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Abstract 

VORAGEN, A. G. J. (1972) Characterization of pectin lyases on pectins and methyl oligogalacturonates. 
Agric. Res. Rep. (Versl. landbouwk. Onderz.) 780, ISBN 90 220 0408 2, (vi) + 121 p., 35 figs, 22 tbs, 
145 refs, Eng. summary. 
Also: Doctoral thesis, Wageningen. 

Pure saturated and unsaturated oligogalacturonic acids, including unsaturated monogalacturonic 
acid, were isolated and characterized. Their ultraviolet absorbance at 232 nm, and their reactivities in 
the periodate thiobarbituric acid test and carbazole tests were studied. From these compounds methyl 
oligogalacturonates were prepared, which were used as model substrates. 

Pectin lyases (EC 4.2.99.8; poly-a-1,4-D-methyl-galacturonate lyase) were found to be very common 
in commercial 'pectinase' preparations. From each of three 'pectinase' preparations a pectin lyase 
was isolated free of other pectolytic enzymes. Their pH optimum, pH stability, isoelectric point and 
activation energy were determined. Information on the action of the enzymes on pectins with various 
degrees of esteriflcation (DE) was obtained by kinetic studies, by determining the extent of degra
dation and by analysing the composition of the reaction mixtures. The breakdown mechanism on 
pectin and pattern of action on methyl oligogalacturonates was studied. Divalent cations were found 
to activate pectin lyase activity, their activation depended on the pH and DE. Literature on the iso
lation and characterization of oligogalacturonides and on pectin degrading enzymes is reviewed 
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Symbols and abbreviations 

A 
A pectins (preparations) 
E pectins (preparations) 
DE 
DEAE 
DNS 
DP 
EA 
EDTA 
FL32 
IEP 
Km 
L-B 
M 

mM 
mol 
N 

nm 
PAL 
PE 
PG 
PL 
PMG 
R 

Rf 
Rgal 

Ritegal 

RM 

[S] 
T 
t 
TBA 
tris 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

= 

= 

= 
= 
= 
= 
= 

absorbance, cm - 1 

pectins presaponified with alkali 
pectins presaponified with PE 
degree of esterification, % 
diethylamino-ethyl 
dinitrosalicylic acid 
number average degree of polymerization 
activation energy, kcal.mol-1 

ethylenediaminetetra-acetate 
Pektolase FL32 
isoelectric point 
Michaelis constant, M or mM 
Lineweaver-Burk 
molar concentration 
millimolar 
grammolecule 
normal 
nanometer 
pectate lyase 
pectin esterase 
polygalacturonase 
pectin lyase 
polymethylgalacturonase 
gasconstant 1.98 cal.degree-1 

migration distance relative to front 
migration distance relative to galacturonic acid 
migration distance relative to monomethylmono-
galacturonate 
migration constant, \o%(\\Rs — 1). In my calculations 
monomer was used as reference compound (Rgai, Riiegai) 
substrate concentration, M or mM monomer 
absolute temperature, K 
time, h, min or sec 
thiobarbituric acid 
tri(hydroxymethyl)methylamine 



U20 = Ultrazym20 
Vmax = maximum reaction velocity at infinite substrate con

centration, increase in absorbance per min 
v = reaction velocity at finite substrate concentration, in

crease in absorbance per min 
[<x]£° = specific rotation at 20 °C 
e = molar extinction coefficient, M - 1 cm - 1 

t\s = specific viscosity 
ueq = micro-equivalent 
ug = microgram 



1 Introduction 

Pectic substances occur in ail fruits and vegetables. Important changes in the proper
ties of fruit and vegetable products during storing and processing are related to pectic 
changes. Native or added pectic enzymes may play an important role in these changes 
(Pilnik & Voragen, 1970). 

Commercial pectolytic enzyme preparations are widely used in fruit juice technology. 
These preparations are mixtures of different pectic enzymes and often include cellu-
lases, hemi-cellulases, proteinases and amylases (Rombouts & Pilnik, 1971). Usually 
these enzyme preparations are produced by fungi. 

During the last decade enzyme preparations have been specially made and used 
for different processes such as clarification, maceration or juice extraction. However 
there is little known about which specific activities are important in the different 
processes. To gain more information about the different types of enzyme they have 
to be purified and characterized. It is also necessary to know more about their pattern 
of action. With well characterized enzymes special processes can be studied and it 
may be possible to obtain more information about pectic substances. The enzymes 
working on low esterified pectins have been extensively studied. Many of these en
zymes are also characterized by their action on oligomers (Voragen & Pilnik, 1970a). 

Less is known about the enzymes that degrade highly esterified pectin. Two such 
types of enzyme are described in literature: polymethylgalacturonases (hydrolases) 
and pectin lyases, which split the glycosidic bond by a /?-elimination reaction. Pectin 
lyase was discovered in 1960 in a commercial enzyme preparation by Albersheim et 
al. (1960b). Since 1960 there have only been a few publications about polymethyl
galacturonases. Probably some of these enzymes described before 1960 were not 
hydrolases but lyases. Only one pectin lyase was characterized by its action on methyl 
oligogalacturonates (Edstrom & Phaff, 1964b). 

Little is known about the influence of the degree of esterification on the activity of 
enzymes which degrade highly esterified pectins. For these enzymes according to the 
condition of the adjacent carboxyl groups (esterified or not) there could be three 
different types of glycosidic linkages which may have a substrate specific significance. 
Also the condition of the adjacent parts of the pectin molecule may influence the 
activities of the enzymes. From a study of the degradation products of pectic acid 
hydrolysed by a purified polygalacturonase Koller & Neukom (1969) derived evidence 
that two carboxyl groups of pectic acid become attached to the binding sites of the 
enzyme molecule. These two groups are separated from the active centre by three and 
six galacturonic acid units, respectively. 



The purpose of this study was: 
1. To prepare series of pure saturated and unsaturated methyl oligogalacturonates 
and to prepare and characterize partially esterified methyl oligogalacturonates. Thus 
the isolation of the corresponding oligogalacturonic acids was necessary. 
2. To isolate polymethylgalacturonase and pectin lyase from commercial enzyme 
preparations. 
3. To characterize these enzymes and to examine their pattern of action on high 
polymer substrates with varying degrees of esterification and different distribution of 
esterified and unesterified galacturonide units. 
4. To characterize these enzymes and to examine their pattern of action on methyl 
oligogalacturonates. 



2 Literature 

2.1 Pectic substances 

Pectic substances are part of practically all higher plant tissues. They are mainly 
deposited in the middle lamella and in the primary cell wall during the early stages of 
growth when the area of the wall is increasing. Meristematic and parenchemous 
tissue, which form the edible part of plants, are therefore particularly rich in pectic 
substances. These occur predominantly in a water insoluble form which is called 
protopectin. The main exceptions are ripe fruits where the cell walls may be partly 
dissolved and from which after grinding and pressing or extraction with water, an 
important part of the pectic substances can be found in the juice or extract. The 
texture of fruits and vegetables on growing, ripening and storage is strongly influenced 
by the amount and nature of the pectin present. Important changes - both desirable 
and undesirable - in the properties offrait and vegetable products during storing and 
processing are related to pectic changes. Native or added pectic enzymes may play a 
dominant role in these changes. 

Pectic substances are polygalacturonides with non-uronide carbohydrates co-
valently bound to an unbranched chain of 1-4 linked a-galacturonic acid units. The 
carboxyl groups of the galacturonic acid are partly esterified with methanol and the 
free groups are more or less neutralized. Some of the hydroxyl groups on C2 and C3 

may be acetylated. The monomer is thought to have the C1 conformation. The 
glycosidic bonds are therefore of the axial-axial type which causes the polymer chain 
to have a screw axis with a tendency to coiling (Pilnik & Voragen, 1970). 

