase. After centrifugation at 30,000 g for 30 min

the protein pellet was dissolved in 48.6mM-Na2HP04/0,7mM-citric acid,
pH 8.0 and dialysed against the same buffer. A 2.5 ml sample of this

acid invertase preparation was then applied to a Sephadex G-lOO

column equilibrated with 48.6mM-Na2HP0^/0.7mM-citric acid, pH 8.0
and eluted with the same buffer. Only one peak of acid invertase

activity was observed (Fig. 16) at the void volume.



Fig. 15 Sephadex G-100 chromatography employing 24.3mM-Na2HPO^/12.5mM-
citric acid, pH 4.8, of the pH 8.0 soluble supernatant acid
invertase.

The pH 8.0 soluble supernatant acid invertase was prepared from
70 h aged discs. The acid invertase was precipitated by the
addition of four volumes of saturated ammonium sulphate
(pH 7.5). After centrifugation at 30,000 g for 30 min the
protein pellet was dissolved in and dialysed against 24.3mM-
Na2HP0^/ 12.5mM-citric acid, pH 4.8. A 3 ml sample was applied
to a Sephadex G-100 column (2 x 40 cm), equilibrated with
24.3mM-Na„HP0 /12.5mM-citric acid, pH 4.8. Fractions (3 ml)
were collected and 0.5 ml samples were assayed for acid
invertase activity as described in the 'Materials and Methods'
section. (The arrow indicates the void volume).



AcidInvertaseActivityQjgreducingsugarproduced/min/ml) (—1to(jÛLn
0*ii«i ooooo

1111!1



Fig. 16 Sephadex G-lOO chromatography, using 48.6mM-Na HP0./0.7mM-citric
acid, pH 8.0, of the combined Sephadex G-100 excluded and included
acid invertase prepared by eluting the pH 8.0 soluble supernatant
acid invertase from Sephadex G-lOO with 24.3mM-Na2HPO^/12.5mM-
citric acid, pH 4.8.

The acid invertase sample was prepared by pooling fractions 10-11
and 13-17 (Fig. 15) that constituted the Sephadex G-100 excluded
and included acid invertase. The acid invertase was precipitated
by the addition of four volumes of saturated ammonium sulphate
(pH 7.5) . After centrifugation at 30,000 cj for 30 min the protein
pellet was dissolved in and dialysed against 48.6mM-Na2HPO^/0.7mM-
citric acid, pH 8.0. A 2.5 ml sample (0.36 mg reducing sugar
produced/h /ml) was applied to a Sephadex G-lOO column, equilibrated
with 48.6mM-Na2HP0^/0.7mM-citric acid, pH 8.0. Fractions (3 ml)
were collected and 0.5 ml samples were assayed for acid invertase
activity as described in the 'Materials and Methods' section.
(The arrow indicates the void volume).
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Having previously shown that by changing the elution buffer pH a

molecular form excluded at pH 8.0 was included by Sephadex G-lOO

at pH 4.8, the above result demonstrated that this effect of pH was

reversible. The acid invertase included by Sephadex G-100 at pH 4.8

was converted to a form excluded when a pH 8.0 elution buffer was

employed. An alternative explanation could be that in the altered

chromatographic conditions the Sephadex G-100 included material lost

all its acid invertase activity.

To show that this explanation was not valid, the acid invertase that

constituted the Sephadex G-lOO included peak was eluted from Sephadex

G-lOO with 48.6mM-Na2HP0^/0.7mM-citric acid, pH 8.0.
To demonstrate that the Sephadex G-lOO included acid invertase was

eluted in the void volume with 48.6mM-Na2HP0^/0.7mM-citric acid, pH 8.0
The pH 8.0 soluble supernatant acid invertase prepared from 70 h

aged discs was precipitated by the addition of four volumes of saturated

ammonium sulphate (pH 7.5). Following centrifugation at 30,000 g

for 30 min the precipitated protein was dissolved in and dialysed

against 24.SmM-Na^HPO^/^.5mM-citric acid, pH 4.8. A 3 ml sample
was eluted from Sephadex G-lOO with 24.3mM-Na2HPO^/12.5mM-citric
acid, pH 4.8, but the fractions collected were not assayed for acid

invertase activity. Fractions 13-18, which have been shown to constitute

the Sephadex G-lOO retarded peak of acid invertase (Figs. 12 & 15)

were pooled. Four volumes of saturated ammonium sulphate (pH 7.5)

were added to precipitate the acid invertase. After centrifugation

at 30,000 g_ for 30 min the protein pellet was dissolved in and

dialysed against 48.6mM-Na2HP0^/0.7mM-citric acid, pH 8.0. A 2 ml
sample (6.0 yg reducing sugar produced/min/ml) was applied to a

Sephadex G-100 column equilibrated with 48.6mM-Na2HP0^/0.7mM-citric
acid, pH 8.0 and eluted with the same buffer. Only one peak of acid
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invertase activity was observed (Fig. 17) eluted at the void volume.

This result shows that the Sephadex G-lOO included acid invertase

was converted to a form excluded by Sephadex G-100 when a pH 8.0

elution buffer was employed. The following experiment was performed

to confirm this result. This was necessary since I had not determined

the elution profile of acid invertase activity of the pH 8.0 soluble

supernatant acid invertase when eluted with pH 4.8 buffer. Consequently

I was unable to confirm that the fractions which comprised the Sephadex

G-lOO included peak had been pooled.

Sephadex G-100 Chromatography with IS.SmM-Na^HPO^/O.TmM-citric acid,2 4 —■ ■ ■ 1 ■ ■

pH 8.0, of the Sephadex G-100 retarded peak of acid invertase activity

A 3 ml sample of the pH 8.0 soluble supernatant acid invertase fraction

was dialysed overnight against 24.3mM-Na2HPO^/l2.5mM-citric acid,
pH 4.8. This acid invertase sample was then applied to a Sephadex G-lOO

column equilibrated with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8
and eluted with the same buffer. Two peaks of acid invertase activity

were observed (Fig. 18), one peak at the void volume, whilst the

other peak was retarded. Fractions 13-18 that constituted this

Sephadex G-lOO retarded peak of acid invertase activity were pooled

and dialysed against 48.SmM-Na^HPO^/O.7mM-citric acid, pH 8.O. A 3 ml
sample of this acid invertase preparation was applied to a Sephadex

G-lOO column, equilibrated with 48.6mM-Na2HP0^/0.7mM-citric acid,
pH 8.0 and eluted with the same buffer. Only one peak of acid invertase

activity was observed (Fig. 19), eluted at the void volume.

This result confirmed that the acid invertase included by Sephadex

G-100 at pH 4.8 was converted to a form excluded by Sephadex G-lOO

when a pH 8.0 elution buffer was employed.

In summing up these results three points can be made. Firstly, multi-

molecular forms of acid invertase, separable by Sephadex G-100



Fig. 17 Sephadex G-lOO chromatography with IS.SmM-Na^HPO^/O.VmM-citric acid,
pH 8.0, of the Sephadex G-lOO included acid xnvertase prepared by
eluting the pH 8.0 soluble supernatant acid invertase from Sephadex
G-100 with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8.
The acid invertase sample was prepared by pooling fractions 13-18
obtained after eluting the pH 8.0 soluble supernatant acid invertase
from Sephadex G-100 with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8.
Four volumes of saturated ammonium sulphate (pH 7.5) were added
to the pooled fractions, to precipitate the acid invertase.
After centrifugation at 30,000 g for 30 min the protein pellet
was dissolved in and dialysed against 48.6mM-Na2HP0^/0.7mM-citric
acid, pH 8.O. A 2 ml sample (o. 36mg reducing sugar produced/ h /
ml) was applied to a Sephadex G-lOO column (2 x 40 cm) equilibrated
with 48.6mM-Na2HP0^/0.7mM-citric acid, pH 8.O. Fractions (3 ml)
were collected and 0.5 ml samples were assayed for acid invertase
activity as described in the 'Materials and Methods' section.
(The arrow indicate the void volume).
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Fig. 18 Sephadex G-lOO chromatography employing 24.3mM-Na2HPO^/12.5mM-
citric acid, pH 4.8, of the pH 8.0 soluble supernatant acid
invertase.

The pH 8.0 soluble supernatant acid invertase was prepared from
70 h aged discs. The acid invertase was precipitated by the
addition of four volumes of saturated ammonium sulphate (pH 7.5).
After centrifugation at 30,000 cj for 30 min the protein pellet
was dissolved in and dialysed against 24.3mM-Na2HPO^/12.5mM-
citric acid, pH 4.8. A 3 ml sample was applied to a Sephadex G-lOO
column (2 x 40 cm) equilibrated with 24.3mM-Na2HPO^/12.5mM-
citric acid, pH 4.8. Fractions (3 ml) were collected and 0.5 ml
samples were assayed for acid invertase activity as described in
the Materials and Methods section. (The arrow indicates the
void volume).
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Fig. 19 Sephadex G-lOO chromatography using 48.6mM-Na2HP0^/0.7mM-citric acid,
pH 8.0, of the Sephadex G-lOO included acid invertase prepared by
eluting the pH 8.0 soluble supernatant acid invertase from Sephadex
G-lOO with 24.3mM-citric acid, pH 4.8.

The acid invertase sample was prepared by pooling fractions 13-18
(Fig.18 ) that constituted the Sephadex G-lOO included acid invertase
observed when the pH 8.0 soluble supernatant acid invertase was
eluted from Sephadex G-lOO with 24.3mM-Na2HPO^/12.5mM-citric acid,
pH 4.8. Four volumes of saturated ammonium sulphate (pH 7.5)
were added to the pooled fractions to precipitate the acid invertase.
After centrifugation at 30,000 g_ for 30 min the protein pellet was
dissolved in and dialysed against 48.6mM-Na„HP0./0.7mM-citric acid,
pH 8.0. Fractions (3 ml) were collected ana 0.5 ml samples were

assayed for acid invertase activity as described in the 'Materials
and Methods' section. (The arrow indicates the void volume).
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chromatography, were present in the ageing carrot discs. Furthermore,

these multimolecular forms of acid invertase were differentially

distributed between the pH 4.8 soluble supernatant and the pH 4.8

cell-wall loosely bound acid invertase fractions prepared by extraction

and differential centrifugation with acid (0.6M-acetate, pH 4.8)

buffer. The pH 4.8 soluble supernatant acid invertase largely consisted

of a Sephadex G-lOO included form(s) whilst the pH 4.8 cell-wall loosely

bound acid invertase was predominantly excluded by Sephadex G-100.

Finally, the Sephadex G-lOO permeating properties of (at least) one

molecular form of acid invertase was readily altered by changing the

pH of the elution buffer:- at acid pH it was included by Sephadex

G-lOO whilst at alkaline pH it was excluded.

The following experiments were carried out to further characterise

the pH 4.8 soluble supernatant acid invertase and the pH 4.8 cell-wall

loosely bound acid invertase fractions (prepared by extraction and

differential centrifugation with acid, 0.6M-acetate, pH 4.8 buffer)

and the multimolecular forms of acid invertase separable by Sephadex

G-lOO chromatography. The aim of these experiments was to further

show that the two acid invertase fractions, the pH 4.8 soluble supernatant

and the pH 4.8 cell-wall loosely bound acid invertase, consist of two

(at least) different molecular forms of acid invertase. The parameters

studied were the thermostability at 50° and the Km for sucrose of the

acid invertase fractions and the molecular forms prepared by Sephadex

G-lOO chromatography.
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DETERMINATION OF THE THERMAL STABILITY AT 50° OF ACID INVERTASE

The thermal stability at 50° was first determined for the acid invertase

fractions prepared by extraction and differential centrifugation of

70 h aged discs with 0.6M-acetate, pH 4.8.

(1) The thermal stability, at 50°, of the pH 4.8 soluble supernatant

acid invertase

The activity of the pH 4.8 soluble supernatant acid invertase samples,

incubated for set periods at 50°, were determined and the results are

presented in Fig. 20. From this graph, depicting the relative loss

of acid invertase activity against the length of time of incubation

at 50°, the time for 50% inactivation of the pH 4.8 soluble supernatant

acid invertase was estimated to be 29 min.

