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LIST OF ABBREVIATIONS A N D 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 recommendations (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= p H functions ofthe protonated, partially protonated and deprotonated species ofa dibasic acid
h
Planck constant (6.624 x 10~ 27 erg.sec.)
AH m ° change in enthalpy of the K m value
AH0
change in enthalpy
AH*
change in enthalpy of activation
k
velocity constant
k cat
velocity constant of catalysis
kB
Boltzmann constant (1.380 x 10 _ 1 6 erg.deg.~')
Kd
dissociation constant
K eq
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 andpectic 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 organisms. Carbohydrates, which contain uronic residues, occur in nature in a wide
variety of polysaccharide structures and other sugar conjugates ofanimal, 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 substances 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, pectinicacid, pectin and pectic acid on basis of their solubility in
water, gelforming properties etc. These definitions are rather trivial, but commonly used.
Pectin is a heteropolymer, in which the backbone consists mainly of a-Dgalacturonic 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. arefound as sidechains (ASPINALL et al., 1968and Foglietti and Percheron,
1968). The content and distribution of these sugars affect the texture and the
mechanical properties of the matrix (WORTH, 1967and 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 theflexibilityof 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-
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FIG. 1.1. Removal of the proton at C-5 of a pectin monomer depicted in the C-l (D) conformation (I), its product after ß-elimination (II) and the 1-C (L) conformation of the Lidopyranuronate unit in dermatan sulphate (III).
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fold helix.The rhamnose residues are responsible for kinks in the regular helicidal 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 shownthatthedistribution ofestergroups alongthechaininfluences pectin
lyase activity.
Pectic enzymes. The abundance of pectic substances in a variety of compositions 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 elimination (ALBERSHEIM et al., 1960), NEUKOM (1963) introduced a new classification, 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
asindicated by prefix endoor exo. HATANAKA and OZAWA (1971)have readapted this scheme of Neukom to those enzymes whose existence has been demonstrated 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 substrate for pectate lyase, but that depending on the source of enzymethe 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 suggestion, alsobased on the results mentioned above, isto use the enzymic activiTABLE 1.1.Classification ofpecticenzymesaccordingto NEUKOM(1963).
Actingmainlyonpectin

Actingmainlyonpecticacid

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)
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 research problems are covered by this dissertation. Chemical and enzymic
transelimination, but not the hydrolytic counterpart, will be considered, followed 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 ofthe behavior 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 hexopyronuronate 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-hydroxyl group is in the ß-position with respect to the carboxylicgroup.Thisisa
basic requirement for the special elimination reaction withthistypeof material
in alkaline solution. In 1950 VOLLMERT reported on the depolymerisation of
pectin under neutral or alkaline conditions, which was ascribed to a ß-dealkoxylation process by KENNER (1955),and toaß-eliminationbyboth WHISTLER
and BEMILLER (1958) and NEUKOM and DEUEL (1958). In this case the proton
at C-5isactivated bytheelectron withdrawingcarbonylgroupofthemethylester
at C-5, and removed by a hydroxyl ion (see Fig. 1.1). Pectate which contains
carboxylate anions at the C-5 position, ismuch 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 asfollows:
Meded.Landbouwhogeschool Wageningen 75-13 (1975)
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Depending on the sequence of events, three different mechanisms of elimination 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 rolein activating the a-atom, which
can beshown schematically asfollows:
-B-....H

I

I«

—C—C—
ß\ I
X...M...Enzyme
Enolase (DINOVO and BOYER, 1971) and aconitase (GLUSKER, 1968) are examples 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 Ca 2 + ions are essential for activity (ROMBOUTS, 1972). In this case the possibility
exists, that the Ca 2+ -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 byA N THONSEN et al. (1972) for the chelation of metal ionswithD-galacturonicacid
(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 Ca 2+ ion in a a-D-galacturonic acid residue in the C-l (D) conformation.
4
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FIG. 1.3. Structures of methyl pyranosides of 2, 3, 4-tri-O-methyl-ß-D-galacturonic acid (1),
-a-D-glucuronicacid (2)and -a-D-mannuronicacid(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 methylesters 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 Dmannuronic 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 elimination 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 isfavored abovecis-elimination (the4,5unsaturated product 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.
Thusthemechanism ofthe chemical elimination of uronicacids 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 asin the chemical elimination 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
Meded.Landbouwhogeschool Wageningen 75-13 (1975)
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Fio. 1.4. Structures of: sodium hyaluronate (I),dermatan sulphate (II), chondroïtin 6sulphate(III),chondroïtin 4-sulphate(IV),heparin (V), thesubunitsof alginic acid (VI) and
pectin (VII). Theconformations of thesubunits areC-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 tocatalyze the eliminative depolymerization ofchondroitin-4sulphate, chondroitin-6-sulphate and dermatan sulphate respectively. N-acetylheparansulphate (LINKER and SAMPSON, 1960) and heparin (DIETRICH, 1968,
1969)can be degraded enzymatically in an analogous fashion.
The eliminative breakdown ofpectin and pectic acid was first reportedby
ALBERSHEIM (1958) and PREISS and ASHWELL (1963) respectively. PREISS and
Meded. Landbouwhogeschool Wageningen 75-13 (1975)

(1962) also reported the ß-eliminative degradation of alginic acid.
Fig. 1.4 shows the different structural formulas of these complex sugars. It
can beseen that heparin andalginic acid have two possibilities of (enzymatic)
eliminative cleavage (as well diaxial as axial-equatorial). The subscript C-l
(D) or 1-C(L) indicates theconfiguration ofthe residue involved. These two
kinds ofconfiguration are depicted inFig. 1.1,from which the type ofelimination (a,a ora,e) canbedetermined. Inthesame figure theconfiguration ofthe
unsaturated product obtained after elimination isshown for thecaseofpectin.
These examples show that in nature elimination occurs with both diaxially
oriented andequatorially-axially oriented leaving groups.
However, it has notyetbeen conclusively shown, that the enzymic eliminative
depolymerisation ofpolyuronic acids proceeds through acarbanion mechanism
as is the case in chemical trans-elimination. Also the rate limiting step has
not yet been determined inany ofthe enzymic trans-elimination reactions.
ASHWELL

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 lyasesareacommon constituent ofcommercial enzyme preparations
used widely inthe food industry, andtherefore their products with an unsaturated bond occur also in food. No onehasdetermined whether these products have toxicological orcarcinogenic side-effects. This aspect is beyond the
scope ofthis thesis,butitisnotable that the esterified unsaturated compounds
are unstable andalso that biochemical transformation ofthe 4,5 unsaturated
4-deoxyhexopyranuronates isknown tooccur inmicro-organism. InFig. 1.5 a
scheme is given for the biological degradation of 4-deoxy-L-threo-hex-4enopyranuronate, and endproduct ofthe enzymatic elimination offor example
pectic acid andalginic acid. Thedegradation is mediated by a pyridine nucleotide linked dehydrogenase, leading to glyceraldehyde 3-phosphate and
pyruvate (ASHWELLet al., 1960and PREISS and ASHWELL, 1962, 1963).
After this general introduction into thefieldofboth chemical andenzymic,
eliminative breakdown ofpoly-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
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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 inthecase ofthe literature about pectic enzymes, canbe made
about the literature onpectin lyases. Consequently thereported data for p H
optima (ALBERSHEIM and KILLIAS, 1962; EDSTROM and P H A F F , 1964; B U S H a n d
CODNER, 1970; A M A D O , 1970 a n d ISHII a n d YOKOTSUKA, 1972), K m -values a n d
turnover numbers (ALBERSHEIM a n d KILLIAS, 1962; B U S H a n d CODNER, 1970

and AMADO, 1970), activation energy (AMADO, 1970; ALBERSHEIM a n d 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 ofthe enzyme preparations, namely analysis by Polyacrylamide disc gel
electrophoresis.
The pectin lyases described inthe literature canberoughly divided into two
classes. Enzymes inone class are characterized bya lowp Hoptimum (5t o 7)
and anabsolute specificity for pectin, while enzymes inthesecond class show a
much higher p H optimum (above 8)and also degrade pectic acid (but with a
smaller turnover number). Enzymes inthe second class are also distinguished
by a requirement forCa 2 +ions. This second class seems t o occur mainlyin
pathogenic fungi (BYRDE and FIELDING, 1968; Bateman, 1966, and SHERWOOD 1966).

The confusing literature about pectin lyases prompted us t ostudy systematically theeffects of substrate, p H , ionic strength andtemperature ona pectin
lyase isolated from Aspergillus niger in order to elucidate (partly) its mechanism
of action. Determination ofthe Michaelis-Menten parameters with oligomeric
substrates isa further method that has been used t o study themechanism of
action ofdepolymerizing enzymes and t odevelop the so-called subsite model.
The glycoprotein character of pectin lyase has h a dtwo consequences. In the
first place it has evoked a search fora possible function of the carbohydrate
moiety oftheenzyme and secondly ithas enabled usto carry out affinity chromatography using immobilized lectins (inourcase Concanavalin A).

Meded. Landbouwhogeschool Wageningen 75-13 (1975)

2. M A T E R I A L S A N D 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-100and a concentrated culture extract, werea 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
BiogelP-2was obtained from Biorad and Dowex 1 XBfrom 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 determinations 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)-carbodiimidhydrochloride by Merck; Ellman's reagent by Britisch Drug House, diethyl pyrocarbonate by Sigma Chemical Co. and vanilin by Merck. All other reagents
and chemicalswereofanalytical grade.

2.2. METHODS

2.2.1 Preparationofhighlyesterifiedpectin
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,200gpectin was wetted with ethanol (96%), 20litres 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 NaC10 2 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 topectin solution is7:3)at
Meded.Landbouwhogeschool Wageningen 75-13 (1975)
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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 3:1volume 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. 160gpectin).Theesterification was
done according to HERI et al. (1961) with an absolute methanol-2N sulphuric
acid mixture. The pectin preparation was suspended in 5litres 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 N 2 .
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 140gpectin).
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 KarlFisher method (VOGEL, 1961), was 15.5%. Thepreparation 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
asfollows:90ml distilled water wasadded to 1 gofpectin, 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 100ml.
Stock solutionswere stored in therefrigerator for not longer than one week.
2.2.2. Preparationofpectin 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 polygalacturonase with aflowrate of 20ml/hr (VAN HOUDENHOVEN et al., 1974).
The eluate, a mixture of different oligomers containing mainly trimer to
hexamer, wasconcentrated (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 converted 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 100cm(Dowex 1X8,200-400meshintheformate form). Elution and separation wasperformed byusing a 10liter 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
10
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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 filtration 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 byheating for 10min. at 100°C.
Esterification of the individual oligomers was performed by dissolving them
in abs. CH 3 OH + 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 Ag 2 C0 3 (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 immediately before use.
2.2.3. Storage ofpectin 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 ofpectin 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
ofenzymewhich causesan increaseinextinction of 1 perminute 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 appropriate dilution (corresponding with an increase in optical density between
0.1 and0.2perminute)isadded.Inthestandard assay0.25mlofsubstrateisused.
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) resulting in a final ionic strength of 0.25 and 0.05 respectively. For the measurements 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
incombination with an IBM typewriter/plotter, which hasbeen 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 c m _ 1 as extinction coefficient oftheunsaturated product (Edstrom and Phaff, 1964).
Curve fitting of pH profiles is carried out with the same equipment. Therefore, 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 plotting 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 caseofVaccording toeq.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 constants, 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) hasto begivenin 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 concentration by the square of the fraction of esterified groups.
For example:
[S] = ^

x (IOO-°/OM-%NU)
Mw
100

x

/%y\

(21}

in which: W
: weight of pectin (grams/liter)
M w : mean molecular weight monomer
%M : moisture content (percentage)
%NU: percentage non uronide
%V : percentage of esterification
[S] : substrate concentration
2.2.6. Polyacrylamide discgel electrophoresis
Electrophoresis was carried out using an acrylophore from Pleuger in com12
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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 madejust 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 48hrs period with several changes of 10% T.C.A.
The patterns were analyzed by scanning the gels with a Gilford electrophoresis 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. Variations 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-lactoglobulin (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 OSBORNE (1969).

Acrylamide and bisacrylamide were recrystallized before use from chloroform 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 12g sucrose, 14 ml H 2 0 and 0.2 ml H 3 P 0 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 60ml 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
340mV (power never exceeded 1.2Watt). After 40hrs equilibrium was reached
and fractions of 1 ml were collected and assayed for extinction at 280 nm,
pectinlyaseactivityand pH.
2.2.9. Gel-chromatography
2.2.9.1. G e l f i l t r a t i o n on S e p h a d e x 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 diameter)wasused. Experiments were donein two different buffer systems:
a. 20mM phosphate buffer pH 6.0plus 200mM NaCl,
b. 50mM Tris/HClbuffer pH 7.5towhich 100mM KCl and 30mM 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 twodifferent 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, isalso used.
Kd = Yllll

= (1- a / r ) 2 [1- 2.104 a/r + 2.09 (a/r) 3- 0.95 (a/r) 5 ]

Vi

(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 dehydrogenase (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 r a t i o n in 6 M G u a n i d i n e - HCl
This was performed essentially as described by FISH et al. (1969) on a column
(40cm x 2.5 cm diameter) of Sepharose-6B using Bluedextran and tryptophan
14
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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), ßlactoglobulin (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 acrylonitril 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 - V0
Kd = - !
-

(2.3)

v,-v0
A plot of Kd versus log mol.wt. is not linear
case. PORATH (1963) derived the equation:

(FISH

Kd1/3 = A - B . R e

et al., 1969) in this

(2.4)

in which A and B represent condition and protein dependent constants and
Re the effective hydrodynamic radius ofthe solute.
Re is directly proportional to the radius of gyration (R G ), while, for reduced
polypeptide chains in 6M GuHCl, R G ~ M 0 5 5 5 (FISH et al., 1969). Therefore
alinear standard curvecanbeconstructed byplottingKd£versus (mol.wt.) 0,555 .
In cases of gelchromatography and SDS electrophoresis, where the parameters 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 wasobtained byusingthe
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=

RTS

°
(l-vp)D

M molecular weight
R gasconstant

(2.5)
dalton
erg. mole~ 1.deg.~ 1
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v
p
s
D

partial specific volume ml/g
density
g/ml
sédimentation coefficient s e c - 1
diffusion coefficient
cm2sec_1

The molecular weight has also been determined by equilibrium centrifugation using a Spinco analytical ultracentrifuge model E equipped with a recording system for absorption at different wavelengths (Es a n d BONT, 1966).
The mol.wt. wascalculated from theslope ofa In c versus r 2 plot. The equilibrium centrifugation was kindly performed byDr. J.A.L.Walters atthe Dept.
of Biochemistry ofthe University of Nijmegen.
2.2.11. Circular Dichwism
C D spectra were recorded on a Jouan Dichrograph II. Cells of 5m m were
used. T h ecell compartment was flushed with dry nitrogen. Special care was
taken toplace thecell intheright position upon recording in the far ultraviolet
region. The helical content ofthe protein was estimated from the mean residual
ellipticity at 222 n m . In the used approximation (2.6) of C H E N and Y A N G

(1971) a correction forcontributions ofß-structures near 222 nmin 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 O R D / U V - 5 . The compartment
was flushed with nitrogen. Analysis ofthe spectra were only carried out for the
determination ofthe helical content by using the mean residual specific rotation
(m') at 233 n m a n d the relation (2.7) of C H E N and Y A N G (1971).

[ m ' ] 2 3 3 = - 1 2 , 7 0 0 f „ - 2520

(2.7)

2.2.13. Fluorescence
The fluorescence measurements were performed with a Hitachi-Perkin Elmer
M P 2A fluorospectrophotometer or a cross correlation phase and modulation
fluorometer built by the T F D L (Wageningen). Spectra are not corrected for
scatter ofthe solvent andvariations in the intensity ofthe lamp.
2.2.14. Determination of sugars
The carbohydrate moiety of both types of pectin lyase wasanalyzed by Gas
Liquid Chromatography according to the method of CLAMP et al. (1971). In
this case the preparation of the samples for chromatography consist outof
methanolysis, re-N-acetylation a n d trimethylsilylation.
F o r the performance ofthe experiments D r .J. F .G.Vliegenthart had kindly
given hospitality at his laboratory of Organic Chemistry at the University of
Utrecht.
16
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3. P U R I F I C A T I O N A N D 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-organisms, capable of degrading pectin, were discovered in 1850by 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
pectolyticenzymes arethelack of (accidentally) tested contaminating activities,
and furthermore pH profiles, thermostability, pH stability etc.. Only in exceptional cases does the literature mention an analysis for purity such as Polyacrylamide disc gel electrophoresis, molecular weight determination etc..
With respect to the purification methods employed, adistinction canbe 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 andreversible adsorption of the enzyme on for example a substrate, a competitive inhibitor or a cofactor. This technique has already been used in principleby EDSTROM and PHAFF (1964) by their finding of a selective adsorption of polygalacturonase 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 inisoelectricpoint (ENDO, 1964).Similarly, ERIKSONand PETTERSON
(1968)isolated two cellulases from Stereum sanguinolentumwhich 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 fractionation.
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 Aspergillus niger. Several different glycosidase activities were tested in the extracts of
Meded.Landbouwhogeschool Wageningen 75-13 (1975)
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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
ispresent (BAHL and AGRAWAL, 1972).
Because of these problems, the technique of affinity chromatography promises 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 JUNOwies and PARIS (1973) for glycosidases,by HARRISetal.(1973)for ß-glucuronidase,by JENSENand KLEPPE (1972)
for lysozymeand by REXOVÀ-BENKOVÂand TIBENSKY (1972) for polygalacturonase.
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 enzyme, U-20, U-40, U-100 and a concentrated culture liquor have been successively 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 socalled 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, 100ml of U-40 and
50gof U-100 give the same amount of alleviation of pressing (resp.increase of
juice yield) of 1000kgcrushed fruit. Thustherelativeefficiencies ina technological 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.Thesuspension isthen filtered through cheese-cloth and thefiltratecentrifuged (30min. at 20000g).The supernatantisconcentrated 10timesbyevaporation taking care to keep the extract at 20°C. U-100 (50g)isdissolvedindistilled
H 2 0 to a volume of 160ml, the pH adjusted to 6with 1N NaOH, the solution
stirred for 1hr. 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 areidentical for U-20.U-40and 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
18
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of the extract desalted in one cycle,was lessthan one third of the total bedvolume 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 waslater found to givenot very reproducible results, and as a
consequence other purification procedures were tested. It was found that treatment on an anion exchange column not only gaveagood purification, but also
separated two fractions with pectin lyase activity. The presence of two similar
enzymeswasnotdetectedinpreparations madebytheearlier 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 oneprotein 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 isbriefly mentioned, because severalexperiments 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 beanalyzed, in suchaway,thatthecharacteristics oftheindividual enzymes can be evaluated.
3.2.1. Small-scalepurification
Extraction: The extraction procedure for the different starting materials is
already described.
Gel filtration: The supernatant from the previous step is treated by gel filtration 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 thevolume of theenzymesolution applied
was3.This treatment lowers the salt concentration, decolourises theextract and
also removes sugars which are initially present in high concentrations.
First DEAE-Sephadex A-50 column: The enzyme is applied to a DEAESephadex 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 280nm iszero.
DuringthewashingofthecolumnmuchU.V. absorbingcontaminating 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,twofractions with pectin lyaseactivity arefound; these are arbitrarilycalled pectin lyasetype I and pectin lyasetype II.
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FIG. 3.1. ElutionprofileofthefirstDEAE-Sephadex A-50column(17cm x 3.5cmdiameter).
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 280nm ( •
•). Fractions
are combined as indicated by arrows.

