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LIST OF ABBREVIATIONS AND SYMBOLS 

Pectin lyase is the trivial name used throughout this thesis for poly (1,4 
a-D-methoxygalacturonide) lyase, EC 4.2.2.10, according to the recommenda
tions (1972) of the International Union of Pure and Applied Chemistry and the 
International Union of Biochemistry. 
A absorbance 
CD circular dichroism 
con A concanavalin A 
D diffusion coefficient 
DEAE diethylaminoethyl 
DMF N,N-dimethyl formamide 
DMSO dimethyl sulfoxide 
E* activation energy 
EDTA ethylenediaminetetra acetate 
f, f-, f= pH functions of the protonated, partially protonated and deprotonat-

ed species of a dibasic acid 
h Planck constant (6.624 x 10~27erg.sec.) 
AHm° change in enthalpy of the Km value 
AH 0 change in enthalpy 
AH* change in enthalpy of activation 
k velocity constant 
kcat velocity constant of catalysis 
kB Boltzmann constant (1.380 x 10_16erg.deg.~') 
Kd dissociation constant 
Keq equilibrium constant 
Km Michaelis constant 
K, dissociation constant of enzyme-inhibitor complex 
(A ionic strength 
ORD optical rotatory dispersion 
R universal gasconstant (1.98 cal.mole_I.degree_I) 
s sedimentation coefficient 
SDS sodium dodecyl sulphate 
T transmission coefficient 
TCA trichloro-acetic acid 
Tris tris (hydroxymethyl) aminomethane 
U Ultrazym 
v initial velocity 
V maximal velocity at infinite substrate concentration 
v partial specific volume 
Pipes piperazine N N ' bis 2 ethanesulphonic acid 



1. INTRODUCTION 

Pectin and pectic substances 
Pectin is the main component of the matrix material of the cell wall of 

higher plants. It is mainly situated in the middle lamel and the primary cell 
wall (ALBERSHEIM and KILLIAS, 1963). The pectic substances form a part of the 
uronate-sugar conjugates, a group of substances which belong like cellulose 
and starch to the most abundant natural substances produced by living orga
nisms. Carbohydrates, which contain uronic residues, occur in nature in a wide 
variety of polysaccharide structures and other sugar conjugates of animal, plant 
and microbial origin. The work of TALMADGE et al. (1973) shows the role of 
pectin in the structure of cell walls of higher plants. Examples of related sub
stances are the glycoaminoglycans of animals and alginic acid of algae. 

The nomenclature of pectic substances is very confusing. The American 
Chemical Society has given definitions (KERTESZ, 1951) for pectic substances, 
protopectin, pectinic acid, pectin and pectic acid on basis of their solubility in 
water, gelforming properties etc. These definitions are rather trivial, but com
monly used. 

Pectin is a heteropolymer, in which the backbone consists mainly of a-D-
galacturonic acid units connected by 1-4 glycosidic bonds and some regions 
which contain L-rhamnose (BARRETT and NORTHCOTE, 1965 and STODDART et 
al., 1967). Neutral sugars like L-arabinose, D-galactose, D-xylose, L-fucose 
e.a. are found as side chains (ASPINALL et al., 1968 and Foglietti and Percheron, 
1968). The content and distribution of these sugars affect the texture and the 
mechanical properties of the matrix (WORTH, 1967 and DOESBURG 1973). 

The conformation of the galacturonic acid residue in the polymer is the C-l 
(D) chair form (DEUEL and STUTZ, 1958). As a consequence the hydroxyl 
groups at C-l and C-4 are axial and in a trans-position to each other, and thus 
restrict the flexibility of the chain (see Fig. 1.1). 

As early as 1945 X-ray analysis by PALMER and HARZOG (1945) showed a 
helical conformation of pectic fibers and sodium pectate. REES and WIGHT 
(1971) concluded that the galacturonan backbone forms a right handed three-

IE HE mC 

FIG. 1.1. Removal of the proton at C-5 of a pectin monomer depicted in the C-l (D) con
formation (I), its product after ß-elimination (II) and the 1-C (L) conformation of the L-
idopyranuronate unit in dermatan sulphate (III). 
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fold helix. The rhamnose residues are responsible for kinks in the regular helici-
dal conformation. 

The following variable properties of pectin affect the chemical and physical 
properties of the polymer and influence its breakdown by different pectic 
enzymes : 
a. polymerization degree, 
b. content and distribution of rhamnose in the backbone, 
c. distribution, content, nature and length of side chains, 
d. degree of esterification, 
e. distribution of esterified groups along the chain. 

For example, VORAGEN et al. (1971) showed that the degree of esterification 
influences the activities of pectin lyase and pectate lyase. VORAGEN (1972) has 
also shown that the distribution of ester groups along the chain influences pectin 
lyase activity. 

Pectic enzymes. The abundance of pectic substances in a variety of composi
tions is reflected in a large number of pectin degrading enzymes, each with its 
own characteristics with respect to mechanism of action, pH optimum (for 
catalysis and stability), substrate specificity etc.. The pectolytic enzymes have 
been classified by DEMAIN and PHAFF (1957) and DEUEL and STUTZ (1958). 
However at that time all pectolytic enzymes were thought to be hydrolytic in 
nature. Following the discovery of enzymes which break down pectin by elimi
nation (ALBERSHEIM et al., 1960), NEUKOM (1963) introduced a new classifica
tion, containing eight classes of enzymes (apart from pectin esterase (3.1.1.11)). 
In this classification, presented in Table 1.1, the enzymes have been divided 
according to substrate specificity, nature of catalysis and working mechanism 
as indicated by prefix endo or exo. HATANAKA and OZAWA (1971) have readapt-
ed this scheme of Neukom to those enzymes whose existence has been demon
strated conclusively; exo-pectin lyase, endo- and exo-polymethylgalacturonase 
were excluded, whereas oligogalacturonide lyase and its hydrolytic counterpart 
were included. 

Recently a new classification of pectic enzymes has been proposed by PILNIK 

et al. (1973). These authors found that pectic acid is not the most suitable sub
strate for pectate lyase, but that depending on the source of enzyme the activity 
is greatest with 20 to 45 % esterified pectin. They proposed that the name Low 
Methoxy Pectin Lyase should be used instead of pectate lyase. Another sug
gestion, also based on the results mentioned above, is to use the enzymic activi-

TABLE 1.1. Classification of pectic enzymes according to NEUKOM (1963). 

Acting mainly on pectin Acting mainly on pectic acid 

1. Endo-polymethylgalacturonase (3.2.1.41) 5. Endo-polygalacturonase (3.2.1.15) 
2. Exo-polymethylgalacturonase 6. Exo-polygalacturonase (3.2.1.40) 
3. Endo-pectin lyase (4.2.2.3) 7. Endo-pectate lyase (4.2.2.1) 
4. Exo-pectin lyase 8. Exo-pectate lyase (4.2.2.2) 
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ty on the glycolester instead of the methylester of pectic acid as a criterion to 
discriminate between pectate lyase (active on glycol ester) and pectin lyase 
(inactive on glycol ester). 

The literature on the nature and specificity of pectic enzymes is sometimes 
very confusing. This is due to the use in many cases of enzymes of uncertain 
purity, to the failure of different authors to test their enzymes with the same 
substrates and to the use of widely different assay conditions. The review by 
ROMBOUTS and PILNIK (1972) is very useful, because they screened most of the 
early literature on pectic enzymes, but reviewed only those articles from which 
the enzymes could be placed in some well defined groups. 

After this short general introduction into the field of pectolytic enzymes and 
their substrates, only those aspects which are of importance for the actual re
search problems are covered by this dissertation. Chemical and enzymic 
transelimination, but not the hydrolytic counterpart, will be considered, fol
lowed by a discussion of the gap in our knowledge about the real process and 
kinetic parameters of the action of pectin lyase. Furthermore attention will be 
paid to the subsite theory which is important to an understanding of the behav
ior of polymer degrading enzymes. 