(2) The thermal stability, at 50°, of the pH 4.8 cell-wall loosely

bound acid invertase

From the results, given in Fig. 21, the time for 50% inactivation of

the pH 4.8 cell-wall loosely bound acid invertase was calculated to be

0.9 min. In this and subsequent determinations of the thermal stability,

at 50°, of the pH 4.8 cell-wall loosely bound acid invertase there

was a low level of activity present even after 30 min. Whether this

was due or not to the presence of the more thermostable, pH 4.8

soluble supernatant acid invertase was not determined.

The above results demonstrate that the pH 4.8 soluble supernatant acid

invertase was more thermostable at 50° than the pH 4.8 cell-wall loosely

bound acid invertase.

The next experiment was to determine the thermal stability, at 50°,
of the Sephadex G-100 excluded and included molecular forms of acid

invertase. These molecular forms of acid invertase were prepared by

Sephadex G-lOO chromatography employing the pH 4.8 elution buffer, of

the pH 8.0 soluble supernatant acid invertase.



Fig. 20 The thermal stability, at 50°, of the pH 4.8 soluble supernatant
acid invertase.

The pH 4.8 soluble supernatant acid invertase was prepared from
70 h aged discs. Enzyme samples (0.2 ml) in 24. SmMHN^HPO./12. 5mM-
citric acid, pH 4.8, were pre-incubated at 50°. At the indicated
times the samples were rapidly cooled and then analysed for acid
invertase activity as described in the 'Materials and Methods*
section.



 



Fig. 21 The thermal stability, at 50°, of the pH 4.8 cell-wall loosely bound
acid invertase.

The pH 4.8 cell-wall loosely bound acid invertase was prepared from
70 h aged discs. Enzyme samples (0.2 ml) in 24.3mM-Na2HPO^/12.5mM-
citric acid, pH 4.8, were pre-incubated at 50°. At the indicated
times the samples were rapidly cooled and then assayed for acid
invertase activity as described in the 'Materials and Methods'
section.
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DETERMINATION OF THE THERMAL STABILITY AT 50° OF THE SEPHADEX G-lOO

EXCLUDED AND INCLUDED MOLECULAR FORMS OF ACID INVERTASE

The pH 8.0 soluble supernatant acid invertase was prepared from 70 h

aged discs and the acid invertase was precipitated by the addition

of four volumes of saturated ammonium sulphate (pH 7.5). The precipitated

protein was centrifuged at 30,000 g for 30 min and the protein pellet

was dissolved in and dialysed against 24.3mM-Na2HPO^/12.5mM-citric
acid, pH 4.8. A 3 ml sample was applied to a Sephadex G-lOO column

equilibrated with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8 and eluted
with the same buffer. Two peaks of acid invertase activity were

observed (Fig. 22), one peak at the void volume whilst the other peak

was retarded (Ve = 46 ml). The fractions that constituted the excluded

and included peaks of acid invertase activity were pooled separately.

The thermal stabilities, at 50°, of these acid invertase preparations

were then determined.

(1) Thermal stability, at 50°, of the Sephadex G-100 included acid

invertase prepared by eluting the pH 8.0 soluble supernatant acid

invertase with 24.3mM-Na^HPO^/12.5mM-citric acid, pH 4.8
The time for 50% inactivation, at 50°, calculated from the results

presented in Fig. 23 was 28 min. This result was similar to that

of 29 min for the 50% inactivation, at 50°, of the pH 4.8 soluble

supernatant acid invertase which consisted predominantly of a Sephadex

G-lOO included molecular form of acid invertase (Fig. 20).

(2) Thermal stability, at 50°, of the Sephadex G-lOO excluded acid

invertase prepared by eluting the pH 8.0 soluble supernatant acid

invertase with 24,3mM-Na^HPO^/12.5mM-citric acid, pH 4.8
From the results (Fig. 23) the time for 50% inactivation at 50° was

1.3 min. This result was very similar to that of 0.9 min for 50%



Fig. 22 The Sephadex G-lOO elution profile of the pH 8.0 soluble supernatant
acid invertase after dialysis against and elution from Sephadex G-100
with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8
The pH 8.0 soluble supernatant acid invertase was prepared from 70 h
aged discs. The acid invertase was precipitated by the addition of
four volumes of saturated ammonium sulphate (pH 7.5). After
centrifugation at 30,000 g for 30 min the protein pellet was
dissolved in and dialysed against 24.3mM-Na2HPO^/12.5mM-citric
acid, pH 4.8. A 3 ml sample (0.77 mg reducing sugar produced/
h/g fresh wt.) of this acid invertase preparation was applied
to a Sephadex G-lOO column (2 x 40 cm) equilibrated with
24.3mM-Na2HP04/12.5mM-citric acid, pH 4.8. Fractions (3 ml)
were collected and 0.5 ml samples were assayed for acid invertase
activity as described in the Materials and Methods section.
(The arrow indicated the void volume).
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Fig. 23 The thermal stability, at 50°, of the Sephadex G-lOO included acid
invertase (O) and the Sephadex G-100 excluded acid invertase (%)
prepared by eluting the pH 8.0 soluble supernatant acid invertase
from Sephadex G-lOO with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8.
After eluting the pH 8.0 soluble supernatant acid invertase from
Sephadex G-lOO with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8,
(Fig. 22) the fractions that constituted the Sephadex G-lOO
excluded, 10-11, and the Sephadex G-100 included acid invertase,
15-16, were pooled separately. Enzyme samples (0.2 ml) of the
Sephadex G-lOO excluded preparation (#) (27.0 mg reducing sugar
produced/ml/h) and the Sephadex G-100 included preparation (O)
(121.0 mg reducing sugar produced/ml/h) in 24.3mM-Na2HPO^/
12.5mM-citric acid, pH 4.8, were pre-incubated at 50°. At
the indicated times the samples were rapidly cooled and then
assayed for acid invertase activity as described in the 'Materials
and Methods' section.
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inactivation, at 50°, of the pH 4.8 cell-wall loosely bound acid invertase

which was largely excluded from Sephadex G-lOO (Fig. 21).

As in the case of the pH 4.8 cell-wall loosely bound acid invertase

(Fig. 21) there was, even after 30 min at 50°, still a low level of

acid invertase activity.

These results provide further support to the proposition that the

molecular forms of acid invertase are differentially distributed between

the (pH 4.8) soluble supernatant and the (pH 4.8) cell-wall loosely

bound acid invertase fractions prepared by extraction and differential

centrifugation with acid (0.6M-acetate, pH 4.8) buffer. The pH 4.8

soluble supernatant fraction is predominantly made up of a Sephadex

G-lOO included acid invertase whilst the pH 4.8 cell-wall loosely

bound acid invertase is largely excluded by the Sephadex G-100.

Another point that can be drawn from these results is that the Sephadex

G-lOO included acid invertase is far more thermostable, at 50°, than

the Sephadex G-lOO excluded acid invertase. It has already been shown

that the Sephadex G-100 included form of acid invertase is converted

to an excluded form when eluted from Sephadex G-lOO with alkaline

buffer. This (Sephadex G-100 excluded) acid invertase has also been

shown to be a constituent of the pH 8.0 soluble supernatant acid

invertase. The next experiment was to determine the thermal stability

of the pH 8.0 soluble supernatant acid invertase.

Thermal stability, at 50° of the Sephadex G-100 excluded peak of

acid invertase prepared by eluting the pH 8.0 soluble supernatant

acid invertase with 48.6mM-Na^HPO^/Q.7mM-citric acid, pH 8.Q
A 3 ml sample of the pH 8.0 soluble supernatant acid invertase was

applied to a Sephadex G-lOO column equilibrated with 48.6mM-Na2HPO^/0.7mM-
citric acid, pH 8.0 and eluted with the same buffer. The fractions

that constituted the single peak of acid invertase activity (Fig. 24 )

were pooled and the thermal stability, at 50°, of this acid invertase preparation



Fig. 24 The Sephadex G-100 elution profile of the pH 8.0 soluble supernatant
acid invertase when eluted with 58.6mM-Na9HP0./0.7mM-citric acid,
PH 8.0. 4
The pH 8.0 soluble supernatant acid invertase was prepared from
70 h aged discs. A 3 ml sample was applied to a Sephadex G-lOO
column (2 x 40 cm) equilibrated with 58.6mM-Na2HP04/0.7mM-citric
acid, pH 8.0. Fractions (3 ml) were collected and 0.5 ml samples
were assayed for acid invertase activity as described in the "Materials
and Methods' section. (The arrow indicates the void volume).
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was determined. From the results (Fig. 25 ) the time for 50% inactivation

was estimated to be 1.1 min .

No conclusions can be drawn from this result with regard to the

differential stability of the molecular form of acid invertase which

is included by Sephadex G-lOO when a pH 4.8 elution buffer is employed

but is excluded with a pH 8.0 elution buffer. The Sephadex G-lOO

included molecular form of acid invertase was far more thermostable

at 50° than the excluded form (Fig. 23). The curve depicting the loss

of activity with length of time of incubation, at 50°, of this pH 8.0

excluded acid invertase was very similar to that of the acid invertase

excluded by Sephadex G-lOO when eluted with acid buffer (Fig. 23)-

However, this pH 8.0 soluble supernatant acid invertase was incubated,

at 50°, in 48.6mM-Na2HPO^/12.5mM-citric acid, pH 8.0, whilst the
Sephadex G-lOO included acid invertase was incubated in 24.SmM-Na^HPO^/
12.5mM-citric acid, pH 4.8. This difference in pH/proton concentration

(approximately 1,000-fold) may have a significant influence on the

stability of the acid invertase.

The thermal stability, at 50°, of the Sephadex G-100 excluded acid

invertase prepared by eluting the (pH 4.8) Sephadex G-100 included

acid invertase with 48.6mM-Na2HPO^/Q.7mM-citric acid, pH 8.0.
This experiment was carried out to confirm the observed differential

stability, at 50°, of the acid invertase included by Sephadex G-lOO

at pH 4.8 and excluded at pH 8.0.

The pH 8.0 soluble supernatant acid invertase was prepared from 70 h

aged discs and dialysed against 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8.
A 3 ml sample of this acid invertase preparation was eluted from a

Sephadex G-lOO column with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8
and two peaks of acid invertase activity were observed (Fig. 26 ), one

peak at the void volume whilst the other peak was retarded (Ve = 44 ml).

This Sephadex G-lOO included acid invertase has been shown to be more



Fig. 25 The thermal stability of the Sephadex G-lOO excluded acid invertase
prepared by eluting the pH 8.0 soluble supernatant acid invertase
from Sephadex G-100 with 48.6mM-Na2HP0^/O.7mM-citric acid, pH 8.O.

The pH 8.0 soluble supernatant acid invertase was eluted from
Sephadex G-lOO with 48.6mM-Na2HP0^/0.7mM-citric acid, pH 8.0,
(Fig.24 ) and the fractions that constituted the excluded peak of
acid invertase activity were pooled. Enzyme samples (0.2 ml)
in 48.6mM-Na2HPO4/0.7mM-citric acid, pH 8.0, were pre-incubated
at 50°. At the times indicated the samples were rapidly cooled
and then assayed for acid invertase activity as described in the
'Materials and Methods' section.
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Fig. 26 The Sephadex G-lOO elution profile of the pH 8.0 soluble supernatant
acid invertase after dialysis and elution from Sephadex G-lOO with
24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8.

The pH 8.0 soluble supernatant acid invertase was prepared from
70 h aged discs. The acid invertase was precipitated by the
addition of four volumes of saturated ammonium sulphate (pH 7.5).
After centrifugation at 30,000 g_ for 30 min the protein pellet
was dissolved in and dialysed against 24.3mM-Na2HP04/12.5mM-
citric acid, pH 4.8. A 3 ml sample (1.02 mg reducing sugar
produced/ h ,/g fresh wt.) of this acid invertase preparation
was applied to a Sephadex G-lOO column (2 x 40 cm) equilibrated
with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8. Fractions (3 ml)
were collected and 0.5 ml samples were assayed for acid invertase
activity as described in the 'Materials and Methods' section.
(The arrow indicates the void volume).
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thermostable, at 50°, than the Sephadex G-lOO excluded acid invertase

(Fig. 23). The time for 50% inaction of the Sephadex G-100 included

acid invertase was estimated to be 30 min.