The literature on structure, chemical and physical properties, analysis and bio
synthesis of pectic substances has been summarized by Pilnik & Voragen (1970) and 
Voragen & Pilnik (1970b). From this survey the pectin molecule emerges as a chain 
structure of axial-axial a-(l-4) linked D-galacturonic acid units, containing blocks of 
L-rhamnose rich regions, with mainly arabinose, galactose and xylose as side chains. 
The carboxyl groups are partially methylated and the secondary hydroxyls may be 
acetylated. 

Gee et al. (1959) showed the presence of highly esterified pectic substances in situ 
with degrees of esterification ranging from 70 to 100% in peaches, apples and pears. 
These values were estimated with a histochemical test based on the reaction of ester 
groups in pectic substances with aqueous alkaline hydroxylamine. Pectic substances 
extracted from fruits were found to have 60 to 90 % of their carboxyl groups esterified 
with methanol (Doesburg, 1965; Mehlitz & Minas, 1965). Endo (1965) reported a 
value of 90 % for pectins in freshly pressed apple juice. During ripening of fruits, the 
solubilization of a part of the pectic substances is one of the most outstanding features. 



In general a rather striking decrease of degree of esterification of fruit pectin has been 
reported, except for ripening apples where a negligible decrease was shown (Doesburg, 
1965). No general figure can be given for the molecular weight of pectic substances. 
Values given in the literature vary between 30 000 and 300 000. With a new method, 
based on the relationship between increase in reciprocal ns and increase in absorbance 
at 232 nm during transeliminative breakdown of pectic substances, Rombouts (1972) 
determined values ranging between 30 000 and 120 000. 

The glycosidic links to hemicellulose chains indicate how pectin can be chemically 
bound to other cell wall constituents. Soluble pectins of high molecular weight and 
with araban, galactan and xylan admixed or covalently bound to them therefore 
present a model of protopectin which appears as a giant molecule, mechanically and 
chemically enmeshed with other cell wall substances. 

The American Chemical Society has given the following definitions (Kertesz, 1951): 
Pectic substances. Pectic substances is a group designation for those complex, 
colloidal carbohydrate derivatives which occur in, or are prepared from, plants and 
contain a large proportion of anhydrogalacturonic acid units which are thought to 
exist in a chain-like combination. The carboxyl groups of polygalacturonic acids may 
be partly esterified by methyl groups and partly or completely neutralized by one or 
more bases. 
Protopectin. The term protopectin is applied to the water insoluble parent pectic 
substance which occurs in plants and which, upon restricted hydrolysis, yields 
pectinic acids. 
Pectinic acids. The term pectinic acids is used for colloidal polygalacturonic acids 
containing more than a negligible proportion of methyl ester groups. Pectinic acids, 
under suitable conditions are capable of forming gels (jellies) with sugar and acid or, 
if suitable low in methoxyl content, with certain metallic ions. The salts of pectinic 
acids are either normal or acid pectinates. 
Pectin. The general term pectin (or pectins) designates those water soluble pectinic 
acids of varying methyl ester content and degree of neutralization which are capable 
of forming gels with sugar and acid under suitable conditions. 
Pectic acid. The term pectic acid is applied to pectic substances mostly composed of 
colloidal polygalacturonic acids and essentially free from methyl ester groups. The 
salts of pectic acid are either normal or acid pectates. 

2.2 Isolation and characterization of saturated and unsaturated oligogalacturonides 

Oligogalacturonides are very suitable substrates for definitive studies on the action 
of the different pectic enzymes. Especially for the study of enzymes that degrade pectic 
acid, oligogalacturonic acids are widely used. The literature on this work was re
viewed by Wilson (1969) and by Voragen & Pilnik (1970a). In a study on the properties 
of a pectin lyase, Edstrom & PhafF (1964b) prepared and used fully esterified methyl 
esters of mono to hexa galacturonic acid and of unsaturated digalacturonic acid. In 
my studies on pectic enzymes I also needed these compounds: 



(1) as substrate for pectin and pectic acid degrading enzymes, 
(2) as reference compounds in chromatographic studies of the degradation products 
of pectic substances, 
(3) as test compounds for different assay methods and 
(4) for standardization of methods. 

My aim was to prepare and characterize homologous series of saturated oligo-
galacturonic acids, unsaturated oligogalacturonic acids, fully esterified saturated 
oligogalacturonates, partly esterified saturated oligogalacturonates and fully esterified 
unsaturated oligogalacturonates. 

2.2.1 Isolation and preparation 

The literature on isolation and preparation of oligogalacturonic acids up to 1958 
has already been reviewed by Derungs (1958). 

The first attempts to isolate oligogalacturonic acids involved precipitation tech
niques. Phaflf & Luh (1952) prepared pure mono, di and tri galacturonic acid from a 
digest of polygalacturonic acid by fractionated precipitation of the strontium salts 
in mixtures of water and ethanol, followed by a further purification based on the 
differences in solubility of their lead salts in water. The digest was obtained by the 
degradation of polygalacturonic acid with yeast polygalacturonase (PG). From the 
same mixture Demain & Phaff (1954) isolated the tetramer by repeated precipitation 
of its copper salt at pH 4.5. 

Ayres et al. (1952) precipitated digalacturonic and trigalacturonic acid as calcium 
salts in 60 % ethanol. Calcium monogalacturonate is soluble at this concentration and 
was removed by nitration. The mixture of dimer and trimer was separated on account 
of the difference in solubility of their lead salts. In a rather similar way Altermatt & 
Deuel (1952, 1953, 1954) and Altermatt (1954) obtained di, tri and tetra galacturonic 
acid. From a digest of polygalacturonic acid prepared with a fungal pectinase, they 
removed monogalacturonic acid by crystallization of its sodium strontium salt. The 
remaining oligomers which stayed in solution, were precipitated by addition of ethanol 
up to a concentration of 85 %. The precipitate was added to a 40 % ethanol solution in 
which the sodium strontium salt of the dimer solubilized. The trimer and tetramer 
were separated as lead salts. 

Ozawa (1952) separated digalacturonic and trigalacturonic acid by fractionated 
crystallization of their brucine salts. Nagel & Vaughn (1961a) obtained unsaturated 
digalacturonic acid from a digest of pectic acid acted upon by a Bacillus endo pectate 
lyase by fractionated precipitation of the strontium salts in ethanol water mixtures, 
free of contaminating saturated mono and dimer. A somewhat similar method was 
used by Moran et al. (1968a). 

Partition and adsorption chromatography have also been used. Ozawa &Okamoto 
(1955) obtained a partial separation of digalacturonic and trigalacturonic acid on 
cellulose columns with a mixture of butanol, acetic acid and water as eluant. The 
fractions were further purified by fractionated precipitation of the barium salts. 



McCready & McComb (1953) fractionated a mixture of mono, di and tri galacturonic 
acid by preparative paper chromatography, from the degradation products of poly-
galacturonic acid acted upon by yeast PG. Unsaturated trimers to pentamers were 
isolated in the same way from the reaction mixture of Xanthomonas campestris acting 
upon polygalacturonic acid. Koller & Neukom (1967) isolated hexamer on a poly-
amid column by eluting with mixtures of methanol and water. The hexamer was 
produced by the degradation of pectic acid with a fungal endo PG. The composition 
of the reaction mixture was studied by thin layer chromatography. The reaction was 
stopped when the hexamer was the main product. 

Whistler & Durso (1950) were able to separate neutral oligosaccharides on charcoal-
celite columns. Attempts by Ashby et al. (1955) and Altermatt (1954) to separate 
oligogalacturonic acids in this way, were not successful. However, Ashby et al. (1955) 
were able to separate the uronic acids as glycol esters by elution with mixtures of 
ethanol and water. The capacity of the column however was very low and removal 
of ethylene glycol after saponification of the esters was difficult. 