Chemical eliminative breakdown of polysaccharides. Polysaccharides are 
generally labile in alkaline solution. The terminal residue at the reducing end 
of the molecule is liberated as a sugar acid (WISTLER and BEMILLER, 1958) 
and in this way a stepwise degradation of the polymer occurs. In contrast, 
glycosidic bonds in the middle of a molecule are very stable in alkali (HUDSON, 

1916), but the bond at C-4 becomes labile following oxidation of the alcoholic 
group at the C-6 position. 

A common structural feature of all natural acid polysaccharides is the hexo-
pyronuronate unit which is linked via a glycosidic bond at the C-4 position to 
the next sugar residue. Stereochemically the glycosidic linkage at the 4-hy-
droxyl group is in the ß-position with respect to the carboxylic group. This is a 
basic requirement for the special elimination reaction with this type of material 
in alkaline solution. In 1950 VOLLMERT reported on the depolymerisation of 
pectin under neutral or alkaline conditions, which was ascribed to a ß-deal-
koxylation process by KENNER (1955), and to a ß-elimination by both WHISTLER 

and BEMILLER (1958) and NEUKOM and DEUEL (1958). In this case the proton 
at C-5 is activated by the electron withdrawing carbonyl group of the methylester 
at C-5, and removed by a hydroxyl ion (see Fig. 1.1). Pectate which contains 
carboxylate anions at the C-5 position, is much more stable, due to the reduced 
electron withdrawing power of this group (ALBERSHEIM et al. 1960). 

In an elimination reaction two ionic groups are removed from the substrate; 
an electrophile, typically a proton (often assisted by a base) and a nucleophile 
X (often assisted by an acid or a metal ion). This results in formation of a 
double bond (ROBERTS and CASERIO, 1965). 
Schematically this can be shown as follows : 
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-B-....H -BH 

I l \ / 
—C—C— • C = C + X" 
ß\ «\ / \ 

X 

Depending on the sequence of events, three different mechanisms of elimina
tion are distinguished: a) a carbanion or Elcb mechanism, in which a proton 
is removed first, b) a carbonium ion or El mechanism, where X is removed 
first and c) a concerted or E2 elimination in which both groups are removed at 
the same time via a single transition state. In enzyme-catalyzed elimination 
reactions metal ions often appear to play a role in activating the a-atom, which 
can be shown schematically as follows : 

-B-....H 

I I« 
—C—C— 

ß\ I 
X...M...Enzyme 

Enolase (DINOVO and BOYER, 1971) and aconitase (GLUSKER, 1968) are exam
ples of lyases, where catalysis follows a carbanion mechanism in which divalent 
cations function as just described. Also coordination of a metal with a basic 
group one carbon atom, or even more, removed from the carbon atom to be 
protonated is found (MILDVAN, 1974). For pectate lyase it is known that Ca2 +-
ions are essential for activity (ROMBOUTS, 1972). In this case the possibility 
exists, that the Ca2+-ion in the Ca-pectate complex is coordinated in such a 
way with one or more oxygen atom(s) in the galacturonic acid residue that a 
similar result is obtained. This can be illustrated by the model, given by AN-
THONSEN et al. (1972) for the chelation of metal ions with D-galacturonic acid 
(Fig. 1.2.) 

ROBERTS and CASERIO (1965) stated that for facile elimination reactions in 
cyclic systems, the leaving groups have not only to be positioned trans to each 

FIG. 1.2. Binding sites of a Ca2+ion in a a-D-galacturonic acid residue in the C-l (D) con
formation. 
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C02Me C02Me rjOoMe 
MeO J—OvOMe )—O i _ 0 

OMe OMe 

1 2 3 

FIG. 1.3. Structures of methyl pyranosides of 2, 3, 4-tri-O-methyl-ß-D-galacturonic acid (1), 
-a-D-glucuronic acid (2) and -a-D-mannuronic acid (3). 

other, but they have also to be in a diaxial conformation, so that the atoms 
involved are coplanar. If a trans diaxial conformation is precluded (because of 
rigidity of the ring system or absence of a trans ß-hydrogen) trans-elimination 
is not possible. If there is still elimination, it occurs at a much smaller rate, 
and must be a cis-elimination. 

BEMILLER and KUMARI (1972) have studied the ß-elimination in the methyl-
esters of methyl pyranosides of 2,3,4-tri-O-methyl-a-D-galacturonic acid, 
-a-D-glucuronic acid and -a-D-mannuronic acid (for structures see Fig. 1.3) 
at different alkali concentrations. The rates of the reactions were too fast to 
detect differences and thus evidence which would favor a trans-elimination 
above cis-elimination was not found. However, in the case of the ester of D-
mannuronic acid, the same authors also reported a subsequent elimination, 
after the formation of the product with the unsaturated bond between C-4 and 
C-5, leading to a second double bond, between C-2 and C-3. This second elimi
nation is not observed in the other cases indicating a pronounced favor for 
trans- above cis-elimination. This means that ring rigidity dictates whether or 
not trans-elimination is favored above cis-elimination (the 4,5 unsaturated prod
uct is much more rigid). These conclusions are in good agreement with the 
results obtained by WISTLER and BEMILLER (1960) and HAUG et al. (1963) on 
the difference in ß-elimination rates between polymers containing (l-4)-linked 
D-galactopyranosid-uronic acid esters (trans (a,a)elimination) and those of 
polymers consisting of D-mannopyranosiduronic acid esters. 
Thus the mechanism of the chemical elimination of uronic acids can be assumed 
in all cases to occur according to the following pathway: a) removal of the 
proton at C-5 (forming a carbanion), b) conformational inversion (if necessary 
and possible) and c) elimination; an Elcb mechanism. 

The ß-eliminative degradation of carbohydrates has been reviewed recently 
by Kiss (1974). In this excellent review the present state of our knowledge on 
both chemical and enzymic elimination is given. 

In nature the elimination reactions within sugar polymers which contain 
uronic acid residues are catalyzed by enzymes, and are not so strictly bound to 
the same demands of conformation or configuration as in the chemical elimina
tion reactions. Already in 1954 WEISSMANN et al. reported on enzymes which 
are able, as determined later, to degrade hyaluronic acid by an eliminative 
process. SUZUKI (1960) and HOFFMAN et al. (1957, 1960) described enzymes 
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Fio. 1.4. Structures of: sodium hyaluronate (I), dermatan sulphate (II), chondroïtin 6-
sulphate (III), chondroïtin 4-sulphate (IV), heparin (V), the subunits of alginic acid (VI) and 
pectin (VII). The conformations of the subunits are C-l (D), 1-C (L), C-l (D), C-l (D), C-l 
(D) and 1-C (L), C-l (D) and 1-C (L), C-l (D) respectively. 

which are able to catalyze the eliminative depolymerization of chondroitin-4-
sulphate, chondroitin-6-sulphate and dermatan sulphate respectively. N-acetyl-
heparansulphate (LINKER and SAMPSON, 1960) and heparin (DIETRICH, 1968, 
1969) can be degraded enzymatically in an analogous fashion. 

The eliminative breakdown of pectin and pectic acid was first reported by 
ALBERSHEIM (1958) and PREISS and ASHWELL (1963) respectively. PREISS and 
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ASHWELL (1962) also reported the ß-eliminative degradation of alginic acid. 
Fig. 1.4 shows the different structural formulas of these complex sugars. It 
can be seen that heparin and alginic acid have two possibilities of (enzymatic) 
eliminative cleavage (as well diaxial as axial-equatorial). The subscript C-l 
(D) or 1-C (L) indicates the configuration of the residue involved. These two 
kinds of configuration are depicted in Fig. 1.1, from which the type of elimina
tion (a,a or a,e) can be determined. In the same figure the configuration of the 
unsaturated product obtained after elimination is shown for the case of pectin. 
These examples show that in nature elimination occurs with both diaxially 
oriented and equatorially-axially oriented leaving groups. 
However, it has not yet been conclusively shown, that the enzymic eliminative 
depolymerisation of polyuronic acids proceeds through a carbanion mechanism 
as is the case in chemical trans-elimination. Also the rate limiting step has 
not yet been determined in any of the enzymic trans-elimination reactions. 