The fractions that constituted the retarded peak of acid invertase

(Fig. 26) were pooled, dialysed against 48.6mM-Na2HP0^/0.7mM-citric
acid, pH 8.0 and eluted from a Sephadex G-100 column with the same buffer.

The fractions that made up the single excluded peak of acid invertase

preparation were pooled (Fig. 27) and the time for 50% inactivation

of this excluded form of acid invertase was estimated to be 1.2 min (Fig. 28).

No conclusions can be drawn regarding the differential stability of

this molecular form of acid invertase because the incubations, at 50°,

were carried out in pH 4.8 and pH 8.0 buffer. As previously mentioned,

this difference in pH may have a significant influence on the stability

of the acid invertase.

Thermal stability, at 50°, of acid invertase from the leading and

trailing edges of the Sephadex G-lOO excluded peak of acid invertase

activity observed when the pH 8.Q soluble supernatant acid invertase

was eluted from Sephadex G-lOO with 48.6mM-Na^HP0^/0,7mM-citric acid,
pH 8.O.

It has been previously mentioned that when the pH 8.0 soluble supernatant

acid invertase was eluted from Sephadex G-100 with 48.6mM-Na2HPO^/
0.7mM-citric acid, pH 8.0 there was a noticeable 'tail' (Fig. 10) .

To test whether there were any differences between the acid invertase

present in this 'tail' and the remainder of the excluded peak of acid

invertase activity the thermal stability, at 50°, of acid invertase

taken from the leading and trailing edges was determined.

A 3 ml sample of the pH 8.0 soluble supernatant acid invertase was

eluted from Sephadex G-lOO with 48.6mM-Na HPO /0.7mM-citric acid,A Q

pH 8.0 (Fig.lo). Fractions 8-9 from the leading edge and fractions

12-13 from the trailing edge were pooled. The thermal stability, at 50°,



Fig. 27 Sephadex G-lOO chromatography using 48.6mM-Na2HP0^/0.7mM-citric
acid, pH 8.0, of the Sephadex G-100 included acid invertase
prepared by eluting the pH 8.0 soluble supernatant acid invertase
from Sephadex G-lOO with 24.3mM-Na2HPO^/12.5mM-citric acid,
pH 4.8.

The acid invertase sample was prepared by pooling fractions 14-15
(Fig.26 ) that constituted the Sephadex G-100 included acid
invertase observed when the pH 8.0 soluble supernatant acid
invertase was eluted from Sephadex G-100 with 24.3mM-Na2HP04/
12.5mM-citric acid, pH 4.8. The acid invertase was dialysed
against 48.6mM-Na2HP0^/0.7mM-citric acid, pH 8.0 and a 3 ml
sample (o.l7 mg reducing sugar produced/h / ml) was applied
to a Sephadex G-lOO column (2 x 40 cm) eguilibrated with

48.6mM-Na2HPO^/0.7mM-citric acid, pH 8.O. Fractions (3 ml)
were collected and 0.5 ml samples were assayed for acid invertase
activity as described in the 'Materials and Methods' section.
(The arrow indicates the void volume).
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Fig. 28 The thermal stability of the acid invertase excluded by Sephadex
G-lOO prepared by eluting the Sephadex G-100 included acid
invertase (Fig. 27 ) with 48.6mM-Na2HP0^/0.7mM-citric acid,
pH 8.O.

The fractions (10-12) that constituted the excluded peak of acid
invertase (Fig. 27 ) were pooled. Enzyme samples (0.2 ml) in
48.6mM-Na2HP04/0.7mM-citric acid, pH 8.0, were pre-incubated
at 50°. At the times indicated the samples were rapidly cooled
and then assayed for acid invertase activity as described in the
'Materials and Methods' section.



 



was determined for these two acid invertase preparations. From the

results (Fig. 29) no differences are discernible for the loss of

activity with time, at 50°, between the acid invertase from the leading

and trailing edge of the Sephadex G-lOO excluded peak of acid invertase

activity. This result lends no support to the proposal that these

'leading edge' and 'trailing edge' forms of acid invertase are different

from one another, but neither can it be concluded that they are the same.



Fig. 29 The thermal stability, at 50°, of the acid invertase present in
the 'leading' (#) and 'tailing' (O) edges of the single excluded
peak of acid invertase activity observed when the pH 8.0 soluble
supernatant acid invertase was eluted from Sephadex G-lOO with
48.6mM-Na2HP0./0.7mM-citric acid, pH 8.0, (Fig. 10 ).
Fractions 8-9 from the 'leading' edge and fractions 12-13 from
the 'tailing' edge of the single excluded peak, observed when the
pH 8.0 soluble supernatant acid invertase was eluted from Sephadex G-lOO
with 48.6mM-Na2HP04/0.7mM-citric acid, pH 8.0, were pooled separately,
Enzyme samples from the 'leading' edge (•) (0.08 mg reducing
sugar produced/ h/ml) and the 'tailing' edge (O) (0.03 mg
reducing sugar produced/h/ml in 48.6mM-Na2HP04/0.7mM-citric
acid, pH 8.0, were pre-incubated at 50°. At the times indicated
the samples were rapidly cooled and then assayed for acid invertase
activity as described in the 'Materials and Methods' section.
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DETERMINATION OF THE Km FOR SUCROSE OF ACID INVERTASE

The Km for sucrose was determined for the pH 4.8 soluble supernatant and

the pH 4.8 cell-wall loosely bound acid invertase fractions prepared by

extraction and differential centrifugation with O.6M-acetate, pH 4.8,

of 70 h aged discs.

(1) Km for sucrose of the pH 4.8 soluble supernatant acid invertase

From the results presented in Fig. 3)a the Km for sucrose of the pH 4.8

soluble supernatant acid invertase was estimated to be 41.0mM.

(2) Km for sucrose of the pH 4.8 cell-wall loosely bound acid invertase

The Km for sucrose of the pH 4.8 cell-wall loosely bound acid invertase

was calculated from the results given in Fig. 30b to be 10.7mM.

DETERMINATION OF THE Km OF THE SEPHADEX G-100 EXCLUDED AND INCLUDED FORMS

OF ACID INVERTASE PREPARED BY SEPHADEX G-100 CHROMATOGRAPHY OF THE pH 8.Q

SOLUBLE SUPERNATANT ACID INVERTASE WITH 24 . 3mM-Na,,HP0 /12 . 5mM-CITRIC ACID

pH 4.8

The pH 4.8 soluble supernatant acid invertase was prepared for 70 h aged

discs. After dialysis against 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8,
a 3 ml sample was applied to a Sephadex G-lOO column and eluted with the

same buffer. Two peaks of acid invertase activity were observed (Fig. 22).

The fractions constituting the excluded and included peaks were pooled

separately and the Km for sucrose of these two acid invertase preparations

was de te rmined.

(1) Km for sucrose, of the Sephadex G-100 included molecular form of

acid invertase

From the result give in Fig. 31B of the Km of the pH 4.8 Sephadex G-lOO

included form was calculated to be 35.7mM.

(2) Km for sucrose of the Sephadex G-lOO excluded molecular form of acid

invertase

The Km for sucrose of the pH 4.8 gel excluded acid invertase was 16.5mM

(Fig. 31a). Like the results for the determination of the thermostabilities,



Figs. 30a & 30b

The determination of the Km for sucrose of the pH 4.8 cell-wall loosely
bound acid invertase (Fig. 30a) and the pH 4.8 soluble supernatant acid
invertase (Fig. 30b), by the Eadie-Hofstee plot (Lehninger, 1970).

The pH 4.8 cell-wall loosely bound and soluble supernatant acid invertase
fractions were prepared as described in the Materials and Methods
section. Samples (0.2 ml) of these fractions were incubated for 10 min
at 28° with 0.5 ml sucrose in 0.2M-acetate, pH 4,8, to give a final
concentration of sucrose in the range 5 to lOOmM.

The Km for sucrose of the acid invertase preparations was determined
by plotting Vo (the initial reaction velocity, ymole/min) against
Vo/[S] (where [S] was the substrate concentration, yM) . This is the
Eadie-Hofstee plot (Lehninger, 1970) which is derived from the equation,

Vo = -KmVo + Vmax

[S]

This equation is in the form

y = ax + b and

the slope of the straight line plot is the Km.
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Figs. 31a & 31b

The determination of the Km for sucrose of the Sephadex G-lOO excluded
(Fig. 31a) and included (Fig. 31b) acid invertase fractions prepared
by eluting the pH 8.0 soluble supernatant acid invertase from the gel
with 24.3mM-Na2HPO /12.5mM-citric acid, pH 4.8, using the Eadie-Hofstee
plot (Lehninger, 1970).

The Sephadex G-lOO included and excluded forms of acid invertase were

prepared by pooling, separately, the two peaks of acid invertase activity
observed (Fig. 22) when the pH 8.0 soluble supernatant acid invertase
was eluted from the gel with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8.
Samples (0.2 ml) of these two acid invertase preparations were incubated
for 1O min at 28°, with 0.5ml sucrose in O.2M-acetate, pH 4.8, to give
a final sucrose concentration in the range 5 to lOOmM.

The Km for sucrose of the acid invertase preparations was determined
by plotting Vo (the initial reaction velocity, ymole/min) against
Vo/[S] (where [S] was the substrate concentration, yiM) . This is the
Eadie-Hofstee plot (Lehninger, 1970) which is derived from the equation,

Vo = -Km\£, + Vmax
[S]

This equation is in the form

y = ax + b and

the slope of the straight line plot is the Km
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at 50°, of the acid invertase preparations the Km for sucrose of the

pH 4.8 soluble supernatant acid invertase (which is largely made up

of an included form of acid invertase) is very similar to that of the

Sephadex G-lOO included form. Similarly the value of the Km of the

pH 4.8 cell-wall loosely bound acid invertase and the Sephadex G-lOO

excluded form are in close agreement. This result lends further

weight to the proposition that the acid invertase fractions prepared

with acid (0.67M-acetate, pH 4.8) buffer consist of different molecular

forms of acid invertase.
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THE EFFECT OF THE IONIC STRENGTH OF THE ELUTION BUFFER ON THE

ELUTION OF THE ACID INVERTASE FROM SEPHADEX G-lOO

The pH of the elution buffer has been shown to determine the Sephadex

G-lOO permeating properties of acid invertase prepared from aged carrot

discs (Figs. 11 & 12). Metzenberg (1964) has also demonstrated,

using Sephadex G-200, that invertase extracted from Neurospora crassa

is dissociated into active subunits in solutions of high salt concentration

at high or low pH.

Sephadex G-lOO Chromatography with lM-NaCl in 24.3mM-Na9HP04/12.5mM-

citric acid, pH 4.8 (J = 1.148) of the Sephadex G-lOO excluded peak

of acid invertase activity prepared by eluting the pH 4.8 cell-wall loosely

bound acid invertase with 24.3mM-Na?HPO^/12.5mM-citric acid, pH 4.8
(J = O.148)

The first experiment was to investigate the effect of high salt

concentration on the Sephadex G-lOO permeating properties of the pH 4.8

cell-wall loosely bound acid invertase which is prepared by washing

the (pH 4.8) cell wall brei with lM-NaCl in 0.6M-acetate, pH 4.8,

(X = 1.6). In this initial investigation into the effect of the

ionic strength of the elution buffers on the Sephadex G-100 permeating

properties of the acid invertase, the pH 4.8 cell-wall loosely bound

acid invertase was prepared, as described in the Materials and Methods

section. When 3 ml of this acid invertase fraction (1.5 mg reducing

sugar produced/h/g fresh wt.) was eluted from Sephadex G-100

with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8 (J = 0.148) two peaks
of acid invertase activity were observed (fig. 32), one eluted at the

void volume whilst the other peak was retarded. This elution profile

is similar to that presented in Fig. 9 for the Sephadex elution

profile of the pH 4.8 cell-wall loosely bound acid invertase. The

fractions (9-10) that constituted the Sephadex G-lOO excluded peak of

acid invertase activity (Fig. 32) were pooled (5.0 ml) and 0.3 g NaCl



Fig. 32 Sephadex G-lOO elutiong profile of the pH 4.8 cell-^wall loosely
bound acid invertase.