FurthertreatmentofpectinlyasetypeI
Second DEAE-SephadexA-50 column:Fractions containing pectin lyase
typeI arecombined asindicated bythearrows in Fig. 3.1.Thepooledenzyme
isdiluted twicewith distilled water and treated on a second DEAE-SephadexA-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
enzymeisperformed withalineargradientmadefrom 600ml0.02Mphosphate
buffer pH 6.0 containing 0.3 MNaCl and 600ml of the same buffer with 0.6
M NaCl.
Concentration: Concentration of thecombined fractions ofpectin lyasetype
Iiscarried outbydilutingtheenzymetotheproper ionicstrength at whichthe
enzyme can beadsorbed on a small DEAE-Sephadex A-50column (9cm X2
cm diameter). The column is equilibrated with 0.02 M phosphate buffer pH
6.0 containing 0.2 MNaCl. The concentrated protein iseluted bywashing the
column withthesamebuffer containing 1 MNaCl.
Adsorptionchromatography: The concentrated enzyme solution of pectin
lyasetypeIistreatedonacolumnofSephadexG-25(20cm x 2.5cmdiameter),
equilibrated with0.02Mphosphate buffer pH6.0andthentreatedonacolumn
ofcalciumphosphate. TheCa-phosphate gelcolumn (17cm x 3cmdiameter)
is made by mixing Ca-phosphate gel (80 mg/ml) and cellulose (10% w/v) in
a volume ratio of 1:8.Pectin lyasetypeI isadsorbed on the column and sub20

Meded.Landbouwhogeschool Wageningen 75-13 (1975)

1.6

-

fr
A

h
1.2

*—

0.8

1!

j

0.4

30
tube number

FIF. 3.2. Elution profile of the second DEAE-Sephadex A-50column (16 x 2.5cm diameter)
loaded withpectin lyasetypeII,eluted with apH gradient from 5.0to 3.5(seetext). 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 Mphosphate bufferpH6.0(600ml)and0.1Mphosphatebuffer pH6.0(600ml).
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-50columnasdescribed
above and stored at -10°C.
FurthertreatmentofpectinlyasetypeII
SecondDEAE-SephadexA-50column: Fractions containingpectinlyasetype
II are combined as indicated in Fig. 3.1 and, after appropriate dilution, adsorbedonaDEAE-SephadexA-50column(16cmX2.5cmdiameter),equilibrated 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
of0.02Macetatebuffer pH 3.5(bothcontaining0.2MNaCl)resultsinagood
purification (seeFig.3.2).Theexactform ofthepHgradienthasnotbeendetermined;elution oftheenzymeoccursat about pH 3.9-4.0.
Thisverygoodpurification stepfor pectinlyasetypeII,givesno purification
withpectinlyasetypeI.
The further purification steps are very similar to the methods used for pectin
lyasetype I. The enzymeisconcentrated, treated on Sephadex G-25, adsorbed
to and eluted from Ca-phosphate gelandfinallyconcentratedagainonDEAESephadex A-50.Theprocedurefor thisenzymediffers in only onerespect from
Meded. Landbouwhogeschool Wageningen 75-13 (1975)
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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

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

pectin lyase type I

pectin lyase type II

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

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

Buffer change on Sephadex G-25
column

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 gradient for elution of the enzyme from the Ca-phosphate column, is0.15 M phosphate 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 electrophoresis patterns of completely purified pectin lyase typeI and II are shown
in Fig. 3.3,whereas the results of the different purification steps are given in
Table3.1.
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3.3. CHARACTERIZATION

3.3.1. Kinetics
3.3.1.1. M i c h a e l i s - M e n t e n p a r a m e t e r s
Lineweaver-Burk plots of pectin lyase type I andII aregiven in Fig. 3.4.
Activities areexpressed in units/mg as described inthemethods. Thecurves
are linear over the substrate concentration range tested (1.5-20 mM glycosidic
bonds which connect two esterified galacturonic residues). The Vvalues canbe
converted into turnovernumbers asdescribed inthemethods. The resultsare
summarized inTable3.2.
Assuming the most simple reaction scheme,

K
E+S

ES

E +P

FIG. 3.4. Lineweaver-Burk plotsofpectin lyase typeI( •)andII(X). Activity measurements
in Mcllvaine buffer pH 6.0 (y.= 0.5) at 25°C; enzymeconcentration inthe cuvet 1.33 and
0.67 nM respectively
TABLE3.2.Michaelis-Mentenparameters'"'

Enzyme
Pectin lyasetypeI
PectinlyasetypeII
Mixtureof typeIandII

Km-value(b) (M)

turnover number*0'

0.025
0.0045

5700
3830
4200

0.014

a)ParametersaredeterminedinMcllvainebuffer pH 6.0[i= 0.5.
b)molar withrespect toglycosidicbondswhichconnect twoesterified galacturonic acidunits.
c)molesofproductformed permoleofenzymeperminute.
Meded.Landbouwhogeschool Wageningen 75-13 (1975)
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oneexpects that theinitial velocity oftheenzymatic reaction ofthe mixtureof
typeIandIIobeysthefollowingequation:
v=

[Ep1]• kj

1+hl
[S]

[Eg] • kg

1 +5ï.
[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 aratioof 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,
werealsolinear over thesubstrate concentration rangeused.Theybecomenonlinear 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.Thisvalueisabout 0.11M.Becausethis fraction
was not purified further the turnovernumber of this species is unknown. It
seemslikely,however, onthebasisofthesedatathat atleastonemore different
enzymewithpectinlyaseactivityisproduced byA. 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, isinfluenced by the concentration and the nature of the
substrate, ionic strength and theconcentrationandnatureofcations.Apreliminary study wastherefore carried out to determine the origin of these effects,
andtoestablishconditionsfor kineticanalysis.
Inpreliminary experiments withthemixture ofpectinlyasetypeI and II the
optimalconcentration ofbothNa + - and Ca2+-ionswasdetermined at different
substrate concentrations and pH values. The measurements were performed
in Pipes buffers (5mM); in this way theionic 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 Ca 2+ - and Na+-ions (Fig.3.5) added to the assay buffer
(5mM Pipes) reveal some typical features.
Firstly, the effects of Ca 2+ and Na + are identical. Secondly, the V vspH
profile looks like a saturation curve,in contrast with the pH profile at definite
26
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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 Ca 2 +
( •) ions.

substrate concentration. Thirdly, the height of the plateau region of the first
mentioned profile isindependent of theionicstrength or nature ofthe cation;
changesintheseconditionsonlyinfluence thepHatwhichthislevelisreached.
Inthefourth place,thepHprofile oftheKmvalueisstronglyinfluenced bythe
addition ofcationsorbytheionicstrength;increaseintheionicstrength favors
the affinity. Calculations from the Michaelis-Menten parameters of the initial
velocity at0.1mM substrate under the three conditions mentioned yields pH
profiles as given in Fig. 3.6, clearly demonstrating the pH optimum shift
upon changing (xand therefore Km. These features allow the conclusion that
the pH profile is not useful as a tool of characterization; differences in buffer
composition,concentrationandinaddedcationsstronglyeffect this'characteristic', whereas this effect originates from differences in the ionic strength. A
moredetailed analysis ofthepH dependency ofthekineticsisgiveninthenext
chapter.
3.3.1.3. Inhibitors
A great disadvantage in the search for inhibitors of pectin lyase is the restriction that the substances may not have a strong absorption band in the
Meded.Landbouwhogeschool Wageningen 75-13 (1975)
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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 MPipesbuffer (X)andinthesamebuffer withoptimalamountsofNa + (A)or Ca 2+ (O)
ions.

wavelength range used for activity measurements to prevent spectrophotometricalartefacts (CAVALIERI and SABLE, 1974).Substances withsome structural
resemblance to the substrate like thio- and phenylgalactoside, monomethylgalacturonic acid, D ( + ) galacturonic acid, saturated and unsaturated trigalacturonic acid, pectic acid, cyclohexanecarboxylic acid and cyclohexene carboxylic acid did not inhibit the reaction, even in a ten fold excess with respect to
substrate concentration. Aliphaticcarboxylicacidshowever, 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-Burkplots ofpectin lyase(mixture oftype I and II)in Mcllvaine buffer
pH 6.0 ((J.= 0.5) ( •) and the same plots in the presence of 80mM formate (O), 80mM
isobutyrate (A), 80mM n-butryrate (D)and 40mM propionate or 60mM acetate (X).

28

Meded.Landbouwhogeschool Wageningen 75-13 (1975)

TABLE 3.3. Ki-values of différent aliphatic carboxylic acids measured in Mcllvaine buffers
((x = 0.5),calculated from L.B.plotsand Dixon plots,assumingacompetitiveinhibition.The
enzymewasa mixture of pectin lyasetypeI and II.Thelast columngivesthe Ka-valuesof the
aliphaticacidsin(xMat25°C.
pH

Inhibitor

formate
acetate
propionate
n-butyrate
iso-butyrate

6.0
6.0
5.0
4.0
6.0
6.0
6.0

K,-•values(mM)

K a (uM)

Dixon plots

L.B. plots

57.7-82.0
8.5- 9.0
5.3- 6.2
4.3- 5.2
4.8- 4.9
23.2-18.4
30.0-30.6

51.7-63.6
4.3- 5.2

17.7
17.5

2.7- 3.4
11.2-15.9
13.0-20.9

13.0
15.0
14.0

the Kj-values of these substances (Table 3.3) bears a similarity to the alteration
of the Ka-values of the different carboxylic acids (ROBERTS and CASERIO, 1965);
only the position of n-butyric and iso-butyric acid is changed. The pH dependence of the Kj-value (Table 3.3.) of acetate, together with the above mentioned
chain length dependence, suggests the protonated acid to be the inhibitory
species. The K,-value of acetate for both types of pectin lyase separately, appears to be the same, which can be explained by using a sub-site model (see
chapter 6). Another feature which can be explained by such a model are the
significantly larger figures of the Ki-values obtained from Dixon plots in comparison with the data from L.B.-plots and the difference in the same values
obtained if using L.B.-plots at different inhibitor concentrations. These features
suggest a hyperbolic competitive inhibition in which the inhibitor binds at a
sitenot completely identicalto thesubstratebindingsite (MAHLER and CORDES,
1967 and WORCEL et al., 1965).

3.3.1.4. I n f l u e n c e of the degree of e s t e r i f i c a t i o n
We have only compared the L.B.-plots obtained upon using 95% esteriiied
pectin, brown ribbon pectin (76% esterified) and green ribbon pectin (67%
esterified) (Fig. 3.8). The maximal velocities on these substrates are identical;
only the Km-values change (see also VORAGEN 1972). These results can be due
to an incorrect substrate concentration expression. By assuming an active site
(binding region) of 2, 3, 4 or 5sub-sites in which only esterified groups can be
bound, the 'real' substrate concentration can be calculated according to equation 3.2.
[S] = [S] mono x a"

(3.2)

in which:[S] mono molar substrate concentration with respect to the monomer,
a
fraction of groups esterified
n
number of sub-sites.
Meded.Landbouwhogeschool Wageningen 75-13(1975)
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1/[S] X10-2 (M-1)
FIG. 3.8. Lineweaver-Burk plots of pectin lyase (mixture of type I and II) on pectin with a
degree of esterification of 94 (D), 75 (A) and 68 ( • ) %respectively. Curve a, b and c are
obtained by recalculation of the substrate concentration on the basis of two three and four
adjacent esterified galacturonic acid residues in 68%esterified pectin respectively.

The results obtained by these hypothetical examples are given in Fig. 3.8;
this showsthe possibility to obtain the same Km-valuesif using the right substrateconcentration expression. More detailed information about this procedureisgiveninChapter6.Atthisplaceithastobeemphasizedthatthe differences
in pH profile mentioned in the literature can also be due to differences in degree of esterification of the substrate, which leads to differences in Km-values.
These last parameters influence the pH optimum at finite substrate concentration,asshownin3.3.1.2.
3.3.2. Stability
3.3.2.1. Influence of the ionic strength
Theinfluence oftheionicstrengthonthestability ofpectin lyasewasinvestigated atpH6.0.Therefore thespecificactivitiesweremeasured after dialysisof
bothtypesofpectinlyase(1mg/ml)againstbuffer containingdifferent amounts
ofNaCl(Table3.4).Ahighionicstrength orhighsaltconcentrationsappearto
be essential for enzyme stability; the salt concentration at which stability is
achievedissignificantly higherfor typeIIthan typeI. The processisreversible
ascanbeconcludedfrom therestoration oftheactivity oftypeII upon dialysis
against buffer containing 600 mM NaCl. The drop in activity after dialysis
versusbuffers withlowionicstrength cannot berestored byaddition ofknown
stabilizing reagents like ß-mercaptoethanol (3 mole/mole enzyme), sucrose
(10%), glycerol (10%), DMF (10%), DMSO (10%), EDTA (0.2 mM), BSA
(1.5%)andCaCl 2 (7.5mM).
30

Meded.Landbouwhogeschool Wageningen 75-13 (1975)

TABLE3.4.Relativespecificactivitiesofbothtypesofpectinlyaseafter dialysisduring60hrsat
4°C. in a concentration of 1 mg/ml against 0.02 M phosphate buffer pH 6.0 to which the
amountsofNaClgivenwereadded.Both typesofenzymehavebeenstored, before dialysis,at
-10°C.in0.02Mphosphatebuffer pH 6.0plus0.2MNaCl.
NaCl (M)

typeI

typeII

50.5
0.0
28.3
89.0
0.1
74.0
93.5
0.2
87.6
100.0
0.4
98.2
100.01
0.6
100.01
1
Thespecificactivityinthisbuffer isarbitrarily takenas 100;theactivitiesbefore dialysiswere
104and 87fortypeIandIIrespectively.

3.3.2.2. I n f l u e n c e of the p H
The influence of the pH on the stability of pectin lyase was investigated
by measuring the specific activities after an extensive dialysis against Mcllvaine
buffers (fx = 0.5) of different pH values. Dialysis versus 0.02 M phosphate buffer containing 0.2 M NaCl servedasacontrol experiment. InthepH range studied (4-6) no pH effect was found (Fig. 3.9). However, again the already mentioned ionic strength effect is found. Pectin lyase type II becomes strongly
reactivated in the Mcllvaine buffers, whereas type I remains nearly constant
with respect to the control. So, this demonstrates again the reversibility of the
inactivation and thedifferent response toionicstrength ofboth types ofenzyme.
3.3.2.3. K i n e t i c s of the i n a c t i v a t i o n at high p H
The inactivation above pH 6.0 has been studied into more detail by kinetic
measurements. Therefore pectin lyase type I was desalted by gel filtration on a
Sephadex G-25 column and freeze-dried. After dissolving the enzyme in buffers

12

16
20
time (days)

FIG. 3.9. Stability of pectin lyase type I (
) and II (
) upon incubation at 4°C and
at different pH values.The enzyme, stored at - 10CCin 0.02 Mphosphate buffer pH 6.0 plus
0.2 M NaCl, is dialyzed in a concentration of 1.3 mg/ml before incubation against the following buffers: storage buffer (A) and Mcllvaine buffers (jx = 0.5) of pH 6.0 ( •), 5.4 (O),
5.0 (A) and 4.4 (D). Activity expressed as specific activity (see methods).
Meded. Landbouwhogeschool Wageningen 75-13 (1975)
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FIG. 3.10. Inactivation of pectin
lyase typeI(1mg/ml)inTris buffer
pH 7.46 and (i = 0 . 1 . The drawn
curveisthetheoretical curve accordingto eq.3.4. In theinset the data
are depicted as a first order plot.
Activitymeasurementsperformed in
Melivainebuffer ((x= 0.5)pH 7.45.

20

30

40

time (min)

of a certain pH and ionic strength, the inactivation was followed by measuring
the activity at different time intervals. Enzyme dissolved in 0.02 M phosphate
buffer pH 6.0 plus 0.2 M NaCl was taken ascontrol. Twotypes ofbuffer were
used, viz. Tris and phosphate buffer. The ionic strength of the Tris buffer was
calculated using a pK value of 8.1 while for the phosphate buffers the nomogram of BOYD (1965) was used. The activity measurements were carried out as
described in the methods, but a pH of 7.4 instead of 6.0 was chosen in order to
obtain linear progression curves, by minimizing the upward deviation due to
reactivation.
A plot of the percent residual activity versus time of inactivation at pH 7.46
in Tris buffer (fi,=0.1) (Fig. 3.10) shows the deviation from afirst order process.
Also a second order proces cannot describe this inactivation curve. If we use a
first order equilibrium process (eq. 3.3),
ki

(3.3)
k-t

the inactivation can be fitted. For this kind of process equation 3.4 can be
derived.
V,=

(3.4)

V.-V^l-e"*)
XX

In this expression V, equals the activity at time t, while V0 and Vx represent
the activity at t0 and the equilibrium value respectively. The term kt denotes
the sum of kx and k_ x . By a fitting procedure the constants Vx and k, can be
32
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TABLE 3.5. Inactivation parameters, obtained as described in the text, of pectin lyase type I
dissolvedinTrisbuffers (fx = 0.1)ofdifferent pHvalues.
pH

kt(min *)

ktOnin ')

k-xOnin ')

Vx(%)

Keq

7.46
7.79
7.94
8.15
8.34
8.55
8.72
8.92

0.08
0.20
0.19
0.25
0.28
0.37
0.39
0.64

0.070
0.176
0.171
0.235
0.250
0.355
0.365
0.617

0.015
0.024
0.019
0.015
0.021
0.015
0.025
0.023

18.0
12.0
10.0
6.0
7.5
4.0
6.5
3.6

4.67
7.33
9.00
15.67
11.90
23.67
14.60
26.82

determined using formula 3.4. The contribution of kx and k_ t to k, can be
determined byusingequation3.5.
*1
*•- 1

_ L^inactJ eq _ U^actJ t=0
L^actJ eq

L^actJ eq _ * „

L^actJ eq

Vx

(3.5)

'x

In Fig.3.10 also an example isgiven ofthe theoretical curve (eq. 3.4) of the
inactivation process.Table3.5givestheparameters obtained,usingthismodel,
for theinactivation atdifferent pHbutatthesameionicstrength.
Some conclusions can be drawn. First of all, the inactivation in Tris buffer
([i.=0.1)seemstoproceedalreadybelowthepHrangetested.Thelow buffering
capacityinthisinterestingregiondidnotenableustoextendthepHrange.
A second feature is the increase in kj-value with pH, whereas the k_ t is
more pH independent. Plotting of kj versus pH results in a picture (Fig.3.11)
whichcanbefittedbytheequation3.6.
ki =

k

îT
1 + [H + ]/K

(3.6)

in which k'x represents the pH -independent k1; while K denotes a(complex)
dissociation constant governing the pH dependence of the process. Under our
conditions these parameters are k \ =0.8 min -1 andK= 10 -8 - 55 respectively.
The velocity constant k\ in phosphatebuffer (fx=0.1) shows the samedependence and maximal value, only the pK value of the important group issomewhat shifted (8.65), however this can be considered within the experimental
error. The k_ t value in phosphate buffer is somewhat higher. Alogarithmic
plot oftheequilibrium constant versuspH (Fig.3.11)yieldsalso apK valueof
about8.55.
The parameters are independent of the enzyme concentration (0.1-3.0 mg/
ml), but depend on the ionic strength (Table 3.6). The increased stability of
pectin lyase in an environment of a higher ionic strength appears to originate
from anincrease ofk_1; whichcausesadrasticchangeintheratiokly/k_x.
Infact,wehavemadeonecrucialassumptionviz.thecompleteinactivityofthe
Meded.Landbouwhogeschool Wageningen 75-13 (1975)
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FIG. 3.11. pH dependence of the
inactivation velocity constant (ki);
through the data points the theoretical curve according to eq. 3.6 is
drawn with k'i = 0.8 min - 1 and a
pK of 8.55. The inset represents a
logaritimic plot of Keq versus pH.