At present the most satisfactory and practical technique is ion exchange chroma
tography. Separation of oligogalacturonic acids on ion exchangers was first described 
by Derungs & Deuel (1954). A more detailed report of these studies was given by 
Derungs (1958). In their experiments the strong anion exchangers Dowex 1 and 
Dowex 2 were not suitable, because of the strong fixation of the uronic acids. Good 
results were obtained with Deacidite FF (a strong anion exchanger); Dowex 3 (a 
weak anion exchanger) also gave satisfactory results. As eluant they preferred formic 
acid solutions, because this acid could be removed from the uronic acid containing 
fractions by distillation. The Deacidite FF formic acid system was also used by Ashby 
et al. (1955) and Reid (1962). However this method requires excessive amounts of 
eluants for a good separation and then the eluant (formic acid) is very difficult to 
remove completely. 

To avoid the extreme pH and high concentrations of acids required to elute the 
uronic acids from Dowex 1, Nagel & Anderson (1965) and Hasegawa & Nagel (1966) 
used sodium acetate buffers at pH 6. They obtained good separation of saturated 
and unsaturated oligomers. Nagel & Wilson (1969) found that sodium formate at 
pH 4.7 was an even better eluant. For the production of the saturated oligomers these 
authors used yeast PG. The composition of the digest of pectic acid could be regulated 
by varying the reaction time and pH of the reaction mixture. For the production of 
unsaturated oligogalacturonide digests the endo pectate lyase of a Bacillus sp. was 
used (Hasegawa & Nagel, 1966). 

Hatanaka & Ozawa (1966) separated oligogalacturonic acid homologues by column 
chromatography on DEAE cellulose applying a gradient elution with sodium bi
carbonate. The capacity of this anion exchanger was however small. The factors which 
affect the affinity for the ion exchange resin and thus the selectivity of normal and 
unsaturated oligogalacturonic acids were discussed by Wilson (1969). 

For assaying the oligogalacturonic acids in the fractions obtained by column 
chromatography, most authors used the carbazole method (Derungs & Deuel, 1954; 
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Derungs, 1958; Reid, 1962; Nagel & Anderson, 1965; Hasegawa & Nagel, 1966; 
Hatanaka & Ozawa, 1966). Nagel & Wilson (1969) and Wilson (1969) used a modified 
carbazole method for the semi-quantitative determination of normal uronides. Ashby 
et al. (1955) checked each fraction by paper chromatography. The concentrations of 
unsaturated uronides were determined by measuring the absorbance of 1/100 dilution 
of each fraction at 232 nm. Appropriate fractions were combined and identified by 
paper chromatography (practically all publications) or thin layer chromatography 
(Koller & Neukom, 1967). To isolate the uronides from the pooled fractions repre
senting individual peaks, Ashby et al. (1955), Derungs & Deuel (1954) and Derungs 
(1958) first removed formic acid, which was used as eluant, by extraction with ether. 
Next the aqueous phase was concentrated under reduced pressure to a thin syrup. 
Ashby et al. (1955) evaporated this syrup several times with «-propanol and the 
monohydrates of the oligogalacturonic acids, which crystallized, were collected by 
filtration and vacuum-dried. Reid (1962) first concentrated the bulked fractions under 
reduced pressure and then extracted with ether. The aqueous phase was further 
concentrated under reduced pressure after addition of n-propanol. The oligogalacturo
nic acids separated as micro-crystalline monohydrates. Derungs (1958) evaporated the 
residue several times with water to remove the remaining formic acid. The uronic 
acids were further purified as lead salts, converted to the acid forms with Dowex 50 
(H+), concentrated under reduced pressure and precipitated in a mixture of ethanol 
and ethyl acetate. This precipitate was collected by filtration, washed with absolute 
ether and vacuum-dried. 

2.2.2 Characterization of the purified oligogalacturonic acids 

For the analysis of the purified oligomers most authors determined reducing end 
groups with the hypoiodite method of Willstätter & Schudel (1918) or a modification 
of it. Carboxyl groups were determined by titration. The ratio of carboxyls to reducing 
groups gives the degree of polymerization (DP) of the oligomer. By titrating the carboxyl 
group in the longer uronides (DP > 6) Nagel & Wilson (1969) and Wilson (1969) found 
much smaller values than expected from other data. More consistent results were 
obtained by determining the galacturonide content with the carbazole method. The 
ratio galacturonide units to reducing groups also represents the DP. Luh&Phaff (1952) 
and Demain & Phafif (1954) estimated the DP from the ratio of reducing groups after 
and before complete hydrolysis by fungus polygalacturonase. Further indications of 
a homogeneous series of uronides were obtained from paper chromatography. De-
main & Phaff (1954) showed that the logarithm of the Rgal values (ratio of the distance 
travelled by a particular oligomer to the distance of migration of the monomer) bore 
a linear relationship to the degree of polymerization. Nagel & Wilson (1969) and 
Wilson (1969) indicated the homogeneity of the homologous series of saturated 
uronides by the linear relationship between the RM value (RM = logO/lty — 1)) and 
the DP. In the other publications only R^, values are given. In a number of studies 
the uronic acids were characterized by determination of the specific rotation, the 
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melting point and by carbon and hydrogen analysis. From the end-group assay many 
authors calculated the equivalent weight. By plotting the theoretical DP against the 
experimental equivalent weight, Nagel & Wilson (1969) and Wilson (1969) obtained a 
straight line that illustrates a linear relationship. This result also indicates a homo
logous series of compounds of increasing chain length. From the difference between 
the equivalent weight and calculated anhydrous molecular weight they estimated the 
water content. In Table 1 all these data found by different investigators are summarized. 

Unsaturated oligogalacturonic acids were especially studied by Nagel and co
workers. These uronides were characterized by the ratios of carboxyl to aldehyde 
groups, equivalent weights based on end-group and carboxyl group determinations, 
Rgal values and the molar absorptivities (e) at 232 nm. Nagel & Wilson (1969) and 
Wilson (1969) obtained indications of a homogeneous series of unsaturated uronides 
from the linear relationship between the equivalent weight and the DP. 

Special attention was paid to the characterization of the unsaturated dimer by 
Hasegawa & Nagel (1962). They studied the absorption spectra in the ultraviolet 
region and the absorption spectra of the chromogen formed by reaction with thio-
barbituric acid. Hydrolysis of the dimer with acid gave two spots on a paper chro-
matogram, one spot showed the same Rf as monogalacturonic acid, the other 
compound showed a Rgal of 1.68. It gave a positive reaction for acid groups, reducing 
groups and unsaturated bonds. This compound was presumed to be an unsaturated 
galacturonic acid. The dimer itself also gave a positive reaction for unsaturated bonds. 
This unsaturated character was further proved by bromine consumption. Ozonization 
of the unsaturated dimer yielded an amount of oxalic acid that was 33% of the 
theoretical yield. Thus Hasegawa & Nagel (1962) showed that the location of the 
double bond was between C4 and C5 in the galacturonic acid unit on the non-
reducing end of the molecule. From the lead tetra-acetate consumption of the dimer 
and the production of tartaric acid when the lead tetra-acetate oxidation was followed 
by treatment with iodine it was shown that the 1,4 linkage of the dimer was retained. 
From these results the authors concluded that the structure of the dimer was 4-0-a-D-
(4,5-dehydrogalacturonosyl)-D-galacturonic acid. Nagel & Anderson (1965) found 
evidence for the structural similarity of the galacturonide unit on the non-reducing 
end of the molecules of unsaturated dimer, trimer and tetramer. This similarity was 
shown by the close correspondence between the adsorption spectra of the oligomers 
and by the study of the degradation products of unsaturated trimer and tetramer acted 
upon by yeast PG. This degradation yielded galacturonic acid and the next lower 
unsaturated oligomer. Saturated trimer and tetramer were attacked at the non-
reducing end yielding galacturonic acid and the next lower oligomer. Assuming a 
similar mode of attack on the unsaturated compounds these results indicate that the 
galacturonide unit with the unsaturated bond occupies the same position in the trimer 
and tetramer as in the dimer. 

In Table 2 the data on unsaturated oligomers from several investigations are 
summarized. 
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Table 1. Characteristics of saturated oligogalacturonic acids (figures between parenthesis represent 
anhydrous molecular weight). 