A 3 ml sample of the pH 4.8 cell-wall loosely bound acid invertase,
prepared from 70 h aged discs, was applied to a Sephadex G-lOO
column (2 x 40 cm) equilibrated with 24.3mM-Na2HPO^/12.5mM-citric
acid, pH 4.8. Fractions (3 ml) were collected and 0.5 ml samples
were assayed for acid invertase activity as described in the
'Materials and Methods' section. (The arrow indicates the void
volume).



AcidInvertaseActivity(ygreducingsugarproduced/min/ml) tvj •

•

o

o

Ul

O

T



45

added slowly to give a final concentration of l.OM-NaCl in 24.3mM-

Na^HPO^/^. 5mM-citric acid, pH 4.8 (X = 1.148).
A 3 ml sample (0.07 mg reducing sugar produced/ h /ml) of this acid

invertase preparation was then applied to a Sephadex G-lOO column

equilibrated with l.OM-NaCl in 24.SmM-Na^HPO^/^.5mM-citric acid,
pH 4.8 and eluted with the same buffer. The Sephadex G-lOO elution

profile presented in Fig. 33 shows two peaks of acid invertase activity.

One small peak was eluted at the void volume but the majority of the

acid invertase activity was present in the G-100 retarded peak.

This result demonstrates that the Sephadex G-lOO excluded acid invertase

(the pH 4.8 cell-wall loosely bound acid invertase), eluted with

24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8, (X = 0.148 ) was largely
converted to a form included by Sephadex G-lOO when eluted with

l.OM-NaCl in 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8 (X = 1.148).
The elution volume (Ve = 43ml) of this Sephadex G-100 included acid

invertase was the same as that of the Sephadex G-100 retarded peaks

observed when the pH 4.8 soluble supernatant or the pH 8.0 soluble

supernatant acid invertase was eluted with 24.3mM-Na2HPO^/12.5mM-
citric acid, pH 4.8 (Fig. 8 and 12 respectively).

The Influence of the Ionic Strength and the pH of the Elution Buffer

on the Sephadex G-lOO Permeating Properties of the pH 8,0 Soluble

Supernatant Acid Invertase

The pH 8.0 soluble supernatant acid invertase was prepared from 70 h

aged discs and divided into four equal portions. These four portions

were then dialysed against (i) 48.6mM-Na2HPO^/0.7mM-citric acid, pH 8.0
(X = 0.150), (ii) lM-NaCl in 48.6mM-Na2HPO^/0.7mM-citric acid, pH 8.0
(X= 1.150), (iii) 24. 3mM-Na2HPO^/12 . 5mM-citric acid, pH 4.8 (X =

0.148) and (iv) lM-NaCl in 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8
(X = 1.148). 3 ml samples of these acid invertase preparations were

then applied to Sephadex G-100 columns of equal dimensions and eluted



Fig. 33 Sephadex G-lOO chromatography with l.OM-NaCl in 24.3mM-Na2HPO^/
12.5mM-citric acid, pH 4.8, of the Sephadex G-lOO excluded acid
interase prepared by eluting the pH 4.8 cell-wall loosely bound
acid invertase with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8,
(Fig. 32) .

The fractions (9-10) that constituted the Sephadex G-lOO excluded
peak of acid invertase activity (Fig. 32 ), prepared by eluting the
pH 4.8 cell-wall loosely bound acid invertase were pooled. NaCl
(0.3g) was added slowly to give a final concentration of l.OM-NaCl
in 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8. A 3 ml sample was
applied to a Sephadex G-lOO column (2 x 40 cm) equilibrated with
l.OM-NaCl in 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8. Fractions
(3 ml) were collected and 0.5 ml samples were assayed for acid
invertase activity as described in the 'Materials and Methods'
section. (The arrow indicates the void volume).
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with the respective buffer.

(i) Sephadex G-lOO chromatography of the pH 8.0 soluble supernatant

acid invertase with 48.6mM-Na^HPO^/Q.7mM-citric acid, pH 8.0 (J = 0.15Q)
As expected, one excluded peak of acid invertase activity was observed

(Fig. 34) when a 3 ml sample of this acid invertase preparation was

eluted from Sephadex G-lOO. As previously reported (Fig.10 ) there

was a 'tail' of acid invertase activity.

(ii) Sephadex G-100 chromatography of the pH 8.0 soluble supernatant

acid invertase with lM-NaCl in 48.6mM-Na^HPO^/Q.7mM-citric acid, pH 8.Q
(J = 1.150)

When a 3 ml sample of the pH 8.0 soluble supernatant acid invertase

was eluted with a high ionic strength elution buffer only one retarded

peak of acid invertase activity (Ve = 43 ml) was observed (Fig. 35).

(iii) Sephadex G-lOO chromatography of the pH 8.0 soluble supernatant

acid invertase with 24.3mM-Na„HP0./12.5mM-citric acid, pH 4.8 (x = 0.148)
z 4

When a 3 ml sample was applied to a Sephadex G-lOO column and eluted

with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8 two peaks of acid invertase
activity were observed (Fig. 36). one peak was at the void volume

whilst the other peak was retarded (Ve = 42 ml).

(iv) Sephadex G-100 chromatography of the pH 8.Q soluble supernatant

acid invertase with lM-NaCl in 24.3mM-Na^HPO^/12.5mM-citric acid,
pH 4.8 (j = 1.148)

Only one peak of acid invertase activity was observed (Fig. 37)

retarded by the Sephadex G-lOO (Ve = 43 ml), when a 3 ml acid invertase

sample was eluted with lM-NaCl in 24.3mM-Na2HPO^/12.5mM-citric acid,
pH 4.8.

It has already been shown that the Sephadex G-100 permeating properties

of one (molecular) form of acid invertase was determined by the pH

of the elution buffer. The above results show that the ionic strength

of the elution buffer also plays an important role in determining the



Fig. 34 Sephadex G-lOO chromatography of the pH 8.0 soluble supernatant
acid invertase with 48.6mM-Na~HPO./0.7mM-citric acid, pH 8.0
(X = 0.150) .

The pH 8.0 soluble supernatant acid invertase, prepared from 70 h
aged discs, was dialysed against 48.6mM-Na2HP04/0.7mM-citric acid,
pH 8.0. A 3 ml sample was applied to a Sephadex G-lOO column (2 x 40 cm)
equilibrated with 48.6mM-Na2HP04/0.7mM-citric acid, pH 8.O.
Fractions (3 ml) were collected and 0.5 ml samples were assayed
for acid invertase activity as described in the 'Materials and
Methods' section. (The arrow indicates the void volume).
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Fig. 35 Sephadex G-lOO chromatography of the pH 8.0 soluble supernatant
acid invertase with l.OM-NaCl in 48.6mM-Na2HP04/0.7mM-citric
acid, pH 8.0 (J = 1.150).

The pH 8.0 soluble supernatant acid invertase was dialysed against
l.OM-NaCl in 48.6mM-Na2HP04,/0.7mM-citric acid, pH 8.O. A 3 ml
sample was applied to a Sephadex G-lOO column (2 x 40 cm) equilibrated
with 48.6mM-Na2HP0^/0.7mM-citric acid, pH 8.O. Fractions (3 ml)
were collected and 0.5 ml samples were assayed for acid invertase
activity as described in the 'Materials and Methods' section.
(The arrow indicates the void volume).
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Fig. 36 Sephadex G-lOO chromatography of the pH 8.0 soluble supernatant acid
invertase with 24.3mM-Na2HP0^/0.7mM-citric acid, pH 8.0 (J = 0.150).
The pH 8.0 soluble supernatant acid invertase, prepared from 70 aged
discs, was dialysed against 24.3mM-Na2HP0^/0.7mM-citric acid, pH 8.0.
A 3 ml sample was applied to a Sephadex G-100 column (2 x 40 cm)
equilibrated with 24.3mM-Na2HP04/0.7mM-citric acid, pH 4.8. Fractions
(3 ml) were collected and 0.5 ml samples were assayed for acid
invertase activity as described in the 'Materials and Methods'
section. (The arrow indicates the void volume).



AcidInvertaseActivity(ygreducingsugarproduced/min/ml) NJ

•

•

•

o

o

o

t—■i—1
00oto oo'o



Fig. 37 Sephadex G-lOO chromatography of the pH 8.0 soluble supernatant
acid invertase with l.OM-NaCl in 24.3mM-Na2HPO^/12,5mM-citric acid,
pH 4.8 (X = 1.148).

The pH 8.0 soluble supernatant acid invertase, prepared from 70 h
aged discs, was dialysed against l.OM-NaCl in 24.3mM-Na2HPO^/12,5mm-
citric acid, pH 4.8. A 3 ml sample was applied to a Sephadex G-lOO
column (2 x 40 cm) equilibrated with l.OM-NaCl in 24.3mM-Na2HP04/
12.5mM-citric acid, pH 4.8. Fractions (3 ml) were collected and
0.5 ml samples were assayed for acid invertase activity as described
in the 'Materials and Methods' section. (The arrow indicates the
void volume).
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Sephadex G-lOO permeating properties of the acid invertase preparations.

In the experiments discussed esrlier in the Results section, it has

been demonstrated that there at least two molecular forms of acid invertase

in ageing carrot discs, separable by gel filtration chromatography.

Furthermore, these two molecular forms can be distinguished by their

thermal stability and Km for sucrose. Following extraction, from aged

carrot discs, and differential centrifugation with acid buffer these two

molecular forms of acid invertase are differentially distributed between

the soluble supernatant fraction and the cell-wall loosely bound fraction.

The pH 4.8 soluble supernatant acid invertase is largely composed of a

Sephadex G-lOO retarded molecular form (Fig. 8) which will associate

at alkaline pH to produce a molecule excluded from the gel (Fig. 10).

However, in the presence of high ionic strength buffers of either acid

or alkaline pH only a retarded peak of acid invertase activity is seen

(Figs. 35 & 37). The pH 4.8 cell-wall loosely bound acid invertase

consists predominantly of a Sephadex G-100 excluded form (Fig. 9) whose

association-dissociation is not affected by pH. However, in the presence

of high ionic strength buffers, this molecular form of acid invertase

is converted to a gel included form (Figs. 33,35&37) irrespective of

the pH of the elution buffer. There are then two molecular forms of

acid invertase, one whose association-dissociation is determined by

pH and ionic strength and the other from ionic strength alone.

The elution volumes of the Sephadex G-lOO retarded peaks of acid invertase

activity - whether a high ionic strength or acid elution buffer was

used - Fig. 34, 35, 36 & 37) were very similar. This suggests that the

gel retarded molecular formsof acid invertase are of a similar size.

It may be that the subunits of both molecular forms of acid invertase

are the same but the different properties of these molecular forms of

acid invertase are the result of chemical modifications of the protein

subunits.
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MOLECULAR WEIGHT DETERMINATION BY SEPHADBX G-lOO CHROMATOGRAPHY OF

THE SEPHADEX G-lOO RETARDED ACID INVERTASE

The molecular weight of this Sephadex G-lOO included acid invertase

was determined after the method of Andrews (1964). The pH 8.0 soluble

supernatant acid invertase was dialysed against 24.3mM-Na2HPO^/12.5mM-
citric acid, pH 4.8 and a 3 ml sample of this acid invertase preparation

was eluted from a Sephadex G-100 column. Two peaks of acid invertase

activity were observed and the fractions that constituted the retarded

peaks of acid invertase activity were pooled. 3 ml samples of this

acid invertase preparation were re-chromatographed on the Sephadex G-lOO

column with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8 to determine
accurately the elution volume of this included form of acid invertase.

To calibrate the column the following markers were employed; ^~globulin,

bovine serum albumin, myoglobin and cytochrome C. They were dissolved

in 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8 to give a final concentr¬
ation of 1 mg/ml. 3 ml samples were eluted with the same buffer and

the elution profiles, from which their elution volumes were calculated,

are presented in Figs. 38 & 39 . These markers were chromatographed

several times and the estimated elution volumes are given in Table 6 .

The molecular weight of the Sephadex G-100 included acid invertase was

determined by plotting the elution volume against the 1°9^0 °f the
molecular weight of the markers. By knowing the elution volume of

the acid invertase its molecular weight was estimated to be 45,000

(Fig. 40 ) .

