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This study was undertaken to determine the sorts of poly-

galacturonases present in the culture filtrate of Fusarium oxysporum

f. sp. lycopersici, to purify and characterize these enzymes, and to

study any complexes that may form between polygalacturonase and

carbohydrate not degraded by the enzyme.

The polygalacturonase in culture filtrate consists of at least two

types of enzymes separable on DEAE cellulose. The major fraction is

not adsorbed to DEAE cellulose, while the minor fraction must be

eluted with 0.4 M NaCl. Both may be separated from other pectolytic

enzymes by column chromatography on CM cellulose and hydroxyl-

apatite.

The major enzyme fraction contains a single endo-

polygalacturonase which behaves as a homogenous protein during

chromatography on Sephadex G-75 and Bio-Rex 70 and in



polyacrylamide electrophoresis. The pH optimum of this enzyme is 4. 0,

and its activity is inhibited by mono-galacturonic acid but stimulated

by a mixture of mono- through tetra-galacturonic acids.

The minor fraction contains a similar polygalacturonase but

with some different properties as determined by chromatography on

Sephadex G-75 and specific activity. However, other evidence suggests

that the apparent negative charge of this polygalacturonase, which was

the original basis for separation of the minor fraction from the major

fraction, changes during purification and may arise from uronides

associated with the polygalacturonase.
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PURIFICATION AND PROPERTIES OF THE
POLYGALACTURONASES PRODUCED BY

FUSARIUM OXYSPORUM F. SP. LYCOPERSICI

INTRODUCTION

Polygalacturonase (polygalacturonide glycanohydrolase, E. C.

3.2.1. 15.) has been implicated in many plant diseases, including

wilts, and in the decomposition of plant products. Several polygalac-

turonases have been purified and intensively studied. However, the

polygalacturonases produced by pathogens causing wilt diseases have

not been purified or characterized, though attempts have been made

by several investigators (3, 31, 49, 55).

Young (55) separated six apparently distinct polygalacturonases

from the culture filtrate of Fusarium oxysporum f. sp. lycopersici,

the causal agent of tomato wilt, and suggested that both exo- and endo-

polygalacturonases were present. Swinburne and Corden (49), using

the same organism, suggested that ion exchange chromatography could

cause dissociation and recombination of polygalacturonase complexes

with negatively charged substrate molecules. Kreisher (25) and

McClendon and Kreisher (29) found similar complexes in a commercial

polygalacturonase preparation from Rhizopus tritici. Finally,

Swinburne and Corden (48) demonstrated that partial purification of a

polygalacturonase from Penicillium expansum apparently induced

changes in the mode of action of the enzyme and in its elution pattern
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from Sephadex G-200.

It was the purpose of this research to determine the sorts of

polygalacturonases produced in culture by F. oxysporum f. sp.

lycopersici, to find methods of purifying and characterizing these

enzymes, and to study any complexes that may form between polyga-

lacturonase and carbohydrate molecules not degraded by the enzyme.
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LITERATURE REVIEW

Relationship of This Study to Pathogenesis

F. oxysporum f. sp. lycopersici is the causal agent of a wilt

disease of tomatoes. The pathogen enters the plant through the root

system, penetrates to the xylem, and induces dysfunction of the

vascular system that disrupts the water supply to the aerial portions of

the plant resulting in dessication and wilting.

Pectic enzymes have been implicated in the wilt syndrome and

excellent recent reviews of the suggested roles of pectic enzymes in

wilt diseases have been published by Dimond (8), Wood (52, p. 326-

354), and Bateman and Millar ( 5) and will not be further discussed

here.

Pectic enzymes are also reportedly involved in other plant

diseases, including soft rots, dry rots, blights, and leafspots (5).

Along with the arabinases and xylanases, pectic enzymes are probably

responsible for most of the symptoms of soft rots of plants and plant

products (5; 52, p. 122-188). They also play a significant role in

processes leading to plant pathogenesis, particularly in the penetration

and establishment of pathogens, especially fungi, in susceptible hosts

(5; 52, p. 36).
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Classification of Pectic Enzymes

Pectic enzymes are produced by a wide range of organisms and

degrade pectic substances in several ways. Pectic enzymes include

the pectinesterases (pectin-pectyl hydrolase, E. C. 3. 1. 1. 11. ), the

trans-eliminases (poly-a-1, 4-D-galacturonide lyase, E. C. 4.2.99.

3. ), and the polygalacturonases and polymethylgalacturonases (poly- a-

1, 4 galacturonide glycanohydrolase, E. C. 3. 2. 1. 15.) (5, 7).

Pectinesterases hydrolyze the methoxyl groups from pectin to

yield methanol and pectic acid. These enzymes are widely distributed

in higher plants and microorganisms (5) and their action is generally

stimulated by monovalent or divalent cations. The pH optima for

pectinesterases range from 4.5-8.0, depending on the source of the

enzyme (24, p. 370-372).

Trans-eliminases cleave the a-1,4 bonds between adjacent

galacturonic units in pectic chains by a trans-eliminative action to yield

an unsaturated bond between C4 and C5 of the reaction product (1, 5).

The trans-eliminases, which are generally of microbial origin, are

generally substrate specific. When pectin is the preferred substrate

the enzyme is designated pectin methyl-trans-eliminase (PMTE), and

if the pectic acid is the preferred substrate the enzyme is designated

polygalacturonic acid trans-eliminase (PATE). Trans-eliminases may

cleave the polymer substrate randomly (endo-trans-eliminase) or

terminally (exo-trans-eliminase). These enzymes are often stimulated

by divalent cations, especially Ca++. The pH optima are generally at

or above 8.0 (5).
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Polygalacturonases and polymethylgalacturonases also cleave the

a-1,4 glycosidic bond between galacturonic acid units in pectic sub-

stances but they do so by hydrolytic action. These enzymes may be

more active on pectin (polymethylgalacturonase) or on pectic acid

(polygalacturonase). Polygalacturonases and polymethylgalacturonases

may function randomly or terminally (5). The pH optima of these

enzymes are generally between 5.0 and 6. 0 (7) or lower (15, 23, 35),

and may be influenced by the degree of polymerization of the substrate

(2, 6, 35, 39).