Equiv. COOH/ 
weight CHO 

Digalacturonic acid (370) 
377 1.98(2.02») 

2.02 
1.98 

462 1.92 

Trigalacturonic acid (546) 
600 3.01(2.96») 

3.01 
3.05 

615 2.94 
568(558») 2.92 

Moles HaO 
mol Cpd 

0.9 

5.1 

3 

3.8 
1.1(0.55**) 

Tetragalacturonic acid (722) 
784 3.98(3.95») 

4.16 
4.18 

790 4.09 
723(746**) 3.83 

3.4 

3.8 
0 (1.3**) 

Pentagalacturonic acid (898) 
1012(935**) 5.02 
965 5.02 

6.3(2**) 
3.7 

Hexagalacturonic acid (1074) 
1160 5.90*** 4.8 

Heptagalacturonic acid (1250) 
1306 6.78*** 3.1 

OctagalacturorUc acid (1426) 
1469 7.80*** 2.4 

Paper 
chrom. 

Rgal 

Rgal 

Rgal 

RM-DP 

Rgal 

Kgal 

Kgal 

RM-DP 

Rgal 

lOgRgal-DP 
Rgal 

Rgal 

RM-DP 

Rgal 

Rgal 
RM-DP 

RM-DP 

RM-DP 

RM-DP 

W D 

153 
167 
149 
151-153 

186 
203 
187 
188-191 

208 
207 
208 

Melting 
point 

130-140°C 

130°C 

130-140°C 

143-155°C 

150°C 

140-145°C 

159-170°C 

C-H 
analysis 

37.31 

37.28 
37.20 

38.46 

38.41 
38.32 

37.4 

39.97 

5.06 

5.23 
5.26 

4.90 

5.07 
4.97 

5.21 

4.88 

Ref. 
No. 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 
7 

8 
2 
3 
4 
6 
7 

7 
6 

6 

6 

6 

* Estimated from the ratio of reducing groups after, and before complete hydrolysis by fungus 
polygalacturonase 
** Calculated from galacturonide content estimated with carbazole assay 
*** Calculated from galacturonide content, estimated with carbazole assay, and CHO groups 

1. Luh&PhafF(1952) 
2. McCready & McComb (1953) 
3. Altermatt & Deuel (1952), Altermatt (1954) 
4. Derungs (1958) 

5. Reid (1962) 
6. Nagel & Wilson (1969), Wilson (1969) 
7. Hasegawa & Nagel (1966) 
8. Demain & Phaff (1954) 
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Table 2. Characteristics of unsaturated oligogalacturonic acids (figures between parenthesis represent 
anhydrous molecular weight). 

Equiv. COOH/CHO Moles H2O 
weight mol cpd 

Unsaturated di galacturonic acid (352) 
367 1.98 0.8 

439 1.87 4.8 

Unsaturated tri galacturonic acid (528) 
563*,619** 2* ,4.8** 
618* 2.99 4.8 
611* 3.00 4.6 

Unsaturated tetra galacturonic acid (704) 
713*,840** 0.5*,7.5** 
752* 3.84 2.7 
803* 4.07 5.5 

Unsaturated penta galacturonic acid (880) 
951 4.98 3.9 

* Based on reducing end-groups determination 
** Based on carboxyl determination 

Paper 
chrom. 

Rgal 

Rgal 

Rgal 

Rgal 

Kgal 

Rgal 

Kgal 

Rgal 

e U.V. 

4500 
4800 
5200 
5750 

5475 

5725 

5050 

Literature ref. 

Nagel & Vaughn (1961) 
Hasegawa & Nagel (1962) 
Macmillan & Vaughn (1964) 
Nasuno & Starr (1967) 
Nagel & Wilson (1969) 

Nagel & Anderson (1965) 
Hasegawa & Nagel (1966) 
Nagel & Wilson (1969) 

Nagel & Anderson (1965) 
Hasegawa & Nagel (1966) 
Nagel & Wilson (1969) 

Nagel & Wilson (1969) 

2.2.3 Unsaturated monogalacturonic acid 

In the previous section the isolation and characterization of the unsaturated mono
mer was not discussed. However the production of this component during trans-
eliminative degradation of polygalacturonic acid was shown in several investigations. 
Its properties differ much from those of the higher unsaturated oligomers and cause 
problems in some assay methods. For this reason the literature on this subject is 
discussed separately. 

The accumulation of an altered monomeric product was shown by Preiss & Ash well 
(1963) during the degradation of polygalacturonic acid by a partially purified enzyme 
preparation obtained from a pseudomonad. To obtain sufficient of this compound for 
identification they fractionated a polygalacturonate digest on a Dowex 1 formate 
column by elution with formic acid solutions of increasing concentration. The frac
tions were assayed colorimetrically for D-galacturonic acid (orcinol method) and 
unsaturated monogalacturonic acid (periodate TBA method). They obtained two 
peaks which gave positive periodate TBA tests, one peak was shown to be homogeneous 
by paper chromatography, the other peak was contaminated with D-galacturonic acid. 
Rechromatography of these fractions again revealed two peaks: one still contaminated 
with D-galacturonic acid, the other was homogeneous. Upon paper chromatography, 
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using different solvent systems, the purified compound revealed a single spot. The 
chromogen formed in the periodate TBA reaction yielded a spectrum closely re
sembling that of /J-formyl pyruvate. Oxidation of the compound with periodate failed 
to produce significant amounts of formaldehyde or glycolic acid. However, reduction 
with NaBH4 before periodate oxidation resulted in a stoichiometric recovery of 
formaldehyde. Further supporting evidence for the presence of an intact aldehyde 
group was provided by the ultraviolet spectrum of the semi-carbazone derivative which 
exhibited a maximum at 233 nm. The compound also gave a positive reaction when 
treated with o-phenylenediamine. The presence of an a-keto acid was therefore in
ferred. The fact that the compound was readily decarboxylated in the presence of 
eerie sulphate was shown by the liberating of a stoichiometric yield of C02 . The 
orientation of the hydroxyl groups on carbon atoms 2 and 3 was demonstrated by the 
production of 2-deoxy-L-xylose by Ruff degradation of the metasaccharinic acids, 
which were obtained when the compound was reduced with NaBH4. Determination 
of periodate uptake indicated values close to the theoretical amount expected from 
a 4-deoxy-5-keto hexuronic acid. From these data, Preiss & Ashwell (1963a) concluded 
that this compound was 4-deoxy-L-threo-5-hexoseulose uremic acid. This compound 
was also described by Linker et al. (1956,1960) and Hofman et al. (1960) as a product 
of the bacterial catabolism of hyaluronic acid and chondroitin sulphate. 

From an analysis with paper chromatography of the reaction products of un
saturated trigalacturonic acid acted upon by endo pectate lyase of Bacillus polymyxa, 
Nagel & Anderson (1965) found a monomelic product that was similar to the com
pound described by Preiss & Ashwell (1963). They demonstrated the a-keto acid 
character of the compound by its positive reaction with o-phenylenediamine. It also 
developed a faint colour with the m-phenylenediamine spray for aldehyde groups 
but not with the permanganate benzidine spray for unsaturated bonds. Thiobarbitu-
rate reaction yielded a chromogen with an absorbance peak at 548-550 nm. The open 
chain, keto form, was suggested because the compound did not have an absorbance 
peak in the ultraviolet region which would be expected of an a, ß unsaturated car-
boxylic acid group. From this data the product was tentatively identified as 5-keto-4-
deoxy galacturonic acid. During the fractionation of the reaction products of un
saturated trigalacturonic acid acted upon by an a-l,4-(4,5-dehydrogalacturonosyl) 
galacturonate hydrolase on a Dowex 1 column, Nagel & Hasegawa (1968) observed 
that the unsaturated monomer appeared in two peaks. If the reaction product was 
stored for some time before chromatography one peak was not observed. 