I was unable to determine the molecular weight of the Sephadex G-100

excluded acid invertase since it was also excluded by Sephadex G-200.

Other techniques that may be employed to determine the molecular weight

of this Sephadex G-100 excluded acid invertase include Sepharose 4B

and Sepharose 2b gel filtration, gel electrophoresis or ultra-

centrifugation.



Fig. 38 The Sephadex G-lOO elution profiles of cytochrome c and the Sephadex
G-100 retarded acid invertase after elution with 24.3mM-Na2HPC>4/
12.5mM-citric acid, pH 4.8.

The acid invertase sample was prepared by eluting the pH 8.0 soluble
supernatant acid invertase from Sephadex G-lOO with 24.3mM-Na2HPO^/
12.5mM-citric acid, pH 4.8. The fractions constituting the retarded
peak were pooled. Cytochrome c was added to this acid invertase
preparation to give a concentration of 1 mg/ml. A 3 ml sample
was applied to a Sephadex G-lOO column (2 x 40 cm) equilibrated
with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8. The elution profile
of the cytochrome c (V V) was determined by measuring the absorbance
of the 3 ml fractions at 412 nm. The acid invertase activity (A—A )
of 0.5 ml samples was determined, as described in the 'Materials
and Methods' section. (The arrow indicates the void volume).

(Note the different scales on the ordinate axes).
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Fig. 39 The Sephadex G-lOO elution profiles of ^-globulin, bovine serum
albumin and myoglobin.

$ -globulin, bovine serum albumin and myoglobin were dissolved in
24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8, to give a final concentra¬
tion of 1 mg/ml (for each protein). A 3 ml sample was applied to
a Sephadex G-lOO column (2 x 40 cm) equilibrated with 24.3mM-

Na2HPO^/12.5mM-citric acid, pH 4.8. The Sephadex G-lOO elution
profiles of o -globulin, bovine serum albumin and myoglobin were
determined by measuring the absorbance of the 3 ml fractions at
280nm; -globulin^#—#}and bovine serum albumin(O-O}and at
407nm; myoglobin .

(Note the different scales on the ordinate axes).



 



TABLE 6 Comparison of the elution volumes (Ve) of the reference
proteins and acid invertase on Sephadex G-100.

-3
Molecular Weight x 10 Elution Volume (Ve)

(ml)

^-globulin 160 31.0

Bovine serum albumin 67 39.5

Myoglobin 17.8 63.0

Cytochrome C 12.4 72.5

Invertase - 46.5

The elution volumes (Ve) of the reference proteins and the
Sephadex G-100 included acid invertase were determined by
eluting 3 ml samples (1 mg/ml) from a Sephadex G-lOO
column (40 x 2 cm) equilibrated with 24.3mM-Na2HPO^/
12.5mM-citric acid, pH 4.8. The molecular weights of
the reference proteins were taken from Andrews (1964).



Fig. 40 Molecular weight determination of the Sephadex G-lOO retarded acid
invertase.

The elution volumes (Table 6) of ^-globulin, bovine serum albumin,
myoglobin and cytochrome c, when eluted from a Sephadex G-lOO
column (2 x 40 cm) with 24.3mM-Na2HP04/12.5mM-citric acid, pH 4.8
were plotted against the loggo °f their molecular weight. By
the use of this standard curve relating elution volume to molecular
weight the molecular weight of the Sephadex G-100 column (2 x 40 cm)
retarded acid invertase was determined by knowing its elution volume,
46.5 ml (indicated by the arrow).
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THE DEVELOPMENT OF THE ACTIVITY OF ACID INVERTASE FRACTIONS PREPARED

FROM AGEING CARROT DISCS FOLLOWING EXTRACTION AND DIFFERENTIAL CENTRIFUGATION

WITH O■1M-PHOSPHATE, pH 8.0

In the intact carrot storage tissue there is little or no acid invertase

activity. Following slicing there is a lag of 6-8 h before the acid

invertase activity rises rapidly to a maximum at 72 h (Fig. 5). In

this experiment the activity of the different molecular forms of acid

invertase was followed in ageing carrot discs.

The pH 8.0 soluble supernatant acid invertase was prepared from 0, 24,

48 and 72 h aged discs. These acid invertase preparations were then

dialysed against 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8 to generate
the two molecular forms of acid invertase (Fig. 12). Following

dialysis, 3 ml samples of the acid invertase preparations were applied

to a Sephadex G-100 column equilibrated with 24.3mM-Na2HPO^/12.5mM-
citric acid, pH 4.8 and eluted with the same buffer. The acid invertase

activity of the Sephadex G-lOO excluded and included peaks was determined

and the results are given in Fig. 42. The activity of the cell-wall

strongly bound fraction was determined at the same time. To assay

this acid invertase the following procedure was employed.

Following extraction and differential centrifugation with O.lM-phosphate,

pH 8.0, the"cell-wall"brei was washed three times with the extraction

buffer and sedimented by centrifugation at 1,000 g_. The cell-wall

pellet was then washed in lM-NaCl in 0.lM-phosphate, pH 8.0, for 1 h.

The "cell-wall" material was again sedimented by centrifugation at 1,000 g

and then washed a further three times with 48.6mM-Na„HP0„/0.7mM-citric2 4

acid, pH 8.0. After the final centrifugation the activity of the

strongly cell wall bound acid invertase was assayed. The cell-wall

preparation was suspended in a known volume of 48.6mM-Na2HP0^/0.7mM-
sucrose in 0.2M-acetate, pH 4.8 and incubated for lO min. This

incubation mixture was agitated continuously. Control samples were



Fig. 41 The development of the pH 8.0 soluble supernatant acid invertase
and the pH 8.0 cell-wall strongly bound acid invertase in ageing
carrot discs.

The pH 8.0 soluble supernatant ( ▲—▲ ) and the pH 8.0 cell-wall
strongly bound ( ■—■ ) acid invertase was prepared from ageing
carrot discs at the times indicated and assayed for acid invertase
activity as described in the 'Materials and Methods' section.
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assayed at the same time by incubating 0.5 ml cell wall samples with

0.5 ml 0.2M-acetate, pH 4.8. The reducing sugar content of the incubation

mixtures was determined as described in the Materials and Methods

section but before the a^qq was determined the cell wall material
was sedimented using a MSE bench centrifuge. The development of acid

invertase activity with time of the cell-wall strongly bound fraction

as well as the pH 8.0 soluble supernatant fraction is presented in

Fig. 41.

As expected there was a rapid increase in the activity of the pH 8.0

soluble supernatant acid invertase fraction. There was also a four-fold

increase in the activity of the cell-wall strongly bound acid invertase

fraction over the 72 h the carrot discs were incubated. This experiment

could not show whether this increase in the activity of cell-wall strongly

bound acid invertase fraction resulted from the synthesis of a specific

acid invertase or, because of the presence of high levels of acid

invertase in the ageing discs, more acid invertase was occluded within

the cell wall matrix on extraction.

The activity of both the Sephadex G-lOO included and excluded peaks of

acid invertase increased (Fig. 42) over the period during which the

carrot discs were aged. The Sephadex G-100 included and excluded

forms of acid invertase were prepared by Sephadex G-100 chromatography

of the pH 8.0 soluble supernatant acid invertase with 24.3mM-Na2HPO^/
12.5mM-citric acid, pH 4.8. The Sephadex G-100 excluded acid invertase

has been shown to be quivalent to the pH 4.8 cell-wall loosely bound

acid invertase fraction whilst the Sephadex G-lOO included acid invertase

was equivalent to the pH 4.8 soluble supernatant acid invertase. Previous

results obtained for the distribution of acid invertase activity between

the fractions prepared by extraction and differential centrifugation

from 60 h aged discs with acid buffer (Table 4) showed that the activity

of the pH 4.8 cell-wall loosely bound acid invertase fraction was



Fig. 42 The development of the Sephadex G-100 included and excluded acid
invertase in ageing carrot discs.

The pH 8.0 soluble supernatant acid invertase was prepared from
ageing carrot discs at the times indicated. The pH 8.0 soluble
supernatant acid invertase was precipitated by the addition of
four volumes of saturated ammonium sulphate (pH 7.5). After
centrifugation at 30,000 g_ for 10 min the protein pellet was
dissolved in and dialysed against 24.3mM-Na2HPO^/12,5mM-citric
acid, pH 4.8. A 3 ml sample was applied to a Sephadex G-lOO
column equilibrated with 24.3mM-Na2HPO^/12,5mM-citric acid, pH
4.8, and 3 ml fractions were collected. Samples (0.5 ml) were

assayed for acid invertase activity, as described in the 'Materials
and Methods' section, to determine the elution profile of the acid
invertase. The areas of the Sephadex G-lOO excluded (# #) and
included ( ▲—▲ ) peaks of acid invertase activity were determined
and plotted against the time (h) the discs had been aged.
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eight times greater than that of the pH 4.8 soluble supernatant acid

invertase fraction. The results, given in Fig. 42, however, show

that the activity of the Sephadex G-100 included fraction (or the pH 4.8

soluble supernatant acid invertase) was greater than the activity of

the Sephadex G-lOO excluded fraction (the pH 4.8 cell-wall loosely bound

acid invertase). This result may reflect the differential stability

of the different forms of acid invertase.
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THE DEVELOPMENT OF ACID INVERTASE ACTIVITY IN AGEING CARROT DISCS

The massive increase in acid invertase activity (approximately 7,000 fold)

which reaches a maximum by 72 h (post slicing) in ageing carrot discs

(Fig. 5) has been reported by other workers (Ricardo and ap Rees, 1970;

Vaughan and MacDonald, 1967a). This increase in acid invertase activity

is typical of the development of a wide range of enzyme activities in

a variety of ageing storage tissue discs (see Table 1), as well as in

other tissues that have been wounded and infected e.g. leaves of Senecio

squalidus (Long et al, 1975) or excised from higher plants, e.g. sugar

cane internode (Glaziou, 1966) and leaf discs of Lolium temulentum (Pollock

and Lloyd, 1978). The changes in enzyme activities found in ageing

storage tissue discs (for review see Kahl 1973 and 1974) constitute part

of the 'ageing' or 'wounding' response. This response is a mechanism

for adapting to a changedenvironment and is presumably instigated to

repair the damaged cells and prevent infection. Following slicing there

is a very profound change in the metabolic status of the storage tissue

and the metabolic events that are found in ageing carrot discs have been

outlined in the Introduction.

The intact carrot root is actively storing translocated sucrose (Ricardo

and ap Rees, 1970; Ricardo and Sovia, 1974) and the demands for sucrose

hydrolysis to fuel the very low respiration rate necessary to maintain

the integrity of the root tissue (Adams and Rowan, 1970) is met by

alkaline invertase hydrolysis of the sucrose (Ricardo and ap Rees, 1970;

Ricardo, 1974) . The storage sucrose is not rapidly hydrolysed by the

alkaline invertase because the alkaline invertase is readily inhibited

by glucose. The Ki for glucose of alkaline invertase from carrot roots is

40mM/"GlucoseJ (Ricardo, 1974). On slicing the carrot root there is,

however, a very rapid and profound change in the metabolic status of the

tissue (Fig. 1). One feature of this wounding response is the rapid

change whereby the cell actively storing sucrose in the intact root is
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within 6 h of slicing using this storage carbohydrate to provide the

energy and carbon units necessary for the macromolecular syntheses set

in motion. This change in the pattern of hexose-sucrose metabolism in

the ageing carrot discs is accompanied by the development of acid invertase

activity, following an initial lag of approximately 6 h (Fig. 5). The

acid invertase plays an important role in the scheme by which the energy

reserves are mobilised to meet the demands of the highly active wounded

tissue. This initial lag period of approximately 6 h prior to the rapid

increase in acid invertase activity in ageing carrot discs has also been

reported by Ricardo and ap Rees (1970) and in red beet discs by Bacon

et al (1965). Following this observation, there has been considerable

speculation as to whether this enzyme is synthesised de_ novo.