Purification and Properties of Polygalacturonases

Numerous papers have recently appeared reporting extensive

studies on purification of several polygalacturonases. Some of the most

thoroughly studied polygalacturonases are those produced by

Aspergillus spp. Saito (46) obtained preparations of an endo-

polygalacturonase free from exo-polygalacturonase and vice versa from

culture filtrates of A. niger by a combination of specific culture

conditions and chromatography on cellulose. Also from A. niger

culture filtrates, Mill and Tuttobello (35) purified an endo-

polygalacturonase by precipitation with (NH4)2SO4 followed by ion

exchange chromatography on CM cellulose. The purified polygalac-

turonase gave a single protein band on paper electrophoresis. Mill

(33, 34) later purified two exo-polygalacturonases from homogenates of

A. niger mycelium 290- and 265-fold but gave no criteria of homogeneity
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of the final preparations. One of these enzymes was specifically

stimulated by Hg (33). Yamaski and coworkers (53) purified an endo-

polygalacturonase from an A. saitoi culture filtrate by (NH4)2SO4

fractionation, chromatography on Amber lite IRC-50, and gel filtration

on various types of Sephadex until it was almost homogenous as judged

by ultracentrifugation and electrophoresis. Rexova-Benkova and

Slezarik (43, 44) separated an endo-polygalacturonase, a polymethyl-

galacturonase, and a pectinesterase from culture filtrates of A. niger.

Separation was accomplished by precipitation with (NH4)2SO4 and

ethanol, followed by chromatography on DEAE cellulose and desalting

on Sephadex G-25. This procedure yielded homogenous proteins as

determined by ultracentrifugation and electrophoresis. The molecular

weight and amino acid composition was also determined for the poly..

galacturonase (15).

Procedures for the purification and determination of properties

of a number of other fungal polygalacturonases have been described. Ina

series of papers, Phaff and coworkers (6, 27, 28, 41) described the

preparation and characterization of a nearly pure endo-polygalacturonase

from the culture filtrate of Saccharomyces fragilis. Their purification

procedure consisted of dialysis against 0.01 M acetate or phosphate

buffers pH 5.0 followed by (NH4)2SO4 fractionation. The resulting

preparation was almost pure upon electrophoresis. Endo (12, 13, 14,

15, 16, 17, 18) reported the purification of three endo-polygalacturonases,
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an exo-polygalacturonase, and a pectinesterase from water extracts

of solid bran medium on which Coniothyium diplodiella had grown. He

used a combination of precipitation procedures, ion exchange chroma-

tography, and column electrophoresis to effect the purifications. The

three endo-polygalacturonases were electrophoretically and ultra-

centrifugally pure, and the exo-polygalacturonase and pectinesterase

were similarly pure in electrophoretic studies. Uchino and coworkers

(51) claimed to have crystallized an endo-polygalacturonase from the

culture filtrate of an Acrocylindricum sp., but gave almost no informa-

tion on the details of purification or on the characterization of the

purified enzyme. Ayers et al. (2) purified an endo-polygalacturonase

from A.phanomyces eiteiches but gave little evidence of the homogeneity

of their final preparation. Kaji and Okada (23) purified an endo-

polygalacturonase from Corticium rolfsii, but this enzyme represented

only a single fraction out of many polygalacturonase fractions separated

on DEAE cellulose. The protein was found to be homogenous on ultra-

centrifugal analysis.

Three bacterial polygalacturonases have been purified and

intensively studied. Nasuno and Starr (36) purified an endo-

polygalacturonase from Erwinia carotovora by cold acetone precipitation

followed by chromatography on CM cellulose. Haswega and Nagel (20)

separated an exo-polygalacturonase from a trans-eliminase in an

extract from cells of a Bacillus sp. by (NH
4

)
2
SO4 fractionation followed
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by chromatography on DEAE cellulose. Hatanka and Ozawa (21)

separated an intracellular exo-polygalacturonase from other pectic

enzymes by a series of ion exchange procedures. Unlike other exo-

polygalacturonases, this preparation released di-galacturonic acid as

the primary product of hydrolysis, rather than mono-galacturonic acid

as other exo-polygalacturonases do.

Polygalacturonases have also been purified from higher plants.

Patel and Phaff (39, 40) partially purified tomato polygalacturonase by

adsorption and elution from calcium phosphate gel. Reymond and Phaff

(42) used (NH4)2504 fractionation, ion exchange chromatography and

adsorption onto calcium phosphate gel to partially purify an avocado

polygalacturonase.

Several workers have attempted to purify polygalacturonases but

have been unable to separate the polygalacturonase from other enzymes

or to prepare homogenous preparations of polygalacturonase. In

addition to obtaining several fractions of exo- and endo-polygalacturonase,

Young (55) was unable to separate pectinesterase from polygalacturonase.

Kaji and Okada (23) also separated several distinct fractions of polyga-

lacturonase by ion exchange chromatography on DEAE cellulose. The

presence of complexes of polygalacturonases, possibly with substrate

molecules, has been suggested as an explanation for the existence of the

multiple distinct fractions of polygalacturonase separatable by

chromatography on ion exchange celluloses (25, 29, 49). It has also
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been suggested that ion exchange chromatography may alter the mode

of action of polygalacturonases, perhaps as a consequence of alteration

of the secondary or tertiary structure of the enzyme molecule (55).