Moran et al. (1968b) produced the same compound by degradation of unsaturated 
digalacturonic acid with oligogalacturonide transeliminase oîErwinia carotovora. The 
product was isolated and purified by means of Dowex 1 column chromatography 
using formic acid solutions of increasing concentrations as eluant. The component 
appeared as a homogeneous peak at 0.5 N formic acid. It was shown that unsaturated 
digalacturonic acid yielded equimolar amounts of D-galacturonic acid and the un
saturated monomer. The product formed /S-formyl pyruvate when it was oxidized 
by periodate. This formation was indicated by the absorption maximum at 548-549 
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nm of the TBA-chromogen complex. The higher unsaturated oligomers were much 
less reactive in this assay. The compound did not show carbazole or orcinol reactions 
typical of uronic acids. The presence of an a-keto acid group was indicated by its 
reaction with o-phenylenediamine, the formation of the semi-carbazone and de
carboxylation with eerie sulphate. Evidence for the presence of a free aldehyde group 
included the formation of a semi-carbazone with a maximum absorption in the region 
of 240 nm, and the formation of stoichiometric amounts of formaldehyde after the 
reduction of the compound with NaBH4 and oxidation with periodate. The orientation 
of the hydroxyl group at carbon atom 3 was indicated by the enzymatic reduction of 
the molecule to 2-keto-3-deoxy-D-gluconic acid. Based on this data Moran et al. 
(1968b) considered the structure of the compound as 4-deoxy-5-hexoseulose uronic 
acid. 

Production of unsaturated monogalacturonic acid was also indicated but not 
directly identified by Fuchs (1965), Nasuno & Starr (1967), Moran et al. (1968a), 
Nagel & Hasegawa (1967). 

Preiss & Ashwell (1963) and Moran et al. (1968b) showed that this acid is an 
important intermediate in the metabolism of polygalacturonic acid. When this com
pound is produced during the enzymatic degradation of pectic acid a quantitative 
evaluation of ultraviolet absorbance or the periodate thiobarbiturate assay is not 
correct for determining enzyme activity or extent of degradation, even more so when 
these enzymes are characterized on oligomers, especially unsaturated oligomers, or in 
the final stage of pectic acid degradation by these enzymes. Special care has to be 
taken with paper or column chromatography of digests containing unsaturated 
monomer. 

2.3 Preparation and characterization of saturated and unsaturated methyl oligo-
galacturonates 

2.3.1 Preparation 

For the methylation of carboxyl groups in pectins several methods have been 
described. However Deuel et al. (1950) mentioned that during esterification of silver 
pectate with methyliodide and of pectin with methanol-hydrogen chloride or with 
dimethyl sulphate, a partial hydrolysis of glycosidic linkages took place. Depoly-
merization of pectin during esterification with methanol 2 N sulphuric acid at 3 °C 
was also reported by Kohn & Furda (1967a,b). Neukom (1949) showed a degradation 
of pectin during methylation with diazomethan at 0°C. Vollmert (1950) reported a 
quantitative esterification with diazomethan at — 20 °C without degradation of the 
pectin. However, Smit & Bryant (1969) showed a considerable depolymerization 
during esterification with diazomethan at — 30 °C. Because of high concentrations 
of methanol reactions with the reducing end-groups also took place. The diazomethan 
method is rather laborious and somewhat hazardous. 

Jansen & Jang (1946) studied the methylation of polyuronides and galacturonic acid 
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with methanol-hydrogen chloride. They demonstrated that the rate of esterification 
of D-galacturonic acid was about 25 times greater than that of glycoside formation at 
25 °C, whereas at 0°C the difference in rates was 55 times. Pectic acid was esterified 
at a much lower rate under the same reaction conditions. Alginic acid however was 
esterified much more readily. The rate and extent of glycoside formation and esterifi
cation were shown to increase with increasing normality of methanolic hydrogen 
chloride. Glycoside formation was very small at normalities lower than 0.02. Based 
on these results McCready & Seegmiller (1954) prepared dimethylester of digalacturo-
nic acid by esterification of digalacturonic acid in methanol 0.02 N hydrochloric acid 
at 5°C. The same procedure was used by Edstrom & Phaff (1964b) for the preparation 
of the methyl esters of saturated and unsaturated dimer, and saturated trimer to 
hexamer. The reaction was finished by addition of an anion exchanger to remove 
hydrochloric acid and unesterified uronic acids. The reaction products contained 
traces of neutral, non-reducing esters, which were removed by preparative paper 
chromatography. 

Chanez & Sag (1959) and Wood (1963) described the preparation of the methyl 
ester of monogalacturonate (methyl a-D-galactopyranuronate) with 0.02 N hydro
chloric acid methanol solution at 5 °C. The reaction was stopped by addition of silver 
carbonate to neutralize the solution. After filtration over a charcoal filter bed, the 
nitrate was concentrated under reduced pressure. The remaining syrup was dissolved 
in 2 volumes dioxan and the methyl ester was crystallized by cooling. The crystals 
were collected by filtration, washed with ether dioxan (1:1 v/v) and finally with 
absolute ether. The residue was dried in a vacuum desiccator. The material was re-
crystallized in a methanol-dioxan mixture. In this way the non-reducing material was 
removed. 

2.3.2 Characterization of methyl oligogalacturonates 

The methyl esters were produced from the corresponding, pure galacturonic acids. 
By products were removed by ion exchange chromatography and preparative paper 
chromatography (McCready & Seegmiller, 1954; Edstrom & Phaff, 1964b) or by 
crystallization techniques (Chanez & Sag, 1959). 

For the characterization of methyl-a-D-galacturonate Jansen & Jang (1946) 
estimated the [a]£5 value. They found an initial value of +94° and an equilibrium 
value of +34°. The same values are reported by Chanez & Sag (1959). These authors 
also found a melting point of 147 °C. Jansen & Jang (1946) further determined a 
a methoxyl content of 14.9% and a mol wt of 202 (by reducing value) and 210 (by 
saponification). The theoretical values were 14.9 and 208 respectively. 

For the dimethyl ester of digalacturonic acid, McCready & Seegmiller (1954) 
estimated the molar ratio of — CH30 : — CHO to be 2.08. Its equilibrium specific 
rotation was found to be +145 °. Qualitative paper chromatography showed that the 
compound was a neutral (indicated with a pH indicator spray), reducing (indicated 
with aniline trichloroacetic acid treatment) ester (indicated with hydroxylamine 
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ferrie chloride reagents), with a Rgal value of 1.33. 
Similarly Edstrom & Phaff (1964b) controlled the purity of their preparations, which 

were all shown to be reducing, neutral esters. The dimethyl ester of unsaturated di-
galacturonic acid showed an absorption maximum at 235 nm with a molar absorption 
coefficient of 6130. Homogeneity of a homologous series of saturated methyl 
oligogalacturonates was indicated by the linear relationship between RMegai value 
and the DP {RMegai is the ratio of the distance travelled by a particular ester to the 
distance of migration of methyl galacturonate). Saponification of the esters yielded 
the corresponding free acids as was indicated by paper chromatography. 

2.4 Pectic enzymes 

2.4.1 General classification and properties 

Saponifying enzymes The saponifying enzyme is a specific pectin methylesterase 
which splits the methyl ester group of polygalacturonic acids and which is now 
commonly called pectinesterase or pectin methylesterase and abbreviated to PE. 
According to the International Enzyme Commission PE is a pectin pectyl-hydrolase, 
number 3.1.1.11. 

Plant PE is almost completely specific for methyl esters of polygalacturonides. 
Ethyl esters are de-esterified only very slow (McDonnell et al., 1950) by citrus PE; 
glycol and glycerol esters are not de-esterified (Deuel & Stutz, 1958). The methyl esters 
of mono, di and tri galacturonic acid are not saponified by PE. The methyl ester of 
acetic and tartaric acid as well as the methyl esters of alginate and tragacanth are 
resistant to PE (Deuel & Stutz, 1958). Schultz et al. (1945) postulated that orange PE 
starts its saponifying activity on methyl ester groups next to a free carboxyl group and 
then continues to act along the molecule. Solms & Deuel (1955) have shown that PE 
acts more quickly on alkali presaponified pectin than on enzymatically presaponified 
pectin. 