DE NOVO SYNTHESIS OF ACID INVERTASE

Several workers have employed metabolic inhibitors to show that nucleic

acid synthesis (Vaughan and MacDonald, (1967c) using red beet; Rutherford,

(1971) using Jerusalem artichoke; Matsushita and Uritani (1975) using

sweet potato) and protein synthesis (Edelman and Hall (1965) using

Jerusalem artichoke; Matsushita and Uritani (1975) using sweet potato)

was necessary for the development of acid invertase activity in ageing

storage tissue discs. To demonstrate unequivocally that acid invertase

was synthesised de novo in ageing carrot discs, I have employed the

density labelling technique of Hu et_ al (1962). The results show (Fig. 7)

that at least part of the increase in acid invertase activity was due

to the de novo synthesis of the enzyme. Other workers, using the density

labelling technique, have demonstrated the cte novo synthesis of a variety

of enzymes in ageing tissue discs (Table 2).

This density labelling technique may also provide information

as to whether carbohydrate is associated with the protein.

Glycoproteins have attracted considerable attention and they have been
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found in a wide range of plant and animal tissues (Smellie and Beeley, 1975).

The function of the carbohydrate moiety is still unclear but several

proposals have been suggested. These include cell recognition (Roseman,

1970), transport of enzymes across cellular membranes (Eylar, 1965) ,

protection of the proteins from proteolysis (Gottschalk and Fazekas

de St. Groth, 1960), stabilisation of the tertiary structure of the

protein moiety (Pazur et_ al, 1969) and the organisation of macromolecules

into oligomeric forms (Morgan et a^, 1970)

Arnold (1965) has shown that 25% of grape berry invertase is carbohydrate

but from the result of 1.295 kg/1 for the buoyant density of the 'normal'

loosely cell wall bound acid invertase extracted from ageing carrot discs

(Fig. 7), this acid invertase preparation is unlikely to have any

associated carbohydrate. Parr and Edelman (1975) have suggested that some

or all of the associated carbohydrate may be released from the protein

by the high ionic strength solutions employed to solubilise the loosely

cell wall bound acid invertase. Sacher et al_ (1972) found that the

buoyant density of phenylalanine ammonia lyase was very variable and

they suggested this was because the amount of associated carbohydrate

varied, partly as a result of the extraction procedure. One way to

determine whether acid invertase from carrot was a glycoprotein would

be to use the acid invertase released into the culture medium when

protoplasts are prepared from cultured carrot callus cells (Ueda el; al,

1974). This is because high ionic strength buffers are not then necessary

for the preparation of the acid invertase fractions.

REGULATION OF THE DEVELOPMENT OF ACID INVERTASE ACTIVITY

The plant hormone ethylene has diverse effects on a wide range of plant

tissues and it is synthesised by wounded tissues (Pratt and Goeschl,

1969) including ageing sweet potato discs (Imaseki el; a]^, 1968b) .

When exogenous ethylene (10 ppm) was applied to ageing carrot discs
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there was only a small increase in acid invertase activity (Table 3).

This result was not the consequence of a build-up in the incubation system

of carbon dioxide, which is antagonistic to ethylene action (Burg and

Burg, 1965; Gahagan et_ ad, 1968), since 5% KOH was present to absorb the

carbon dioxide. Other workers have found, however, that exogenous applica¬

tion of ethylene (approximately 10 ppm) to ageing storage tissue discs

has a considerable effect on the development of enzyme activity (Engelsma

and Van Bruggen, 1971). It resulted in enhanced respiration rate in

potato discs (Reid and Pratt, 1972) and increased phenylalanine ammonia

lyase activity in swede (Rhodes and Wooltorton, 1971) and carrot discs

(Chalutz, 1973). Application of ethylene stimulated peroxidase activity

in sweet potato discs (Birecka and Miller, 1974; Imaseki, 1970) but it

had no effect on the development of peroxidase activity in ageing carrot

discs (Birecka and Miller, 1974). As an explanation of their results

Birecka and Miller (1974) proposed that in sweet potato discs ethylene

stimulates the de_ novo synthesis of peroxidase (Shannon et al, 1971)

but in ageing carrot discs the development of peroxidase activity is

accomplished by a system not affected by ethylene.

When ethylene was removed from ageing carrot discs, by introducing mercuric

perchlorate into the incubation system (Young et ad, 1952) acid invertase

activity was reduced by approximately 46% at 67 h (Table 3 ). When the

mercuric perchlorate was taken out of the incubation system (Fig. 6)

this constraint on the development of acid invertase activity was readily

removed and the level of acid invertase activity of these discs rapidly

increased to the level of those discs that had been aged without mercuric

perchlorate in the incubation system. A possible explanation for these

results of the effect of the application or removal of ethylene on the

development of acid invertase activity in ageing carrot discs is as

follows. In ageing carrot discs the tissue is saturated by endogenous

ethylene and any exogenous application of ethylene will have no effect



56

on the development of acid invertase activity. Removal of ethylene may

have two consequences on the development of acid invertase activity. Firstly,

it may reduce the rate of transcription or translation of DNA and RNA

respectively and as a result reduce the rate of synthesis of acid

invertase. Alternatively, it may permit the (increased) development of

an inhibitor of acid invertase synthesis, an inhibitor of acid invertase

activity or an acid invertase inactivating system. These three inhibitory

systems have been reported in ageing storage tissue discs (Bradshaw et al,

1969; Pressey, 1967; Matsushita and Uritani, 1975).

Bradshaw et ad (1969) have demonstrated the presence of a proteinaceous

inhibitor of acid invertase development in ageing carrot and Jerusalem

artichoke discs, which differs from the inhibitor of acid invertase

hydrolysis of sucrose isolated from potato discs by Pressey (1967).

Enzyme inactivating systems have also been reported in ageing storage

tissue discs e.g. a phenylalanine ammonia lyase inactivating system in

potato discs (Zucker, 1968). Matsushita and Uritani (1975) have speculated

on the existence of an acid invertase inactivation system in sweet potato

discs which is separate from a phenylalanine ammonia lyase inactivating

system.

The plant hormone gibberellin has also been shown to be necessary for

the development of acid invertase activity in Jerusalem artichoke discs

(Bradshaw and Edelman, 1969) . These workers have shown that gibberellin

is synthesised within the first few hours of slicing (Bradshaw and Edelman,

1969) and it is thought that the proteinaceous inhibitor of acid invertase

development acts by regulating gibberellin synthesis (Bradshaw et_ aJL, 1969)

Ricardo (1975) has also shown that gibberellic acid stimulates whilst

kinetin inhibits the rise in acid invertase activity in ageing carrot

discs. This author speculates that in developing carrot roots acid

invertase activity is regulated by endogenous gibberellin and kinetic

levels.
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On slicing ethylene and gibberellin synthesis, together with the production

of the various inhibitors, regulate the development of acid invertase

activity in the ageing tissue disc. Though several systems are known

to be involved in the regulation of acid invertase development in ageing

storage tissue discs, little is known of the nature of the sequence of

events that follow slicing and result in the marked change in metabolic

activity. A model has been proposed by Kende and Baumgartner (1974) to

show how ethylene could initiate these profound changes in the metabolic

status of the cells. The sequence of events is as follows.

Slicing causes considerable damage to the cells at the cut surface and

breaks down compartmentation within these cells, allowing enzymes and

their substrates to mix freely. One consequence of this is the synthesis

of ethylene which then passes into neighbouring cells. By dissolving

in the lipid membranes of these neighbouring cells ethylene changes the

permeability properties of the membranes which in turn alters the balance

of metabolites within the cell. This disruption of compartmentation

within the cell has a profound effect on the metabolic status of the

cell as well as initiating further ethylene synthesis.

Kahl (1973) has speculated that changes in cellular 'osmotic potential'

may initiate derepression. Sudden changes in the osmotic balance of

the cell caused by slicing would have serious consequences for the membrane

structures and the ionic balance within the cell. It is these changes in

the ionic environment of the nucleus that may initiate the derepression

events.

Slicing of dormant storage tissue leads to considerable genetic activity

with profound consequences to the metabolic status of the tissue.

Derepression leads to the induction of a protein synthesis with a

concomitant increase in the activity of a wide range of enzymes.

Kahl (1973) has compared the effect of slicing on storage tissue to that
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of hormones in mammalian systems. He illustrates this point by describing

the effect of oestrogen on uterine cells. Oestrogen initiates considerable

genetic activity and protein synthesis. Accompanying these events there

are considerable changes in the metabolic processes in the uterine cells

(references cited by Kahl, 1973). Such comparisons as this may provide

useful information about the nature of the initial trigger in the wounding

response, particularly as the effect of hormones on genetic activity in

mammalian systems become clearer.

The rapid mobilisation of the carbohydrate reserves of storage tissue

to provide energy and carbon units for the macromolecular synthesis

set in motion by slicing may also be compared with thermogenesis in

plant and animal tissues. Examples include non-shivering thermogenesis

in brown adipose tissue of newly born and hibernating mammals (for a

review see Nicholls, 1977) and thermogenesis of the spadix of Arum maculatum

(Meeuse, 1975). In these examples the energy reserves (triglyceride

in brown adipose tissue, starch in the spadix of Arum maculatum) are

rapidly metabolised to generate ATP which in turn is used to generate

heat in uncoupled mitochondria. In these examples protein synthesis

is not induced. Instead pre-formed proteins are activated. In brown

adipose tissue the parasympathetic nervous system activates triglyceride

lipase via a protein phosphorylation step. The enzymes necessary to

metabolise the storage carbohydrate (starch) of Arum maculatum are

synthesised throughout the developmental stages of the spadices (ap Rees

et al, 1976). What initiates thermogenesis in spadices is unclear but

the respiration rate increases 15-fold. In particular, there is a 100-

fold increase in the activity of some of the enzymes in the pentose

phosphate pathway. These processes (thermogenesis in vertebrates and

higher plants) may provide useful insights into the mechanisms that

control the respiratory pathways in ageing storage tissues and the

role of acid invertase in providing these pathways with hexose units.
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They will not shed any light, however, on the nature of the events that

follow the slicing of the storage tissue.

THE DISTRIBUTION OF ACID INVERTASE BETWEEN THE FRACTIONS PREPARED AFTER

HOMOGENISATION AND DIFFERENTIAL CENTRIFUGATION WITH BUFFERS OF DIFFERENT PH

In order to fully understand the role acid invertase plays in the control

of the metabolism of the storage carbohydrate, sucrose, in ageing carrot

discs, it is necessary to determine the in_ vivo location of this and

other enzymes involved in hexose-sucrose metabolism. It has been proposed

(Edelman and Hall, 1965; Vaughan and MacDonald, 1967a,b) that

acid invertase was located at the cell wall in ageing carrot, Jerusalem

artichoke and potato discs. This was based on the results of differential

centrifugation of the homogenised tissue. However, more recent work

has shown that the distribution of acid invertase activity between the

fractions prepared by differential centrifugation depended on the pH

(Ricardo and ap Rees, 1970) and the ionic strength (Little and Edelman,

1973) of the extraction buffers. The effect of the pH of the extraction

buffer on the distribution of acid invertase activity is illustrated in

Tables 4 and 5.

When aged carrot discs were homogenised with an acid buffer, after centri¬

fugation at 30,000 ^ for 30 min, the acid invertase activity was distributed

between the supernatant fraction and the cell-wall fraction, with the

majority of the activity in the cell-wall fraction. After extraction with

an alkaline buffer there was twice as much acid invertase activity in

the supernatant fraction than the cell-wall fraction. When the cell-wall

preparations were washed with a high ionic strength buffer (l.OM-NaCl

in O.lM-acetate, pH 4.8) acid invertase activity was only released from

the acid prepared"cell walls"(Table 4). This acid invertase was called

the cell-wall loosely bound acid invertase and is presumably ionically

bound to the cell wall. The acid invertase activities of both the acid
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and alkaline"cell wall"preparations, after washing with l.OM-NaCl were

similar (Tables 4 and 5). This acid invertase (which was not solubilised

by washing with a concentrated salt solution) was called the cell-wall

strongly bound acid invertase and is, presumably, covalently bound to

the cell wall. This cell-wall strongly bound acid invertase fraction

is not affected by the pH or ionic strength of the extraction medium.