Thus, while some polygalacturonases have been highly purified

and characterized, other polygalacturonases have not yielded to purifi-

cation attempts or have been altered by purification. Some systems

containing polygalacturonase seem to be quite simple, for example the

Saccaromyces fragilis culture filtrate into which the enzyme is secreted

in almost pure form (28). Other pectolytic systems are more complex,

with many separate active enzymes including polygalacturonase

complexes (e. g. the preparations from Fusarium oxysporum f. sp.

lycopersici [3, 49, 55], from Rhizopus tritici [25, 29], and from

Corticium rolfsii [23]).

Some of the properties of well-characterized and highly purified

endo-polygalacturonases are summarized in Table 1. Endo-

polygalacturonases release intermediate uronides in early stages of

hydrolysis, and these are later degraded to mono-galacturonic acid and

small uronides. The specific activity of all purified microbial endo-

polygalacturonases measured by reducing group release are similar

except for the enzyme from Aphanomyces eiteiches which is significantly

lower than the others (2). Unfortunately, measurements of specific

activity based on viscosity reduction assays are not comparable because

of the wide range of substrates used. The specific activities of tomato



Table 1. Properties of some well-characterized endo-polygalacturonases.

Source of
polygalacturonase

Specific
activitya

(x 102)

pH
Stability

range

pH
Optima

Degree of, polymerization of
small products of hydrolysis

Early stages End stages
Investigators

Aspergillus niger WINN, 6.0 3. 5-5. 0 1-6 1 -3 Mill and Tuttobello (35)

Aspergillus saitoi 4. 8-5. 0 4. 8-5. 0 3-4 1 -2 Yamaski et al. (53)

Saccharomyces fragilis 17. 9 3. 5-4. 4 1-4 1 -2 Demain and Phaff (6)
Phaff and Demain (41)

Coniothyrium diplodiella I 117 4. 0-4. 5 4. 0-4. 5 3-4 1-2 Endo (14)

Coniothyrium diplodiella II 46.5 4. 0-6. 0 4.0 1 -4 1 -2 Endo (15)

Coniothyrium diplodiella III 42. 4 5. 0-6. 5 4.5 3-4 1-3 Endo (16)

A phanomyces eiteiches 2-7 0=111111M 4. 4-7. 2 - 1 -6 Ayers et al. (2)

Corticium rolfsii 11. 2 1. 5 -8. 0 2.5 1 -7 1 -2 Kaji and Okada (23)

Erwinia cartovora 36. 2 5. 2 -5.4 2-6 1 -2 Nasuno and Star (36)

Avocado O. 2 5. 2 -5.5 - 1 -2 Reymond and Phaff (42)Mi

Tomato 0.7 2.5 -4.5 1 -7 1 -2 Patel and Phaff (39)

apeq reducing groups rele ased/ min/ pg protein.

0
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and avocado polygalacturonases are much lower than the specific

activity of polygalacturonases produced by microorganisms.

The range of maximum pH stability of the polygalacturonases

tested for this property is generally below 7.0 and is often between 4.0

and 6.0 (14, 15, 16, 35, 53). The pH stability range for the poly-

galacturonase from Corticium rolfsii is uniquely wide, ranging from

pH 1.5 to 8.0 (23).
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METHODS AND MATERIALS

Fungal Culture and Isolation of Polygalacturonase

Fusarium oxysporum f. sp. lycopersici (Sacc. ) Synd. & Hans.

race R5-6 was grown in a medium containing 5 g NH4NO3, 2.5 g

KH2PO4, 1.0 g of MgSO4 7H20, 40 mg FeC13 6H20, 20 mg ZnSO4

7H
20, and 10 g of pectin N. F. (Sunkist product no. 3442) per liter. The

pH after autoclaving was adjusted to 5.0 00.2. Cultures were inoculated

with a disc cut from the edge of an actively growing colony on potato

dextrose agar (PDA), then grown in shake culture under diurnal light.

At the end of the growth period, samples of the cultures were diluted

106 -fold in sterile distilled water and 0.2 ml was plated on PDA to

check for contamination.

The fungal mycelium and spores were removed from the culture

filtrate by centrifugation, sodium azide (0. 02% w/v) was added as a

preservative, and the mixture was filtered through Millipore filters

until the culture filtrate would pass through a single sterile HA (0.45p. )

filter. This sterile culture filtrate was stored at 6°. All fractions

obtained in purification steps were also sterilized by Millipore filtration

and stored with 0.02% sodium azide at 6 °.

Protein and Carbohydrate Assays

The procedure of Lowry et al. (26) was used for determination of



13

protein with bovine serum albumin (Sigma fraction V) as the standard.

Standard curves prepared with albumin were determined to be accurate

estimations of the relative concentration of protein in culture filtrate

and in purified polygalacturonase fractions.

For specific determination of the galacturonic acid content of

fractions, the carbazole test of McCready and McComb (30) was used.

The phenol-sulfuric acid test (10) was used for determination of total

carbohydrate in samples. The phenol test, in addition to being a

general test for carbohydrates is also insensitive to high protein (4)

and salt concentrations.

Chromatography of Sugar and Uronides

For resolving mixtures of galacturonic acid oligomers, the

solvent system of earlier workers (37, 56) without bromphenol blue

was used with cellulose MN thin layer plates. Ascending chromatography

was run 90-120 minutes. Samples of mono-, di-, tri-, and tetra-

galacturonic acid were included in each run as controls. For accurate

resolution of monomers of various sugars and uronides, a solvent

system of ethyl acetate:pyridine:H20 (10:4:3) (22) was used on sheets

of Whatman #1 chromatography paper (19 x 57 cm). Samples were

placed at the origin and the paper allowed to equilibrate with the vapor

phase of the solvent for at least five h. The solvent was then

added and descending chromatography was run 16 h., and the excess
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solvent allowed to drip off the lower edge of the paper. Each run

included reference spots of mono-galacturonic acid, glucuronic acid,

galactose, glucose, mannose, arabinose, xylose, and rhamnose (listed

in order of increasing Rd. The colorizing agent for both types of

chromatogram was a 2-aminobiphenyl oxalate reagent (19) used as a

spray. Less than 1µg of all sugars tested could be detected by this

procedure.