TABLE 3.6. Inactivation parameters, obtained as described in the text, of pectin lyase type I
dissolvedinaTrisbuffer pH9.0atdifferent ionicstrengths.
pH
8.92
9.00
9.00
9.00

0.10
0.16
0.25
0.49

Vx(%)

kt(min ')

3.6
8.0
10.0
10.0

0.64
0.65
0.70
0.72

k^min - 1 )
0.617
0.589
0.630
0.648

k-^min ')
0.023
0.051
0.070
0.072

highpH form of theenzyme.Thisis only based upon the observation that the
Km-valuesat t = 0 andintheequilibrium phaseareidentical.Thesimilaritybetween theoretical and experimental curve does not exclude the existence of
more intermediates in the inactivation process. Knowledge of the reactivation
constant could solvethis question, however thisparameter isdifficult to determine because the great influence of the ionic strength and the nature of the
buffer on thisprocess.
3.3.3. Physico-chemicalcharacterization
3.3.3.1. Disc gel electrophoresis
Thebehaviorofthetwotypesofpectinlyaseisdifferent uponelectrophoresis.
Type I gives a single but diffuse band upon electrophoresis, whereas the most
purified preparation oftypeIIgivestwoprotein bands(Fig.3.3).Todetermine
whether both protein bands are pectin lyase, gel slices were cut out at those
positions where protein bands were localized. The proteins wereextracted by
homogenizing the slices in buffer with a Potter-Elvehjm. Two different buffer
systems were used; the normal buffer in which the enzyme is stored, 0.02 M
phosphatebuffer pH6.0plus0.2MNaCl,andthebuffer usedintheacrylamide
gel,0.03MTris/HClpH 8.9.Theextracts werefilteredand L-Bplotsweredetermined in the usual assay buffer at pH 6.0. Both protein bands have pectin
lyaseactivity(Table3.7).
The extraction buffer affects the activities of pectin lyase type I and II but
34
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TABLE3.7.Km-valuesofpectinlyaseafter electrophoresis;extraction ofthegelswasperformed
indifferent buffers.
Km-value(mM)

pH ofhomogenizing buffer
6.0

8.9

pectin lyasetypeI
26.0
pectinlyasetypeII
slowmovingband
4.0
fast movingband
4.0
a)activitiesweremeasuredinMcllvainebuffer pH 6.0.

28.0
4.0
4.0

FIG. 3.12. Densitograms of pectin lyase
type II extracted from the fast moving
band in 0.02 M phosphate buffer pH 6.0
containing 0.2 M NaCl (
) and in
0.30 M Tris/HCl buffer pH 8.9 (
)
respectively.

has no effect on their Km-values. Moreover the fast and slow migrating bands
ofpectinlyasetypeIIhavethesameKm-value.
Enzyme from the two bands was analyzed again by disc gel electrophoresis
(Fig.3.12). The redistribution oftheenzyme over two protein bands suggesta
reversibleconformational changeaccompanied byachangeinsurface charge.
3.3.3.2. Iso-electrofocusing
The isoelectric points for pectin lyase type I and II weredetermined byisoelectrofocusing. Fig.3.13showsplotsofpHandactivityversuselutionvolume.
ThepH gradient wasnot linear over thewholerange,an observation that also
hasbeen noted byother authors.
The pi values of pectin lyase type I and II were 3.65 and 3.75 respectively.
Thevaluesareintherangeofthepivaluesofmanyextracellular enzymes from
fungi ofwhichsomearecompiledintable3.8.
The small amount of activity, upon focusing of pectin lyase type II, eluting
beforethemainpeakatthesameplaceoftypeIcanbecorrelatedwiththesmall
protein band with the same mobility as type I uponelectrophoresis of typeII
(see 3.3.3.1.). So,theinactive form of type II has the same amount of surface
chargeastypeI.
Meded.Landbouwhogeschool Wageningen 75-13 (1975)
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50
fraction number

FIG. 3.13. Elution profile after electrofocusing of pectin lyase type I (O
O) and II
(•
• ) .The pHofthedifferent samples isalso inserted (-.-.-.). Fractions of 1 ml are
collected.
TABLE3.8.pivaluesofsomeextracellularenzymesfrom fungi.
enzyme
a-L-arabinofuranosidase
polygalacturonase
two cellulases
pectinlyase
cellulase

Pi

fungus

3.6 Aspergillusniger
3.8 Aspergillusniger
3.8,3.9 Trichodermakoningii
3.5 Aspergillusniger
3.9 Trichoderma viride

reference
KAJI&TAGAWA, 1970
KOLLER,1966
WOOD & MCGRAE, 1972
AMADO, 1970
BERGHEM &PETTERSON,1973

3.3.3.3. SDS P o l y a c r y l a m i d e gel e l e c t r o p h o r e s i s
Initially the experiment was performed with 10% acrylamide gel. The molecular weight found in this manner (about 46000) is high by comparison with
the results of the other techniques. In order to investigate whether the glycoprotein character of the enzyme is responsible for this result (BRETSCHER, 1971
and SEGREST et al., 1971),the gel percentage was increased from 7.5% to 15%;
no decrease in molecular weight was observed. In Table 3.9 the determined
values are tabulated.
TABLE3.9.Molecularweightsofbothtypesofpectinlyase,determined bydifferent methods.
method
gelfiltration:
SephadexG-100
SephadexG-200
Sepharose6B
SDSelectrophoresis:
15%
12.5%
10%
7.5%
36

typeI

typeII

37000
37950
35550

36800
36000
35400

50150
47050
46250
45050

49450
43800
45500
44400
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3.3.3.4. Gel filtration
Gel filtration data on Sephadex G-200, using the Ackers' approximation,
yield r-values between 198 and 212Â. The calculated Stokes radii, frictional
coefficients, diffusion coefficients and molecular weights are compiled in Table
3.10. Molecular weights found by using the method of Andrews are included
inTable 3.9.Thegelfiltrationmethod in6MGuHCl,inwhich noassumption
hasbeen madeabout theconformation ofthe(marker) proteins,yieldsslightly
lowervalues(Table3.9).
TABLE3.10.Stokesradiiofpectinlyaseandcharacteristics derivedfrom thesevaluesaccording
theformulas giveninthemethods.
pectinlyase

typeI
typeII
typeI + 11

a
(Â)
24.4
22.8
23.2

f/fô

1.10
1.06
1.08

D app
cm2,sec" 1
8.3xlO" 7
7.8xl0~ 7
7.9xlO" 7

Mol.wt.2

35400
33100
33700

1 For thedetermination off/f0 vistakenas0.75.
2For sthevalueof3.2Sistaken(see3.3.3.5.).

3.3.3.5. Ultracentrifugation
Diffusion and sedimentation coefficients were only determined with the
mixture of pectin lyase type I and II, The material wasthoroughly dialyzed
against 0.05 Mphosphate buffer pH 7.0, and was homogeneous asjudged by
gelelectrophoresis at pH 9.5.This apparent homogeneity can beduetothepH
of the electrophoresis buffer, but also to thepH of the dialysis buffer, because
the protein band (see section electrophoresis) upon incubation at high pH
(oftypeII)hasthesamemobilityaspectinlyasetypeI.Fromthediffusion and
sedimentation patterns a sedimentation coefficient of 3.2. S and a diffusion
coefficient of 8.4 x 10"7 cm2sec_1 can be calculated, leading to a molecular
weightof37100daltonsat20°C.
Thedetermination ofthemolecularweight by sedimentation equilibriumwas
performed withpectin lyasetype I and II separately, after dialysis against 0.02
M phosphate buffer pH 6.0 containing 0.1 M NaCl. Molecular weights of
38400and 37350werefound for type I and II respectively.
However,ingivingthisphysicaldata,wehavetorememberthatthesedimentation coefficient determined was not corrected for pressure and dilution effects,
which results ina too lowestimate (ca 10%).Including thisfor the calculation
of the molecular weights gives better results. Another difficulty is the use of
0.75for partial specific volume.1
1

Calculation of thisparameter from the lastly determined amino acidcomposition according
to SCHACHMAN (1957)yields a value of 0.715, resulting in molecular weights of about 35000
daltons. These values are in good agreement with the molecular weights determined by gelfiltrationin6MGuHCl.
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TABLE3.11.Molecularweightsofsomepectolyticenzymes.
enzyme

mol.wt.

source

pectin esterase

35000

Fusarium oxysporum

endo-polygalacturonase
pectate lyase
pectin lyase
pectate lyase
pectin lyase
pectin lyase
polymethylgalacturonase

35000 Aspergillus ntger
33000 Pseudomonas sp.
32000 Aspergillus niger
31000 Erwinia carotovora
31200 Dothidea ribesia
36400 Aspergillus niger
35000 Aspergillus niger

reference
MILLER & M C M I L L A N ,

1971
REXOVÂ-BENKOVA, 1968
PREISS & ASHWELL, 1963

Isini & YOKOTSUKA, 1972
M O U N T et al, 1970
KNOBEL, 1972
KNOBEL, 1972
REXOVÂ-BENKOVÀ &
SLEZARIK, 1968

The order ofmagnitude ofthe molecular weightsofthese enzymes isinthe
range ofmany other pectolytic enzymes offungal origin, ascan be seen from
someexamplesgiveninTable3.11.
3.3.3.6. ORD/CD measurements
InFig.3.14ORD and CDspectra ofpectinlyasetypeIin0.02Mphosphate
buffer pH6.0 plus 0.2 MNaCl are shown. Achange inpH to7.5 does not
change the spectra. Pectin lyase type IIexhibits anidentical behavior inthis
respect. The obtained valuesforthea-helix content, calculated from the mean
residual specific rotation at232nm and the mean residualellipticityat222nm
are 1.5% and4.8% respectively. These estimates arenotvery accurate. The
ORD spectrum at232nm containsatoo largecontribution ofß-structure due
tothelowhelicalcontent,whereasthecurvebelow210nmistoobadfor interpretation. The CD curve lacksatypical a-helix pattern (two negative bandsat
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FIG. 3.14. A. ORD spectrum of pectin lyase type I (0.084 mg/ml). B. CD spectrum of
pectinlyasetypeI (0.104mg/ml).Theenzymewasdissolved inbothcasesin0.02Mphosphate
buffer pH 6.0 containing 0.2 M NaCl.
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280and208nmrespectively)and isalsonotinterprétablebelow205nm.However,itcanbesuggestedthataratherlargeamountofß-structureispresent.
3.3.3.7. Fluorescence
Thefluorescencespectraofbothtypesofpectinlyasehavebeenmeasuredona
cross correlation phase and modulation fluorometer and are shown in Fig.
3.15.A particular feature of these spectra is the separationofthetyrosineand
tryptophan contribution to thefluorescencein both enzymes as can be seen
from the alteration in emission spectra upon changing the excitation wavelength from 280to 290nm. The quantum yield is different for both enzymes.
ForpectinlyasetypeIIthespectraarealsoshownatpH8; theinactivationand
conformational change of the enzyme at pH values above 6appears to beaccompanied byadiminished contribution oftyrosinetothe fluorescence.

320
340
wavelength (nm)

FIG. 3.15. Emission spectra of pectin lyase type I and II recorded by a phase fluorometer
under different conditions. Enzymes are dissolved in 0.02 M phosphate buffer plus 0.2 M
NaCl ina concentration of 0.08 mg/ml.
enzyme

excitation wavelength

pH

I
I
II
II
II
II

280
295
280
280
295
295

6.0
6.0
6.0
8.4
6.0
8.4
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a
b
c
d
e
f
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3.3.4. Thecarbohydratecontentofpectin lyase
3.3.4.1. I n t r o d u c t i o n
Since the discovery that enzymes or other proteins sometimes contain covalently bound carbohydrates, the composition of the carbohydrate moiety and
the nature of the bond between carbohydrate and peptidechain hasbeen studied. Covalently bound carbohydrates are present in transport proteins of
plasma, enzymes, gonadotrophins, immunoglobulins, phytohemagglutinins,
collagen and cellular membranes. (SPIRO, 1970).
Sugars in glycoproteins are: D-mannose, D-galactose, L-fucose, D-xylose,
L-arabinose, N-acetyl D-glucosamine, N-acetyl D-galactosamine and various
sialic acids. The types of linkages between sugar and peptide can be divided
into three classes (SPIRO, 1970): a) the glycosylamine bond between N-acetyl
glucosamine and the amide group of aspartic acid, b) the alkali labile O-glycosidic bond to serine or threonine residues which involve N-acetyl D-galactosamine, D-galactose, D-xylose or D-mannose as the sugar component and
c)the alkali stable O-glycosidicbond of D-galactose to hydroxylysine.
As for the function of the carbohydrate moiety of glycoproteins, no unique
answer can begiven (SPIRO, 1972a;MARSHALL, 1972).Proposals havebeen made
like the sugar moiety of glycoproteins is required for the excretion (EYLAR,
1965), it contributes in maintaining the specific tertiary structure of a protein
(MARSHALL and NEUBERGER, 1968) or they have a function in plant cell wall
extension growth (KAUSS and GLASER, 1974).
Lectins are proteins which are able to bind glycoproteins and sugars. Some
lectins are able to discriminate between normal and malignant cells; with the
latter they agglutinate. It has been shown for instancefor wheat germ agglutinin
(AUB et al., 1963 and BURGER, 1969), for concanavalin A (INBAR and SACHS,
1969) and soybean agglutinin (SELA et al., 1970) that these proteins bind specifically sugars, polysacharides and glycoproteins forming an agglutinate; some
of them are mitogenic in addition. Concanavalin A from Canavalia ensiformis is a well-studied lectin. It was first isolated by SUMNER (1919) who also
identified it as a phytohemagglutinin (1935). Its specificity towards D-mannose,
D-glucose and polymers which contain related structures, has been studied by
GOLDSTEIN and coworkers (1965) and SMITH and GOLDSTEIN (1967). The importance of Ca 2 + and Mn 2 + ions for sugar binding has been described by
KARLSTAM (1973). The protein is a tetramer of which the association of the
monomers (mol.wt. 17,500) depends on the pH (OLSON and LIENER, 1967).
One carbohydrate binding site has been postulated per monomer by BESSLER
et al. (1974);carboxylic groups areimportant for the binding of the sugar to the
protein (HASSING et al., 1971). The three-dimensional structure has been published by HARDMAN and AINSWORTH (1972) at 2.4°A resolution.
The strong specific interactions between lectins and carbohydrates haveled
to applications in affinity chromatography to purify either the lectin (OPPEN40
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HEIM et al., 1974; K A W A G U C H I et al., 1974and HAYES and GOLDSTEIN, 1974) or

its counterpart (KRISTIANSEN, 1974 and A L L E N et al., 1972). ASPBERG and P o -

RATH (1970) applied immobilized concanavalin A to obtain group specific
adsorption of glycoproteins.
Because of the extracellular character of pectin lyase it was investigated
whether this enzyme also belongs to theclass of glycoproteins. Theresults are
reported in this section.
3.3.4.2. R e s u l t s a n d d i s c u s s i o n
Staining with periodic acid-Schiff reagent ( M C G U C K I N and M C K E N Z I E ,
1958) or with Alcian blue ( W A R D I and MICHOS, 1972) of Polyacrylamide gels is
positive and confirms the glycoprotein character of pectin lyase. The a m o u n t
of carbohydrate bound topectin lyase as obtained bytheH 2 S 0 4 / p h e n o l procedure (DUBOIS et al., 1956) was4 and 6 sugar residues/mole pectin lyase type
I andII respectively, using glucose asreference compound. Based onweightthe
sugar content is about 2.5%.
Pectin lyase shows affinity for the lectin concanavalin A. The elution
behaviour of both types of enzyme upon affinity chromatography on
immobilized ConA appears tobevery different. (Fig.3.16). With both types
of enzyme a small activity peak elutes during the washing with equilibration
buffer; this canbe dueto the elution of enzyme in which the sugar chains are
not yet completed (ROSEMAN, 1970). U p o n elution with an a-methylglucoside
gradient type I shows a single elution peak based on activity while, as judged
from the protein content, a small peak eluted just before the activity peak;
probably a carbohydrate-containing impurity. Enzyme type II elutes as a
double peak as can be derived from the activity as well as from the protein
elution profiles. A complete separation of both species of type II upon affinity
chromatography could be obtained by increasing column size, increasing
volumes of thecomponents of the a-methylglucoside gradient a n dchanging of
the gradient to the range from 0 - 0 . 0 5 M a-methylglucoside; both forms are
called A andB respectively. A t different elution positions, indicated by arrows
in Fig. 3.16, samples are drawn for determination of the Michaelis Menten
parameters and analysis of the electrophoretical behavior. The Michaelis
Menten parameters appear to be identical to the values obtained before
affinity chromatography, whereas theelectrophoretic patterns arealso unchanged and identical to the patterns given for the pure enzymes given in Fig. 3.3.
This last result indicates that the separation of pectin lyase type II into two
species is not related t o thetwobands present upon gelelectrophoresis, which
are due t o a p H and ionic strength induced inactivation and conformational
change; identical fluorescence spectra of the species A and B of pectin lyase
type II confirms this statement.
The carbohydrate composition of pectin lyase type I and II A and Bwas
determined as described in themethods with G.L.C.. It appeared to be impossible t o remove completely the a-methylglucoside, thus samples after affinity
chromatography are contaminated with non-covalently bound glucose. The
Meded.Landbouwhogeschool Wageningen 75-13(1975)
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FIG. 3.16. Elution profile of pectin lyase type I (A) and II (B)upon affinity chromatography
on a ConA-Sepharose-4B column (7cm x 1.5 cmdiameter).After loadingwithenzyme,the
column isfirsteluted with 80ml equilibration buffer (0.02 M phosphate buffer pH 6.0 containing 0.2 M NaCl, 1 mM CaCl2, 1mM MnCl2 and 1 mM MgCl2) followed by a linear
gradient from 0-0.1 Ma-D-methylglucosidein the equilibration buffer (80mleach).Fraction
size: 2 ml; absorbance at 280 nm (O
O); pectin lyase activity (
); a-D-methylglucoside concentration (
). The column isregenerated by washing with 0.02 M phosphate buffer pH 6.0 containing 1M NaCl.
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TABLE 3.12. Amino acid composition ofpectin lyasetypeIand IIasdeterminedbydeABREU
(1973) and of ß-glucosidase (RUDICK and ELBEIN, 1973). The carbohydrate composition of
pectin lyaseisdetermined asdescribed inthetext;allvaluesareexpressed asmole/moleusing
38000and40800asmolecular weightsforpectinlyase(IandII)andß-glucosidaserespectively.
residue
Lys
His
Arg
Thr
Asp
Ser
Glu
Pro
GluN
Man
Glu

typeI

typeII

ß-glucosidase residue

8.1
7.5
7.2
33.2
43.1
28.7
21.8
7.8

9.8
11.7
6.8
26.5
41.3
25.9
23.4
8.0

10.0
5.5
3.7
23.1
36.9
27.1
20.9
6.6

-

-

4.1

2.1
2.1

1.8
16.6
32.5

-

typeI

Gly
Ala
Cys(i)
Val
Met
He
Leu
Tyr
Phe
type
IIA
IIB

typeII

ß-glucosidase

32.9
38.3
25.7
26.8
4.2
6.8
20.1
25.9
1.8
0.9
13.5
15.4
18.3
16.3
16.2
16.3
7.8
8.6
mannose
1.4
2.1

33.8
19.7
3.3
16.2
3.4
13.8
19.5
15.4
11.6

results obtained suggest that form B contains more mannose residues than
form A while the latter contains more glucose residues (Table 3.12). This is in
accordance with their elution position; the elution of pectin lyase type I at
a slightly lower a-methylglucoside concentration than type II A can not be
explained by its sugar composition, but can be due to a different distribution of
its sugar residues. The absence of N-acetyl glucosamine suggests that the sugar
is connected to the peptides through an alkaline labile 0-glycosidic bond between a serine or threonine residue and mannose.
The low number of mannose residues suggests only one carbohydrate chain
per protein molecule. It must be mentioned that a tryptic digest of pectin lyase,
which contains about 15 water soluble peptides (de ABREU, 1973), showed
two different elution peaks on a Con A-Sepharose column upon washing with
equilibration buffer, whereas two other peaks appeared upon elution with a
linear a-D-methylglucoside gradient. This could indicate that more than one
carbohydrate binding siteispresent on the enzyme.
By adding different amounts of immobilized Con A to pectin lyase type I,
the binding of this lectin to the enzymewasstudied.After thorough mixing and
subsequent centrifugation at 30,000 g, the activity was directly measured in the
supernatant. The results (Fig. 3.17) show a rapid drop in activity upon increasing the amount of Con A. By using equation 3.7 (KLOTZ, 1946) an estimate
can be made of the binding constant between pectin lyase and Con A leading
[Con A]