The importance of pectic substances and enzymes in nature and industry 
have been reviewed by VORAGEN and PILNIK (1970). From this review we know 
that pectin lyases are a common constituent of commercial enzyme preparations 
used widely in the food industry, and therefore their products with an unsatu
rated bond occur also in food. No one has determined whether these prod
ucts have toxicological or carcinogenic side-effects. This aspect is beyond the 
scope of this thesis, but it is notable that the esterified unsaturated compounds 
are unstable and also that biochemical transformation of the 4,5 unsaturated 
4-deoxyhexopyranuronates is known to occur in micro-organism. In Fig. 1.5 a 
scheme is given for the biological degradation of 4-deoxy-L-threo-hex-4-
enopyranuronate, and endproduct of the enzymatic elimination of for example 
pectic acid and alginic acid. The degradation is mediated by a pyridine nu
cleotide linked dehydrogenase, leading to glyceraldehyde 3-phosphate and 
pyruvate (ASHWELL et al., 1960 and PREISS and ASHWELL, 1962, 1963). 

After this general introduction into the field of both chemical and enzymic, 
eliminative breakdown of poly-uronic carbohydrates, only the elimination of 
pectin by pectin lyase will be considered. 

After their discovery by ALBERSHEIM et al. (I960), relatively little literature 
has appeared on this type of enzyme. Moreover, objections similar to those 

C02H 

C = 0 

CH2 

HCOH " 

HCOH 

C = 0 
H 

CO2H 

C = 0 

_ CH2 

HCOH 

C = 0 

CH2OH 

C02H 

C = 0 

ATP. CH2 

HCOH 

CHjOPof 

H 
C = 0 

— HCOH + 

CHjOPof 

CO? 
C = 0 

C H 3 

FIG. 1.5. Biochemical transformation of 4-deoxy-L-threo-hex-4-enopyranuronate after 
PREISS and ASHWELL (1962, 1963). 
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noted earlier in the case of the literature about pectic enzymes, can be made 
about the literature on pectin lyases. Consequently the reported data for pH 
optima (ALBERSHEIM and KILLIAS, 1962; EDSTROM and PHAFF, 1964; BUSH and 

CODNER, 1970; AMADO, 1970 and ISHII and YOKOTSUKA, 1972), Km-values and 

turnover numbers (ALBERSHEIM and KILLIAS, 1962; BUSH and CODNER, 1970 

and AMADO, 1970), activation energy (AMADO, 1970; ALBERSHEIM and KILLIAS, 

1962) etc. cannot be compared. Only VORAGEN (1972), ISHII and YOKOTSUKA 

(1972) and BUSH and CODNER (1970) have provided some indication of the 
purity of the enzyme preparations, namely analysis by Polyacrylamide disc gel 
electrophoresis. 

The pectin lyases described in the literature can be roughly divided into two 
classes. Enzymes in one class are characterized by a low pH optimum (5 to 7) 
and an absolute specificity for pectin, while enzymes in the second class show a 
much higher pH optimum (above 8) and also degrade pectic acid (but with a 
smaller turnover number). Enzymes in the second class are also distinguished 
by a requirement for Ca2 + ions. This second class seems to occur mainly in 
pathogenic fungi (BYRDE and FIELDING, 1968; Bateman, 1966, and SHER

WOOD 1966). 

The confusing literature about pectin lyases prompted us to study systemati
cally the effects of substrate, pH, ionic strength and temperature on a pectin 
lyase isolated from Aspergillus niger in order to elucidate (partly) its mechanism 
of action. Determination of the Michaelis-Menten parameters with oligomeric 
substrates is a further method that has been used to study the mechanism of 
action of depolymerizing enzymes and to develop the so-called subsite model. 
The glycoprotein character of pectin lyase has had two consequences. In the 
first place it has evoked a search for a possible function of the carbohydrate 
moiety of the enzyme and secondly it has enabled us to carry out affinity chro
matography using immobilized lectins (in our case Concanavalin A). 

Meded. Landbouwhogeschool Wageningen 75-13 (1975) 



2. MATERIALS AND M E T H O D S 

2.1. MATERIALS 

The starting materials used for the isolation of pectin lyase, Ultrazym-20, 
Ultrazym-40, Ultrazym-100 and a concentrated culture extract, were a generous 
gift of Dr. P. W. Müller from Ciba-Geigy A.G.. These materials were obtained 
from a culture of one Aspergillus niger strain on a solid medium. 

Commercial pectin preparations, brown ribbon and green ribbon pectin, 
were obtained from Obi-pektin A.G.; a-methyl-D-glucoside from Sigma 
Chemical Co.; polygalacturonic acid from Schuchardt and a-D-galacturonic 
acid from Fluka A.G. 

Chromatography materials like Con A-Sepharose, DEAE Sephadex A-50, 
Sephadex G-100, G-200 and G-25, carrier ampholytes (3-6), Blue dextran 
and Sepharose 6-B were purchased from Pharmacia Fine Chemicals, whereas 
Biogel P-2 was obtained from Biorad and Dowex 1 XB from Noury and Baker. 
Ammonium persulphate and N,N,N;N'-tetramethylenediamine were purchased 
from E.C. Company, Philadelphia; acrylamide and SDS from British Drug 
House; N,N'-methylene diacrylamide from Koch-Light and Brilliant Blue R 
from Sigma Chemical Co.. Calibration proteins for molecular weight deter
minations were obtained from Boehringer GmbH. 

2,4-dichlorophenoxyacetic acid, sodium azide and indolyl acetic acid were 
delivered by British Drug House; N-acetyl imidazole by Sigma Chemical Co; 
glycin methylester by Merck; Bengal Rose by British Drug House; sulphanic 
acid by Brocades, N-ethyl-N'- (3-dimethylaminopropyl)-carbodiimidhydro-
chloride by Merck; Ellman's reagent by Britisch Drug House, diethyl pyro-
carbonate by Sigma Chemical Co. and vanilin by Merck. All other reagents 
and chemicals were of analytical grade. 

2.2. METHODS 

2.2.1 Preparation of highly esterified pectin 
Highly esterified pectin was prepared from brown ribbon apple pectin, a 

commercial pectin preparation which has a degree of esterification of about 
75 %. For this, 200 g pectin was wetted with ethanol (96 %), 20 litres water were 
added and the mixture was kept at 60 °C for 3 hrs. The undissolved material 
was removed by centrifugation at 18,000 r.p.m. in a continuous flow rotor 
adapted to a M.S.E. 18 centrifuge. In order to bleach the colored preparation 
5 g NaC102 was added to the supernatant (DERUNGS, 1958) and the solution 
was subsequently stirred for one night at 4°C. The solution was then filtered 
over filter aid and the pectin in the filtrate was precipitated by slowly adding, 
with vigorous mixing, 96 % ethanol (ratio of alcohol to pectin solution is 7:3) at 
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room temperature. The precipitate was washed with ethanol (96%). Cations 
could be removed by washing this precipitate with a mixture of ethanol (70 %) 
and 5N HCl in a 3:1 volume ratio. Further washings were performed with 70 % 
ethanol until the filtrate was free from chloride. Thereafter the pectin was 
washed with ethanol 96% followed by 100% acetone. The preparation was 
then dried under vacuum at 40°C (yield ca. 160 g pectin). The esterification was 
done according to HERI et al. (1961) with an absolute methanol-2 N sulphuric 
acid mixture. The pectin preparation was suspended in 5 litres of this mixture, 
which was pre-cooled on an ice bath, and allowed to react for one week under 
continuous stirring at 4°C under N2 . 