Enzyme Assays

The cup plate assay (9) with sodium polypectate (Sunkist product

no. 6024) as the enzyme substrate was used for rapid, semi-

quantitative estimation of polygalacturonase activity. Aliquots of 0. 1

ml of the sample to be tested were placed in wells cut in the agar with

a number 3 cork borer. Plates were incubated for 16 h. at 40°, then

developed with dilute HC1. A log scale of enzyme concentration vs.

zone diameter gave a straight line and was used as a standard curve.

A zone diameter of 30 mm was chosen as 1000 cup plate poly-

galacturonase units (CPPGu). Any fractions giving a zone size of

greater than 30 mm were diluted sufficiently so that on subsequent

assays the zone was less than 30 mm and the apparent activity of the

diluted sample was multiplied by the dilution factor.

The Somogyi (47) reducing group assay, modified to give minimal

substrate breakdown (3), was used for more accurate polygalacturonase
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assays. The substrate for this reaction was polygalacturonic acid

(Sunkist product no. 3491) purified by extraction of the polygalacturonic

acid with acidified 80% ethanol (24, p. 116) containing 5 x 104%

dithizone. The purified product was 98% anhydrogalacturonic acid.

Reaction mixtures were made up so the final mixture contained 0.5 M

acetate buffer pH 5.0, 2% purified polygalacturonic acid, and 10% of

the enzyme solution to be tested. One reducing group polygalacturonase

unit (RGPGu) is the amount of enzyme that releases 1 !leg of reducing

groups from polygalacturonic acid in one minute.

Viscosity reductions assays were run with reducing group assay

on the same reaction mixtures to determine the mode of action of the

enzyme. A Brookfield viscometer with an ultra-low viscosity adapter

was used. Percentage viscosity reduction was calculated by the

percentage decrease in cps units as compared to a control solution of

2% mono-galacturonic acid.

A cup plate method (32), modified by the substitution of brom

cresol purple for methyl red as the pH indicator, was used to estimate

pectinesterase activity. The relative activity was obtained from a

standard curve prepared as described for the polygalacturonase cup

plate assay. A zone diameter of 30 mm was defined as 1000

pectinesterase units.

To assay for traces of pectinesterase activity, reaction mixtures

containing 1% pectin and 0.01 M CaC12 in the final reaction mixture were
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adjusted to pH 6.0 with NaOH, and sufficient enzyme to be 10% (v/v) of

the final volume was added. Distilled water was added instead of en-

zyme as a control. The pH was checked at intervals up to 16 h., and

if no change occurred during this time, pectinesterase was considered

to be absent.

Trans-eliminase activity was checked in reaction mixtures con-

taining 1% pectin or polygalacturonic acid, 0.001 M CaC12, and

0.25 M Tris-HC1 buffer pH 8.0. The mixture was brought to pH 8.0

with NaOH, and sufficient enzyme was added to make up 10% (v/v) of

the reaction mixture. Distilled water and boiled enzyme samples were

added as controls. A positive test for trans-eliminase activity in an

enzyme reaction mixture was based on absorption in the 230-235 nm

region measured in a double beam spectrophotometer. Reaction mix-

tures were incubated 16 h. prior to absorption measurements.

To detect other pectolytic enzymes that might be produced by

Fusarium, a reaction mixture was prepared containing 1% sodium

polypectate, 0.05 M acetate buffer pH 5.0, and 10% (v/v) of the solu-

tion to be tested. After 16 h. incubation, the reaction mixture was

chromatographed with the paper chromatography system described

earlier. Sodium polypectate contains, in addition to uronic acids,

hexoses, pentoses, and possibly deoxy sugars, and enzymes capable

of releasing non-uronides from sodium polypectate should be detected

by this procedure.
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Column Chromatography

For ion exchange and adsorption chromatography the following

materials were used. CM cellulose (Bio-Rad Cellex CM) and Bio-Rex

70 were converted to the H+ form, then equilibrated with 0.01 M

acetate buffer pH 4.0. DEAE cellulose (Sigma, coarse grade) was

converted to the OH form, then equilibrated with 0.01 M acetate

buffer pH 5.6 unless otherwise noted. Hydroxylapatite (Bio-Gel HTP)

was equilibrated with 0.01 M phosphate buffer pH 6.0. For reuse, the

hydroxylapatite was removed from the column and regenerated by a

modification of the method used to convert brushite to hydroxylapatite

(50). The hydroxylapatite was treated with 0.4 M NaOH for 1 h. at

100o in a closed container, the NaOH solution was decanted, and the

hydroxylapatite was washed with distilled water. The pH was

adjusted to 6. 0 with KH
2
PO4 and the hydroxylapatite was allowed to

settle and the liquid decanted. The hydroxylapatite was then suspended

in 0.01 M phosphate buffer pH 6. 0 and allowed to settle and then the

liquid was decanted again. This last step was repeated until the

hydroxylapatite suspension was pH 6.0.

The ion exchangers and hydroxylapatite were packed by gravity

into columns (1.5 x 30 cm), and ten ml fractions of the eluates were

collected.

For gel filtration, Sephadex G-75 was equilibrated with 0.1 M

acetate buffer pH 5.0 and packed according to the manufacturer's

directions into a 2.5 x 38 cm reverse-flow Sephadex column. Five ml
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enzyme samples were usually applied and five ml fractions collected.