If this is so, it is then proposed that the supernatant fraction prepared

after extraction with alkaline buffer is composed of both the supernatant

fraction and cell-wall loosely bound fraction that can be prepared by

extraction with acid buffer. Three acid invertase fractions can be

prepared; (i) a supernatant fraction, (ii) a cell-wall loosely bound

fraction, and (iii) a cell-wall strongly bound fraction. After extraction

with acid buffer the acid invertase activity is partitioned between the

supernatant and the cell-wall fraction. The cell-wall loosely bound

acid invertase can then be solubilised by increasing the pH or the ionic

strength of the buffer. When an alkaline extraction buffer is employed

the cell wall fraction consists solely of the cell-wall strongly bound

acid invertase. The rest of the acid invertase, including the cell-wall

loosely bound acid invertase is in the supernatant fraction. The

cell-wall fraction prepared after extraction and differential centrifugation

is then very dependent on the extraction conditions employed. On the basis

of the above results it is then not possible to come to any conclusion

about the in vivo location of acid invertase.

Ueda et al_ (1974) have found that when protoplasts were prepared from

carrot callus cells between 50-60% of the cell's acid invertase was

released. These workers concluded that this acid invertase was located

in vivo outside the plasmalemma, possibly associated with the cell wall.

Partly on the basis of the results of Ueda et ^1 (1974) and his own

observations on the development of acid invertase in developing carrot

roots, Ricardo (1974) has put forward a scheme for the control of
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sucrose-hexose metabolism. In this scheme Ricardo postulates that acid

invertase is located primarily at the tonoplast and exterior to the

plasmalemma but not freely distributed throughout the cytoplasm.

Is the acid invertase which is loosely bound to the cell wall following

extraction and differential centrifugation with acid buffer an artefact

of the extraction conditions? In this case the cell-wall material acts

as an ion exchanger which is fully loaded at acid pH with acid invertase.

By increasing the pH or ionic strength of the bathing medium the acid

invertase is released from the cell-wall material. On the other hand

are there any differences in the nature of the cell-wall loosely bound

acid invertase and the soluble supernatant acid invertase which cause

the cell-wall loosely bound acid invertase to bind to the cell walls

in buffers which are both of low pH and low ionic strength?

MULTIMOLECULAR FORMS OF ACID INVERTASE

The nature of the acid invertase fractions was examined by gel filtration

using Sephadex G-100. By Sephadex G-100 chromatography multimolecular

forms of acid invertase were observed in the soluble supernatant

fraction (Fig. 8 ) and the cell-wall loosely bound fraction (Fig. 9 )

prepared from aged carrot discs by extraction and differential centri¬

fugation with 0.6M-acetate, pH 4.8. Furthermore, these molecular

forms of acid invertase were differentially distributed between the

pH 4.8 soluble supernatant fraction, which predominantly consisted

of a form included within the gel, and the pH 4.8 cell-wall loosely

bound fraction, which was largely excluded by the gel. Though the

existence of an acid and alkaline (or neutral) invertase is well

documented in higher plant tissues (Hatch et_ al^, 1963, in sugar cane;

Ricardo and ap Rees, 1970, in carrot roots) the presence of multimolecular

forms of acid invertase in higher plants has only been recently

reported (Nakagawa et al, 1971; Sasaki et al, 1971).
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It has already been shown that the pH 8.0 soluble supernatant acid

invertase consists of both the pH 4.8 soluble supernatant acid invertase

and the pH 4.8 cell-wall loosely bound acid invertase. However,

when the pH 8.0 soluble supernatant acid invertase was eluted from

Sephadex G-lOO with pH 8.0 buffer only one peak of acid invertase

activity was observed at the void volume (Fig. 10). These results

demonstrate that the Sephadex G-lOO elution profile of at least one

form of acid invertase was altered by changing the pH of the extraction

and elution buffer. This observation was confirmed in the following

experiment. When the pH 8.0 soluble supernatant acid invertase was

eluted from Sephadex G-100 with pH 4.8 buffer two peaks of acid

invertase activity were observed, one peak was eluted at the void

volume whilst the other peak was retarded by the gel (Fig. 12).

The interconversion of (at least) one form of acid invertase between

a form excluded and included by Sephadex G-lOO was readily achieved

by altering the pH of the elution buffer (Figs. 11 & 12).

This form of acid invertase, retarded by Sephadex G-100 when eluted

with pH 4.8 buffer is the major constituent of the pH 4.8 soluble

supernatant acid invertase (Fig. 8). The Sephadex G-lOO elution

profile of the acid invertase eluted in the void volume from Sephadex

G-100 with pH 4.8 buffer was not altered by changing the pH of the

elution buffer (Figs. 15 & 16). This acid invertase constitutes the

majority of the pH 4.8 cell-wall loosely bound acid invertase (Fig. 9).

The conclusions drawn from the above results are that multimolecular

forms of acid invertase are present in ageing carrot discs and furthermore

these forms are differentially distributed between the fractions

prepared after homogenisation and differential centrifugation. The

Sephadex G-100 elution profile of the acid invertase can be

changed by altering the pH of the elution buffer and (at least) one
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form of acid invertase is freely interconvertible between a large (a

Sephadex G-100 excluded) and a small (a Sephadex G-lOO included) form

by changing the pH of the extraction and/or elution buffer. The

molecular weight of this small, Sephadex G-100 included acid invertase

was estimated (by the method of Andrews, 1964) to be 45,000 (Fig.40 ).

The molecular weight of the large acid invertase must be greater than

300,000 since it was excluded by Sephadex G-200.

Other workers, using gel filtration chromatography, have demonstrated

the presence of multimolecular forms of acid invertase in a range

of higher plants. The question asked here is, how do the results

of these workers compare with the results discussed in this thesis,

in particular, that the gel filtration properties of carrot acid

invertase are determined by the pH of the elution buffer?

Jones and Kaufman (1975) demonstrated by gel filtration (as well as

ion exchange chromatography) the presence of multimolecular forms

of acid invertase in oat internode tissue. These workers employed

a 0.lM-phosphate/citrate buffer, pH 5.0 to prepare the

(acid) soluble supernatant fraction and elute it from Sephadex G-200.

They observed two peaks of acid invertase activity, one peak at the

void volume whilst the other peak was retarded (the molecular weight

of this retarded acid invertase was not determined). The pH of the

extraction and elution buffer employed by these workers was similar

to that used in this study of carrot acid invertase (to demonstrate

the presence of multimolecular forms of acid invertase). Jones and

Kaufman (1975) were unable to prepare a cell-wall loosely bound acid

invertase fraction despite using a wide variety of treatments including

the use of high pH and high ionic strength solutions to wash the"cell~

wall"brei. There was a cell-wall strongly bound fraction which

resisted all attempts to solubilise it. There are two possible explana¬

tions as to why acid invertase is bound loosely or ionically to carrot
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"cell wall"material following extraction with 0.6M-acetate, pH 4.8

(Table 5) whilst it is not bound to oat internode"cell walls"following

extraction with O.lM-phosphate/citrate, pH 5.0 (Jones and Kaufman,

1975). Firstly, the amount and/or nature of the chargeable groups

in the cell walls from carrot and oat internode may differ. This

is quite likely since the amount and/or nature of these chargeable

groups is a function of the cell-wall composition and its pectin,

hemicellulose and lignin content which is known to vary considerably

between tissues from the same plant as well as between different species.

A second explanation is that the acid invertases differ in their

composition and consequently in the degree and nature of the chargeable

groups at their surfaces. The thermostabilities of the multimolecular

forms of acid invertase prepared from ageing carrot discs and oat

internode tissue are similar. The actual measurements are summarised

in Table 7 together with the details of other parameters determined

for multimolecular forms of acid invertase from a range of higher plants.

The large (gel excluded) acid invertase from both the oat internode

tissue and carrot discs is far more thermolabile (at 45° and 50°

respectively) than the small (gel included) invertase (Table 7 & Fig. 23).

This observation may suggest that the acid invertases from both species

are similar. The fact that there is no cell-wall loosely bound acid

invertase fraction after extraction of excised oat internode tissue

with acid buffer may reflect differences in the cell-wall composition

of carrot root and oat internode tissue. When Ueda et. al_ (1974) prepared

the soluble supernatant and the cell-wall loosely bound acid invertase

fractions from cultured carrot callus cells with 50mM-acetate, pH 4.7,

and eluted the acid invertase fractions from Sephadex G-lOO with

O.lM-NaCl in 40mM-borate, pH 8.5, in both cases only one peak of acid

invertase activity was observed. The elution volumes of these peaks
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were the same. These authors did not determine the void volume of

the Sephadex column. Their results are not in disagreement with those

presented in this thesis. Though the pH 4.8 soluble supernatant

acid invertase from carrot discs predominantly consists of a small

form retarded by Sephadex G-100 when a pH 4.8 buffer was

employed (Fig. 8 ) the results discussed above have shown that the

soluble acid invertase was converted to a form excluded by Sephadex

G-lOO when a pH 8.0 elution buffer was employed.

Other workers have reported the presence of multimolecular forms of

acid invertase, in other higher plants, by eluting the acid invertase

preparations from gels with neutral or slightly alkaline buffers.

The pH 8.0 soluble supernatant acid invertase from ageing carrot discs

has been shown to consist of at least two forms of acid invertase

since two peaks of acid invertase activity were observed when this

acid invertase preparation was eluted from Sephadex G-lOO with pH 4.8

buffer (Fig. 12). However, only one peak of acid invertase activity

was seen (Fig. 11), at the void volume, when this acid invertase

preparation was eluted with pH 8.0 from the Sephadex G-lOO. Weston

and Chin (1975) were able to separate multimolecular forms of acid

invertase, on Sephadex G-100 with 0.05M-phosphate/citrate buffers

pH 7.0 after preparing the soluble supernatant fraction from excised

tomato roots with the same buffer. Similarly, Klis and Akster (1974)

were also able to separate isoenzymes of acid invertase from Convolvulus

on Sephadex G-lOO with 20mM-phosphate, pH 7.2. In both of the above

cases the 'large' acid invertase form was more thermostable than the

'small' acid invertase form (the values are summarised in Table 7).

In the case of acid invertase from ageing carrot discs and oat internode

tissue the gel included form was more thermostable than the excluded

form (see Table 7).
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What are the possible explanations for these differences in the thermo¬

stabilities of the acid invertase isoenzymes prepared from different

higher plants? The data summarised in Table 7 illustrates that

in addition to these differences in thermostability there are

considerable differences in other properties of the multimolecular

forms of acid invertase prepared from different higher plants. There

is no clear reason why this should be but presumably these variations

are related to the physiological function of acid invertase in

different plants and tissues. Possible explanations include differences

in (i) the genetic material that codes for the acid invertase (as a

result of divergent evolutionary pressures), in mammalian tissues

haemoglobin is a good example of this (Lehninger, 1970), or (ii) the

degree of aggregation of protein subunits e.g. lactate dehydrogenase

(Lehninger, 1970).

In the case of multimolecular forms of acid invertase prepared from

excised tomato root (Weston and Chin, 1975) and cultured Convulvulus

callus (Klis and Akster, 1974) in which the 'large' enzyme is more

thermostable than the 'small' enzyme the multimolecular forms may

be constructed from the same protein subunit. These molecules may

then be modified by either different degrees of aggregation or by

the association of a carbohydrate moiety. However, the 'large' (gel

excluded) form of acid invertase prepared from aged carrot discs

(Fig. 23) and excised oat internodes (Jones and Kaufman, 1975) are

less thermostable than the 'small' (gel included) form. This

observation may indicate that the multimolecular forms of acid invertase,

in both plants, were different proteins. Jones and Kaufman (1975)

considered that the two soluble molecular forms of acid invertase they

prepared from excised oat internodes were distinct, probably non-

inconvertible, enzymes. The results presented in this thesis of the
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properties of the multimolecular forms of acid invertase in ageing

carrot discs also suggest that they may be two distinct enzymes.

The gel elution profile of the pH 4.8 'large' form is not altered

by changing the pH of the elution buffer. The 'small' form retarded

by Sephadex G-lOO when a pH 4.8 elution buffer is used is, however,

freely interconvertible with a form excluded by the gel when a pH 8.0

elution buffer was employed. In addition to this there are also

differences in the Km and thermostability at 50° of both the pH 4.8

large and pH 4.8 small forms. The thermostability, at 50°, of the

pH 4.8 'small' form is greater than that of the pH 4.8 'large' form.