As much water is produced during the esterification, the pectin was collected 
by filtration, washed with absolute methanol until sulphate free, dried at 40 °C 
and resuspended again in a methanol-2 N sulphuric acid mixture. After two 
weeks the pectin was filtered, washed with 70% ethanol, until acid free, and 
then with ethanol (96%). The preparation was dried under vacuo at 40 °C 
(yield 140 g pectin). 

The degree of esterification and the uronide content of the preparation were 
determined acidimetrically according to DOESBURG (1965) and found to be 
94.2% and 79% respectively. The water content, determined with the Karl-
Fisher method (VOGEL, 1961), was 15.5%. The preparation therefore contained 
5.5% impurity (non uronide). The degree of polymerisation of this preparation 
was kindly determined by Dr. A. G. J. Voragen by osmometry and found to 
be approximately 42. 

From this preparation stock solutions for activity measurements were made 
as follows : 90 ml distilled water was added to 1 g of pectin, wetted with ethanol, 
and the mixture was heated at 100°C for 10 min. Undissolved material was 
removed by filtration over glasswool, and the solution was made up to 100 ml. 
Stock solutions were stored in the refrigerator for not longer than one week. 

2.2.2. Preparation of pectin oligomers 
The pectic acid oligomers were prepared by leading an aqueous 1 % pectic 

acid solution over a column (5 cm x 1.5 cm diameters) of immobilized poly
galacturonase with a flow rate of 20 ml/hr (VAN HOUDENHOVEN et al., 1974). 

The eluate, a mixture of different oligomers containing mainly trimer to 
hexamer, was concentrated (to 2 % of the total volume) and SrCl2 was added in 
100% excess. The strontium salts of the uronates were precipitated by addition 
of 4 volumes of 92 % ethanol. They were dissolved in distilled water and con
verted to free acids by stirring overnight with an excess of Dowex-W X8 (H+). 

After filtration, the solution was loaded on a column with dimensions of 2.5 
X 100 cm (Dowex 1X8,200-400 mesh in the formate form). Elution and separa
tion was performed by using a 10 liter linear gradient from 0.2 to 0.8 M sodium 
formate pH 4.7 (NAGEL and WILSON, 1969). The individual peaks from the 
column were concentrated, converted to free acids and rechromatographed 
as described above, but with a salt gradient adapted to the polymerization 
degree. Final products were concentrated and converted to free acids, then 
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further concentrated by evaporation to a thin syrup and precipitated with 96 % 
ethanol. After washing twice with alcohol, the material was collected by filtra
tion and vacuum dried at 50 °C. The separation of oligomers, outlined above, 
was kindly performed by Dr. A. G. J. Voragen (for more detailed information 
see VORAGEN, 1972). The products were analyzed by U.c. on silica gel with a 
butanol, formic acid, water mixture (2:3:1) (KOLLER and NEUKOM, 1964) as 
developing solvent. Spots were detected by spraying with 3 % sulphuric acid 
and 0.5% vanilin in ethanol followed by heating for 10 min. at 100°C. 

Esterification of the individual oligomers was performed by dissolving them 
in abs. CH3OH + 0.02 N HCl (1 % solution) and allowing the oligomers to 
react during two weeks at 4°C. The reaction was stopped by neutralization 
with Ag2C03 (300% excess over chloride). After filtration the solution was 
evaporated to dryness. The residue was dissolved in water and freeze-dried. 
Esterified oligomers were stored under vacuo and not redissolved until imme
diately before use. 

2.2.3. Storage of pectin lyase 
The purified enzyme, both pectin lyase type I and type II, was routinely 

stored frozen at -10°C. Standard buffer used to dissolve and dilute the enzyme 
was 0.02 M phosphate buffer pH 6.0 containing 0.2 M NaCl, unless stated 
otherwise. 

2.2.4. Assay of pectin lyase activity 
The activity was assayed spectrophotometrically by recording the increase 

in optical density at 235 nm (ALBERSHEIM et al., 1960). Initially, the catalytic 
activities are expressed in units. One unit has been defined as that quantity 
of enzyme which causes an increase in extinction of 1 per minute under standard 
assay conditions. 

The assay mixture contains: 1.5 ml Mcllvaine buffer pH 6.0 (y. =0.5), 
0.1-1.4 ml 1 % pectin stock solution in distilled water and 1.3-0 ml distilled 
water. After equilibration in a waterbath at 25 °C, 0.1 ml of enzyme in a ap
propriate dilution (corresponding with an increase in optical density between 
0.1 and 0.2 per minute) is added. In the standard assay 0.25 ml of substrate is used. 

For the determination of the pH dependency (Chapter 4), Mcllvaine buffers 
and phosphate buffers of constant ionic strength (0.5 and 0.1 respectively) 
were used, prepared as described by DAWSON et al. (1969) and BOYD (1965) re
sulting in a final ionic strength of 0.25 and 0.05 respectively. For the measure
ments above pH 6.0, the pectin stock solution was adjusted at pH 6.0 before 
use with 1 N NaOH. The pH was measured directly in the cuvette with a 
Radiometer PHM 25b, with scale expander (MHA 925a) and microelectrode 
(Ingold, type 405-M3-NS). In the case of temperature dependency studies, 
temperatures were measured 1 minute after enzyme addition, directly in the 
cuvette, with a telethermometer. Temperature range of the measurements: 
4-32°C. 
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2.2.5. Calculation of kinetic parameters 
V and Km-values were calculated by non linear regression analysis with a 

standard Wang program (no 1047/GS 2), for a Wang 700 electronic calculator 
in combination with an IBM typewriter/plotter, which has been slightly changed 
in order to obtain a listing of input and output. The parameters were converted 
into international units, using 37500 and 36750 for the molecular weights of 
pectin lyase type I and II respectively and 5500 M _ 1 cm _ 1 as extinction coeffi
cient of the unsaturated product (Edstrom and Phaff, 1964). 

Curve fitting of pH profiles is carried out with the same equipment. There
fore, the data points were first plotted with a Wang program 'Standarized point 
plotting routine for first quadrant-automatic scaling' (no 1020/GC/UT 1). 
Thereafter steps 214-574 were loaded of a Wang program 'Standarized plot
ting routine for the first quadrant-automatic scaling (no 1017 GC/UT 1). After 
step 574 we inserted a program for storage of constants and calculation of the 
function; in case of V according to eq. 4.9, for V/Km to eq.4.18, for Km to eq.4.9 
divided by eq.4.18 and for v based on eq. 4.20. 

Computor analysis of the pH profiles, in order to obtain the different con
stants, was kindly performed by Ir. G. S. Stelling of the computer centre of 
the Agricultural University on a DEC 10 computer. The program is based on 
the method of SPÄTH (1967) for minimizing a sum of squares and for solving a 
system of non linear equations. Of great importance in this procedure is the 
choice of the precision and the step size. An estimate of the constants (starting 
values) has to be given in advance. 

The expression of the substrate concentration is unless otherwise stated, 
based on the number of glycosidic bonds which connect esterified galacturonic 
residues and is given in moles/liter. 