K„

[PX] bound

n([P.L] total - [P.L] bound )

n

(3.7)

to a value of about 10fxM. This meansthat theinteraction isstrong, while upon
binding the enzyme is strongly inhibited or even inactive; the latter is not a
general feature of glyco-enzymes which are bound to Con A or other lectins
(WALLACE and LOVENBERG, 1974).
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FIG. 3.17. Activity of pectin lyase
typeIinthesupernatant after mixing afixedamount ofenzyme with
different amounts of immobilized
Con A at room temperature and
subsequent centrifugation. The enzymeisdissolvedintheequilibration
buffer (see legendofFig. 3.16).The
ConAconcentration isderivedfrom
the amount ofConA(8mg)perml
gelbed.
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3.4. GENERAL DISCUSSION

The purification ofpectin lyase from a commercial enzyme preparation derived from Aspergillus niger to a homogeneous enzyme with respect to physicochemical parameters, is carried out by using conventional techniques.
The twotypes of pectin lyase which have been purified, represent about 95%
of the transeliminase activity in the starting material. Many other pectolytic
enzymes exist inmultiple forms eg. endopolygalacturonase from fungi (KOLLER,
1966; KOLLER and NEUKOM, 1967 and E N D O , 1964), two exo-polygalacturona-

ses from A. niger ( M I L L , 1966), four pectate lyases from Bacillus polymyxa
(NAGEL and WILSON, 1970), two polymethylgalacturonases from A. niger
(REXOVA-BENKOVA, 1966, 1967)and two pectin lyases from Sclerotinia fructigena (BYRDE and FIELDING, 1968)

In the literature cited above the biological significance of these multiple
forms of thesame enzyme is not discussed. However, onemayspeculate about
the origin or function of their occurrence. The first aspect requires a careful
genetic analysis to determine whether one or two loci are involved. It is noteworthy that theratio of the twoenzymes is constant in allof our preparations.
As for thesecond aspect itis attractive t o assume that thelowaffinity form is
particularly important when substrate is abundantly present, whereas thesecond high affinity form plays a role atlower substrate concentrations. A n indication in the same direction is given by the difference in number of sub-sites for
both enzymes, viz. 9 - 1 0 and 8, for pectin lyase type I and II respectively
(Chapter 6).This means that the ratio of the different types of enzymes might
also change with culture age, which is reported for cellulase from Stereum
sanguinolentum ( B U C H T and ERIKSSON, 1968).
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As already mentioned in the introduction of this section,thestartingmaterial
contains several carbohydrate metabolizing enzymes which have approximately
the same charge and the same molecular weight. In order to obtain a rough idea
of where these enzymes appear in the effluent ofthefirst DEAE-column, several
other enzyme activities determined. Theresults areschematically depicted in the
following scheme.
polygalacturonase
<

>
cellulase

pectin esterase
<
>

galactosidase

<
pectin lyase I
<

pectin lyase II
>
<
*arabinase
<
>
mannanase
<
>
xylanase
<
>
elution volume

This scheme illustrates the difficulties which may arise if one tries toisolate a
single enzyme from this source in a conventional way. The advantages of affinity chromatography have already been discussed. However, atthe moment,
no suitable ligand for pectin lyase isknown. Thepresence of pectin esterase in
the extract of pectin lyase makes the use of cross-linked pectin very troublesome, because this leads to saponification of the pectin, resulting in a reduced
affinity for pectin lyase, and in addition a substrate for polygalacturonase and
pectate lyase is produced.
Group separation of carbohydrate cleaving enzymes by affinity chromatography on immobilized Con A seemspossible. This is based on the observation
that a pectic acid hydrolyzing enzyme has the same elution volume as pectin
lyase and the reported carbohydrate composition of other extracellular enzymes from Aspergillus; RUDICK and ELBEIN (1973, 1974)reported mannose and
glucose as main components of the carbohydrate moiety of ß-glucosidase and
oc-glucosidase.
Both types of pectin lyase have very similar physico-chemical characteristics.
The molecular weights and iso-electric points are nearly identical; the fluorescence differs onlyin quantum yield. The amino acid composition determined by
Meded.Landbouwhogeschool Wageningen 75-13 (1975)
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de ABREU(1973)isgiveninTable3.12andappears tobenearlyidentical for both
types of enzyme; the C-terminal amino acids are the same and the N-terminal
amino acid is blocked in both cases. The great similarity in physico-chemical
properties of extracellular enzymes of Aspergillus, like molecular weight,
iso-electric point, sugar composition and even amino acid composition, as
appears from the amino acid composition of ß-glucosidase included in Table
3.12 (RUDICK and ELBEIN, 1973) might suggest some common building scheme
for these enzymes.
Aside from a possible role of the carbohydrate moiety of pectin lyase in the
excretion process, no clear cut function for the sugar part of the enzyme has
been found. ALBERSHEIM and ANDERSON (1971) suggested that agglutinins act
in some way as a defence mechanism against infection by plant pathogenic
fungi, based on theability ofa protein extract from Red Kidney bean hypocotyls
to inhibit polygalacturonase from different sources, which is the first enzyme
excreted upon infection of a plant with a pathogenic fungus (ENGLISH et al.,
1971).
Our results with Con A and pectin lyase, an enzyme which is also known to
operate during pathogenesis, point into the same direction. Therefore, the presence of carbohydrates in pectin lyase and also in other contaminating proteins
as reported here and in enzymes like ß- and a-glucosidase as reported by RUDICK and ELBEIN (1973, 1974) might be a general pattern for carbohydrate degrading exo-enzymes. One may speculate that the interactions between the
carbohydrate moiety of exo-enzymes and plant lectins form a general scheme
for plant resistance against enzyme attack.
A pronounced difference between thetwotypes of enzyme is the occurrence
of two protein bands upon electrophoresis of type II, in contrast with pectin
lyase type I which gives only one band upon electrophoresis. The two bands
both arise from pectin lyase type II; the slow moving band seems to represent
an inactive form of the enzyme, whereas the fast migrating band represents the
active form. Both forms are in equilibrium with each other, the position of
which is determined by a combination of the pH and the ionic strength. By an
increase of the pH above 6, or a decrease of the ionic strength below about
0.5, the equilibrium shifts to the inactive form (slow moving band). However,
it is a slow process because the protein bands are very well separated, but also
because upon electrophoresis oftheactiveform thefast movingband dominates,
although the electrophoresis is performed at high pH and low ionic strength.
Thus, the inactivation of pectin lyase type II at pH values above 6is accompanied by a charge redistribution probably due to a conformational change.
The effect of 8 M urea on the electrophoresis only reveals a decrease in
mobility, but the two protein bands did not disappear to form one band. Even
after 24hours of incubation of theenzymein8Mureatwoprotein bands occur
upon electrophoresis. Byassuming a rigid conformation which isnot easily disrupted, this can be explained. The ORD and CD spectra, which are indicative
for a verylow amount of a-helix and a rather large contribution of ß-structure
confirms this assumption and makes other data plausible.
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1. The high molecular weights which are found by SDS-electrophoresis, as
compared with other methods to determine molecular weights, can be due
to an incomplete denaturation of the enzyme. The same argument is used
for the anomalous behavior of an amylase of Bacillus subtilis upon SDSelectrophoresis by MITCHELL et al. (1973). PITT-RIVERS and IMPIOMBATO
(1968) reported a decreased binding of SDS if disulphide bridges are not
reduced, resulting in an overestimate of the molecular weight.
2. The lack of results upon modification of sulphydryl groups or disulphide
bridges with Ellman's reagent (see Chapter 5), although these groups are
present in the enzymes as appears from the amino-acid composition.
3. The too low values for the tyrosine and tryptophan content upon spectral
determination at high pH according to FRAENKEL-CONRAT (1957).
With respect to the kinetic characterization some remarks can be made.
First of all, the isolated enzymes belong to the first class of pectin lyases
(Chapter 1) with a low pH optimum. This class can be divided in sub-classes
in which the enzymes mainly differ in Km-value.
The influence of salts and ionic strength on the activity has to be considered
as preliminary because the experiments have been carried out with the mixture
of both types of pectin lyase. However, even these results can explain a lot of
reported phenomena. The difference in pH optima, reported for different buffers (VORAGEN, 1972),by addition of salts (EDSTROM and PHAFF, 1964and ISHII
and YOKOTSUKA, 1972) or by using substrates with a different degree of esterification (VORAGEN, 1972 and ISHII and YOKOTSUKA, 1972) originate from the
influence ofthese parameters on the Km-value, resulting in a difference in degree
of saturation of the enzyme with substrate. In addition, it is shown that the
influence of salts stems from an influence of the ionic strength, certainly when
completely esterified pectin was used as substrate.
A secondary effect of Ca 2+ when using not completely esterified pectin cannot be ruled out, which can be concluded from the specific ion effect of Ca 2+
and Sr 2+ but not of Mg 2 + on the pH profile (VORAGEN, 1972).
The pH range in which pectin lyase is stable corresponds with theresultsof
VORAGEN (1972) and AMADO (1970). However, the pronounced influence of the

ionic strength on this stability has not been reported before. The inactivation
appearstobeareversiblefirstorderprocess, which isregulated by acombination
of pH and ionic strength. In the case of pectin lyase type II this inactivation
is accompanied by a change in surface charge, whereas the process for both
enzymes can be followed by fluorometry. As can be seen from an emission
spectrum (Fig. 3.15) at pH 8.0, the inactivation results in a diminished contribution of oneormore tyrosine residue tothe fluorescence.
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4. p H - D E P E N D E N T K I N E T I C S O F P E C T I N L Y A S E

4.1. INTRODUCTION

Enzymes are in general active within a limited pH-range. This behavior is
determined by a pH effect on the catalysis, on the affinity of the substrate for
the enzyme, on the conformational stability of the enzyme, or by a combination
of these effects. However, these are not the only parameters which determine
the pH-dependency of the enzymatic activity. Parameters like temperature,
nature and concentration of the substrate, ionic strength of the medium and
the presence of specific ions exert an influence on the experimental pH profile
obtained.
In the literature effects of the substrate concentration and the nature of the
substrate on the pH-profile, have been reported for instance in the case of
mucosa alkaline phosphatase (MORTON, 1955, 1957),whilealsotheinfluence of
variations of the concentration of the two substrates of a two-substrate enzyme
glucose-oxidase have been analyzed (BRIGHT and APPLEBY, 1969). Precautions
haveto betaken intheexperimental layout to ascertain that onlyone parameter
isvaried at atime.Bymeasuringeither thezero order orfirstorder rate constant
of the reaction the substrate influence is excluded. Most trustworthy is the use
of V- or V/Km-values in this respect. Furthermore the stability of the enzyme
over the pH range studied has to be determined separately, while care has to be
taken that upon varying the pH, the ionic strength is not affected.
DIXON and WEBBreported already in 1958,that there are only a few examples
of this kind of approach and even until now, with only a few exceptions like
for example those of trypsin and chymotrypsin, an analysis along these lines
has received little attention.
The direct origin of the pH-effects isa change in ionization of one or more of
the components of the system. Since enzymes are poly-electrolytes, a whole
series of species each with a different state of ionization can exist. The distribution of the enzyme over the various ionic forms depends on the pH and on the
pK values ofthe amino acid residues which ionize. Because the catalytic activity
is usually limited within a relatively small region of pH values (3units) it seems
likely that only a few or even one of these ionic forms is catalytically active
(MICHAELIS and DAVIDSOHN, 1911).Ionization ofgroups far from the active site
has presumably little or no effect on the activity. This implies that in pH studies
only those groups will be found, that have a direct effect on catalysis and/or
binding. Therefore the effects of the pH have been mainly discussed in terms
of afewionizing groups.
For this kind of analysis mostly the pH functions of MICHAELIS (1922) are
used, which are defined as follows:
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f = 1 + K , / [ H + ] + K,K 2 /[H+ ] 2
+

(4.1)

+

(4.2)

f" = 1 + [ H ] / K ! + K 2 / [ H ]
=

+

+

2

(4.3)

f = 1 + [ H ] / K 2 + [ H ] /K x K 2
They give the fractional population of the different ionicspeciesasfunction of
the hydrogen concentration and apply to compounds which undergo two successive ionizations, with ionization constants Kj and K 2;they are independent
of the chemical nature of the ionizing groups.
The starting point for thefrequently used approximation of DIXON and WEBB
(1958) is the most simple case of a two proton model (Scheme 4.1).
:n+l

H

A

:E n + 1 S

+s
HH

K

K

E""1 + S^=

K
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±TE n S

+S
H

A

HH

A

-»-En + P

K

ES,

-E n - ] S

SCHEME 4.1.

In this model the pH functions (4.1-4.3) can be used to describe the ionizations of both free enzyme and the enzyme-substrate complex. The interrelation
ship between the three functions is given by equation 4.4.
Etot = [ E H J .f = [EH 2 ] .f".K X /[H + ] = [EH 2 ] . f . K ^ / O r T ] 2
= [EH~].f[H+]/K1 =[EH"]f" =[EH"]f= .K2/[H+]
= [ E H " ] .f.[ H + ] 2 /K!K 2 = [ E H = ] .f".[ H + ] /K 2 =
= [EH=].f=.

(4.4)

The main assumptions are: only one species (EnS) is able to give products
and the ionizations are rapid in comparison with binding and/or catalysis.
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The logical consequence ofthis model isthat changes in for instance catalytic
activity upon varying the pH, are not duetoaconcomitant change in turnovernumber, but to an increased or decreased concentration of the active enzyme
species. The activity, and other related parameters have to be analyzed as a
function of the hydrogen ion concentration in order to obtain the pH-independent parameters. One may say that the pH independent parameter times a
reciprocal pH function leads to the experimentally observed data points.
The pH functions mentioned are derived for a symmetrical dibasic acid,
with no interaction between prototropic groups, whichisa gross simplification,
certainly ifweare going to use it as a model for proteins. However, experimental pH data generally are too poor to justify a more sophisticated model like
an asymmetrical dibasic acid (Dixon and Webb, 1958).
Complications arise when more than one ionic form is active. For instance
n+1
S
n_1
and E S in scheme 4.1.) He derived the exact steady-state equation, which
contained a complex perturbation term, which is responsible for deviations
from linear L.B.-plots. This term contains higher order terms of the substrate
concentration. Conditions were derived that this term disappears, for instance by the assumption already made by DIXON and WEBB (1958) that ionizations are rapid in comparison with other processes. OTTOLENGHI (1971) concluded that the perturbation term can be simplified, in some cases, without
disappearing, whereas the L.B.-plots still become linear. He also derived that in
a system where Visindependent ofpH, but Km dependent on pH, this does not
automatically mean that Km and Kd are identical.
An interesting feature of the perturbation term is, that with this term substrate activation and also other irregularities in a hyperbolic v vs [S]plot can
be explained; an example is given by TOWBRIDGE et al. (1963). An extension to
the case where two intermediates occur in the reaction scheme was made by
various authors (KRUPKA and LAIDLER, 1960; ALBERTY and BLOOMFIELD, 1963;
KAPLANand LAIDLER, 1967;STEWARTand LEE, 1967).Stewartand Leecomposed
18 theoretically possible pH profiles, and derived the concomitant equations
including the effects of hydrogen ions. These equations were used by NESS et
al. (1971) and STEWART et al. (1971) to explain the pH dependent kinetics of
chymotrypsin and trypsin.
LAIDLER (1955) has taken into account the activity of other ionic forms (E

The possibility remains to misinterpret the pH dependency of the MichaelisMenten parameters. For instance a change in the rate limiting step with pH
can give rise to artefacts (FASTREZ and REQUENA, 1971).The shape of the profilesin those cases where the intermediate, formed in the first step, has to loose
orgainaproton before it can react in a second subsequent step were described by DIXON (1973). The profiles look like normal 'bell-shaped' curves. In the
case of polymer cleaving enzymes, the pH-dependent competition between
productive and non-productive binding, can lead to non-real pK values (FASTREZ and FERSHT, 1973).
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In spite of all these difficulties which may arise in the final interpretation of
a particular system, the pH dependency of an enzyme reaction is helpful to
elucidate the mechanism of action and also to indentify indirectly the amino
acid residues which are involved in binding and catalysis.
WHITAKER (1972) has reviewed different common methods for pH analysis
and described their limitations, mainly consisting of the assumption of a two
proton model with only one reactive species, knowledge of the particular pH
function or the assumption ofwellseparatedpKvaluesof important prototropic
groups.
Not only to explain differences in pH characteristics, but also to obtain more
insight in the reaction mechanism and information about groups which are
involved in binding and/or catalysis, a careful study about the pH dependence
of pectin lyasewas performed.

4.2. RESULTS

FIG. 4.1. pH profiles of pectin lyase type I at different substrate concentrations in Mcllvaine
buffer ((x = 0.25) at 25°C. Substrate concentrations were 1.59 ( • ) , 2.38 (A), 3.18 ( •), 5.56
(D), 11.9(A) and 15.9(O) mM respectively. Through the data points the theoretical curves
are drawn according to eq. 4.20 and using the constants given in table4.1.
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The experiments were carried out (as mentioned) at two ionic strengths of
the assaymixture, viz. 0.25 and 0.05 respectively. The choice of these values is
based on the results of Chapter 3. Maximal activity was found at an ionic
strength of about 0.25,while [x=0.05isfar below this value.
First of all the results with pectin lyase type I will be discussed, followed by
those of type II, both measured at u.=0.25. Finally the results of the measurements at [i.=0.05 will be discussed.
Some representative results of the initial velocity measurements with pectin
lyase I at different substrate concentrations, have been plotted against pH (Fig.
4.1). A shift in pH optimum was observed to more basic values at higher substrate concentrations. Initial velocities were measured at ten different substrate
concentrations at each pH and the Michaelis-Menten parameters (V, Km and
V/Km-values) were calculated as described in the methods. From these values
pH profiles were constructed (Fig. 4.2,a-c). A logarithmic plot of these parameters (included in Fig. 4.3) was difficult to explain by the rules given by
DIXON and WEBB (1958). The log V versus pH plot at [j.=0.5, gives slopes
with a whole number if it is split up (Fig. 4.3a); analysis of the whole curve
gives a slope of about 0.5. This means that the simple two proton model
(scheme4.1)is not valid.
Several reasons for this divergence from unit slope were given by THOMA et
al. (1971) like electrostatic perturbation of the ionization constants, multiple

FIG. 4.2. pH profiles of Km (a), V(b) and V/Km (c) of pectin lyase type I measured in McIlvaine buffer (JJ. = 0.25) at 25°C. Through the data points the theoretical curves are drawn
according to eq.4.12/eq.4.19(a),eq.4.9 (b)and eq.4.18(c)using thevalues of the constants
given in table 4.1. Error bars are only indicated if they exceeds the size of the symbol.
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Mcllvainebuffer (fx = 0.25) (O) and inphosphate buffer (y.= 0.05) (A)at 25°C.

intermediates, or conformational effects. A deviation of the slope from unity
is not exceptional. For instance the pH profiles given by WAKIM et al. (1969)
for «-amylases, by THOMA (1965) for ß-amylases and by RAND-MEIR et al.
(1969) for lysozyme show the same behavior. In these cases no explanation for
thedeviation from thetheory was given.
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SCHEME 4.2.

General mechanism of enzyme-catalyzed hydrolysis (Steward &Lee, 1967).E, EH, EH 2 and
EH 3 are the different protonated forms of the enzymic site while ES, EHS, EH3S and ES1,
EHS 1 , EH2S1and EH3S1represent the ionicforms of theenzyme-substrate complex and an
enzyme-substrate intermediate. The pH-independent rate constants contain a three-digit
subscript. The first digit represents the stage of catalysis, the second digit the number of the
ionizableprotonsonthegroupsconcernedwiththeactivesite,whilethethird digitisreserved
for the case of an ionizable substrate. The three digits of the acid-base equilibrium constants
havethe samemeaning.