The difference between saponification by enzyme and by alkali is that with the first 
method the distribution of free and esterified carboxyl groups is blockwise whereas 
with the second method the distribution is more random. This difference in distribu
tion was also demonstrated by Kohn et al. (1968) by measuring the stability of their 
calcium complex. According to Solms & Deuel (1955), free carboxyl groups are 
necessary for the formation of the complex between enzyme and substrate; the 
saponification then occurs along the molecule in both directions. These authors also 
observed that the enzymatic saponification was not complete; there always remained 
a preparation with a degree of esterification of about 10%. They thought this was 
caused by irregularities in the pectin molecule, for instance neutral sugars in the chain. 
Lee et al. (1970) provided more information on the action of PE of tomatoes. During 
the combined action of PE and an exo pectate lyase from CI. multifermentans, they 
observed a close relation between PE activity and production of unsaturated di-
galacturonic acid. Because the exo pectate lyase was found to attack the acid from the 
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reducing end at a rate depending on the PE activity, saponification has to occur along 
the molecule in the direction of the non-reducing end. 

PE activity is inhibited by the acid groups formed. This phenomenon has also been 
observed for saponification by alkali and is explained by repulsion through the in
creasingly negatively charged colloid (Lineweaver & Ballou, 1945). The presence of 
neutral salt overcomes this repulsion and activates the enzyme. 

PE has been found in many fruits and vegetables and can be produced by micro
organisms. The optimum pH values for the various PEs depend on their origin: 
tomato and orange PE have an optimum pH of 7.5, for PE from fungi values be
tween 4 and 5 are reported and for PE from bacteria values between 7.5 and 8. 

Native PE may be involved in changes of the pectic substances of fruit and vegetables 
during ripening, storing and processing. Especially in the tomato and citrus industry 
this enzyme plays an important role (Rombouts & Pilnik, 1971 ; Pilnik, 1958; Joslyn & 
Pilnik, 1961). PE is present in practically all commercial pectolytic enzyme prepara
tions. In the processes where these preparations are used PE activity appears to be 
important, although in many cases no clear explanation for this can be given. 

Several methods are used to determine PE activity. For qualitative PE tests the 
enzyme is mixed with a pectin solution, pH is adjusted and the pH drop is observed 
either electrometrically or with indicators. An addition of calcium ions will give a 
calcium pectate gel (Kertesz, 1937; Somogyi & Romani, 1964; Pilnik & Rothschild, 
1960). 

Diffusion tests in gels of agar and pectin are also possible. Impregnation with acid 
will cause turbidity because of precipitation of pectic acid formed. Impregnation with 
a hydroxylamin ferric reagent will only give the insoluble ferric-hydroxamic acid 
complex with no PE present (McComb & McCready, 1957). Quantitatively most 
authors use a titrimetric method to follow the saponifying action of PE. This method 
has been thoroughly investigated by Vas et al. (1967), Leuprecht & Schaller (1968) 
and by Rombouts (1972). In reaction systems in which titration analysis is impossible, 
released methanol can be determined by distilling, oxidizing and determining formal
dehyde with chromotropic acid (Boos, 1948), or with pentane-2.4-dione (Wood & 
Siddiqui, 1971). 

Depolymerizing enzymes Enzymes that depolymerize pectic substances have been 
classified by Demain & Phaff (1957) and Deuel & Stutz (1958) as glycosidases with 
specific activities pertaining to the degree of esterification of the substrate and to 
random or terminal attack. However, Albersheim et al. (1960b) discovered that a 
commercial pectinase preparation caused transeliminative cleavage of the a-I-4-
glycosidic bond. This discovery was followed by many publications showing a trans-
elimination mechanism in enzymes that depolymerize pectin. Therefore a new classifi
cation became necessary, especially as it was found that the lyases (transeliminases) 
could also be classified by their preference for a low or high methoxyl substrate and 
by random or terminal attack, at least for pectic acid lyases. 

This new classification was introduced by Neukom (1963) who subdivided all 
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enzymes which split the a-l-4-glycosidic bonds between galacturonic monomers in 
pectic substances in eight groups. Koller (1966) assigned numbers to these groups 
according to the system of the International Enzyme Commission. This classification 
is presented in Table 3. The prefix endo or exo designates statistical or terminal 
cleavage (liquefying or saccharifying). Up till now enzymes from each group have 
been described except for exo PMG and exo PL. The remaining six groups consist of 
enzymes which can further be subdivided according to optimum pH values, inhibition 
or activation with cations, stability and - for exo enzymes - attack on reducing or 
non-reducing end and degree of polymerization of end-product (Voragen & Pilnik, 
1970a). Names previously given to these enzymes include pectinase, polygalacturonase, 
depolymeric enzymes, polygalacturonases. 

Polygalacturonase (PG) activity is frequently found in yeasts, moulds and bacteria. 
Plant PG has not been studied so extensively as microbial PG. Its activity has mostly 
been studied in situ without previous extraction or purification. One exception is the 
work of Hobson (1962), who investigated the activity of sodium EDTA extracts and 
found PG activity in various fruits and vegetables. 

There is only one known instance of lyase activity in a higher plant, pectin lyase in 
pea seedling (Albersheim & Killias, 1962). However many micro-organisms produce 
such enzymes. In general pectate lyases have a high optimum pH and they are activated 
by Ca2+ . Pectin lyases are discussed in more detail in Section 2.4.3. 

Recently glycosidases and lyases acting on oligouronides only have been found in 
micro-organisms (Moran et al., 1968b; Hasegawa & Nagel, 1968; Nagel & Hasegawa, 
1968). 

The literature on pectic enzymes is very confused. Much work has obviously been 
done with mixtures of different types of enzymes; other scientists have worked with 
purified enzymes but used badly defined substrates or methods which were not 
specific enough to distinguish between the different types of activities. Rombouts & 
Pilnik (1972) screened practically all the literature on pectic enzymes and those articles 
that conformed to their criteria were reviewed. Many authors used oligogalacturonic 

Table 3. Classification of depolymerizing pectic enzymes (according to 
Neukom (1963) and Koller (1966)). 

Acting mainly on pectin Acting mainly on pectic acid 

1. Endo PMG** (3.2.1.4.1)* 5. Endo PG** (3.2.1.15) 
2. Exo PMG 6. Exo PG (3.2.1.40) 

3. Endo PL** (4.2.2.3) 7. Endo PAL** (4.2.2.1) 
4. Exo PL 8. Exo PAL (4.2.2.2) 

* Number given by Koller (1966) according to the system of the Inter
national Enzyme Commission 
** PMG = polymethylgalacturonase, PL = pectin lyase, PG = poly
galacturonase, PAL = pectic acid lyase 
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acids as substrates for the study of purified enzyme preparations because they were 
well denned substrates. Oligogalacturonic acids were especially used for the study of 
pectic acid degrading enzymes. This work has been reviewed by Wilson (1969) and 
by Voragen & Pilnik (1970a). The following conclusions were made: Whether a pectic 
acid depolymerase is an endo or exo enzyme can not be determined from its action 
on oligogalacturonides. However it can be seen from the literature that the de-
polymerizing activity of the endo enzymes increases with increasing chain length of 
the substrate, while exo enzymes degrade oligomers faster than polymers. Probably 
this phenomenon can be explained by differences in the concentration of attackable 
glycosidic linkages. The exo enzymes have a specific preference for either end of the 
molecule, but none for the interior bonds and they may be inhibited by either end of 
the molecule. Sometimes the reducing end-group was found to be directly involved 
in the formation of the enzyme-substrate complex. The chromatographic evidence for 
oligogalacturonide breakdown can be explained by postulating the interaction of the 
enzyme with a number of subunits in the substrate. 