Therefore, the amount of weighed pectin is corrected for uronide content, 
moisture content, degree of esterification and the kind of glycosidic bonds 
mentioned above. The last correction was obtained by multiplying the concen
tration by the square of the fraction of esterified groups. 
For example : 

[S] = ^ x ( IOO-°/OM-%NU) x /%y\ ( 2 1 } 

Mw 100 

in which: W : weight of pectin (grams/liter) 
Mw : mean molecular weight monomer 
%M : moisture content (percentage) 
%NU : percentage non uronide 
%V : percentage of esterification 
[S] : substrate concentration 

2.2.6. Polyacrylamide disc gel electrophoresis 
Electrophoresis was carried out using an acrylophore from Pleuger in com-
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bination with a Shandon power supply. Stock solutions were made and gel 
polymerization performed as described by ORNSTEIN and DAVIS (1962). The 
system consisted of a fine-pore gel (10%) overlayered with a small amount of 
large-pore gel (4%). The electrophoresis buffer was 10 mM Tris/glycine (pH 
8.3-8.5). Electrophoresis was carried out at 2.5 mA per tube for 2 hrs at 4°C. 
The amount of protein used in different experiments varied from 20 to 200 [xg. 
Staining and fixation of the protein bands were performed in 0.05 % solution 
of Coomassie Brilliant Blue R. in 10% T. C. A. during 1 hr. (CRAMBACH, 

1967). The dye solution was made just before use by diluting a 1 % dye solution 
in H 2 0 1:20 (v/v) with 12.5% T.C.A. Destaining of the gel was carried out by 
washing over a 48 hrs period with several changes of 10% T.C.A. 

The patterns were analyzed by scanning the gels with a Gilford electro
phoresis spectrophotometer, equipped with a linear transport mechanism, 
measuring relative densities at 560 nm. 

2.2.7. Sodium dodecylsulphate-polyacrylamide gel electrophoresis 
SDS gel electrophoresis was carried out using the equipment described above 

for normal disc gel electrophoresis. Stock solutions were made according to 
LAEMLI (1970). Routinely a standard gel percentage of 10% was used. Varia
tions in percentage of gel were obtained by varying the ratio of acrylamide/ 
bisacrylamide solution to water. The total volume of both solutions was kept 
constant. Protein samples were pre-incubated for 2 hrs at 37 °C in 0.0625 M 
Tris/HCl buffer pH 6.8 containing 2% (w/w) SDS, 10% (v/v) glycerol, 5% 
ß-mercaptoethanol and 0.001 % bromophenol blue. The composition of the 
electrophoresis buffer was 2 mM Tris/HCl, containing 1 % SDS, pH 8.4. 

The proteins used for calibration were: bovine serum albumin (67,000) 
catalase (60,000), tobacco mosaic virus protein (T.M.V.) (17,400), ß-lactoglo-
bulin (18,600), lysozyme (14,300), ribonuclease (13,500) and cytochrome c 
(12,500). Samples were pre-incubated for 3 min. at 100°C. 

Electrophoresis was carried out by applying a current of 2 mA per tube 
during 4 hrs. Staining and destaining were done according to WEBER and OS

BORNE (1969). 
Acrylamide and bisacrylamide were recrystallized before use from chloro

form and acetone respectively (MAURER, 1968). 

2.2.8. Iso-electrofocusing 
Electrofocusing experiments were performed with a L.K.B. ampholine 

Electrofocusing equipment consisting of a column L.K.B. 8101 (110 ml), a 
L.K.B. power supply 3371 D and a gradient mixer, L.K.B. 8121. The light 
electrode solution for the cathode contained 0.2 ml ethanolamine and 10 ml 
H 2 0 , while the dense electrode solution for the anode was composed out 
of 12 g sucrose, 14 ml H 2 0 and 0.2 ml H 3P0 4 . The gradient itself was formed 
out of the components. The heavy component consisted out of 3.7 ml carrier 
ampholytes 3-6 in 42 ml H 2 0 with 28 g sucrose whereas the light component 
consisted out of 1.3 ml carrier ampholytes 3-6 in 60 ml H 2 0 . The enzyme was 
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applied after the column had been half-filled. The enzyme solution (0.4 ml) 
contained 25 mg sucrose and 0.02 ml carrier ampholytes. The voltage applied 
was gradually increased during the first 4 hrs of the experiments from 160 to 
340 mV (power never exceeded 1.2 Watt). After 40 hrs equilibrium was reached 
and fractions of 1 ml were collected and assayed for extinction at 280 nm, 
pectin lyase activity and pH. 

2.2.9. Gel-chromatography 
2.2.9.1. Ge l f i l t ra t ion on Sephadex G-200 and G-100 

The molecular weight determinations with Sephadex G-200 were performed 
with a L.K.B. precision column (90 cm x 1.2 cm diameter); in the case of 
experiments on Sephadex G-100 a Pharmacia column (45 cm x 2.5 cm diame
ter) was used. Experiments were done in two different buffer systems : 
a. 20 mM phosphate buffer pH 6.0 plus 200 mM NaCl, 
b. 50 mM Tris/HCl buffer pH 7.5 to which 100 mM KCl and 30 mM EDTA was 

added. 
The columns were calibrated with Blue dextran and the following proteins : 

alcohol dehydrogenase (yeast, 150000), lipoamide dehydrogenase (pig heart, 
104000), ovalbumine (42500), cytochrome c (12500), ribonuclease (13500) and 
a riboflavin binding protein (37000). 

The data were analyzed in two different ways : 
a. All data were treated according to ANDREWS (1964) and ANDERSON and 
STODDARD (1966), in which it is assumed that the gel filtration occurs through 
steric exclusion. By plotting the elution parameter of the protein (Ve or 
Ve/V0) versus the logarithm of the molecular weight (mol.wt.) of the standard 
proteins a calibration curve is obtained. 
b. For experiments performed with Sephadex G-200, the equation (2.2), derived 
by ACKERS (1964) for restricted diffusion in cylindrical pores, is also used. 

Kd = Yllll = (1 - a / r ) 2 [1 - 2.104 a/r + 2.09 (a/r)3 - 0.95 (a/r)5] 
V i (2.2) 

V; = inner volume of the particles (0.95 (V,-V0)) 
a = Stokes radius of the protein 
r = pore radius of the particle. 

For calculations according this theory the column was calibrated with Blue 
dextran, alcohol dehydrogenase (yeast, a = 46 Â) and lipoamide dehydroge
nase (pig heart, 41 Â). With the Svedberg relationship the mol.wt. can be 
calculated; the frictional coefficient and the diffusion coefficient can also be 
obtained from the Stokes radius as described by SIEGEL and MONTY (1966). 

2.2.9.2. Gel f i l t ra t ion in 6 M Guan id ine - HCl 
This was performed essentially as described by FISH et al. (1969) on a column 

(40 cm x 2.5 cm diameter) of Sepharose-6B using Blue dextran and tryptophan 
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as markers for the void volume (V„) and internal volume (Vi) respectively. The 
column was equilibrated with 20 mM Tris/HCl pH 7.5 containing 6 M 
GuHCl. Calibration proteins were: riboflavin binding protein (37000), ß-
lactoglobulin (18600), ribonuclease (13500) and bovine serum albumin (67000). 
Samples of 0.5 ml of standard proteins and pectin lyase in 50 mM Tris/HCl 
pH 7.5 and 6 M GuHCl were reduced under nitrogen during 4 hrs with 0.2 ml 
ß-mercaptoethanol, followed by a 2 hrs incubation period with 0.02 ml acrylo-
nitril under nitrogen in order to block sulphydryl groups (WEIL and SEIBLES, 

1961). GuHCl was recrystallized before use as described by NOZAKI (1972). 
The weights of all fractions were measured. 

The distribution coefficient of the protein is calculated using the expression : 

V - V 
Kd = - ! -0 (2.3) 

v,-v0 

A plot of Kd versus log mol.wt. is not linear (FISH et al., 1969) in this 
case. PORATH (1963) derived the equation: 

Kd
1/3 = A -B .R e (2.4) 

in which A and B represent condition and protein dependent constants and 
Re the effective hydrodynamic radius of the solute. 
Re is directly proportional to the radius of gyration (RG), while, for reduced 
polypeptide chains in 6 M GuHCl, R G ~ M 0 5 5 5 (FISH et al., 1969). Therefore 
a linear standard curve can be constructed by plotting Kd£ versus (mol.wt.)0,555. 