The methods given by WHITAKER (1972) for the determination of the pK
values of prototropic groups involved in catalysis and/or binding cannot be
used, mainly due to the fact that the two proton model is invalid, and that the
pK-values of the groups involved are not separated by more than three pH
units.
STEWART and LEE (1967) have derived equations, departing from a model
(Scheme 4.2) in which more than one species is able to catalyse the breakdown
of the substrates and/or bind the substrate. Their model is based on an enzyme
mechanism in which the enzyme-substrate complex decomposes in two sequential stages.
ki

ES

E + s;
k-i
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\

ES 1

E + P2

(4.5)

Pi
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The concomitant Michaelis-Menten equations are given by eq. 4.6-4.8.
V = kcat = k 2 k 3 /(k 2 + k 3 )

(4.6)

K m = k 3 ( k _ 1 + k 2 ) / k 1 ( k 2 + k3)

(4.7)

V/Km = k 2 k 1 / ( k _ 1 + k 2 )

(4.8)

Assumingthat k 3 > k 2 means that theVmeasured isrelated to k 2 .
Those theoretical profiles of STEWART and LEE (1967), which are similar to
the V-pH profile in Fig. 4.2, were tested with the corresponding equations in a
curve fitting procedure; with only one of these equations (4.9) a good fit could
be obtained.
Y_

k 2 1 0 + k 2 2 0 . [H j /K a 2 2 0
1 + [H ] /K a 2 2 0 + [H ] /K a 2 2 0 K a 2 3 0

or
210 , k 2 2 0 . [ H ] / K a 2 2 0

r

r

By introducing the dissociation constants from scheme 4.2 and the interrelationship between the different pH functions (eq. 4.4) the second part of
equation (4.10) can be rewritten:
k 22 p •[H J /K a 2 2 0 _ k 2 2 0

(4.11)

In this manner equation (4.12) will be obtained.

hl^

V=

+

1 + [H ] /K a 2 2 0 + [H ] /K a 2 2 0 K a 2 3 0
,

k 220

1 + [ H + ] /K a 2 3 0 + K a 2 2 0 / [ H + ]

(4.12)

or
v =

k^o + k^o

( 4 13)

The physical meaning of equation 4.9 can now be explained by scheme 4.3,
showing the existence of two ionic forms of the enzyme-substrate complex,
which are both catalytically active.
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SCHEME 4.3.

TABLE4.1.pHindependent parameters ofbothtypesofpectinlyaseatdifferent ionicstrength,
obtained bycurvefitting(1)orbycomputer calculation(2)of V(sec -*)andV/Km(sec -: M~ ')
usingeq.4.9and4.18.
constant

type I
V- =0.25
(1)

K210
K220
PKa220
PK„230

tr*
K-i 10
Ki 20
pKa120
pKai30

type II
t* = 0.05

(2)

(1)

f* = 0.25

H = D.05

(1)

(2)

(1)

(2)

169.00
48.50

167.00
53.40

177.00
42.20

81.50
14.20

82.70
15.50

81.50
21.40

81.40
27.90

6.10
4.23

6.16
4.35

6.10
4.20

5.56
3.50

5.60
3.67

6.05
3.50

6.09
4.62

2780.00
5650.00

2880.00
5740.00

960.00
4320.00

6650.00 6240.00
18200.00 16800.00

2690.00
11900.00

6.15
4.20

6.07
4.24

6.05
4.20

6.49
3.98

6.20
3.50

6.30
4.10

The pK values and pH-independent turnover numbers from eq. 4.12 determined by curve fitting are tabulated in Table 4.1,while the theoretical curve,
composed by using this formula and these parameters, is shown in Fig. 4.2a.
Fig. 4.4 gives the theoretical fractional distribution of the enzyme over the
different ionic forms as a function of pH, using some arbitrary chosen pKvalues. It demonstrates the fact that the summation of two ionic forms gives
a regular pattern, only summation of two ionic forms with different parameters
(for instanceturnovernumbers)isresponsiblefor deviationfrom theDixonrules.
The pH dependency of the Km values is shown in Fig. 4.2b, while the pK m is
plotted versus pH in Fig.4.3b.BelowpH 5the K m value seems to be constant,
while above that value an increase is observed until a plateau is reached at
about pH 8. The increase is such, that in the pK m versus pH a slope < 1 is obtained. The behavior of Km is very difficult to express in a straight forward
equation.
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FIG. 4.4. Theoretical fractional population of the enzyme in the acid form (c), the basic
form (b) and in both forms (a) at different pH values. In this example the pH functions of
eq.4.12areusedwithpKaj230 = 3.5and pK, 22 o = 5.57.

TheKm-valueisalready givenbyeq.4.7andisreduced to:
K m = ( k _ 1 + k2)/k1

(4.14)

upon assuming k3^>k2. By introducing pH functions for each of these rate
constants eq. 4.14becomes:
K_ = K,

' f

(4.15)

in which Km represents the pH-independent Km value, while fs,fe and fes
designate pH functions for the substrate, free enzyme and enzyme-substrate
complex respectively. If weassume, that the substrate has no pK value(100%
esterified pectin) or that it isalways in the sameionic form over the pH range
used, equation 4.15 reduces to4.16.
K

m = Km •- i

(4.16)

So,for thefitting ofKmdataaquotient oftwopHfunctions isneeded.Combined with the just postulated existence of two different catalytic ionic species,
thisyieldsan expression for Kmwhich contains too many constants to obtain
areliable fit.
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The V/Km parameter, on the contrary, contains only one pH function as
showninequation 4.17.
V/Km=

V f
V I
. ^ . = ^ .
'es

K-m ' 'e

(4.17)

K-m ^e

A separated fitting procedure of V/Km data, shows that their pH profile can
be fitted with equation 4.18.
V/K =
m

° "*"kilt) ' Kai20/[H ]
1 + [H + ]/K a i 3 0 + K a i 2 0 /[H + ]

in which the starred symbols represent the pH-independent V/Km parameters,
which are originally a complex rate constant (see eq. 4.8), and therefore also
cannot be ascribed to one definite step in the reaction sequence as given in
scheme 4.2; this results in the first digit i. Analogous to the conversion of eq.
4.9 to eq. 4.12with eq. 4.4,eq.4.18can be converted to equation 4.19.
k*
V/Km =
+

^

_ +
1 + [H + ]/K a i 3 0 + K a i 2 0 /[H + ]

kl
+
*° + 2
1 + [H ]/K ai20 + [H ] /K a i 2 0 K a i 3 0

(4.19)

The theoretical curve of V/Km, based on eq. 4.19 and the constants given in
table4.1,isshownin Fig.4.2cdemonstrating agood correlation between experiment and theory.Analogous to the interpretation for the V-pH dependency, it
can be concluded that there are also two ionic forms of the enzyme which are
able to bind substrate. However, it is to be kept in mind, that pK-values which
show up in V/K m versus pH profiles, not only ionize in the free enzyme, but
are also essential for the subsequent reaction of theenzyme-substrate complex
(KAPLAN and LAIDLER, 1967).
The theoretical curve of Km against pH through theexperimental data points
in Fig. 4.2b is obtained by dividing eq. 4.9 by eq. 4.18 (or 4.12 by 4.19) and
inserting the corresponding constants given in Table4.1.
Table 4.1 shows that the pK values of the free enzyme and theenzyme-substrate complex arenearly the same.Thatmeansthat bydividingthepH-independent turnover number by thepH-independent V/Km value of the corresponding
ionic form, the pH independent Km value will be obtained (Table 4.2).
LAIDLER (1955) has shown that by combining the V, Kmand vversuspH profilesconclusions may be drawn about the nature of the substrate-enzyme interactions. In case only acidic groups are involved in the formation of the enzyme-
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TABLE4.2.Km-values (mM) for both types ofpectin lyase, calculated bydividingthepHindependentparametersofVbythesameparametersofV/Km,atdifferent ionicstrength.
[x = 0.25
typeI
210/«- MO — ^m
V
fir*
Tfbaslc
K22O/K i 2 o — *Vm

typeII
U
/L-*
T?acid
K210/K HO — ^-m
220/K i20 — ^ m

(1)

(j. = 0.05
(2)

(1)

60.6
8.6

58.0
9.3

184.0
9.8

12.3
0.8

13.2
0.9

30.0
2.0

(1)dataobtainedbycurve fitting
(2)dataobtainedbycomputor calculation.

substrate complex, thefollowing features will befound:
a) a shift in pH optimum to more basic values upon increasing the substrate
concentration;
b) atlowsubstrate concentration anincrease invelocity atlowpHvalues anda
decrease at more basic pH values, that means a shift of the pH optimum
to a more acidic optimum;
c) anenhancement ofVatincreasingpH, whileathigher pHvaluesVbecomes
independent ofthepH;
d) voPt/v proportional to [H + ] at the acid side and to 1/[H+] at thebasic side
of thepH optimum. Thisproportionality decreaseswithincreasing substrate
concentration for the basic limb while at the acid side the proportionality
varies with thesubstrate concentration unless Kes = K e ;
e) at the acid side the Km value changes with pH (no effect if Kes = Ke)
and increases with pH at the basic side.
The system obeys the first requirement for this type ofcomplexing ascanbe
seen in Fig.4.1and4.5aswell asthe second andthird requirements (Figs. 4.1,
2aand3a).Thedependency ofvopt/v on [H + ] and 1/[H+]respectivelyis difficult
to verify, because weare not dealing with a two proton model with only one
active ionic form. Figs. 4.2band 3b show that the requirement with respectto
the variations of Km with thepHisfulfilled. These observations allowthe conclusion that the type of complexing of enzyme with substrate proceeds via
acidic groups only.
In casetheVandV/K m functions used aretheproper ones, they canbecombined to anexpression for theinitial velocity at finite substrate concentrations.
The theoretical curves obtained, after inserting the corresponding values of
Table 4.1,have to be in good agreement with the experimental velocities at
different substrate concentrations andpHvalues.
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FIG. 4.5. Variation of thepH optima with substrate concentration of
both types of pectin lyase at two
different ionicstrengths.Pectinlyase
type I at jx= 0.25 (A), fi = 0.05
(A), pectin lyasetype IIat(j. = 0.25
(O) and [i= 0.05 (•).

*-[{rr
+ +

+ k 2 2 o ' [ H ]/K a 2 20

+

[ H ]/K a 2 2o + [ H ] /K a 2 2oK a 2 30

^ 2 0 + kjio ' K a i20/LH J

r + [H + ]/K a i 3 0 + K a i 2 0 /[H + ]

(4.20)
[S].

Equation 4.20 is used not only to calculate the theoretical curves shown in Fig.
4.1, but also to calculate the pH-optima at different substrate concentrations
by trial and error (shown in Fig.4.5). A pronounced effect of the substrate
concentration on the position of the optimum is seen. It has to be mentioned
that the optima at high and low substrate concentrations are rather flat and not
very pronounced.
Similar experiments and calculations have also been carried out with pectin
lyasetypeII,in order toinvestigatewhether kineticdifferences could be detected
between both types of enzymes. Figs.4.6 and 4.7a, b, c show the results of v,V,
Km and K m /VpH profiles respectively. The same properties, such as divergence
from slopes of unity in logarithmic plots, shifts with substrate concentration
etc. were found. Thus it seems that the mechanism is in principle the same for
both enzymes. In Table 4.1 the constants are listed, which are found by curve
fitting using equations 4.9 and 4.18 for V and V/Km respectively.
As can be seen, the turnover number of pectin lyase type I is about 2 times
that of pectin lyasetypeII,whereas theratio intheacid regionisabout 3.5.
In Chapter 3 a much higher Km value for pectin lyase type I (5.5 x ) was
reported in comparison with the value for type II. A similar pattern for the
pH-independent Km value is obtained in the basic region, while the ratio of
the same constants of pectin lyase type I and II in the acid region is even
larger (about 11). Other differences between both enzymes are the pK a22 o
and pK a 2 3 0 values, namely 6.1 and 4.22 for type I and 5.57 and 3.50 for type II
60
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FIG 4.6. pH-activity profiles of pectin lyase type II at different substrate concentrations. For
conditions and substrate concentrations seelegend of Fig. 4.1.

FIG. 4.7. pH profiles of the Michaelis-Menten parameters of pectin lyase type II. For conditions and other details seelegend of Fig.4.2.
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respectively. However, thepKvaluesin the free enzymes (pKal2o and pKal30)
areonlyslightlydifferent orevenidentical.
Sincethetheoretical curvesofthevelocityatvaryingsubstrate concentration
(Fig.4.6)andthosefor theshift inpHoptimumatvaryingsubstrateconcentration (Fig. 4.5) are following a similar pattern as obtained with type I enzyme,
itisclear that the sameformula canbeusedforpectinlyasetypeIIand furthermorethat themechanismscanbeassumed to beidentical.
In the previous chapter it was already shown that the pH profiles are very
strongly dependent on the buffer used. It was suggested, that these differences
originate from differences in ionic strength. Therefore the experiments just
reported wererepeatedfor bothpectinlyasesinaphosphatebuffer of constant,
butlower,ionicstrength overthewholepHregionstudied. Finalionicstrength
(intheassay)was0.05.Alldataweretreated inasimilarwayasthosefrom the
experiments at fi.=0.25.
At thefirstglance no differences can befound. In the profiles ofV,Km and
V/KmversuspH (Fig.4.8a-cand4.10a-cfor typeIand IIrespectively)andalso
from the logarithmic plots of these parameters, the same deviationfrom a two
proton modelisseen.Thusthe samemechanism isoperating.Theconstantsin
thelowerpHrange(theregionwheretheEH3andEH2(S)speciesaredominant)
are less accurate, because the pH range could not be extended far enough.
Substitution of the rate constants and pK values in the overall equation 4.20
for the velocity at finite substrate concentrations, leads to theoretical curves,
that areingood agreementwith theexperimental data (Figs.4.9a andb).
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FIG. 4.8. pH profiles of the Michaelis Menten parameters of pectin lyase type I. Activity
measurements performed in phosphate buffer (jx = 0.05). For other details see legend of
Fig.4.2.
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FIG. 4.9. pH-activity profiles of pectin lyase type I (a) and II (b) at different substrate concentrations measured inphosphate buffer ((/.= 0.05).For other details seelegend of Fig. 4.1.

Asshownintheactivity-pHplots,thepHoptimaobtained atdecreasedionic
strength are lower than thecorresponding onesat anincreased ionic strength,
particularly in the case of low substrate concentrations (see also Fig. 4.5).
Noted must bethe independency of the turnover number and the pronounced
largervaluesofKmat y. = 0.05(comparedwith(x= 0.25).
ThepHindependent KmvaluesinTable4.2areobtained bydividingk210by
k* ll0 andk220 byk*i20.Thiscanbedonebecausethefractional distributionof
theenzymeoverthespeciesEH2S, EH2 and over EHSand EHisthesame for

FIG. 4.10. pH profiles of the Michaelis-Menten parameters of pectin lyase type II. Activity
measurementsperformed inphosphate buffer (p. = 0.05).For other detailsseelegend Fig.4.2.
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pectin lyase type I (as well at [L = 0.25 as at (x= 0.05) and nearly the same for
pectinlyase type II ((i = 0.25)).
A least square fit program used to recalculate the four constants obtained by
curve fitting of the V (eq. 4.9) and V/Km (eq. 4.18)equations resultsin slightly
different values (Table 4.1), which clearly demonstrates the shift inpK values
upon binding. However, in the case of pectin lyase type II both pK values
(pK ai20 and pK a l 3 0 ) shift downwards upon binding (pK a220 and pK a 2 3 0 )
whileinthecase oftype Ian increase inpK values upon binding was calculated.

4.3. DISCUSSION

Before drawing conclusions, some remarks have to be made with respect to
the experimental design and the building of a model. First of all it has to be
emphasized, that all experiments were performed below pH 7.7. Therefore,
although V shows a plateau, the posibility cannot be ruled out that at more
basic pH, it increases or decreases.
The reasons for this experimental limitation are the chemical transelimination and the saponification of the substrate. Chemical transelimination is
rather slow,ifany, under theconditions usedfor theenzymeassay. Corrections,
if necessary, could be made. Progression curves of the reaction deviate only at
extinction higher than 0.3 from linearity, excluding product inhibition. For
the saponification, which becomes considerable at even slightly alkaline pH,
one cannot include correction factors because a drastic increase in K m values
results from a partial deesterification, (VORAGEN, 1972).
A more general remark with respect to the model is concerned with its
uniqueness. A choice of a particular model on the basis of a close fit does not
exclude other possibilities.
The most striking features of the pH analysis are:
a) The V-pH dependency, that means the dependency of the rate limiting step,
orzeroorder rate constant ofthepH can beanalyzed byassumingmore than
one ionic form of the enzyme ofwhichtwoareableto catalyzethe reaction,
however with a different turnover number. In the acid form, with the lowest
activity, one group is deprotonated (pKcv.4) while the other is protonated
(pK~6). In the basic form, highest activity, both groups ( p K ~ 4 and 6)are
deprotonated.
b) The V/Km vs pH profile can be analyzed in the same way. However, in
thiscaseV/K mislarger for theacidicform than for thebasic form.
c) From the pK m vspH plot theincrease of K m at higher pH is mainly situated
in the basic form.
d) The above mentioned points, combined with the vvspH profiles are indicative for a type of complexing of enzyme with substrate in which only acidic
groups are involved.
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The differences between both types of lyases are due to differences in turnover numbers, K m values, V/Km values and the pK values of the enzyme substrate complex, but hardly to the pK values of the free enzyme. Theinfluence of
the ionic strength is restricted to an effect on K m , while in the case of pectin
lyase type II also a higher pK es value is calculated.
The interpretation of the data on a molecular level is difficult, particularly
since no information exists on the reaction mechanism. Enzymes which have
been studied very well with respect to the pH-dependency are chymotrypsin
and trypsin (KASSERAand LAIDLER, 1969)and detailed information on the reaction scheme is available. With the proteolytic enzymes mentioned the rate
limiting step can be changed by changing the pH (FERSHT and REQTJENA,
1971 and RENARD and FERSHT, 1973) and by using substrates (BENDER et al.,
1964, 1966), for which either acylation or deacylation is rate limiting. The
same observations have been made with other proteolytic enzymes (BAUER and
PETTERSON, 1974). In this way information was obtained on the pH-profiles of
the individual rate constants, which facilitated the interpretation.
The first question in connection with the interpretation is the meaning of the
parameters determined. In the case of V one is dealing with the rate limiting
step. Assuming a mechanism, in which the enzyme-substrate complex decomposes in two sequential steps (eq. 4.5), the V is an expression of two rate
constants (eq. 4.6) for the formation and dissociation of the first product and
the second for thevelocity at which the second product dissociates.
In the activity measurement the formation of the double bond is measured
but no discrimination between bound or free unsaturated product can be made.
Since stopped-flow experiments did not reveal a burst in signal at 235 nm
(E = 1 mg/ml, S = 4 mM), it must be concluded that the rate limiting step
occurs before the formation of the double bond. Therefore it was assumed that
k 2 is rate-limiting, thus V = k 2 with the consequence that the equation 4.7 of
the Km value reduces to that of 4.14 Although salts or ionic strength influence
the K m , but not the turnover number, one cannot conclude that Km equals K d .
From the temperature dependence ofKm and V(Chapter 5)it seemsmore likely
that K m equals k 2 /k t .
The equation for V/K m is dependent on that of Km. This means that, if Km
equals k 2 /k 1; V/K m equals k t . Otherwise the second order rate constant
(V/Km)has to be expressed asin equation 4.8.
Another question is concerned with the nature of the groups to which the
pK values determined belong. The group with relatively low pK values (K a230
and K aI30 ) can be readily assigned to a carboxylic group. However, we have
to keep in mind that the assignment of the nature of a group on the basis of
pK values alone has severe limitations. A pK value within the protein may be
shifted over more than 3 units from the value in the free state in solution.
Even knowledge oftheeffect oftheionicstrength onthepK valuesisnot enough
to draw conclusions. One has to combine this knowledge with for instance
data on heats of ionization, chemical modification or affinity labeling. This
approach will be discussed in the next chapter. The groups with pK values
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around 6 (pK a220 and pK a l 2 0 ) can be either carboxylic groups with high pK's
or imidazolic or sulphydryl groups with lowpK's. In Chapter 5,evidencewill be
presented that they are carboxylic groups.
The most essential question is the mechanism of enzymatic elimination. In
the case of pectin lyase the elimination process is quite unknown. Even the
data on the chemical elimination process in pectin are very scarce; an Ecbl
mechanism (see Chapter 1) has been postulated as the most attractive for the
breakdown of pectins (BEMILLER and KUMARI, 1972). Electron-withdrawal by
the esterifled carboxylic group makes the a-proton at C-5 sufficiently acid for
elimination with subsequent formation of a carbanion. Other factors which
facilitate this reaction, like axial-axial orientation of leaving groups and ring
rigidity, have already been discussed. Although there exists no evidence, it
seems not unreasonable to assume a similar mechanism as has been postulated
for other eliminating enzymes like ß-methylaspartase (BRIGHT et al., 1964)
and aconitate isomerase (KLINMAN and ROSE, 1971). One example is given how
the reaction sequence could proceed:
a) binding of substrate
b) abstraction of a proton
c) rearrangement of the electrons, stabilization of the carbanion and distortion
of the sugar configuration
d) fission of the glycosidic bond, formation of the double bond
e) dissociation of the unsaturated product
f) dissociation of the saturated product
g) reprotonation or redeprotonation of important groups on the enzyme (if
necessary).
The data show that the effective complexing of enzyme with substrate occurs
via a protonated carboxylic group, which is the group with a high pK value
(pK ai20 ), while the group involved in catalysis is ionized. Thus the catalytic
group isthe carboxylic group with a pK value around 4 (pK a230 ).
Both in the acid and in the basic forms substrate is bound, however, since
the pH range could not be extended to pH values above 7.7 other protonated
groups possibly involved in binding could not be detected. Modification studies
of the enzyme with N-acetyl imidazole, according to RIORDAN et al. (1965),
show a rapid inactivation, suggesting a functional tyrosine residue. A second
indication is the quenching of the tyrosine fluorescence of the enzyme upon
titration with penta-galacturonic acid methyl ester (Chapter 6). Thus it is
attractive to postulate that in the acid form the enzyme binds through a protonated carboxylic acid and a tyrosine group, while in the basic form the substrate is bound by a tyrosine probably assisted by a carboxylate ion by mediation of a water molecule,apart from other types ofinteractions between enzyme
and substrate. This seems to be a possible explanation for the difference in Km
values between both ionic forms of one enzyme, but also for the large effect of
salts and the ionic strength upon the Km value in the basic region.
The large difference in turnover number of both ionicforms can be explained
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in different ways. It is possible that although the binding is better (two groups)
at acidic pH values, the configuration of the substrate, with respect to the catalyticcarboxylic group issuch, that the reaction proceeds more difficult. Another
explanation is a possible assistance of a polarized water molecule, mediated in
substrate binding (scheme B),to the catalysis.
The method of GRAZI (1974) and HEALY and CHRISTEN (1973) to trap a
carbanion intermediate with redox indicators was unsuccessful, possibly due
to the very short lifetime. Thus the three events, the rate-limiting withdrawal
of proton at C-5, formation of double bond and dissociation of unsaturated
products seems to occur at the same time. These proposals are summarized in
schemesA (acidicform) and B(basic form).J