All column fractions were assayed for polygalacturonase activity

by the cup plate assay.
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RESULTS

Partial Purification of Polygalacturonase

Baldwin (3) found polygalacturonase, pectinesterase, and PMTE

in culture filtrates of F. oxysporum f. sp. lycopersici and in prelimin-

inary experiments these results were confirmed here. In addition, an

enzyme releasing a pentose, probably arabinose, from sodium poly-

pectate was also found. To intensively study polygalacturonase it was

necessary to isolate and concentrate polygalacturonase from the

mixture of other pectolytic enzymes. Many desalting and concentrating

methods used for enzymes gave low recoveries of polygalacturonase

from culture filtrates of Fusarium, and therefore several techniques

were evaluated.

Almost 100% recovery of polygalacturonase was obtained when the

culture filtrate was desalted by dialysis against 0.01 M acetate buffer

pH 4.0 for 48 hours at room temperature (about Z3°). When dialysis

was at 60 in acetate buffer, however, only about 80% of the enzyme

could be recovered. Dialysis against distilled water or 0.01 M phos-

phate buffer pH 6.0 gave 60 to 80% recovery regardless of the temper-

ature. Although about 100% recovery of polygalacturonase was obtained

by desalting on Sephadex G-25 this method required more elaborate

equipment than dialysis and therefore was not used.

Attempts to concentrate polygalacturonase at this stage of

purification were largely unsuccessful and were delayed until Later in
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the purification. Desalting and concentrating by ultrafiltration in a

Diaflo apparatus using UM-1 and UM-2 filters gave variable and often

low recoveries of the enzyme, and concentration with Sephadex G-10

allowed only a two- to three-fold increase in polygalacturonase concen-

tration which was not sufficient for this study. Precipitation of the

enzyme by bringing the dialyzed culture filtrate to 100% saturation with

ammonium sulfate gave only about 45% recovery when activities in the

supernatant fluid and the precipitate were added.

The next step in the partial purification of polygalacturonase was

to separate this enzyme into two fractions on DEAE cellulose. Dialyzed

culture filtrate was mixed in a slurry with 50 g of medium grade DEAE

cellulose equilibrated with 0.01 M acetate buffer pH 5.6. The slurry

was filtered on Whatman #1 paper and the DEAE cellulose was washed

with 500 ml of the buffer. The pooled filtrates were designated fraction

E . The DEAE cellulose was then washed with 1500 ml of buffer

containing 0.4 M sodium chloride. This eluate was designated fraction

E.
Separation of the dialyzed culture filtrate into two fractions on

DEAE cellulose is based on earlier work showing a major poly-

galacturonase fraction (90-99% of the activity) that was not adsorbed

on DEAE cellulose and a smaller fraction that was adsorbed and must

be eluted with high salt concentrations (3, 31, 55). The adsorbed

fraction has been designated E because its behavior on DEAE cellulose
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and other exchangers suggest that it may contain negatively charged

enzymes, and the unadsorbed enzyme (E+) may be positively charged.

Purification of E+

Fractionation on CM Cellulose

Preliminary experiments indicated that chromatography of

dialyzed culture filtrate on CM cellulose would yield polygalacturonase

fractions with relatively high specific activity. Thus, aliquots of E+

were applied to CM cellulose columns (2. 5 x 45 cm) and eluted with a

linear gradient of 0-0.8 M KCL followed by 1 M KC1 in the acetate

buffer. Generally, the major peak of polygalacturonase activity was

eluted with about 0.4 M salt, followed by a plateau of relatively weak

activity, and a final small peak eluted with 1 M salt (Figure 1). The

CM cellulose column represented in Figure 1 was charged with about

1.4 x 10 5 CPPGu, and there was a small peak preceeding the major

peak. This small peak is not always found in elution patterns from CM

cellulose, and although there is some variability in the elution patterns

from CM cellulose, the major components are those described above.

The column fractions comprising the major peak, and the small

early peak when present, were pooled and designated the a fraction;

the fractions of the plateau were designated the p fraction; and the

fractions comprising the final small peak were pooled and designated

the y fraction. This separation was made because they were
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consistently present and may represent separate enzymes. None of

these fractions were free of carbohydrates or of pectinesterase

activity.

Fractionation on Hydroxylapatite

For further purification, the a, f3, and y fractions were dialyzed

48 hours against distilled water and placed on columns of hydroxyl-

apatite equilibrated with 0.01 M phosphate buffer pH 6. 0, then eluted

with a linear gradient of 0-1.2 M KC1 in the phosphate buffer. This

procedure was used because preliminary experiments indicated that

complete separation of polygalacturonase from pectinesterase and

much of the carbohydrate could be accomplished if the sample was

applied in distilled water and the hydroxylapatite was eluted with a

KCl gradient. If the sample was applied in acetate or phosphate buffer

or if elution was with a gradient of phosphate buffer, separation was

not obtained. Using this procedure, the elution patterns from the

columns charged with the a, p, and y fractions were all similar (e. g.

Figure 2). The column with the a fraction was overloaded and

incomplete separation of the polygalacturonase from the pectinesterase

was obtained, so this fraction was rechromatographed on a second

column. Peak fractions free of pectinesterase were pooled. These

were fractions 21-32 from the column charged with the a fraction,

fractions 17-30 from the column charged with the p fraction, and

fraction 21-33 from the column charged with the y fraction. The
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pooled fractions were dialyzed against 0,01 M acetate buffer pH 4.0

and designated as the a-, 3 -, and y-HTP fractions.

Early experiments indicated that the polygalacturonase in the

a-, p-, and y-HTP fractions was free of other pectolytic enzymes.

However, there was still some carbohydrate remaining in these frac-

tions (Table 2) in spite of repeated dialysis and chromatography used

in the purification procedure. This suggested that the remaining

carbohydrate may be strongly bound to the enzyme. The specific

activity of these fractions (Table 2) indicates a 2.5-3-fold purification

from the culture filtrate.

Characterization of the a-, 13-, and y- H T P Fractions

To determine if polygalacturonase had been separated from other

pectolytic enzymes, assays were conducted for the other enzymes

originally detected in the culture filtrate, and only polygalacturonase

activity was detected.