In cases of gelchromatography and SDS electrophoresis, where the para
meters wanted are deduced from linear calibration curves, these curves are 
calculated with their correlation coefficient by linear regression analysis. 

2.2.10. Ultracentrifugation 
Sedimentation and diffusion coefficients were determined using an M.S.E. 

analytical ultracentrifuge. Sedimentation or diffusion processes were followed 
with Schlieren optics and photographs were taken at regular time intervals. For 
the calculation of the sedimentation coefficient a graphical method according 
to ELIAS (1961) was chosen. The diffusion coefficient was obtained by using the 
surface method described by the same author. In both types of experiment, 
the temperature was kept at 20 °C, while the rotor speeds were 55000 r.p.m. 
and 5000 r.p.m. respectively. The molecular weight was determined using the 
Svedberg relationship 

M = R T S ° (2.5) 
( l - vp )D 

M molecular weight dalton 
R gas constant erg. mole ~1 .deg. ~1 
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v partial specific volume ml/g 

p density g/ml 

s sédimentation coefficient s e c - 1 

D diffusion coefficient cm 2 s ec _ 1 

The molecular weight has also been determined by equilibrium centrifuga-
tion using a Spinco analytical ultracentrifuge model E equipped with a recor
ding system for absorption at different wavelengths (Es and BONT, 1966). 
The mol.wt. was calculated from the slope of a In c versus r2 plot. The equili
brium centrifugation was kindly performed by Dr. J. A. L. Walters at the Dept. 
of Biochemistry of the University of Nijmegen. 

2.2.11. Circular Dichwism 
CD spectra were recorded on a Jouan Dichrograph II. Cells of 5 mm were 

used. The cell compartment was flushed with dry nitrogen. Special care was 
taken to place the cell in the right position upon recording in the far ultraviolet 
region. The helical content of the protein was estimated from the mean residual 
ellipticity at 222 nm. In the used approximation (2.6) of CHEN and Y A N G 

(1971) a correction for contributions of ß-structures near 222 nm in included. 

[0 ] 222 = - 3 0 , 3 0 0 f H - 2 3 4 0 (2.6) 

[ 0 ] 2 2 2 mean residual ellipticity 

fH fraction with helical conformation. 

2.2.12. Optical Rotatory Dispersion 
O R D measurements were made with a Jasco ORD/UV-5. The compartment 

was flushed with nitrogen. Analysis of the spectra were only carried out for the 
determination of the helical content by using the mean residual specific rotation 
(m') at 233 nm and the relation (2.7) of CHEN and YANG (1971). 

[ m ' ] 2 3 3 = - 12 , 700 f „ - 2520 (2.7) 

2.2.13. Fluorescence 
The fluorescence measurements were performed with a Hitachi-Perkin Elmer 

MP 2A fluorospectrophotometer or a cross correlation phase and modulation 
fluorometer built by the T F D L (Wageningen). Spectra are not corrected for 
scatter of the solvent and variations in the intensity of the lamp. 

2.2.14. Determination of sugars 
The carbohydrate moiety of both types of pectin lyase was analyzed by Gas 

Liquid Chromatography according to the method of CLAMP et al. (1971). In 
this case the preparation of the samples for chromatography consist out of 
methanolysis, re-N-acetylation and trimethylsilylation. 

For the performance of the experiments Dr. J. F . G. Vliegenthart had kindly 
given hospitality at his laboratory of Organic Chemistry at the University of 
Utrecht. 
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3. P U R I F I C A T I O N AND C H A R A C T E R I Z A T I O N 

3.1. INTRODUCTION 

Purifications of pectolytic enzymes have been described since micro-orga
nisms, capable of degrading pectin, were discovered in 1850 by MITSCHERLICH. 

The earlier literature has been reviewed by DEUEL and STUTZ (1958). The 
subsequent discovery of the enzymic eliminative breakdown of pectin and 
pectic acid required a complete reexamination of all the previous literature on 
the subject. 

In most of the literature the criteria used for purity and classification of 
pectolytic enzymes are the lack of (accidentally) tested contaminating activities, 
and furthermore pH profiles, thermostability, pH stability etc.. Only in excep
tional cases does the literature mention an analysis for purity such as Poly
acrylamide disc gel electrophoresis, molecular weight determination etc.. 

With respect to the purification methods employed, a distinction can be made 
between the conventional methods which are based on the physico-chemical 
properties of the protein and more recent methods which depend on affinity 
chromatography. The latter method is based on specific recognition and rever
sible adsorption of the enzyme on for example a substrate, a competitive inhi
bitor or a cofactor. This technique has already been used in principle by ED-
STROM and PHAFF (1964) by their finding of a selective adsorption of polygalac
turonase on Ca-pectate gel. 

For several reasons a complete purification of fungal extracellular enzymes 
is very difficult and time consuming. First of all fungi often excrete more than 
one enzyme which catalyzes the same reaction and appears to have very similar 
physico-chemical properties. For example, Aspergillus carneus (HIRAOKA et al., 
1972) excretes two dextranases with pi values of 4.12 and 4.35, whereas two 
types of pectinesterase were found in Coniothyrium diplodiella which differ 
only slightly in isoelectric point (ENDO, 1964). Similarly, ERIKSON and PETTERSON 

(1968) isolated two cellulases from Stereum sanguinolentum which differ slightly 
with respect to isoelectric point and carbohydrate content. This means that 
especially with fungal extracellular enzymes the presence of only one enzyme 
activity does not exclude the possibility that more than one enzyme is present. 
Secondly, many pectic enzymes and other extracellular enzymes from the same 
source have very similar molecular weights and charges, with the result that 
they are very difficult to separate by conventional techniques of protein frac
tionation. 

A good illustration of the difficulties which arise in the purification of one 
enzyme, for the reasons just mentioned, can be found in the series of papers 
by Bahl and coworkers concerning the purification of glycosidases of Aspergil
lus niger. Several different glycosidase activities were tested in the extracts of 
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A. niger and during their separate purification. Elution profiles obtained by 
ion exchange chromatography on DEAE-Sephadex columns and by molecular 
sieving on Sephadex G-150 columns, showed only minor differences in charge 
and molecular weight between the glycosidases ß-galactosidase, ß-mannosidase, 
a-mannosidase, ß-N-acetylglucosaminidase (MATTA and BAHL, 1972). Even 
after the DEAE and Sephadex treatments a contaminating protease activity 
is present (BAHL and AGRAWAL, 1972). 

Because of these problems, the technique of affinity chromatography promi
ses to become particular useful for the purification of extracellular enzymes 
from fungi. Some examples of the use of this method for the purification of 
sugar degrading enzymes are given by JUNO wies and PARIS (1973) for glycosi
dases, by HARRIS et al. (1973) for ß-glucuronidase, by JENSEN and KLEPPE (1972) 
for lysozyme and by REXOVÀ-BENKOVÂ and TIBENSKY (1972) for polygalacturo
nase. 

3.2. PURIFICATION 

The purification procedure has been changed several times, due to differences 
in the starting material, and also as a result of scaling up. As source of the en
zyme, U-20, U-40, U-100 and a concentrated culture liquor have been succes
sively used. These commercially available preparations all contain pectin lyase 
from the same fungal source. In the enzyme preparation U-20, the enzymes are 
adsorbed and dried together with some other insoluble material. U-40 on the 
other hand, is a liquid enzyme preparation. U-100 is a soluble freeze-dried 
powder. The activities of these preparations, given by the manufacturer in so-
called pectinase units, are 500000, 1000000 and 2000000 for U-20, U-40 
and U-100 per g or in ml respectively. Also 200 g of U-20, 100 ml of U-40 and 
50 g of U-100 give the same amount of alleviation of pressing (resp. increase of 
juice yield) of 1000 kg crushed fruit. Thus the relative efficiencies in a technolog
ical application are in good agreement with the relative pectin lyase activities 
of the different preparations. 