0-C

fy-o-^O^-E

(pK-6)

11

z
HO-C

(pK-6)

R-00"

From these schemes it becomes also clear why the EH 3 (S) form in the used model is necessary.
Among the other possibilities which could explain the difference between the
two ionic, active forms of the enzyme, such as a change in rate-limiting step,
one possibility, very difficult to verify, remains:a shift in the ratio repetitive attack to multiple attack to lower values. ROBYT and FRENCH (1967) stated, that
when K m equals k ^ / k i repetitive attack is dominant, while in case k ^ o o k - j
or even K m equals Kd multiple attack or even multichain attack is favored.
They demonstrated that by lowering the pH a shift to more repetitive attack
occurs from a multiple attack ina-amylase. This shift has to be accompanied by
anincreaseinhalf time of the viscosity reduction with respectto theincreasein
reducing end groups. Since VORAGEN (1972) has demonstrated an increase of
this half time of viscosity reduction with respect to the increase in absorption
at235nm at increased pH, the possibility remains that in the basic ionic form
Km = kcat/ki, which leads to a larger extent of repetitive attack.
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TEMPERATURE-DEPENDENT KINETICS OF PECTIN
LYASE

5.1. INTRODUCTION

The dependence of the reaction velocity of an enzyme on the temperature
originatesfrom effects onthestability oftheenzymeandonone ormore different
reaction parameters. Optimal use of data on the temperature-dependency is
only possible when the experimental design is such that only one parameter is
measured at a time, thus avoiding mixed effects. These problems are analogous
with those already met in the study of the pH-dependency.
Velocity constants obey the empirical relationship of Arrhenius:
In k = - — + B
RT

(5.1)

In this formula kdenotes a rate constant and Ba constant which is proportional
to the total number of molecular collisions (frequency factor).
The logarithmic plot of the reaction parameter studied versus the reciprocal
of the absolute temperature (Arrhenius plot) is a straight line as long as the
order of the reaction does not change; from the slope of this plot (-E*/2.3R)
the activation energy can be calculated.
Theenthalpy ofactivation (AH*) canbecalculated from theactivation energy
according to (5.2).
E* = AH* + RT

(5.2)

Calculations of the free enthalpy of activation (AG*) canbeperformed at each
temperature from equation (5.3) which is based on the theory of absolute reactionrates(transition statetheory) of EYRING (1936).
AG* = - RT In

k h

(5.3)

k B •T • T

in which k is a rate constant (sec _1 ).h the Planck constant, kB the Boltzmann
constant and Tthetransmission coefficient.
For most enzymatic reactions involving simple bond rearrangement such
as hydrolysis, hydration or group transfer, the transmission coefficient is one,
asitisfor suchreactions inhomogeneous media (LUMRY, 1959).In case changes
occur in electronic states during the reaction this coefficient can be considerably
less than unity.
The enthalpy and free enthalpy of activation are related with each other via
the entropy of activation (AS*) according to equation (5.4).
AG* = AH* - T AS*
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The temperature effect on an equilibrium is given by the Van 't Hoff relationship (5.5).
Ü ! ^ =^
(5.5)
dT
RT 2
From the slope of aVan't Hoff plot theenthalpy change(AH0)can be calculated, whereas the change in free enthalpy (AG0) is obtained from equation (5.6).
AG 0 = - RTIn Keq

(5.6)

The relationship between the thermodynamic parameters of activation (5.4)
can alsobeused for thestandard parameters.Theseformulas can beused directlyfor the temperature dependency of dissociation constants of proton dissociation equilibria; AG° ion , AH° ion and AS°lon are then obtained. In cases where
Km represents the dissociation constant of the enzyme-substrate complex the
usual thermodynamic relations between K eq) AH 0 , AG 0 and AS0 are applied.
From the fact that K m has the dimension ofa dissociation constant it is possible
to calculate these parameters but in order to indicate that an equilibrium situation is not really involved the corresponding values are denoted by AH° m ,
AG° m and AS°m. A logarithmic plot of V/Km versus the reciprocal temperature
givesthe difference between E* and AH° m .
For reactions in solution at ordinary pressures AH* is nearly equal with the
potential energy change (AE*) in bond rearrangement. The activation entropy
includes, steric, orientation and distortion effects, the entropy of dilution and
concentration effects, which results from choice of standard states. It is important tomention that at aparticular pH, thepossibility existsthat the parameters
are not measured at mole base. In addition the thermodynamic parameters
obtained can be perturbated by the heats of ionization processes (LUMRY, 1959
and JENCKS, 1969).Thus thepH-independent parameters obtained in Chapter 4
have to be used in the calculations.
In caseall steps ofa reaction pathway are known, aswellastheir temperature
dependency, the standard enthalpy change or standard free enthalpy change
can be plotted versus the reaction coordinate, thus giving an impression of the
reaction events (BENDER et al., 1964). LUMRY (1959) has pointed out very clearly, which conclusions may be drawn from thermodynamic data and which
complications may arise. So, without further information about the actual
consecutive steps, the groups involved and their environments, one has to be
very careful in interpreting the order of magnitude and even the sign of a
change of one of the thermodynamic parameters. Lysozyme is an example of
an enzyme which isvery well studied in terms of structure and catalysis, and an
attempt to study the real nature of events was performed along these lines
(IMOTO et al., 1972).

The analysis of the temperature dependency of the pH dependent parameters
on enzyme kinetics can also be used as a tool for the unambiguous assignment
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ofpK-valuesto certain groups (DIXON and WEBB, 1958).

As mentioned in the previous chapter, the pK-values of amino acid side
chain groups can show considerable deviations from the value obtained with
model substances. Heats of ionization (AH°ion) do not show large deviations from thevalue ofa model compound. Thedifference between AH° ion of
the carboxyl group andthe imidazole groups is such that a discrimination is
not difficult (WYMAN and EDSAIX, 1958). The AH° jon values for carboxylic
groups normally very between -1.5 to +1.5 kcal/mole (DIXON and WEBB,
1958),however, alsolarger negative values have been observed, likeforinstance
by STEWARTet al.(1971)inthecase oftrypsin(-8.8kcal/mole)andbyWANGand
TOUSTER (1972) for ß-glucuronidase (-7 kcal/mole). The AH° ion for an imidazole group amountstoabout 7kcal/mole (DIXON and WEBB, 1958).The entropy
change ofionization forcarboxylic groups has a characteristic value cf. -18
to -21 e.u. (TANFORD, 1962), which can be used to assign with confidence a
pK value toa definite group. Inthecase oftrypsin (STEWART etal., 1971) and
ß-glucuronidase (WANG and TOUSTER, 1972)the actual pK values were too
high to conclude definitely thattheybelonged toglutamicorasparticsidechain.
However, incombination with theAH°ion-value anassignment could bemade.
In thecaseoflysozyme both thepKvalue of6 andthe AH° lon of3 kcal/mole
are not straight forward values to beconclusive, whereas in combination with
a AS°ion value of-18 e.u.nodoubt remains that a carboxylic group isinvolved
(PARSONS and RAFTERY, 1972).
The fact that AH° lon andAS°ion values of amino acid prototropic groups in
proteins donotcorrespond with thevalues offree molecules isnot surprising.
It can beeasily rationalized that such differences arise from theinteractionsbetween the group investigated with the surrounding protein and the solvent.
Nevertheless, the question whythe SH-group ofpapaïne hassuch a low pKvalue cannot be answered even with the present detailed knowledge of the
three dimensional structure.

5.2. RESULTS

From thetemperature dependence of the kinetic parameters (Vand Km)of
both pectin lyases determined at three pHvalues, thevalues for E* and AH° m
were calculated with theaidofthe Arrhenius andVan 't Hoff plots (Table5.1).
TABLE5.1. ActivationenergiesofV andenthalpy changesofKmvaluesofboth typesofpectin
lyaseatdifferent pHvalues,expressedinkcal/mole.
pH

4.2
6.0
7.2
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E*

AHS,
Km

if"

V1

V"

-2.28
-3.74
-4.56

-10.58
- 8.03
- 7.48

7.34
14.27
14.80

14.68
12.27
12.81
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FIG. 5.1. pH profiles ofE * v (O), E* c (D)and H°m (A)ofpectinlyasetypeI,obtained from
Arrhenius plots of V and V/Km and from a van't Hoff plot of Km at different pH values.
Assay buffer: Mcllvainebuffer ^i = 0.5).

Both parameters vary only slightly with the pH in the case of pectin lyase type
II. Pectin lyase type I showed a marked variation in this respect, thusthe temperature dependence was measured at additional pH values. Fig. 5.1 gives the
pH dependence of E*, AH° m and E* c derived from corresponding V,Km and
V/Km parameters at different pH and temperatures of enzyme type I. The
symbol E* c denotes the activation energy ofV/K m , derived from theslope of an
Arrhenius plot. The subscript c indicates the complexity of V/Km (see eq. 4.8).
The large variation in slopes of V and Km is due to two effects. First of all,
part of the data have been measured a year after the first measurements. This
has some effect on the Km-values due to some saponification of the substrate.
Secondly, the extrapolated values ofVand K m have a larger standard deviation
(10-15%)at higher pH because ofthe relatively high value of K m .
The linearity of the plots (an example isshown in Fig. 5.2) allows the calculation of V, Km and V/Km at any temperature different from the standard value
of 25°Casused in Chapter 4,by applying the general formula
logX = A/T + B

(5.7)

in which: X isV, Km or V/Km, and A and Bare constants.
For these calculations either the realvalues of theactivation energy measured
(method a)or thevalues deduced from theidealized curvein Fig. 5.1(method b)
wereused.
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FIG. 5.2. ArrheniusplotsofV(O), V/Km(A)andavan 't Hoff plot ofKra(D)ofpectinlyase
typeIat pH 5.0.Assaybuffer: Mcllvainebuffer (fx = 0.5).

pHprofiles oftheMichaelis-Mentenparametersatseveraltemperatureswere
constructed using this procedure. The pH profiles were each analyzed with a
least squarefitprogram mentioned in Chapter 4,accordingtotheVandV/Km
modelsdescribed byeq.4.9and 4.18respectively. In this waythepH independent velocity constants and thepK values of the groups governing thepH dependency were obtained at different temperatures. This allows the calculation
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FIG. 5.3. Temperaturedependence of theconstants determining the V-pHprofile (eq.4.9) of
pectin lyase type I; X is k 210 (O), k 220 (A), K a220 (G) and K a 2 3 0 ( •) respectively. The
ordinate is arbitrarily chosen.
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FIG. 5.4. Arrhenius and van 't Hoff plots of the constants determining the V/Km-pH profile
(eq.4.18) of pectin lyase typeI; Xisk110 (O), k i20 (G) and K al20 (D) and K al30 ( •) respectively.The ordinate isarbitrarily chosen.
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Fio. 5.5. V-pH profiles of pectin lyase type I at 8 ( • ) , 12(A), 16( •), 20(D), 24 (A) and
28°C(O) respectively. The drawn curves are the theoretical ones derived from eq. 4.9. The
values used for the corresponding constants at each particular temperature are derived from
therelationbetweenthevaluesat25°C(Table4.1)andthoseat other temperatures viaeq.5.7.
The calculated temperature dependence given in in Table 5.2 was used.
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TABLE 5.2. Activation energies of the pH independent velocity constants of Vand V/Km of
pectin lyasetypeI obtained from Arrhenius plots of theseconstants at different temperatures
and the standard enthalpy changes of the important prototropic groups upon ionization obtained from van 't Hoff plots of their pK values at different temperatures. The symbols for
turnovernumbersand KvaluesarethesameasusedinChapter4.
E* (kcal/mole)
1

AH°ioll (kcal/mole)
2

k 210
17.34
17.63
k 220
10.971
12.982
1
k* il0
7.59
k*120
8.121
1. valuesobtainedbyusingmethoda
2. valuesobtainedbyusingmethodb.
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FIG. 5.6. V/Km-pH profiles of pectin lyase type I at 8 ( • ) , 12 (A), 16( •), 20 (D), 24 (A)
and 28°C (O) respectively. The drawn curves are the theoretical ones derived from eq.4.8.
The values used for the corresponding constants at each particular temperature are derived
from the relation between the values at 25°C(Table 4.1) and those atother temperaturesvia
eq. 5.7.Thecalculated temperature dependence givenin Table 5.2.wasused.

of the activation energies and heats of ionization of thejust mentioned parameters after constructing Arrhenius and Van 't Hoff plots (Fig. 5.3 and 5.4).
Theresults are giveninTable 5.2. Byinsertion ofthetemperature dependency
(eq. 5.7), the concomitant activation energies and heats of ionization (Table
5.2) and the values of the turnover numbers and dissociation constants at
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25°C in the equations for V (4.9) and V/Km (4.18) theoretical curves are obtained whichareingoodagreementwiththeexperimental points (Figs.5.5and
5.6).
The heats of ionization of Ka230, Kai20 and Kai30 (-1.7, -3.8 and -0.7 kcal/
molerespectively)areintherangeofthevaluesfor carboxylicgroups.Although
the value of AH°ion of Ka22o is strongly positive, this group can still be a
carboxylic group, if wetake into consideration the other value obtained (-2.1
kcal/mole)bymethodb.
From the data, the thermodynamic parameters for the turnover numbers
(k 210 and k220) were calculated, by applying eqs. 5.2-5.4 and assuming a
transmission coefficient of one, although the latter value could be lower. The
valuesobtained aresummarized inTable 5.3for both pectinlyases.In thecase
of pectin lyase type II no discrimination was made between differences in
enthalpy change of the basic and more acidic form of the enzyme. This was
omitted because the temperature dependence was only determined at three
pHvaluesandasalreadystatedthisdependencychangesverylittleoverthispH
region.
For a further interpretation of the thermodynamic parameters the physical
meaning of the Km-valueis of great importance. Thus starting from equation
4.14two extremecases,namely k_!»k 2 and k 2 >k_ t , arepossible. The latter
possibility is however more likely considering the similar temperature dependent patterns of the Km and Vparameters (AH°m and E*) over the pH range
(Fig.5.1). Therefore the thermodynamic parameters were calculated assuming
k 2 >k_ t , c.q. V/Km equals kx. Thus, all thermodynamic parameters can be
derived,analogous totheparameterscalculatedfor V, yielding the parameters
ofactivation (seeTable5.4).
TABLE 5.3. Thermodynamic parameters of the pH independent velocity constants of pectin
lyasetypeI(k1)andII(k").
k(sec- J )

AG* (kcal/mole) AH* (kcal/mole)
14.4
15.1
14.8
15.8

67.00
53.40
82.70
15.50

k 210
k 220
1,11
K 210
1,11
K 220

AS* (e.u.)
12.3
-10.4
- 3.2
- 6.5

18.1
11.9
13.8
13.8

TABLE 5.4. Thermodynamic parameters of the pH independent velocity constants of V/K„,
(eq.4.18),assumingk 2 > k _ i orV/Kra = ku ofbothtypesofpectinlyase.
k
_1

_1

(Mol sec )
type I
k*uo
k 120

type11
k* I 1 0
k*,20

AG 0 *
(kcal/mole)

AH*
(kcal/mole)

AS*
(e.u.)

2.88 X10 3
5.74 X10 3

1.15 x 1 0 s *
2.30 X10 5 *

12.69
12.28

10.51*
10.10*

8.17
8.70

-15.2
-12.0

- 7.8*
- 4.7*

6.24 X10 3
16.80 XlO 3

2.50 X10 5 *
6.70 x 1 0 s *

12.23
11.65

10.05*
9.47*

5.14
5.14

-23.8
-21.8

-17.2*
-14.5*

*Kmexpressed inmoles1 x.usingapolymerizationdegreeof40.
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TABLE5.5.Thermodynamics ofionizationfor theprototropicgroupsofpectin lyasetypeIand
II which determine the pH dependence. The change in standard enthalpy upon ionization of
thegroupsoftypeIIareassumedtobezero.
PK

K a 220
Ka230
K a i20
K a i 30

AG°ion
(kcal/mole)

I

II

I

II

6.16
4.35
6.07
4.25

5.60
3.67
6.50
3.98

8.4
5.9
8.3
5.8

7.6
5.0
8.8
5.4

AH°Ion
(kcal/mole)
I

AS°lo„
(e.u.)
II

4.4 -2.1* 0.0
-2.4 -6.6* 0.0
-3.7
0.0
-0.71
0.0

I

II

-34.9 -13.5*
-41.9 -27.9*
-40.2
-21.7

-25.5
-16.7
-29.6
-18.1

*valuesobtainedbyusingmethodb.

In both cases,either Km = K d or Km = k ^ / l q , theabsolutevalue of K m and
kj depends on the way the K m value is expressed. Normally this is done by
taking into account the number of glycosidic bonds in a polymeric substrate.
If, however, the real molarity is taken, which is a more correct expression and
a degree of polymerization of 40is assumed, all values will change.
The correct expression is of great importance if one wants to compare data
for different oligomeric substrates. The values obtained, when expressed in this
way,areinserted inTables 5.4.
Since the heats of ionization of the groups involved are known, the change
in free enthalpy and entropy upon ionization can also be calculated and compared with the values for carboxylic model systems (Table 5.5).