Relatively little literature has appeared on enzymes that degrade highly esterified 
pectin. Some authors have worked with purified enzymes but they used various methods 
and different substrates. The literature on polymethylgalacturonases (PMG) is very 
doubtful. As most publications appeared before 1960, most of the enzymes described 
were probably not pectin hydrolases but lyases. Sections 2.4.2 and 2.4.3 review the 
literature on pectin lyases and pectin hydrolases. Special attention is paid to the 
homogeneity of the enzyme preparations and to substrates and methods used in 
these studies. The most important data are tabulated and discussed. 

2.4.2 Polymethylgalacturonases 

Since the discovery of pectin lyases in 1960 there have been only a few publications 
dealing with PMG (Koller, 1966; Koller & Neukom, 1967; Rexovâ-Benkovâ & 
Slezârik, 1966; Rexovâ-Benkovâ, 1967; Tani, 1967). These authors were aware of the 
existence of pectin lyases but with the methods available they could not demonstrate 
transeliminative degradation of pectin with the more or less purified enzyme prepara
tions. 

During the fractionation of the pectic enzymes of a commercial enzyme preparation 
produced by Aspergillus niger, Koller (1966) and Koller & Neukom (1967) obtained 
a fraction which showed high activity on highly esterified pectin {DE 95%) with 
optimum pH values of 4, 6 and 7. This fraction was obtained by chromatography 
of a methanol precipitate of the preparation on phosphate cellulose. At pH 4 pectin 
was degraded up to 57 %, leaving monomer, dimer, trimer, tetramer and pentamer as 
end-products. This was shown by thin layer chromatography. As 50% reduction in 
viscosity corresponded to about 9% hydrolysis this enzyme must have an endo 
character. Enzyme activity and extent of degradation were estimated by measuring 
the increase in reducing end-groups by the 3.5-dinitrosalicylic acid procedure with a 
preceeding saponification step in the cold. No increase in ultraviolet absorbance at 
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235 nm could be observed, so they considered this enzyme as an endo PMG. The 
fraction however was still contaminated with PE and PG which were also active in 
this pH range. The combined action of these enzymes may also result in the degrada
tion of highly esterified pectin. 

At pH 6.1 the pectin degradation was caused by a transelimination reaction, but at 
pH 7 it was not. By a heat treatment of 20 min at 75 °C pectin lyase and the other 
contaminating enzymes could greatly be inactivated selectively. The remaining enzyme 
degraded pectin to 39%, leaving dimers to pentamers as end-products, while no 
increase in ultraviolet absorbance could be observed. Also for this enzyme 50% 
viscosity reduction of the substrate corresponded to about 9% hydrolysis. This 
enzyme was also considered as an endo PMG. 

Rexovâ-Benkovâ & Slezärik (1966) and Rexovâ-Benkovâ (1967) described a PMG 
obtained from a surface culture of Aspergillus niger. The enzyme was purified by 
ammonium sulphate and alcohol precipitation, desalted by gel filtration, freeze-dried 
and further purified by repeated column chromatography on DEAE cellulose. The 
homogeneity of the preparation was confirmed by electrophoresis as well as by 
sedimentation analysis and by the detection of only lysin as N terminal amino acid. 
The degradation of 96.8% esterified pectin was not accompanied by an increase in 
absorbance at 235 nm. A sharp decrease in viscosity was observed during the first 
minutes of the reaction. Paper chromatography showed oligouronides as end-products. 
Because of these properties this enzyme was specified as an endo PMG. The enzyme 
was most active at pH 6.5 to 7 and quite heat stable: 54% of activity was retained 
after 24 h at 50°C. A Km value of 1.78.10-3 M (units of methylester of galacturonic 
acid, linked by oc-1-4 bonds in the molecule of the highly esterified pectin) was found. 

Tani (1967) described a PMG produced by Gloesporium kaki hori, a fungus which 
is involved in the soft rot of kaki fruits. The enzyme rapidly decreased the viscosity 
of a pectin solution; maximum activity was shown at pH 4.5. No increase in absorb
ance at 235 nm could be detected. The enzyme preparation was obtained by ammonium 
sulphate precipitation and fractionation by zone electrophoresis. The preparation was 
more active on pectin than on pectic acid and contained no detectable amounts of 
PE. The enzyme was able to macerate potato slices. 

The work before 1960 was reviewed by Demain & Pharf (1957) who subdivided 
these enzymes into two groups on the basis of optimum pH and extent of hydrolysis. 
By comparing the properties of these enzymes with the properties of pectin lyases, 
these enzymes appeared to be lyases rather than hydrolases. Evidence to support this 
fact was also found in my experiments (see Section 5.2). 

Roboz et al. (1952) and Seegmiller & Jansen (1952) described pectin degrading 
enzymes before pectin lyase had been detected. Roboz et al. (1952) obtained a partially 
purified enzyme preparation from the culture liquid of Neurospora crassa. The 
enzyme was studied with pectin NF {DE 60 %) and pectic acid as substrate and the 
results were therefore difficult to interpret. Its properties were similar to the enzyme 
described by Seegmiller & Jansen (1952) who isolated their enzymes from a commercial 
pectic enzyme preparation. By repeated precipitation at 40 % saturation of ammonium 
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sulphate, they obtained precipitates which showed increasing preference for pectin 
than for pectic acid substrates. Their final preparation degraded pectin 30 times faster 
than pectic acid. It had a negligible amount of PE. As substrate citrus pectin NF 
(DE 60%) was used. By viscosity measurements they estimated an optimum pH in 
the range of 5.5 to 6. Only 26 % of the available uronide bonds of pectin were split and 
17% of those of citrus methylglycoside of polygalacturonic methylester. There were 
no monomers and dimers detectable in the enzyme digests. 50 % reduction in viscosity 
corresponded to 0.5% hydrolysis, indicating an endo mechanism. 

Brooks & Reid (1955) demonstrated the occurrence of an enzyme in a submerged 
culture of Aspergillus foetidus that rapidly hydrolysed citrus pectin (DE 60%) at an 
optimum pH of 5.5 to a mixture of partially esterified oligogalacturonic acids, similar 
to the mixture found by Roboz et al. (1952). By heating the enzyme for 20 min at 60 °C 
and pH 5.3 the activity was completely destroyed. By studying the pectic enzyme 
complex of Aspergillus niger Schubert (1954) distinguished two 'pectin-glycosidases': 
a-pectinglycosidase (a-PG) and y-pectinglycosidase (y-PG). He obtained a purified 
oc-PG by keeping the filtrate of Aspergillus niger cultures for 30 min at pH 4.6 and 50 °C, 
then the pH was adjusted to 4.2 and 20% Fullers' earth was added. After 20 min the 
mixture was filtered and the filtrate was desalted with a mixed bed of Dowex 2 and 
Dowex 50. A clear enzyme solution was obtained which showed no activity on pectic 
acid. For the study of this enzyme pectins with a DE of 89 and 70% (Brown Ribbon 
pectins, Obipectin Ltd., Bischofszeil, Switzerland) were used, just as buffered native 
apple juice. The enzyme showed optimum activity at pH 5.5 and was activated very 
strongly by the addition of sodium ions. This activation increased with increasing 
pH of the substrate solution. In a salt-free reaction mixture of pH 6.3 the enzyme 
showed no activity. The optimum pH increased with increasing salt concentration. 
The y-PG showed an optimum at pH 8 to 9. 

An enzyme similar to the y-PG was described by Wood (1955). The enzyme was 
partially purified from cell-free culture liquid of Erwinia aroideae by fractional 
precipitation with acetone. The purified preparation still showed activity on sodium 
pectate solutions. With citrus pectin NF as substrate (DE 56%) optimum activity 
was measured between pH 8.5 and 9. About 92 % loss in viscosity corresponded to 1.7 % 
hydrolysis, thus demonstrating the endo character of the enzyme action. About 20% 
of the available uronide bonds of pectin were split, but no galacturonic acid was 
produced although other low molecular weight uronides were detected by paper 
chromatography. Wood (1955) further showed that the enzyme required calcium 
ions for activation and was rapidly destroyed at temperatures above 60 °C and at 
pH 2.7. The enzyme was able to macerate slices of potato tubers. 