Comparison of Reducing Group and Viscosity Reducing Activity

Viscosity reduction and reducing group assays, along with

chromatography of the hydrolysis products, were run on reaction

mixtures of the a-, p-, and y-HTP fractions to determine their mode

of action. Enzyme concentration was adjusted so the activity of the

fractions was between 0. 1 and 0.7 RGCPu.



Table 2. Purification of endo-polygalacturonase.

Enzyme
fraction

Fraction
volume

(ml)

Specific
activity
(x 102)a

Recovery
(%)

Total
protein

(mg)

Total
carbohydrate

(mg)

Culture filtrate 6800 6 100 1400 6500

Dialyzed culture
filtrate 5900 12 100 760 3000

E+ 7200 12 96 700 860

a Fraction 640 16 71 380 90

(3 Fraction 980 9 4 39 19

N Fraction 475 6 1 19 13

HTP a. fraction 155 18 17 36 3.7
HTP (3 fraction 175 14 2.4 14 1.1

HTP N fraction 110 15 0.24 11 0.22

E 1500 2 3 170 1700

E after purification 120 0.06-2 0.04-0.08 18 280

a p.eq of anhydrogalacturonic acid released /min /4g protein.
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All three fractions behaved similarly in these assays, with 5.5-

6. 2% of the bonds of polygalacturonic acid hydrolyzed at 50% viscosity

reduction. The first detectable product of hydrolysis was mono-

galacturonic acid, and larger uronides appeared only after about 30%

of the substrate viscosity was lost. This indicated that all three HTP

fractions have similar modes of action. The relatively low percentage

of bonds broken at 50% viscosity reduction suggests a random (endo)

mode of action. An exo-polygalacturonase produced by Coniothyrium

diplodiella, for example, hydrolyzes 40% of the substrate bonds to reach

50% viscosity reduction (17). Nevertheless, the early release of

mono-galacturonic acid and the absence of other hydrolysis products

suggests a terminal (exo) mode of action. A possible explanation for

this disparity is that the enzyme randomly attacks the substrate polymer

but cleaves the polymer chain twice in each reaction, thereby releasing

mono-galacturonic acid.

Chromatography of the a-, p-, and y-HTP Fractions

To further study the behavior of the three HTP fractions, they

were chromatographed on DEAE and CM cellulose and on Sephadex

G-75. All three fractions behaved similarly in the three chromato-

graphic systems (e. g. Figure 3). On CM cellulose, peaks and plateaus

corresponding to those comprising the a, p, and y fractions were found

regardless of which fraction was applied to the column (Figure 3D).
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This suggests that the 1 and y fractions may arise from adsorption to

the cellulose matrix rather than to the ion exchange groups. The elution

pattern from DEAE cellulose shows a single major peak at the void

volume, with trailing through several fractions (Figure 3E). This also

suggests adsorption to the cellulose matrix. If adsorption to the cellulose

is indeed responsible for the trailing on cellulose ion exchangers it may

be that a small percentage of the polygalacturonase applied will be ad-

sorbed and not reflect any differences between the enzyme molecules

adsorbed and those not adsorbed. Adsorption to cellulose produces arti-

facts with other systems in which a polygalacturonase was a component

(25, 29) and adsorption to cellulose has been used to purify polygalac-

turonase from Aspergillus niger (46). Gel filtration on Sephadex G-75

gave a single, apparently homogenous peak of polygalacturonase activity

(Figure 3F). The similarity of elution patterns provides more evidence

that the a-, (3-, and y -HTP fractions are similar.

The similarities in mode of action and elution pattern from a

variety of chromatographic materials strongly indicate the a-, p-, and

y-HTP fractions are composed of the same enzyme and are not, as

suspected earlier, composed of enzymes with differing charge

characteristics. Therefore, only the a-HTP fraction was used through-

out the remainder of the characterization of the polygalacturonase

derived from E+.

To obtain more information on the chromatographic behavior of
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the a-HTP fraction and to determine whether further purification might

be possible, 30 ml of this fraction was applied to a Bio-Rex 70 column

and was eluted with a 0 to 0.8 M KC1 gradient followed by 1 M phosphate

buffer pH 6.0. All the polygalacturonase activity, protein, and

carbohydrate was eluted in a single peak with 1 M phosphate buffer.

These results further suggest that the a-HTP fraction, and thus the

- and y-HTP fractions, contain a single homogenous polygalacturonase.

Comparison of Elution Patterns of the a-HTP Fraction and the
Culture Filtrate

To determine if changes in the charge and molecular weight of the

polygalacturonase molecules occur during the purification procedure,

the a-HTP fraction and the culture filtrate were compared in various

chromatographic systems. The elution patterns in all cases were

similar, but there were some differences. On DEAE cellulose, the

a-HTP fraction was eluted with the void volume, while the dialyzed

culture filtrate was eluted slightly after the void volume (Figure 3B vs.

3E), and on CM cellulose charged with the a -HTP fraction there is no

enzyme fraction corresponding to the small peak eluted near the void

volume on the column charged with dialyzed culture filtrate (Figure

3A vs. 3D). The Sephadex G-75 elution patterns appear similar

(Figure 3C vs. 3F).



31

Electrophoresis of the a-HTP Fraction

Acrylamide gel electrophoresis was conducted to obtain further

evidence concerning the homogeneity of the purified polygalacturonase

a-HTP fraction in comparison to the dialyzed culture filtrate and the

E+ fraction. Electrophoresis was conducted in 15% acrylamide, 6.25

M urea, and 0.9 M acetic acid after pre-electrophoresis (38). The

current was 4 mA.

Only one protein band was found with the a-HTP fraction after

staining with buffalo black, while at least two bands could be seen in the

E+ fraction and in the dialyzed culture filtrate, indicating at least two

positively charged proteins with the possibility of other negatively

charged proteins in the impure fractions. These results along with the

chromatographic results further suggest that the a-HTP fraction

contains a single protein.