The first step in the purification depends on the starting material used. 
U-20 is extracted by suspension in distilled water (50 g/1) and stirring for 3 
hours. The suspension is then filtered through cheese-cloth and the filtrate centri-
fuged (30 min. at 20000 g). The supernatant is concentrated 10 times by evapora
tion taking care to keep the extract at 20 °C. U-100 (50 g) is dissolved in distilled 
H 2 0 to a volume of 160 ml, the pH adjusted to 6 with 1 N NaOH, the solution 
stirred for 1 hr. at 4°C and then centrifuged (1 hour at 38000 g) to obtain a 
crude extract. U-40 is used without pretreatment. Steps which follow in the 
purification are identical for U-20. U-40 and U-100. 

First of all, those purification steps will be described briefly, which were used 
in the beginning phase of the research of this subject. The extract was desalted 
on a column of Sephadex G-25 equilibrated with distilled water. The volume 
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of the extract desalted in one cycle, was less than one third of the total bedvolu-
me of the colmn. The desalted preparation was then treated batchwise with 
Ca-phosphate gel. After washing the gel three times with water, and once with 
0.03 M phosphate buffer, the enzyme was eluted with 0.1 M phosphate buffer. 
The active fractions were concentrated by freeze-drying. The final step in this 
procedure involved gel filtration in Sephadex G-100. The batch procedure with 
Ca-phosphate gel was later found to give not very reproducible results, and as a 
consequence other purification procedures were tested. It was found that treat
ment on an anion exchange column not only gave a good purification, but also 
separated two fractions with pectin lyase activity. The presence of two similar 
enzymes was not detected in preparations made by the earlier method. However, 
even in this case a symmetrical Schlieren peak was obtained if a sedimentation 
run was done in the MSE analytical ultracentrifuge. Also only one protein band 
was detected upon Polyacrylamide gel disc electrophoresis (however, in this 
case the pH of the electrophoresis buffer was 9.5). Notwithstanding this, the 
'old' purification method is briefly mentioned, because several experiments were 
done with enzyme prepared in this way. A comparison of characteristics, such 
as mol.wt., pH dependency of the activity, cation influence on activity etc., of 
the mixture and the separated enzymes have shown that results obtained with 
the mixture can be analyzed, in such a way, that the characteristics of the individ
ual enzymes can be evaluated. 

3.2.1. Small-scale purification 
Extraction: The extraction procedure for the different starting materials is 

already described. 

Gel filtration: The supernatant from the previous step is treated by gel filtra
tion on a column of Sephadex G-25. The column is equilibrated with 0.02 M 
phosphate buffer pH 6.0 plus 0.2 M NaCl. This buffer is also used for elution. 
The minimum ratio of bedvolume to the volume of the enzyme solution applied 
was 3. This treatment lowers the salt concentration, decolourises the extract and 
also removes sugars which are initially present in high concentrations. 

First DEAE-Sephadex A-50 column: The enzyme is applied to a DEAE-
Sephadex A-50 column (17 cm x 3.5 cm diameter), equilibrated with 0.02 M 
sodium phosphate buffer pH 6.0 containing 0.2 M NaCl, and the column is 
eluted with the same buffer until the absorbance of the eluate at 280 nm is zero. 
During the washing of the column much U.V. absorbing contaminating material 
is removed. Some pectin lyase activity, about 4 - 5 % of the total activity is 
detectable in the eluate. The main pectin lyase activity is eluted by applying 
a linear gradient of 0.02 M phosphate buffer pH 6.0 containing 0.2 M to 0.7 
M NaCl respectively (600 ml of each). As can be seen from the elution profile 
in Fig. 3.1, two fractions with pectin lyase activity are found; these are arbitrari
ly called pectin lyase type I and pectin lyase type II. 
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FIG. 3.1. Elution profile of the first DEAE-Sephadex A-50 column (17 cm x 3.5 cm diameter). 
Elution is performed with a linear salt gradient from 0.2 to 0.7 M NaCl ( ). Fraction 
size: 12 ml; pectin lyase activity (X X); absorbance at 280 nm ( • • ) . Fractions 
are combined as indicated by arrows. 

Further treatment of pectin lyase type I 

Second DEAE-Sephadex A-50 column: Fractions containing pectin lyase 
type I are combined as indicated by the arrows in Fig. 3.1. The pooled enzyme 
is diluted twice with distilled water and treated on a second DEAE-Sephadex-
A-50 column. This column is used firstly to remove all traces of pectin lyase 
type II from type I, but also to remove other contaminants. Elution of the 
enzyme is performed with a linear gradient made from 600 ml 0.02 M phosphate 
buffer pH 6.0 containing 0.3 M NaCl and 600 ml of the same buffer with 0.6 
M NaCl. 

Concentration: Concentration of the combined fractions of pectin lyase type 
I is carried out by diluting the enzyme to the proper ionic strength at which the 
enzyme can be adsorbed on a small DEAE-Sephadex A-50 column (9 cm X 2 
cm diameter). The column is equilibrated with 0.02 M phosphate buffer pH 
6.0 containing 0.2 M NaCl. The concentrated protein is eluted by washing the 
column with the same buffer containing 1 M NaCl. 

Adsorption chromatography: The concentrated enzyme solution of pectin 
lyase type I is treated on a column of Sephadex G-25 (20 cm x 2.5 cm diameter), 
equilibrated with 0.02 M phosphate buffer pH 6.0 and then treated on a column 
of calcium phosphate. The Ca-phosphate gel column (17 cm x 3 cm diameter) 
is made by mixing Ca-phosphate gel (80 mg/ml) and cellulose (10% w/v) in 
a volume ratio of 1:8. Pectin lyase type I is adsorbed on the column and sub-
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FIF. 3.2. Elution profile of the second DEAE-Sephadex A-50 column (16 x 2.5 cm diameter) 
loaded with pectin lyase type II, eluted with a pH gradient from 5.0 to 3.5 (see text). Fraction 
size: 20 ml; pectin lyase activity (X X); absorbance at 280 nm ( • • ) ; fractions are 
combined as indicated by arrow. 

sequently eluted with a linear salt gradient made from 0.02 M phosphate buf
fer pH 6.0 (600 ml) and 0.1 M phosphate buffer pH 6.0 (600 ml). 
The elution profile usually shows a single peak and contaminating proteins 
remain adsorbed to the gel. Sometimes, however, a small protein peak can be 
detected just before the enzyme appears. Fractions containing pectin lyase 
are combined, concentrated with a DEAE-Sephadex A-50 column as described 
above and stored at -10°C. 

Further treatment of pectin lyase type II 

Second DEAE-Sephadex A-50 column: Fractions containing pectin lyase type 
II are combined as indicated in Fig. 3.1 and, after appropriate dilution, ad
sorbed on a DEAE-Sephadex A-50 column (16 cm X 2.5 cm diameter), equilibra
ted with 0.02 M phosphate buffer pH 6.0 plus 0.2 M NaCl. Application of a 
pH gradient made from 600 ml of 0.02 M acetate buffer pH 5.0 and 600 ml 
of 0.02 M acetate buffer pH 3.5 (both containing 0.2 M NaCl) results in a good 
purification (see Fig. 3.2). The exact form of the pH gradient has not been deter
mined; elution of the enzyme occurs at about pH 3.9-4.0. 

This very good purification step for pectin lyase type II, gives no purification 
with pectin lyase type I. 
The further purification steps are very similar to the methods used for pectin 
lyase type I. The enzyme is concentrated, treated on Sephadex G-25, adsorbed 
to and eluted from Ca-phosphate gel and finally concentrated again on DEAE-
Sephadex A-50. The procedure for this enzyme differs in only one respect from 
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SCHEME 1 

Purification scheme of pectin lyase type I and II. 

Extraction pH 6.0 in bidest 

centrifugation (1 hr at 18,000 r.p.m.) 