5.3. DISCUSSION
VORAGEN (1972)reported an activation energy of 15 kcal/mole for two pectin
lyases of different source, which is in good agreement with our value of 14.3
kcal/mole for pectin lyase type I and somewhat higher than the value for pectin
lyase type II. The values of 8.4 and 8.2 kcal/mole for the activation energy of
pectin lyase reported by ALBERSHEIM and KILLIAS (1962) and AMADO (1970)
respectively, are based on measurements at one finite substrate concentration,
used over the whole temperature range. Both authors also used different assay
conditions. The logarithmic plot of the K m value given by VORAGEN (1972) is
non-linear; however, the enzyme used was a mixture of pectin lyase type I and
II. As can be seen from Table 5.1,the enzymes show a pronounced difference
in the temperature dependence of the Km value which explains the non-linear
plot. The activation energy of the chemical transelimination reaction given by
ALBERSHEIM and KILLIAS (1962) is 23.0 kcal/mole. The higher value for the
chemical process,compared with theenzymatic process isnot unexpected in the
case of an identical mechanism.

The linearity of the Arrhenius plot, has enabled us to determine the pH profile of V and V/K m at each temperature over the range studied. This resulted in
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the calculation of the thermodynamic parameters of the prototropic groups
within the protein and of the pH-independent turnover numbers. This extensive
study has only been done with pectin lyasetype I. The temperature dependence
of the V and Km values of pectin lyase type II, determined at three pH values
did not show such a tremendous dependency on the pH, from which we conclude that the heats of ionization of prototropic groups involved in this type of
enzyme has to bezero, or nearly zero.Also,at leastin thepH range studied, the
temperature dependence of both ionic forms of type II enzymes is nearly
identical. Thus it is reasonable to assume that the groups involved, also K a 2 2 0
and K al20 (pK of 5.6 and 6.5), are carboxylic groups.
The value of the entropy of the ionization has the order of magnitude to be
a carboxylic group (-25 and -29 e.u. respectively) as well as the heats of ionization for K a230 , K a l 2 0 and K ai30 in pectin lyase type I. So the assignment of the
pK's to carboxylic groups is straight forward. The value of 4.4 kcal/mole
for Ka22o (pK = 6.16) is somewhat high, however, if we take in to account the
value of-2.1 kcal/mole obtained no doubt existsabout the nature ofthis group,
also because the values for AS°ion have the proper magnitude (see Table 5.5).
Explanations for the deviation to more negative values than found for model
substances is useless, because the values are not corrected for the charge of
pectin lyase, while in addition nothing is known about the protein structure
surrounding the groups involved.
Not only these results support the suggestions made in the previous chapter
about the nature of the prototropic groups, but also preliminary studies on the
chemical modification of the enzyme. Photo-oxidation with Bengal-rose as dye
sensitizer (TSURU et al., 1971 and WESTHEAD, 1965) and modification with
diethylpyrocarbonate according to WALLIS and HOLBROOK (1973) do not support the idea that an imidazole group plays a role. With diethylpyrocarbonate
inactivation occurs only when more than a 1000-fold molar excess was added
to the enzyme. Attempts to modify disulfide bridges and/or sulphydryl groups
according to ELLMAN (1959) with Ellman's reagentwerenot successful; furthermoreincubation ofenzymewitha2-10fold excessofp-chloromercuribenzoate,
iodoacetic acid and/or N-ethyl-maleimidedid not have any effect on the activity. The involvement ofimidazole and/or sulphydryl groups isthus very unlikely
assuggested bythe lack of results.
In contrast, modification by water-soluble carbodiimide and glycine methyl
ester (HOARE and KOSHLAND, 1967) or with sulfanilic acid (KRAMER and
RUPLEY, 1973) leads to a rapid inactivation. Even at pH 6.0 these carboxylic
groups can be modified with the last reagent, supporting very clearly the involvement of carboxylic groups in catalysis and binding.
Comparison of the thermodynamic parameters of both enzymes reveals a
large difference. Firstly, pectin lyase type II does not show a large change in
parameters over the pH range studied, in contrast with type I (see Table 5.1).
So the two ionicforms of type II do not differ very much in their behavior. The
larger turnover numbers of the basic form of enzyme type I with respect to the
Meded. Landbouwhogeschool Wageningen 75-13 (1975)
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acidic form, seems to be due to the more favorable change in entropy of
activation. The same can be argued for the difference in the turnover numbers
of both ionic species of type II. Comparison of the turnover numbers of both
types of enzymes shows that their difference is also accompanied by different
activation entropies.
Inspection of the thermodynamic parameters of k l5 shows that the difference
in constants between both ionicforms isalso governed by a difference in activation entropy; the difference between the parameters of both types of enzymes
is governed by the activation enthalpy. We have to keep in mind that in the
calculation of the activation parameters the transmission coefficient is taken as
unity.
The discussion about the order of magnitude of the thermodynamic parameters of activation has to remain superficial due to the lack of knowledge
about the structure of the enzyme, the catalytic center and its direct environment. This kind of information is,in my opinion, necessary for a further explanation of the data.
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6. S U B S I T E M O D E L

6.1. INTRODUCTION

Adecade ago,anewapproach fortheunderstanding oftheaction mechanism
of depolymerizing enzymes was introduced. In this concept the interactions
between enzyme and substrate occur at a binding site which is composed of
tandem subsites geometrically complementary to the monomeric subunits of
the polymeric substrate. Investigations in this field are mostly concerned with
carbohydrate cleaving enzymes, probably because their substrates are better
homopolymers then for instance the substrates of proteolytic enzymes. HANSON(1962)wasthefirst to consider thekinetics ofshortchain polymer cleaving
reactions. Hederived equations for thevelocity, assuming more than onebinding site ontheenzyme andalso taking into account that theproduct whichis
formed becomes a substrate for thereaction again.
The enzyme on which extensive knowledge has been accumulated with respect to itsbinding site is lysozyme. This isdueto the knowledge of the three
dimensional structure (PHILLIPS, 1966, 1967). Lysozyme is known to interact
with sixmonomeric subunits ofthe substrate (BLAKE et al., 1967and CHIPMAN
et al., 1968). A detailed picture canbeconstructed of the interactions between
the protein and oligomeric substrates. In a recent article by IMOTO andcoworkers (1972)most oftheliterature onthisaspect can be found.
In a subsite model, the binding region is schematically divided into asetof
subsites, each ofwhich canbind amonomeric subunit ofthesubstrateandeach
of which mayhave itsownaffinity fora monomer. This hasbeen illustratedin
Fig. 6.1. From this figure it can be seen that the enzyme-substrate complexes
canbedividedintotwospecies:productive (p)andnon-productive (q)ones, that
means either complexes inwhich thesubstrate covers thecatalytic site, leading
to catalysis, orcomplexes notcovering thecatalytic place.
Apart from distinguishing these two types of complexes, it is clear that
these both types of enzyme-substrate complexes can be formed at different
positions of the binding region of the enzymes. These are called the different
binding modes of thesubstrate to theenzyme. Thebinding mode of a n-mer
is indicated bythenumber ofthe subsite (j)at which the reducing end monomer of the substrate is bound. Thesubsite affinities of the subsites covered by
the substrate determine the probability of a certain complex.
HIROMI and coworkers (1970, 1971, 1973) and THOMA and coworkers (1970,

1971) have independently developed methods to analyse theaction patterns of
polymer cleaving enzymesinterms ofasubsite model. The analysis leads tothe
number of subsites andtheir respective affinity; thekinetic method is developed by Hiromi andcoworkers, whereas themethod used byThoma et al. iscalled theproduct analysis method.
Meded.Landbouwhogeschool Wageningen 75-13 (1975)
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FIG. 6.1. A schematic subsite
model for an active site with6
subsites. The wedge represents
thecatalyticsite, O an esterified
galacturonic acid residue, 0 the
reducing end monomer, n the
degree of polymerization and j
the binding mode (indicated by
the number of the subsite at
whichthereducingendmonomer
is bound). In this example n, j
4,6, 4,5 and 3,5 are productive
complexes, whereas 4,7, 3,6 and
3,7areexamplesof non-productiveones.

Two fundamental assumptions have been made in both cases. Firstly, the Km
value is considered to be equal to the dissociation constant of the ES complex,
whereasbinding ofa monomer residue to onesubsitedoes not affect the binding
of a second monomer residue at the adjacent subsite (consequently the subsite
affinities are assumed to be additive).The second assumption isthatthe intrinsic
rate constant (k int ) is identical for all productive complexes, irrespective of the
degree of polymerisation of the substrate and the binding mode. The activity
of the enzyme on a certain oligomer therefore depends on the probability of
the formation of productive complexes among all possible enzyme-substrate
complexes. This isexpressed in eq.6.1.
k0 = V/e 0 = k int •E (K nij ) p / {S(K n J ) p + E (K nij ) q }

(6.1)

The experimentally determined 1/Km value is the sum of the binding constants of both types ofcomplexes (pand q)in alltheir binding modes (j):
l/K m = E(K n i J ) p + E(K n>j ) q

(6.2)

The ratio of both equations yields eq. 6.3, an expression for the first order
rate constant, which contains only the association constants of the productive
complexes.
(6.3)

WK m — kint£ (K n j ) p
In a plot of k0 vs n, or more conveniently log k0 vsn, the velocity reaches a
constant value if n exceeds the number of subsites (m), because the ratio of
the amount of productive complexes formed to the total number of complexes
becomes one.
Although the reciprocal Km value, defined as the sum of all association constants, has to be constant when n > m since every subsite is occupied, the Km
value remains decreasing upon increasing n. This feature is called degeneracy
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by NiTTA et al. (1971).In order to obtain a constant value of Km at n > m , the
experimental value is corrected (eq. 6.4) with a degeneracy factor (n-m+1),
which represents the number of binding modes of a n-mer which covers the
binding region completely.
1/Km = Z(Kn>j)p = (n - m + 1)K int

(6.4)

j

In this equation the intrinsic association constant (K int ) represents the binding
constant when all subsites are covered. Using this method, a plot of pK m vs n
yields m at the point where Km becomes constant. In the same way the V/K m
data have to be corrected for values of n > m . Expression of the Km values on
monomer basis is another way to obtain plots in which Km or V/Km reaches a
plateau-value if n equals m.
From the kinetic data with substrates of which n < m , the individual subsite
affinities can becalculated ifthe position of thecatalyticplaceisknown. Therefore one has to define first the subsite affinity. Formation of the enzyme-substrate complex results in a decrease in standard free enthalpy or increase in
standard affinity. The last quantity is defined as molecular binding affinity.
(NITTA et al., 1971) denoted by Bj. Because the subsites are assumed to be
independent, the molecular binding affinity is the sum of the subsite affinities
of the subsites covered and can be divided into two parts.
cov

B

j =

Z A, = - A G ? + AG£ ix

(6.5)

j

The term AG° mlx arises from the change in free enthalpy of mixing upon the
binding of E and S, and amounts 2.4 kcal/mole at 25°C, assuming the reaction
to be bimolecular; -AG°j is the standard affinity for binding. Eq. 6.5 can be
rearranged to eq. 6.6.
Bj = R T l n K n J + AG° ix
or

(6.6)
COV

K n J = 0.018exp(Z A,/ RT) n J
i

K n J can be obtained from thefirst order rate constant (eq. 6.3).
Fig. 6.1 illustrates that the difference in binding between a tetramer (n,j =
4,5) and a trimer (n,j = 3,5) is one subsite (i = 2). By using eq. 6.6 for two
substrates which differ one monomer in degree of polymerisation, the affinity
of one particular subsite can be calculated with eq. 6.7.
ln(k 0 /KJ n + 1 -ln(k 0 /K m ) n = ("z A, - Z A ( )/RT = A n + 1 /RT
i=1
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i=1

(6.7)
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Thus, an expression is found for the subsite affinity corresponding with site
(n+1). This subtraction procedure can be repeated untill all subsite affinities
are known, except for the sites adjacent to the catalytic place. The sum of the
subsite affinities of these two places can befound by:
(k 0 /K m ) 2 = 0.018 k int ((Ax + A 2 )/RT)

(6.8)

in which k int can be calculated from the activity on the polymeric substrate.
The theory has recently been extended by IWASA et al. (1974) for those cases
where multiple productive binding occurs.
A basically different approach isused by THOMA and coworkers (1970, 1971).
One can imagine that apart from the maximal velocity and the first order rate
constant also the product distribution is governed by the values of the different
subsite affinities. The amount of a certain product formed is related to the sum
of association constants of the different binding modes. Therefore, the difference in amount of product formed from a tetramer and trimer (Fig. 6.1) yields
the subsite affinity of the subsite not covered bythe trimer. Byusing expressions
analogous to 6.7 we obtain:
AGn°+1 = 2 AG? +1 - S AG,0 = RTln ^(dP^Jdt)
2(dP j + 1 , m + 1 /dt)

(6.9)

In this equation m denotes thechain length ofthe product.
Thus, with the product analysis method the subsite affinities of the different
subsites can be determined by a subtraction procedure with the exception of the
sites adjacent to the catalytic place. With this approximation THOMA et al.
(1971) calculated the subsite affinities and the theoretical Michaelis-Menten
parameters for a-amylase of Bacillus amylo-liquefaciens. These theoretical
values are reasonably well in agreement with the experimental data. In fact the
two methods mentioned are complementary.
The enzymes for which the action pattern has been explained by proposing
a subsite model are all hydrolytic in nature. Examples thereoff are glucoamylase (HIROMI et al., 1970, 1973), Taka-amylase A (NITTA et al., 1971),
ß-amylase (KATO et al., 1974),lysozyme (BLAKE et al., 1967and CHIPMAN et al.,
1968) and cellulases (PETTERSON, 1969, WHITAKER, 1954 and HANSTEIN and
WHITAKER, 1963).
From the pectolytic enzymes only polygalacturonase from Aspergillus niger
has been studied in this respect. KOLLER and NEUKOM (1969) remained rather
descriptive in their analysis. Based on the results of product analysis of oligomeric substrates they postulated two binding sites resp. 5 and 2 glycosidic
bonds remote from the catalytic site. That means 7 or 9subsites,depending on
which side of the catalytic centre both binding sites are situated. The results
of REXOVA-BENKOVA (1973), obtained by kinetics on oligomeric substrates,
are indicative for a bindingregion of4subsites on thesameenzyme.This model
was revised in 1974, by proposing additional subsites with a lower subsite
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affinity, which also take part in the interaction of the enzyme with substrates.
This chapter contains the results of investigations on the subsite model of
pectin lyase from Aspergillus niger.

6.2. RESULTS AND DISCUSSION

The dependence of the initial rate of the elimination reaction on the substrate
concentration is shown in Fig. 6.2 for several linear oligomeric substrates,
using pectin lyase type II. The L.B. plots for both pectin lyases are linear for
these substrates.
Two remarks can be made about the kinetic measurements. No linear progression curves were obtained when oligomers with a polymerization degree of
n < 5 were used as a substrate, in contrast with those obtained with higher oligomers. Within one minute a downwards deviation is noticed. The deviation
occurs at a chain length n < 5 for pectin lyase type II and at n < 4 for type I
respectively. The second observation, worthwile to mention, is the large drop
in activity when the oligomers were dissolved in water for more than one hour
before the activity measurements, presumably due to a rapid de-esterification.
This drastic change in activity is substrate concentration and chain-length
dependent.
TABLE 6.1.Michaelis Menten parameters of pectin lyase I and II on substrates with different
chainlength(n)at25°CinMcllvainebuffer pH 5.0(\L= 0.5).
n

K-D

JV 2)

(mM)

(mM)

V
(sec -1 )

V/K-!,
(M _1 sec _1 )

(M-'sec- 1 )

PectinlyasetypeI
40
12.00
8,9,10*
29.10
7,8**
26.80
6
37.90
5
54.30
4
83.90
3
94.20

0.30
3.24
3.58
6.31
10.90
21.00
31.40

62.20
13.40
5.15
1.02
0.31
0.09
0.03

5200.00
461.00
192.00
26.80
5.64
1.13
0.31

208000.00
4140.00
1440.00
161.00
28.20
4.48
0.92

PectinlyasetypeII
40
1.72
8,9,10*
8.80
7,8**
10.50
6
33.60
5
60.70
4
69.10
3
86.60

0.04
0.98
1.39
5.60
12.10
17.30
28.90

17.20
21.80
13.00
3.00
0.76
0.07
0.02

10000.00
2480.00
1240.00
287.00
12.40
1.07
0.18

400000.00
22300.00
9300.00
2150.00
62.20
4.28
0.54

V/K-2,

1)substrateconcentrationexpressedonmonomer base
2)substrateconcentrationexpressedonmolarbase
*mixtureconsistsoutofabout 60%hepta-and40%octamer
**mixtureconsistsout ofabout 25%octa-,50%nona-and25%decamer.
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1/v (sec)

FIG. 6.2. L.B. plots of pectin lyase type II on oligomeric substrates measured in Mcllvaine
buffer pH5.0(|x = 0.5).
a. L.B.plotsonpentamer ( • ) ,tetramer (O)and trimer ( •) assubstrates.Toobtainthevelocities in the right dimensions (sec -1 ), the figures on the y-axis has to be multiplied by 1.0,
16.5and 135respectively.
b. L.B.plots on a mixture of nona-,octa- and decamer (A),a mixture of hepta- and octamer
(A) and hexamer (D) as substrates. To obtain the velocities in the right dimensions (sec 1 ),
thefiguresonthey-axishasto bemultiplied by0.016,0.045and0.5respectively.
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In Table 6.1 the Km values, turnover numbers (V/e0) and V/Km values,
determined withdifferent oligomers, arelisted. TheKmvalues areexpressedin
molar concentrations, but also in molar concentrations with respect to the
monomer. In the last expression some kind of mean Km value per monomer/
subsite is obtained. For both types of enzyme an increase in Km value and a
decreaseinturnovernumber isobservedwitholigomersofshorterchainlength.
The decrease in first order rate constant is much more pronounced than the
decrease inV.
The difference in apparent affinity (Km) for the polymer substrate between
pectinlyasetypeI and II isalsoevident whenoligomersareused assubstrates,
but upon loweringthe chain length thedifference becomes less pronounced.
A semi-logaritmicplot of the kinetic parameters Vand V/Km against chain
length n (in esterified galacturonic acid residues) is shown in Fig.6.3. Regardless the substrate concentration expression, the number of subsites which
are obtained upon extrapolation of the log V/Km vsn plot is the same. For
pectin lyase type I the number of subsites amounts 9-10, whereas this isless

>

FIG. 6.3. A semi-logaritmic plot of V(A) and VKra (O) vsthe polymerization degree (n) of
the substrate. V/Km isexpressed both onmonomer basis( •) andmolarbasis(O).Thedependencyof theseparameters isgivenfor pectin lyasetypeI inAandfor typeII inB.
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for type II, namely 8. The same conclusions can be drawn from the log V vs n
plot. The exact number of subsites in the case of pectin lyase type I could not
be determined as higher oligomeric substrates were not purified individually.
VORAGEN (1972) and EDSTROM and PHAFF (1964) have performed product
analysis of the reaction mixtures containing oligomers with a chain length of
3-6. From their results and the number of subsites reported here, a schematic
picture can be made of the binding region of pectin lyase type II (Fig. 6.4). The
possible binding modes of the productive complexes are shown; in the case of
multiple productive complexes, an estimate is given of the fraction of one certain binding mode to all possible binding modes.