Substrate Specificity

The ability of the a-HTP fraction to hydrolyze pectin and poly-

galacturonic acid was determined to define the substrate specificity of

the enzyme. As measured by reducing group analysis, the initial rate

of hydrolysis on pectin was about 0. 1 p,eq/min/ml, which was about

74% less than that on polygalacturonic acid, and when hydrolysis had

nearly ceased in both reaction mixtures, 14% of the total galacturonic

acid in the pectin had been released while 87% had been released from
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polygalacturonic acid.

Influence of pH on Activity

The pH optimum of the a -HTP fraction was determined by

adjusting 1% polygalacturonic acid reaction mixtures to a range of pH's

between 3.5 and 7.0 in 0.5 pH unit increments. Polygalacturonase

activity was measured by the reducing group assay and the pH optimum

was about 4. 0 (Figure 4).

Stimulation and Inhibition of Polygalacturonase by Oligouronides

In some experiments where polygalacturonase fractions were

obtained with very low carbohydrate concentrations, the specific

activity was relatively low. To determine if oligouronides could affect

polygalacturonase activity, aliquots of the purified a p -, and N-HTP

fractions were incubated with 0. 1% mono-galacturonic acid and with a

0. 1% mixture of mono-galacturonic acid through tetra-galacturonic

acid. After one h , pre-treatment, the enzymatic activity was checked

both by the reducing group and cup plate assays.

Mono-galacturonic acid inhibited polygalacturonase activity while

the mixture of galacturonic acids stimulated activity (Table 3). This

suggests that the apparent low recovery of polygalacturonase in the

a-, p -, and N-HTP fractions relative to the recovery of the a, (3, and

fractions separated on CM cellulose may be due to the removal of
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Table 3. Stimulation and inhibition of polygalacturonase by
oligouronides.

Galacturonic acid released (p.g/min) from poly-
galacturonic acid by enzymatic action in the

Enzyme presence of water and small uronides
fraction Mono- Mono- throughDistilled galacturonic tetra - galacturonicwater acid acids

a-HTP 645 555 700

(3-HTP 201 194 221

N-HTP 26 26 31

aActivity of the polygalacturonase on the mono- through tetra-
galacturonic acid mixture does not exceed 1 p.g/min.

stimulatory oligouronides from the HTP fractions.

Purification and Characterization of E-

The E fraction was purified similarly to the E fraction. The E-

fraction was dialyzed against 0.01 M acetate buffer pH 4.0 and chroma-

tographed on a CM cellulose column (2. 5 x 45 cm). The elution

pattern was similar to that obtained with the E+ fraction (Figure 1).

Fractions 20-54, which were comparable to the a. and part of the p

fraction from E+ were pooled, dialyzed against distilled water, and

chromatographed on hydroxylapatite. Again, the elution pattern was

similar to that obtained from the E+ fractions (Figure 2). Fractions

20-30 were pooled from the hydroxylapatite column and dialyzed against

0.01 M acetate buffer pH 4.0. This dialyzate was assayed for the

pectolytic enzymes present, and only polygalacturonase activity was
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found. No pectinesterase, PMTE, or arabinose-releasing activities

were found after 16 h. 'incubation.

The purified polygalacturonase derived from the E fraction

chromatographed similarly on CM and DEAE cellulose to the a-HTP

fraction (Figure 3D and 3E). Thus, it appears that a polygalacturonase

adsorbed to DEAE cellulose, and presumably negatively charged, was

changed during purification to a positively charged enzyme.

There appears, however, to be some basic differences between

the polygalacturonase purified from the E fraction and the one from

E+. As determined by gel filtration on Sephadex G-75, the enzyme

purified from E contains a relatively large molecular weight poly-

galacturonase and a very small molecular weight enzyme (Figure 5),

while the polygalacturonase derived from the E+ fraction has an inter-

mediate molecular weight (Figure 3F). Further, the specific activity

of the enzyme purified from E is very low compared to that of the a-,

, and N-HTP fractions (Table 2). The latter two results suggest

that the E fraction is different from the E+ fraction in some properties,

but the ion exchange and adsorption chromatography indicate a great

similarity between the fractions.

Studies on Carbohydrate- Polygalacturonase Complexes

It has been suggested that the apparent negative charge on the

polygalacturonase molecule may be derived from pectic substances

associated with the enzyme (29, 49). To study this possibility, solutions
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of the E fraction were mixed directly with 3% polygalacturonic acid

and 3% pectin and the pH was adjusted to 5.0. The pH of the mixtures

was frequently checked and maintained between 3.5 and 5.5 with NaOH.

After 16 h. , a heavy precipitate formed in both reaction mixtures.

After an additional 52 h. incubation to insure that enzymatic action

had ceased, both supernatants were separated from the precipitates

by centrifugation, and the supernatants applied to CM cellulose

columns and eluted first with 0.01 M acetate buffer pH 4.0, and then

0.8 KC1 in buffer. An additional CM cellulose column was charged

with unreacted E and run with the same elution schedule as a control.

None of the polygalacturonase activity was eluted with the 0.01 M buf-

fer in columns charged with E+ or the supernatant of the polygalac-

turonic acid reaction mixture, but about 2% of the total activity was

eluted near the void volume (Figure 6A and 6B) from the column

charged with the supernatant from the pectin reaction mixture. This

suggests that the charge of this fraction has been changed, possibly

through association with negatively charged carbohydrates.

An attempt was made to resuspend the precipitates in 0.4 M

NaC1 to break any ionic bonds that might have formed between nega-

tively charged substrate and positively charged enzyme. The precipitate

from the pectin reaction mixture could be resuspended to some extent in

the NaC1 solution, but the precipitate from the polygalacturonic acid

was very gelatinous and only a small amount could be resuspended. Both

suspensions were filtered through a Millipore HA (0.45 p.) filter, then
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dialyzed against 0.01 acetate buffer pH 4.0, and applied to CM cellulose

columns.