Buffer change on a Sephadex G-25 column 

pectin lyase type I 

First DEAE-Sephadex A-50 column 
elution with salt gradient (0.2-0.7 M) 

pectin lyase type II 

Second DEAE-Sephadex A-50 
column 
elution with salt gradient 
(NaCl 0.3-0.7 M) 

Buffer change on Sephadex G-25 
column 

Second DEAE-Sephadex A-50 
column 
elution with pH gradient 
(acetate buffer pH 5.0-3.5) 

Buffer change on Sephadex G-25 
column 

Ca-phosphate gel/cellulose column Ca-phosphate gel/cellulose column 

Concentration on DEAE-Sephadex Concentration on DEAE-Sephadex 

\ / 
Storage below zero 
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FIG. 3.3. Electrophoretic patterns of completely purified pectin lyase type I (a) and II (b). 
Direction of migration from cathode (above) to anode (below). 

that described earlier; the second buffer which is used to prepare the salt gra
dient for elution of the enzyme from the Ca-phosphate column, is 0.15 M phos
phate in the case of pectin lyase type II. 

The purification, a flow sheet of which is given in Scheme I, is followed 
by disc gel electrophoresis and kinetic measurements. Pictures of the elec
trophoresis patterns of completely purified pectin lyase type I and II are shown 
in Fig. 3.3, whereas the results of the different purification steps are given in 
Table 3.1. 
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3.3. CHARACTERIZATION 

3.3.1. Kinetics 

3.3.1.1. Michae l i s -Menten p a rame te r s 
Lineweaver-Burk plots of pectin lyase type I and II are given in Fig. 3.4. 

Activities are expressed in units/mg as described in the methods. The curves 
are linear over the substrate concentration range tested (1.5-20 mM glycosidic 
bonds which connect two esterified galacturonic residues). The V values can be 
converted into turnovernumbers as described in the methods. The results are 
summarized in Table 3.2. 

Assuming the most simple reaction scheme, 

K 
E + S E S E + P 

FIG. 3.4. Lineweaver-Burk plots of pectin lyase type I ( •) and II (X). Activity measurements 
in Mcllvaine buffer pH 6.0 (y. = 0.5) at 25 °C; enzyme concentration in the cuvet 1.33 and 
0.67 nM respectively 

TABLE 3.2. Michaelis-Menten parameters'"' 

Enzyme Km-value(b) (M) turnover number*0' 

Pectin lyase type I 
Pectin lyase type II 
Mixture of type I and II 

0.025 
0.0045 
0.014 

5700 
3830 
4200 

a) Parameters are determined in Mcllvaine buffer pH 6.0 [i = 0.5. 
b) molar with respect to glycosidic bonds which connect two esterified galacturonic acid units. 
c) moles of product formed per mole of enzyme per minute. 
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one expects that the initial velocity of the enzymatic reaction of the mixture of 
type I and II obeys the following equation : 

v = [Ep1] • kj [Eg] • kg 

1+hl 1 + 5ï. 
[S] [S] 

From the purification results (Table 3.1), the activity ratio between type 
I and II, at a defined substrate concentration, appears to be 2:1. Substitution 
of this ratio and the parameters calculated for the enzymes separately (Table 
3.2) and of the substrate concentration in equation 3, leads to a ratio of about 
5:1 on mass basis between pectin lyase type I and II in the original enzyme 
preparation. 

The Lineweaver-Burk plots obtained with the mixture of both enzymes, 
were also linear over the substrate concentration range used. They become non
linear at high and low substrate concentrations. These non-linear plots are in 
accordance with the theory. 

The pectin lyase activity found in the eluate of the first DEAE-Sephadex 
A-50 column, before applying the salt gradient, has also been characterized 
with respect to the Km-value. This value is about 0.11 M. Because this fraction 
was not purified further the turnovernumber of this species is unknown. It 
seems likely, however, on the basis of these data that at least one more different 
enzyme with pectin lyase activity is produced by A. niger. 

3.3.1.2. Influence of cations and/or ionic strength 
As already mentioned the catalytic activity of pectin lyase, and also its pH 

optimum and profile, is influenced by the concentration and the nature of the 
substrate, ionic strength and the concentration and nature of cations. A prelim
inary study was therefore carried out to determine the origin of these effects, 
and to establish conditions for kinetic analysis. 

In preliminary experiments with the mixture of pectin lyase type I and II the 
optimal concentration of both Na+- and Ca2+-ions was determined at different 
substrate concentrations and pH values. The measurements were performed 
in Pipes buffers (5 mM); in this way the ionic strength of the buffer, although 
not constant, does not contribute much to the final ionic strength and also 
complexing of Ca2+-ions with buffer ions is avoided. The optimal cation 
concentration appears to be substrate concentration independent, but not pH 
independent; above pH 4.5 optimal concentrations of 50 mM and 300 mM 
were determined, whereas below this pH 30 mM and 100 mM were optimal 
for CaCl2 and NaCl respectively. 

The pH profiles of Michaelis-Menten parameters with and without optimal 
concentrations of Ca2+- and Na+-ions (Fig. 3.5) added to the assay buffer 
(5 mM Pipes) reveal some typical features. 

Firstly, the effects of Ca2+ and Na+ are identical. Secondly, the V vs pH 
profile looks like a saturation curve, in contrast with the pH profile at definite 
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FIG. 3.5. V (a) and Km(b) pH 
profiles of pectin lyase (mixture 
of type I and II) measured in 
0.01 M Pipes buffer (o) and in 
the same buffer with optimal 
amounts of Na+ (A) or Ca2+ 

( •) ions. 

substrate concentration. Thirdly, the height of the plateau region of the first 
mentioned profile is independent of the ionic strength or nature of the cation; 
changes in these conditions only influence the pH at which this level is reached. 
In the fourth place, the pH profile of the Km value is strongly influenced by the 
addition of cations or by the ionic strength; increase in the ionic strength favors 
the affinity. Calculations from the Michaelis-Menten parameters of the initial 
velocity at 0.1 mM substrate under the three conditions mentioned yields pH 
profiles as given in Fig. 3.6, clearly demonstrating the pH optimum shift 
upon changing (x and therefore Km. These features allow the conclusion that 
the pH profile is not useful as a tool of characterization; differences in buffer 
composition, concentration and in added cations strongly effect this 'characteris
tic', whereas this effect originates from differences in the ionic strength. A 
more detailed analysis of the pH dependency of the kinetics is given in the next 
chapter. 

3.3.1.3. Inhibitors 
A great disadvantage in the search for inhibitors of pectin lyase is the re

striction that the substances may not have a strong absorption band in the 
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FIG. 3.6. pH-activity profiles of pectin lyase (mixture of type I and II) at 10"*M pectin in 
0.01 M Pipes buffer (X) and in the same buffer with optimal amounts of Na+ ( A) or Ca2+ (O) 
ions. 

wavelength range used for activity measurements to prevent spectrophoto-
metrical artefacts (CAVALIERI and SABLE, 1974). Substances with some structural 
resemblance to the substrate like thio- and phenylgalactoside, monomethyl-
galacturonic acid, D ( + ) galacturonic acid, saturated and unsaturated trigalac-
turonic acid, pectic acid, cyclohexanecarboxylic acid and cyclohexene carboxy-
lic acid did not inhibit the reaction, even in a ten fold excess with respect to 
substrate concentration. Aliphatic carboxylic acids however, inhibit the reaction 
in an apparent competitive nature (Fig. 3.7). The chain length dependence of 

1/[S] x 10"= (M" ' ) 

FIG. 3.7. Lineweaver-Burk plots of pectin lyase (mixture of type I and II) in Mcllvaine buffer 
pH 6.0 ((J. = 0.5) ( •) and the same plots in the presence of 80 mM formate (O), 80 mM 
isobutyrate ( A), 80 mM n-butryrate ( D) and 40 mM propionate or 60 mM acetate (X). 
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