In theprevious chapter, ithasbeenmadeplausiblethatKmequalsk,.,,,/^.This
excludes the possibility to calculate the subsite affinities from kinetic data.
Only the difference in free enthalpy of activation (AG*) can be calculated with
eq. 5.3 for V and V/Km (Table 6.2). Comparison of the AG* values for the
turnover numbers of both types of enzymes shows no large variation; the rate
limiting step seems to be the same. The AG* values for k t (V/Km), on the
contrary, show larger figures for type I, certainly at n > 5 ; the binding of the
substrate to type II is energetically more favorable.
Another, less pronounced, fact is the increase in the change in free enthalpy
of activation between n = 7-8 and n = 6 in the case of pectin lyase type I,

FIG. 6.4. A schematic picture of the proposed subsite model for pectin lyase type II. The
wedge represents the position of the catalytic place. The different productive binding modes
of theparticular oligomers are shownand indicated byn, j . Ifmore thenonebindingmodeof
an oligomer is depicted, the symbols give an indication of the fraction (P) of the substrate
which is bound in such a mode. 0 represents the reducing end monomer of the substrate.
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TABLE 6.2. Differences in free enthalpy of activation of both types of pectin lyase, calculated
from V(AG*v )andV/Km2(AG*V/KJ, expressed inkcal/mole;AAG* = AG*„-AG*„_,.
type I
n
40
8, 9, 10
7,8
6
5
4
3

AGS
15.0
15.9
16.4
17.4
18.1
18.8
19.5

AG*v/Km

type II
AAG* V / K m

10.2
12.5
13.1
14.4
15.4
16.5
17.4

300

1.3
1.0
1.1
0.9

320

340

360

AG*v

AG*v/Km

15.7
15.6
15.9
16.7
17.5
18.9
19.9

9.8
11.5
12.0
12.9
14.9
16.5
17.8

380

AAG* V / K m

0.9
2.0
1.6
1.3

400

wavelength(nm)

FIG. 6.5. Fluorescence quenching ofpectin lyasetypeI, dissolved in0.02 Mphosphate buffer
pH 6.0 containing 0.2 M NaCl, upon titration with a concentrated solution ofesterified pentamer in water. Enzyme concentration 5.3 [iM;finalconcentrations of the pentamer 0 (a),
0.28 (b) and 1.67 mM (c); ecxitation wavelength 280 nm.
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whereas with type II a decrease is observed. This might indicate that in the
case of pectin lyase type I the subsite at the outside of the bindingregioncontributes relatively more to the binding than the other subsites. In the case of
typeII thecontributions ofsubsite 5and 6seemto bedominant.
Binding of oligomers to pectin lyase appears to be accompanied by a quenching of the proteinfluorescence.Fig.6.5 shows the decrease in fluorescence
intensity upon titration pectin lyase type I with pentamer. The calculated
amount of product formed from pentamer can be calculated to be about 20%
of the initial substrate concentration within 30 minutes (time of one titration
experiment). However thefluorescenceintensity did not change within this
time. After rearrangement of the data in a so-called Benesi-Hildebrand plot
(Fig.6.6),thedissociation constant and thefluorescenceintensity upon saturationcanbederived.Thisapproximation isoriginally derived for 1:1 complexes
and applicable if K d >E or S>E. Our caseismore complex; thecurve isnonlinear. This can be the result of two different binding modes in one binding
region. Therefore a Scatchard plot doesnot givestraightforward results either.
Thecalculated dissociation constants from theBenesi-Hildebrand plot amount
0.2 and 2.7 mM for pectin lyase type I, whereas for type II 0.2 and 0.9 mM
are obtained. Titration of pectin lyase type I with trimer yields only one Kd,
namely 8mM.
From these results some important conclusions can be drawn. Firstly, this
method can beused to determinethedissociation constants oftheenzymeand
oligomeric substrates necessary for the determination of the subsite affinities.

6
8
1/[S] (mM"')

FIG. 6.6. Benesi-Hildebrand plot of the results obtained by fluorometric titration of pectin
lyase type I with esterified pentamer. Excitation wavelength 280 nm; emission wavelength
320nm.
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Secondly, the order of magnitude of the dissociation constant for the pentamer
confirms the suggestion that ^ „ » k ^ , Km equals kcaJK or V/Km = k t .
Thirdly, quenching of the protein fluorescence is only observed upon excitation
at 280 nm, but not upon excitation at 295 nm. This lack of quenching upon
excitation at 295 nm confirms the postulated involvement of a tyrosine residue
in the binding of substrate. The biphasicity of the titration curve with pentamer
in contrast to the one with trimer suggests that the tyrosine residue involved in
binding, issituated at subsite 3(Fig. 6.4).
With the subsite model presented a better understanding of some kinetic
characteristicsofpectin lyaseisobtained. Thedependence oftheK mvalueon the
degree of esterification (VORAGEN, 1972)in contrasttothatoftheturnover numberasfound abovepH 4.5,isascribedtothelackofanadequateexpressionof the
substrate concentration (chapter 3).This statement can be verified by using the
data of pectin lyase with a low Km value (F.L.32 P.L.) of VORAGEN (1972) and
the number of subsites of pectin lyase type II. The data at pH 6.5 have been
used, because in that region only one ionic form of the enzyme is present.
In table 6.3 the Km values are listed, expressed in molar concentrations with
respect to monomer (column 1). If we assume that all monomers covering the
binding region have to be esterified, the molar substrate concentration based
on eight esterified adjacent groups can be calculated as follows:
[S] = [S] mono x a8

(6.10)

In this equation [S]mono represents the molar concentration on monomer base,
after correction of the weighted amount for non-uronide content, whereas a
denotes the fraction of carboxylic groups esterified. The Km values thus obtained arelistedin column 2oftable6.3.
If one allowsfor thepresence of one acidic group, there are six possibilities
to place that particular non-esterified unit. Only six possibilities, because the
assumption was made that the units on both side of the catalytic place have to
TABLE6.3.Kmvalues (mM)for FL32pectin lyaseon substrates with different degreeofesterification(%V) determinedatpH6.5(from Voragen, 1972)expressed indifferent ways.

%v
95
92
90
86
79
74

1

2

3

4

5

6

2.25
2.82
3.26
4.62
8.18
13.23

1.49
1.45
1.40
1.38
1.24
1.19

1.57
1.57
1.56
1.60
1.57
1.60

1.65
1.70
1.72
1.83
2.05
2.28

1.73
1.83
1.87
2.05
2.23
2.44

2.13
2.13
2.13
2.37
3.21
5.20

Substrate concentration expressed on monomer base (1); column 1 multiplied by a 8 (2);
column 1multiplied by (a8 + a7 (1-a)) (3); column 1multiplied by (a8 + a7.2 (1-a)) (4);
column 1 multipliedby(a8 + a7.3(1-a))(5);Km-valuesdeterminedatpH 5.4(6).
Meded.Landbouwhogeschool Wageningen 75-13(1975)

89

be esterified. This assumption is justified by the results of NMR studies on
products obtained by enzymatic elimination of oligomers. The substrate concentration in this case can be calculated with:
[S] = [S] mono x (a7 x 6 x (1- a ) + a 8 )

(6.11)

Column 3, 4 and 5in table 6.4 give the Km values calculated for the case that
one carboxylic group is allowed to bind to respectively 1,2or 3distinct sites on
the enzyme. Two carboxylic groups at the same time, even if situated at these
distinct places are not allowed.
The data in table 6.4 show that the K m values in column 3become identical
for substrates of varying degree of esterification. Therefore, the whole binding
region of pectin lyase type II is composed out of eight subsites, from which
seven can only interact with esterified galacturonic acid residues and one distinct subsite can interact with an esterified or a non-esterified residue. This
last subsiteisnot situated adjacent to thecatalytic place.
At pH values below 6.5 this hypothesis does not give a straightforward explanation for the differences in Km values. In this region also the acidicform of
the enzyme exists. In this form, the particular subsite mentioned above can
probably only interact with a non-esterified residue, which is an explanation
for the deviation from the competitive patterns obtained with substrates of
different degree of esterification if measured at pH 4.5 and using completely
esterified pectin.
These results make it plausible to postulate that the competitive inhibition of
aliphaticcarboxylic acidsistheresultofbindingoftheseinhibitorstothatparticular subsite at which a galacturonic acid residue may bind at pH 6.5 or must
bind at pH 4.5.
A comparison of the size of the binding region of pectin lyase with other
pectolytic enzymes is very difficult, because until now little attention is paid
to thisaspect.Polygalacturonase contains 7-9 subsitesasdeterminedby KOLLER
and NEUKOM (1969) but REXOVÂ-BENKOVÂ (1973) initially reported 4 subsites.
A preliminary study in this field indicates 7 subsites for a pectate lyase from
Bacilluspolymyxa (MAYER, 1974). In this case, however, two additional difficulties were met. The enzyme activity is Ca2"""-dependent and secondly, the
structure ofpectic acid oligomers seemsto be chain length dependent, ascan be
seen by optical rotation dispersion of these compounds.
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SUMMARY

The pectin lyase activity in the commercial enzyme preparation Ultrazym
originates from morethen onetypeofenzyme;two ofthem,accountingfor 95%
ofthe total activity, havebeen completely purified. Aspurity criteria specific activity, Polyacrylamide disc gel electrophoresis and SDS electrophoresis have
beenusedin combination.
Both types of enzyme appear to be nearly identical with respect to their
physico-chemical properties. The molecular weights, determined in different
ways, and the iso-electric points are nearly identical, while the amino acid
composition of both types shows a large degree of homology. The C-terminal
amino acid residues are the same and the N-terminal amino acid residues are
blocked inboth cases;theenzymes aresinglechainproteins.In the fluorescence
emission spectra ofboth types of enzyme a separate contribution of the tyrosine
and tryptophan residues is seen; the quantum yield is not identical for both
enzymes.
The sugar composition is not completely identical for both types of enzyme;
pectin lyase type I contains only mannose residues (4 moles/mole), whereas
type II can be separated with affinity chromatography into two species which
are only different in their ratio of mannose to glucose residues (mannose
plus glucoseis4moles/mole) but inno other respect.
Pure pectin lyase type I is homogeneous upon Polyacrylamide disc gel electrophoresis, whereas type II is always divided into two protein bands;the ratio
between these bands depends on incubation conditions.
AtbothsidesofthepHrange4 - 6 ,overwhichtheenzymeisstable,inactivation
anddenaturation occurswhichisnotcompletelyreversible.Thestabilityislargely
influenced bytheionicstrength; pectinlyasetypeII needs ahigherionicstrength
then type I for maintenance of the active conformation. The inactivation above
pH 6 appears to be due to a combined effect of [i. and pH; this process is a
first order equilibrium process, as determined for type I, of which the kj
is the pH dependent and k_i the ionic strength dependent parameter. In the
case of type II the conformational change upon inactivation is accompanied by
a changein surface charge,resulting intwoprotein bands upon electrophoresis.
For both, type I and type II, the inactivation is accompanied by (and can be
followed by) a reduced contribution of tyrosine to the fluorescence of the protein.
The three dimensional structure of the protein seems to be very rigid, as can
be argued by the low<x-helixcontent, thehighmolecular weightsfound by SDS
electrophoresis, the two protein bands upon electrophoresis of type II in 8 M
urea, the figures for the tyrosine content which are too low when determined
by spectral analysis in 0.1 N NaOH and the lack of results upon modification
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of sulphydryl groups with Ellman's reagent under denaturating conditions.
Studies on the kinetics of pectin lyase have been performed to obtain more
insight in the action mechanism of this enzyme.The assignment ofthe influence
of buffer (nature and concentration) and cations (nature and concentration)
to an effect of the ionicstrength and nottoa specificioneffect explainsthelarge
variability in the reported kinetic characteristics and has enabled a detailed and
accurate analysis of the influence of the pH on the kinetics.
The most remarkable features of this analysis are: a bell shaped pH profile at
low substrate concentrations, shifts of the pH optimum to more basic values
upon increasing substrate concentrations accompanied by deviation of the
profile from a bell shaped curve, at infinite substrate concentration a pH profile
comparable with a saturation curve (with a slope not equal to a whole number
in a Dixon plot), constant Km-values at low pH which increase at more basic
values.An increasein theionicstrength results in a decreasein Km-values, most
pronounced at high pH values, but do not affect the turnover numbers.
These features can be explained by a model in which two ionic forms of the
enzyme are able to bind substrate and to catalyze the reaction, although with
different turnover numbers and binding constants. It could be concluded that
the complexing of the enzyme with substrate has to occur by mediation of
protonated groups. The pK values determined are assigned to carboxylic
groups. This assignment is confirmed by the thermodynamic parameters of
the ionization and by chemical modification. Besides carboxylic groups, one
tyrosine residue is involved in the binding of the substrate as can be concluded
from the pH profiles, chemical modification and quenching of the tyrosine
fluorescence upon binding of substrate.
From the temperature effects on thepH dependency ofthekinetic parameters
one may conclude that Km equals k ca ,/k! as is confirmed by the difference between the Km-value on pentamer and the Kd of the enzyme with the same substrate as determined by fluorescence. Both enzymes behave similar with respect to those aspectsjust mentioned, only small differences in pK values and
turnover numbers are found; the Km-values, and therefore also those of V/K m ,
onthe contrary exhibits apronounced difference.
To obtain more insight inbinding and catalysis ofpectinlyase on a molecular
level, the kinetics on oligomeric substrates have been studied and interpreted in
terms of a subsite model. The number of subsites of pectin lyase type I amounts
9-10, whereas type II contains only 8subsites. For the last enzyme the position
of the catalytic place could be determined, whereas by using the reported Kmvalues of VORAGEN (1972) on substrates with different degree of esterification,
that substrate could be determined which satisfies the demands for optimal
binding. Moreover a method is given for evaluating the different subsite
affinities by measuring directly dissociation constants of enzyme with oligomer.
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SAMENVATTING

De pectine lyase activiteit in het commerciële enzympreparaat Ultrazym is
afkomstig van meer dan ééntypeenzym;tweedaarvan,verantwoordelijk voor
95%vandetotaleactiviteit,zijnvollediggezuiverd.Alszuiverheidscriteria zijn
een combinatie van specifieke activiteit, Polyacrylamide disc gel electroforese
enSDSelectroforese gebruikt.
Beide typen enzym blijken bijna identiek te zijn met betrekking tot hun fysisch-chemischeeigenschappen. Demolecuulgewichten, bepaald opverschillendemanieren,endeiso-electrischepunten zijn bijna gelijk,terwijldeaminozuursamenstellingvan beidetypen een grote mate van overeenkomst vertonen. De
C-eindstandige aminozuur residuen zijn dezelfde en deN-eindstandige aminozuur residuen zijn in beide gevallen geblokkeerd; de enzymen bestaan uit één
eiwitketen. In defluorescentieemissie spectra van beideenzymen iseen afzonderlijke bijdrage van tyrosine en tryptofaan residuen te zien; de quantum opbrengstisvoorbeidetypenenzymnietgelijk.
De suikersamenstelling is niet gelijk voor beide typen enzym; pectine lyase
type I bevat alleen mannose (4mol/mol),terwijl type II met behulp van affiniteitschromatografie gescheiden kan worden in een tweetal vormen die alleen
verschilleninhun ratiovanmannosetot glucoseresiduen (mannoseplusglucoseis4mol/mol).
Zuiver pectine lyase type I vertoont één homogene band na Polyacrylamide
gelelectroforese; typeII wordt altijd verdeeld over tweeeiwit banden waarvan
deonderlinge verhouding wordt bepaald door deincubatie condities.
Aan beide zijden van hetpH traject 4-6, waarin het enzym stabiel is,treedt
eennietvolledigreversibeleinactivatieendenaturatieop.Destabiliteitwordtvoor
eengrootdeeldoordeionsterktebepaald; pectinelyasetypeIIheeft eenhogere
ionsterkte nodigvoor deinstandhouding van deaktieveconformatie dan type
I.Deinaktivatie bovenpH 6blijkt eengevolgtezijnvaneengecombineerd pH
en ionsterkte effect; dit proces is een eerste orde evenwichts proces, zoals bepaaldvoortypeI,waarvandek t pHafhankelijk endek_1ionsterkte afhankelijk is.Deconformatie veranderingbijinactivatievantypeII gaat gepaard met
een verandering in oppervlakte lading, hetgeen resulteert in tweeeiwit banden
bij elektroforese. In beide gevallen, zowel bij type I als bij type II, gaat de
inactivatiegepaard met(enkan gevolgdworden door) eenverminderde bijdragevantyrosineaandefluorescentievanheteiwit.
De drie dimensionale structuur van het eiwit lijkt erg star, hetgeen volgt uit
hetlagea-helixgehalte,dehogemolecuulgewichtenvolgensSDSelektroforese,
de twee eiwit banden na elektroforese van type II in 8 M ureum, de te lage
gehaltes aan tyrosine indien spectraal bepaald in 0.1 N NaOH en de onmogelijkheid om onder denaturerende condities sulfydryl groepen aan te tonen
met Ellman's reagens.
Meded.Landbouwhogeschool Wageningen 75-13 (1975)

93

De kinetica van pectine lyase is bestudeerd om meer inzicht te verkrijgen in
het werkingsmechanisme.
Het toewijzen van de invloed van buffers (soort en concentratie) en kationen
(soort en concentratie) aan de ionsterkte en niet aan een specifiek ioneffect, verklaart de grote variatie in beschreven kinetische karakteristieken en maakt een
gedetailleerde en zorgvuldige pH analyse mogelijk.
De meest opvallende trekken van zo een analyse zijn: een klokvormig pH
profiel bij lagesubstraat concentratie,verschuivingen van het pH optimum naar
hogere waarden bij het toenemen van de substraat concentratie hetgeen gepaard
gaat met afwijkingen van het pH profiel van de klokvorm, bij oneindige substraatconcentraties een pH profiel met de vorm van een verzadigingscurve
(in een Dixon plot geen helling van een geheel getal) en constante Km-waarden
bij lage pH terwijl bij toenemende pH deze waarden toenemen. Een toename
van de ionsterkte resulteert in lagere Km-waarden, hetgeen des te duidelijker
isnaarmate de pH hoger is,terwijl de 'turnover numbers' gelijk blijven.
Deze verschijnselen zijn verklaard aan de hand van een model waarin het
enzym in twee ion vormen in staat is substraat te binden en ook katalytisch
actief is, hoewel beide vormen verschillende 'turnover numbers' en bindingsconstanten hebben.
Uit dezelfde gegevens kan geconcludeerd worden dat de binding tussen enzym en substraat door middel van geprotoneerde groepen plaatsvindt. De
bepaalde pK waarden zijn toegeschreven aan carboxyl groepen.Deze toewijzing
wordt bevestigd door de thermodynamische parameters van de ionizatie van
deze groepen en door chemische modificatie. Naast de carboxyl groepen is er
een tyrosine residue betrokken bij de binding van het substraat, hetgeen geconcludeerd kan worden uit de pH profielen, de chemische modificaties en de
vermindering van de tyrosine fluorescentie bij binding van het substraat.
Uit het temperatuur invloed op de pH afhankelijkheid van de kinetische
parameters is de conclusie getrokken dat de K m gelijk is aan k ^ , / ^ hetgeen
bevestigd is door het verschil tussen de Km waarde van het pentameer en de
Kd van het enzym met pentameer gevonden met fluorescentie.
Beide typen enzym vertonen een overeenkomstig gedrag met betrekking tot
dejuist vermelde facetten, slechts kleine verschillen in pK waarden en turnover
numbers zijn gevonden; de Km-waarden, en daardoor ook V/Km, zijn daarentegen zeer duidelijk verschillend.
Om op moleculair niveau meer inzicht te krijgen in binding en katalyse
van pectine lyase, is de kinetica op oligomere substraten bestudeerd en geïnterpreteerd intermen van een subsite model. Het aantal subsites van pectine lyase
type I bedraagt 9-10, terwijl type II slechts 8 subsites heeft. Voor het laatste
enzym kon de positie van de catalytische plaats bepaald worden terwijl, aan de
hand van de door VORAGEN (1972) vermelde Km-waarden op polymère substraten met verschillende veresteringsgraden, dat substraat bepaald kon worden
wat voldoet aan de eisen voor optimale binding. Bovendien is een methode
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aangegeven om de subsite affiniteiten van deverschillende plaatsen te bepalen
door direkt de dissociatie constante van het enzym-substraat complex te bepalen.
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