This observation suggests that the pH 4.8 'large' form is not an

aggregate of the pH 4.8 'small' form and the two forms are probably

not interconvertible.

However, when an acid invertase preparation containing the pH 4.8

'large 'form was eluted from Sephadex G-lOO with a high ionic strength

buffer there was, irrespective of the pH of the elution buffer, a

single retarded peak of acid invertase activity (Figs. 33, 35 and 37)

The pH 4.8'large'form of acid invertase is disaggregated by the high

ionic strength buffer and the elution volume of the active subunits

(Figs.32 & 33) is the same as the elution volume of the pH 4.8 'small'

form of acid invertase (Fig. 8 ). This observation suggests that the

pH 4.8 'large' form is a polymer of the pH 4.8 'small' form. However,

the previous results showing the effect of pH on the elution profiles

of both molecular forms and the thermostability at 50° of both forms

indicate that they are separate enzymes. Furthermore, if the log

of residual activity is plotted against incubation time at 50° the

curves obtained (Figs. 43 & 44 ) did not fit straight lines typical

of first order kinetics. This observation suggests that the enzyme

preparations were not homogeneous.



Fig. 43 The plot of the log of the residual acid invertase activity against
incubation time at 50° of the pH 4.8 soluble supernatant (0 O)
and the pH 4.8 cell-wall loosely bound (0 0) fraction.

This data is a re-calculation of that given in Fig. 20 (pH 4.8
soluble supernatant acid invertase) and Fig. 21 (pH 4.8 loosely
cell wall bound acid invertase).
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Fig. 44 The plot of the log of the residual acid invertase activity against
incubation time at 50° of the molecular forms of acid invertase
excluded (# 0) and included (0 O) by Sephadex G-100 when
the pH 8.0 soluble supernatant acid invertase was eluted from
the gel with 24.3mM-Na2HPO^/12.5mM-citric acid, pH 4.8.
This data is a re-calculation of that presented in Fig. 23.
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The conclusion of this study of the nature of acid invertase in ageing

carrot discs is that there are two distinct forms. The association-

dissociation of the subunits of the pH 4.8 'large' form, is determined

by the ionic strength of the solution and is not affected by the pH

of the solution. The association-dissociation of the other form,

the pH 4.8 'small' form is determined by both the pH and ionic strength

of the solution. This form of acid invertase is present as active

subunits at low pH or high ionic strength whilst the pH 4.8 'large'

acid invertase is only dissociated by high ionic strength solutions.

Metzenberg (1964) has demonstrated that the subunits of invertase from

Neurospora crassa can associate and dissociate by altering the ionic

strength of the buffer. Furthermore, this association-dissociation

is not dependent on the pH of the buffer. The polymeric form of the

enzyme was more thermostable than the subunit (Metzenberg, 1964).

Though the presence of multimolecular forms of acid invertase has been

demonstrated in higher plants this effect of pH and ionic strength on

the association-dissociation of acid invertase from ageing carrot discs

has not been reported for acid invertase prepared from any other higher

plant. The effect of pH and ionic strength on the association-dissociation

of oligomeric proteins, e.g. haemoglobin and aldolase is, however, well

known (Lehninger, 1970).

It still has to be determined whether the subunits of both molecular

forms of acid invertase from ageing carrot discs are the same protein.

One means to examine the nature of these subunits is by sodium dodecyl

sulphate (S.D.S.) or 8M-urea gel electrophoresis of the acid invertase

preparations.

The final experiment in this thesis demonstrated that over the 72 h

following slicing there was an increase in the amount of acid invertase

activity of both molecular forms (Fig. 42 ). No further conclusions

could be drawn from this experiment as the results were at variance
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with earlier observations. In this experiment the activity of the pH 4.8

included form (which constitutes the pH 4.8 soluble supernatant acid

invertase) was greater than that of the pH 4.8 excluded form (which

makes up the pH 4.8 cell-wall loosely bound fraction). This distribution

of acid invertase activity is not in agreement with results presented

in Tables 4 and 5, in which the pH 4.8 cell-wall loosely bound fraction was

greater than the activity of the pH 4.8 soluble supernatant fraction.

There was also an increase in the acid invertase activity of the

cell-wall strongly bound fraction (Fig. 41). No conclusion could

be drawn as to whether this was the result of the synthesis of a

specific protein. Jones and Kaufman (1975) have reported an increase

in the activity of the cell-wall strongly bound acid invertase in

the excised oat internodes as well as changes in the activity of both

the 'large' and 'small' molecular forms of acid invertases, over the

period the excised oat internodes were incubated. These authors

suggested that these changes in the activities of the different acid

invertases are related to changes of the physiological status of the

cells. The physiological function of the acid invertase isoenzymes

in carrot storage tissue (and other tissues) is as yet not fully

understood. Considerable speculation has centred on the role of

isoenzymes in the control of metabolic processes (Scandalios, 1974)

but before any explanation can be given it is necessary to determine

the in^ vivo location of the multimolecular forms of acid invertase

(as well as the other enzymes, including alkaline invertase, which

play a role in the regulation of sucrose-hexose metabolism).

THE IN VIVO LOCATION OF ACID INVERTASE

In a scheme presented by Ricardo (1974) for the control of sucrose-

hexose metabolism in carrot root tissue it was postulated by Ricardo
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that the acid invertase was located at the tonoplast and outside the

plasmalemma. High acid invertase activity is found in carrot roots

during periods of high demand for sucrose hydrolysis. Such periods

include the developmental period of immature roots during which

time sucrose translocated from the leaves provides the energy source

and in germinating plants or in ageing tissue discs when storage

sucrose is the energy source (Ricardo and ap Rees, 1970). The acid

invertase located by Ricardo (1974) at the tonoplast (and not freely

distributed throughout the cytoplasm) presumably hydrolyses the sucrose

stored in the vacuole (Glaziou and Gayler, 1972, cited by Parr and

Edelman, 1976). The role of the acid invertase is less clear cut.

Parr and Edelman (1976) have shown that sucrose can cross the plasma-

lemma of carrot callus cells by passive diffusion and there is no

requirement for acid invertase hydrolysis of the sucrose into hexose

units prior to transport across the membrane. Parr and Edelman (1976)

have cast serious doubts on the reports of the active transport of

sugars across the plasmalemma (e.g. Gayler and Glaziou, 1972). One

possible role for the acid invertase at the cell surface is to provide

hexose units for cell wall synthesis during cell elongation or in cell

wall repair.

These locations for acid invertase have yet to be confirmed. The

results obtained for the distribution of acid invertase actively

following differential centrifugation of the homogenised tissue

cannot be used to determine the location of acid invertase in ageing

carrot discs because this distribution is determined by the pH and

the ionic strength of the extraction buffer. The two molecular forms

of acid invertase shown to be present in ageing carrot discs are,

however, differentially distributed between the soluble supernatant

and the cell-wall loosely bound fractions. Furthermore, these two
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molecular forms of acid invertase are possibly different enzymes. How

do these observations help in determining the in_ vivo location of

acid invertase?

In yeast there are two molecular forms of invertase. There is a

small 'internal' invertase that is devoid of carbohydrate and is

largely found in the cytosol (Gascon et. al, 1968). The large invertase

a glycoprotein is found 'external' to the yeast membrane, though

small amounts are found in the vacuole (Mayer and Matile, 1975).

This 'external' invertase is a mannoprotein, approximately 50% is

carbohydrate (Neuman and Lampen, 1966) which is covalently linked

to the protein, involving a glucosaminyl-asparagine bond (Neuman

and Lampen, 1969). If this carbohydrate moeity was removed from the

yeast external invertase by endo-B-N-acetylglucosaminidase the

resulting invertase was less stable than the carbohydrate containing

invertase (Chu et_ ad, 1978). Both Chu et ad (1978) and Waheed and Shall (1970)

have concluded that the carbohydrate moiety plays an important role

in stabilising the tertiary structure of the invertase protein.

Similarly Tashiro and Trevithick (1977) have proposed that the carbo¬

hydrate moiety of Neurospora crassa invertase also played an important

role in stabilising the tertiary structure of this protein.

If carrot acid invertase is located outside the plasmalemma, it is

likely to be a glycoprotein so as to facilitate the transport of

the enzyme across the plasmalemma and to stabilise the protein,

though Hara et cLL (1974) have shown that Lycad acid invertase is

stabilised by binding to pectic substances in the cell wall (and in

this case the carbohydrate moiety would not be required to stabilise

the protein). There is also considerable evidence for yeast invertase

binding to the cell wall (Myrback, 1960) possibly by disulphide bridges

(Kidby and Davies, 1970).
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There is no evidence that the cell-wall loosely bound acid invertase,

which several workers (Edelman and Hall, 1965; Vaughan and MacDonald,

1967c; Ricardo, 1974) have proposed is at the cell surface in ageing

tissue discs, is a glycoprotein. In yeast the small 'internal'

invertase is not a precursor of the 'external' glycoprotein (Babczinski

and Tanner, 1978) though this glycoprotein consists of two identical

subunits of approximately the same molecular size as the small 'internal'

invertase (Trimble and Maley, 1977). A membrane bound invertase has

been reported which is the likely 'precursor' of the 'external' invertase

(Babczinski and Tanner, 1978). The two molecular forms of acid

invertase in ageing carrot discs are possibly different enzymes but

whether one is the precursor of the other still has to be determined.

However, the comparison of carrot acid invertase with yeast invertase,

which is well documented (Gascon et. al, 1968; Gallili and Lampen,

1977) may provide useful insights into the in^ vivo location of acid

invertase in aged carrot discs.

Gallili and Lampen (1977) have shown that there are significant

differences between the amino acid composition of the large 'external'

and small 'internal' invertases, though these authors suggest that

the enzymes are the product of the same gene(s) and any differences

are the result of post-translational events. The in vivo distribution

of invertase in yeast is well documented and the multimolecular forms

of this enzyme are differentially distributed between the fractions

prepared after homogenisation and differential centrifugation. This

distribution of invertase activity is presumably related to the

physiological functions of the enzyme and the metabolic status of the

cell. The multimolecular forms of acid invertase, in aged carrot

discs are also differentially distributed between the"cell wall"and

the supernatant fractions following extraction and differential centri-
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fugation with acid buffer but these results do not assist us in determining

the in vivo location of acid invertase.

Methods that can be employed to determine the in_ vivo location of

acid invertase include immuno-histochemical techniques. By this technique

the protein under investigation is visualised by labelling its antibody

125
with a fluorescent, radioisotope (usually I) or enzyme marker

(Weir, 1973). These techniques depend to a large extent on the purity

of the enzyme sample used to produce the antibodies. An alternative

method would be the use of labelled competitive inhibitors of acid

invertase; e.g. 1-deoxy-sucrose (Guthrie et al, 1979). The problem

in this case is one of visualisation; i.e. having sufficient density

of label to be able to discriminate against the background.

POSSIBLE AREAS FOR FURTHER INVESTIGATION

It was not possible, however, with the results presented in this thesis,

to confirm the scheme postulated by Ricardo (1974) . A comparison of my

results with the well characterised results from yeast invertase may

highlight those areas where additional information is required before

any definite conclusion can be made regarding the in_ vivo location of

acid invertase in carrot storage tissue. Areas in which further investigation

would help determine the iii vivo location of acid invertase in carrot

and increase the understanding of the role of acid invertase in the

control/regulation of sucrose-hexose, include (1) to further examine the

nature of the multimolecular forms of acid invertase by gel electrophoresis

in order to determine whether these multimolecular forms are different

enzymes.

(2) the de novo synthesis of the pH 4.8 soluble supernatant still

has to be demonstrated. It also has to be established whether the

multimolecular forms of acid invertase are glycoproteins or not.

(3) determine the in vivo location of acid invertase by histological
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techniques. If immuno-histological techniques are employed then

methods would have to be developed to purify the acid invertase preparations

prior to antibody production.

(4) study of the development and regulation of the multimolecular forms

of acid invertase. One way to further understand the physiological

role of acid invertase may be by the use of cultured carrot callus

cells. By producing mutants in which the development of one form

of acid invertase is altered insights into the physiological role of

acid invertase may be obtained.

(5) examination of the cell-wall strongly bound acid invertase, to

see if one of the soluble molecular forms is its precursor or whether

it is a unique protein.
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