No polygalacturonase activity was eluted with the 0.01 buffer

from the eluate obtained from the suspension of the precipitate from

the polygalacturonic acid reaction mixture, while 15% of the activity

was eluted near the void volume from the coLumn charged with the

filtered suspension of the pectin reaction mixture (Figure 6C). The

total recovery of polygalacturonase activity was 61% from the pectin

reaction mixture, and 30% from the polygalacturonic acid reaction,

suggesting the remainder of the enzyme in both cases was precipitated

with the substrate. Further, it appears that pectin may react with

polygalacturonase to give a soluble negatively-charged active enzyme.

This substantiates work by Endo (11) and Yamaski and coworkers (54)

on the nature of the reaction leading to fruit juice clarification. Both

workers demonstrated that endo-polygalacturonase and pectinesterase,

the principal components of the E+ fraction, are necessary for fruit

juice clarification. Yamaski et al. (54) carried the work further and

found that pectic enzyme action ceased before precipitation and thus

precipitation was a non-enzymatic process. This is similar to the

results of the experiment described here; i. e., viscosity reduction of

the pectin was almost complete within 30 min., but the precipitate

formed much later in the reaction. Yamaski et al. (54) found that at

pH 3.5 the precipitated material was negatively charged as shown by
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electrophoresis which is analogous to the results obtained with CM

cellulose chromatography of the pectin reaction mixture in this

experiment.

To further study the nature of the E fraction, this fraction was

dialyzed against distilled water and concentrated to dryness in dialysis

tubing in a stream of air. The dried material was dissolved in a small

amount of water and spotted on a paper chromatogram. A faint spot

of mono-galacturonic acid was detected, suggesting mono-

galacturonic acid may be associated with the enzyme or other large

molecules that would prevent its loss during dialysis.

Finally, all preparations of E gave relatively strong reactions

with both the phenol-sulfuric acid test and with the carbazole test as

compared to the reactions obtained with the E+ fraction. As purifica-

tion proceeded the carbohydrate content as measured by either of these

tests became much less relative to the protein concentration and

polygalacturonase activity (Table 2). Thus the negative charge of the

E fraction may indeed be derived from attached carbohydrate.
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DISCUSSION

Because of the relatively small number of bonds hydrolyzed at

50% viscosity reduction and the preferential hydrolysis of poly-

galacturonic acid, the Fusarium polygalacturonase purified from the

enzyme fraction not adsorbed to DEAE cellulose (E+) must be con-

sidered an endo-polygalacturonase. Fractions derived from E+

contain only a single polygalacturonase as judged by the similarity in

mode of action and chromatographic behavior on ion exchange celluloses,

Sephadex G-75, and hydroxylapatite. The HTP fraction, which is

representative of those fractions purified from E +,, s homogenous on

Bio-Rex 70 and Sephadex G-75 chromatography and polyacrylamide

electrophoresis.

The properties of the polygalacturonase purified from E+ are

similar in most ways to other endo-polygalacturonases. The specific

activity when measured by reducing group release is of the same magni-

tude as purified endo-polygalacturonases from other fungi and bacteria

(14, 15, 16, 23, 36, 41). Unfortunately, endo-polygalacturonases

whose specific activity was measured by viscosity reduction cannot be

readily compared with other enzymes because of differences in the

techniques and substrates used. The apparent molecular weight of the

Fusarium polygalacturonase as judged by its behavior on Sephadex gel

filtration, is about 35, 000 which is very similar to the molecular

weight obtained for Aspergillus niger endo-polygalacturonase (45).
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The pH optimum is similar to those commonly observed for other

fungal polygalacturonases (7).

The endo-polygalacturonase purified from the E+ fraction has

several unique properties. One of these is its ability to release mono-

galacturonic acid as the first small product of hydrolysis and yet to

hydrolyze a - 1, 4 bonds in the polymer chain at random. As suggested

earlier, a possible explanation is that the enzyme hydrolyzes the poly-

mer twice in each reaction, thereby releasing mono-galacturonic acid

and a larger uronide. However, the solution of this problem must

await further investigation.

Another unique feature of the purified polygalacturonase is its

apparent inhibition by mono-galacturonic acid and stimulation by small

oligouronides. A third distinctive characteristic of this enzyme is

the association of carbohydrate with the enzyme, even after rigorous

purification.

The enzyme purified from the E fraction has some properties

that differ from those of the major polygalacturonase, e. g., the elution

patterns from Sephadex G-75 are different, and the specific activity

of the E enzyme is much lower than that obtained with the endo-

polygalacturonase purified from the E+ fraction. However, the apparent

negative charge of this enzyme, which was the original basis for

separation, is altered during purification, and judging from ion

exchange chromatography the enzyme becomes positively charged.
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Supporting this result is the apparent ability of a portion of the E+

fraction to become negatively charged when reacted with pectin.

Finally, the E fraction when dialyzed, concentrated and then

chromatographed on paper, yields mono-galacturonic acid. This

suggests that the negative charge of the E molecule may result from

substrate molecules attached to the polygalacturonase molecule at

nonreactive sites, as Swinburne and Corden (49) have suggested.

Thus, the polygalacturonase in the E- fraction may be identical

to the E+ polygalacturonase except for the association of substrate

molecules with the enzyme. If this is the case, then the properties

of purified polygalacturonase from both sources should be similar.

The differences in the properties of these enzyme fractions may reflect

dissociation andrecombination of enzyme subunits, as Swinburne and

Gorden suggested (49). In any case, the properties of the poly-

galacturonase produced by F. oxysporum f. sp. lycopersici may be

determined to some extent by the environmental conditions in which the

enzyme exists.
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