2.4.3 Pectin lyases 

The first enzyme of this type was described by Albersheim et al. (1960b). They 
demonstrated that an enzyme of a commercial 'pectinase' preparation degraded 
pectin in a similar way to the pectin degradation in neutral or alkaline conditions 
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Fig. 1. Transelimination reaction by E2 mechanism (after Roberts & Caserio, 1964). 

(1960a). This degradation was characterized as a /?-transelimination. This elimination 
proceeds by a E2 mechanism, a second order reaction, so the reaction rate is propor
tional to the concentrations of nucleophilic agent (e.a. OH -) and the component 
undergoing transelimination (e.a. highly esterified pectin), Schmidt (1965), Roberts & 
Caserio (1964). This reaction is shown in Fig. 1. 

The E2 reaction occurs most easily if the molecule undergoing reaction can assume 
a conformation with the leaving groups, H and X, trans to each other and if the atoms 
H-Cp-C -̂X lie in one plane. This is only so when the particular groups are both in 
axial conformation. Fig. 2 shows the transeliminative degradation of a pectin frag
ment. It can be seen from this figure that the conformation at the C4-C5 link conforms 
to both conditions. By this degradation, products are formed with a ß-4-5 unsaturated 
galacturonide unit at the non-reducing end. The double bound is conjugated with the 
carboxyl groups of the esters and is in a-position with the ester group so that there is a 
strong absorption at 230-235 nm. Enzyme activity measurements are usually based 
on this phenomenon. The unsaturated products also produce a red colour when they 
react with thiobarbituric acid (TBA) reagent. Albersheim et al. (1960a) measured an 
absorption maximum for this chromogen at 547 nm, the same as was found for 
/?-formylpyruvic acid (Weissbach & Hurwitz, 1959). 

Albersheim et al. (1960b) found that the enzyme was active on citrus pectin NF 
(DE 65 %) but not on pectic acid. Paper chromatography of the end-products of the 
enzymatic cleavage showed unsaturated oligomers but no monomers. Based on these 
properties they characterized this enzyme as an endo pectin transeliminase. 

The term transeliminase should be replaced by lyase which is preferred by the 
International Union of Biochemistry (1961). This term is used by me. Koller (1966) 
suggested the systematical name poly-a-l,4-D-methyl-galacturonide-glycanolyase, 
number 4.2.2.3 instead of poly-a-l,4-D-galacturonide lyase, number 4.2.99.8 (Florkin & 
Stotz, 1965) similar to the lyases which split off water and are called 'substrate' 
hydrolyases. 

The pectin lyase (PL) of this enzyme preparation was partly purified by Albersheim & 
Killias (1962). They obtained a 22-fold purification by precipitation of contaminating 
material at pH 8, column chromatography on DEAE cellulose applying a sodium 
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Fig. 2. Transeliminative degradation of a pectin fragment. 

chloride gradient and gel filtration on Sephadex G75 and G50 (Albersheim, 1966). 
Paper electrophoresis indicated that the isoelectric point of the enzyme was between 
pH 3 and 4. In the same way a similar enzyme was isolated and purified from pea 
seedlings. With citrus pectin NF (DE 65 %) in Mcllvaine buffer the enzyme showed 
an optimum pH in the range 5.1 to 5.3. Enzyme activity was assayed by measuring 
directly the increase in ultraviolet absorbance at 235 nm. The energy of activation 
of the enzymatic reaction at pH 5.3 and 0.5 % substrate solution was estimated to be 
8.4 kcal/mol. From their data we calculated a K„ value of about 1.8 mg/ml pectin. 
Albersheim & Killias (1962) further showed the stimulating effect of multivalent 
anions. Lyase activity in phosphate citrate buffer was twice that in acetate buffer. 
The enzyme was inhibited by calcium ions in phosphate citrate buffer. Also product 
inhibition was observed. The inhibitory effect of the unsaturated compounds could 
be destroyed by ozonation. Albersheim (1963) demonstrated that the degree of product 
inhibition was markedly increased by plant auxins and antauxins such as 2.4-dichloro-
phenoxy-acetic acid, 2.4-dichlorophenoxy-isobutyric acid and 3 indole acetic acid. 
These compounds were not inhibitory in the absence of unsaturated product. It is 
suggested that auxins inhibit the action of pectin lyase by formation of a triple complex 
between auxin, the lyase and the unsaturated uronide. Bull (1968) presented results 
which indicate that the auxin product inhibition of the activity of pectin lyase in vitro 
can be attributed to errors in spectrophotometry associated with assaying optically 
dense reaction mixtures. 

Edstrom & Phaff (1964a) obtained a pectin lyase by partial purification of the cul-
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ture fluid of Aspergillus Jonsecaeus. PG was removed by selective adsorption on cal
cium pectate gel. Next the lyase was adsorbed on calcium phosphate gel and desorbed 
with 1 M sodium acetate buffer at pH 4. This treatment resulted in a substantial 
increase in specific activity. The calcium phosphate eluate was further purified by 
DEAE cellulose column chromatography. They purified the enzyme 50 to 100 fold; 
it was free of PG, PE and cellulase. As substrate they used citrus pectin NF (DE 68 %) 
and pectin M, a soluble pectin which gives a clear solution suitable for spectrophoto-
metric measurements. It was prepared by treating pectin NF with endo polygalactu
ronase produced by a yeast as described by Luh & Phaff (1951). This enzyme produced 
a maximum hydrolysis of about 1 % of the glycosidic linkages and rendered insoluble 
a small amount of amorphous gummy material. 

On pectin NF in sodium acetate buffer, optimum activity was measured at pH 5.2. 
In the presence of calcium ions they also found an optimum at pH 8.5. The release of 
1 umol of aldehyde groups in a 10 ml reaction mixture, estimated by the hypoiodite 
procedure, was equivalent to an increase of 0.555 in the absorbance at 235 nm 
measured for the same reaction mixture in a 1 cm cuvette. 

By studying the effect of cations, Edstrom & Phaff (1964a) illustrated stimulatory 
effect of calcium and magnesium in the degradation of pectin M at an optimum 
concentration of 0.13 M. Sodium ions were also activators even in concentrations of 
0.5 M. The stimulatory effect of calcium and sodium ions was influenced by the pH. 
Calcium ions brought about a second optimum pH at pH 8.5 with even higher activi
ties than at pH 5.2. Without cations there was no activity at higher pH. Phosphate 
and acetate ions in concentrations higher than 0.15 M exhibited significantly lower 
activities than did sulphate and chloride ions. Pectin lyase was shown to catalyse a 
random cleavage of pectin M, 50 % loss in viscosity corresponded with 3.2 % degrada
tion of the glycosidic linkages. The endo character of the enzyme was also demon
strated by paper chromatography of the reaction products of polymethyl polygalac-
turonate methyl glycoside (link pectin, 95.5 % esterified) treated with the lyase (Ed
strom & Phaff, 1964b). A gradual appearance of reaction products of increasing 
mobility with time was observed. Unsaturated trimer, tetramer and pentamer were 
the main end-products; there were only small amounts of unsaturated dimer. For 
paper chromatography 2 solvent systems were used for separating the methyl esters 
of oligogalacturonic acid. One system, butanol saturated with water, was able to 
separate unsaturated and saturated compounds. The other system, propanol, water, 
ethyl acetate (7:2:1), was not able to separate between saturated and unsaturated 
compounds. Unsaturated trimer showed the same migration as saturated monomer, 
unsaturated tetramer was not separated from saturated dimer. Additional informa
tion on the reaction product was obtained by saponification of the reaction mixture 
in the cold and separating the remaining oligogalacturonic acids with the epiphase of 
ethyl acetate, acetic acid, water (2:1:2). Detection of the spots was based on reactions 
for aldehyde groups (benzidine-trichloroacetic acid reagent), carboxyl groups (pH 
indicator spray), methyl esters (alkaline hydroxylamine followed by a mixture of 
ferric chloride and HCl) and unsaturated esters (quinine sulphate). With the methyl 
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