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ABSTRACT

Three new rhamnogalacturonan degrading enzymes were purified from a commercial enzyme
preparation, Pectinex Ultra SP, produced by the fungus Aspergilfus aculeatus. Pectinex Ultra
SP is industrially used In the mash treatment of apples and pears in juice production,
increasing juice yield. Rhamnogalacturonans are highly branched polysaccharides that are
part of the pectin network in the plant cell wall. The purified enzymes were characterized and
appeared to be only active toward rhamnogalacturonan and not toward the well-known pectic
polysaccharide homogalacturonan. Rhamnogalacturonan rhamnohydrolase is able to remove
the terminal nonreducing L-rhamnose residues which are o-(1,4)-linked to D-galacturonic acid
residues in rhamnogalacturonans. Rhamnogalacturonan galacturonohydrolase is an enzyme
able to remove the terminal nonreducing D-galacturonic acid residues which are «-(1,2)-linked
to L-rhamnose residues in rhamnogalacturonans. Both enzymes were essential analytical tools
in the study of the mode of action of rhamnogalacturonan hydrolase and a third new enzyme,
rhamnogalacturonan lyase, toward linear rhamnogalacturonan oligosaccharides. While
rhamnogalacturonan hydrolase cleaves «-D-galacturonic acid-(1,2)-L-rhamnose linkages by
hydrolysis, rhamnogalacturonan lyase cleaves the o-L-rhamnose-{1,4)-D-galacturonic acid
linkages by p-elimination. Both enzymes act in an endo-fashion, with a degree of multiple
attack of 4 and 2.5 respectively toward modified hairy regions of apple. From the degree of
multiple attack of these endo-enzymes, combined with information on the mode of action
toward linear rhamnogalacturonan oligosaccharides, it could be estimated that the average
length of rhamnogalacturonan regions in madified hairy regions of apple is at least 29 sugar
residues.
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stellingen

Het gebruik van p-nitrophenylglycosides als substraat voor het opsporen
van glycosidase-activiteit is geen garantie dat hiermee alle glycosidases
gevonden worden.

Dit proefschrift, hoofdstuk 2.

Omdat er enzymen zijn waarvoor geen geschikte screeningstests
bestaan, die essentieel ziin voor de “expression cloning’ methode

(H Dalbage & HP Heldt-Hansen, Mol Gen Genet 243 (1994) 253-260), s conventionele
enzymzuivering nodig om van dergelijke enzymen de genetische code
te kunnen hepalen.

Dit proefschnift, hoofdstukken 2 en 6.

De enorme hoeveelheid werk, nodig voor het opzuiveren van een nieuw
enzym, staat in schrille tegenstelling met het beetje tekst dat nodig is
om de zuivering te beschrijven in een publicatie.

Dit proefschriff, hootdslukken 2 en 6.

Uit de structuur van de rhamnogalacturonaan-oligomeren die met
behulp van Driselase uit bamboe celwandmateriaal werden verkregen
(T Ishii, Mokuzai Gakkaushi 41 (1995) 561-572) blijkt dat Driselase, geproduceerd
door de schimmel irpex lacteus, zowel een RG-hydrolase als een
RG-rhamnohydrolase bevat.

Het is volkomen onduidelijk waarom er voor de produktie van
A-(4,5)-onverzadigd-galacturonzuur-{1,2)-rhamnose disacchariden uit
rhamnogalacturonaan twee enzymen, een lyase en een
"endorhamnosidase”, nodig zouden zijn, zoals gesuggereerd door
SC Frv, 5 Aldinglon, PR Hetheringion & J Aitken, Plant Physiol 103 (1993) 1-5.

Een zuiver enzym is een relatief begrip zolang de technieken om de
zuiverheid te hepalen steeds gevoeliger worden.

“Wat de boer niet kent, dat eet hij niet” is soms 0ok van toepassing op
wetenschappers, als ze als referenten een methode moeten beoordelen
die ze niet kennen.

Wie een niet gebaande weg inslaat mag wel een reservetank
meenemen.




10.
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12.

13.

In de publieke discussie over zorgverdeling wordt de optie dat de vader
de hoofdzorg voor kinderen en huishouden op zich neemt ten onrechte
buiten beschouwing gelaten.

Een maatschappij die geen plaats heeft voor minder begaafden of
minder validen heeft geestelijk niets te bieden.
Unnatural selection”, Time, 22 september 1997

Het invoeren van een Korte siésta op een werkdag zou de productiviteit
van een werknemer die veel denkwerk verricht enorm verhogen.

In Afghanistan, waar vrouwen van de fundamentalistische heersers
steeds minder rechten krijgen, is sprake van ernstige schending van de
rechten van de mens.

“Taliban weren vrouwen Kabul uit ziekenhuizen', De Volkskrant, 25 oktober 1997,

Het krijgen en opvoeden van kinderen in combinatie met het doen van
promotie-onderzoek is een waardevolle managementservaring.

Stellingen behorende bij het proefschirift
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Promoveren is een pittig project waar veel mensen bij betrokken zijn. Mijn collega’s
hebben er door hun aanwezigheid, hulp, interesse, steun en humor, op het werkvlak
zowel als op het privé-vlak, voor gezorgd dat ik een goede tijd heb gehad en heel
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Chapter 1

General Introduction

FRUIT AND VEGETABLE PROCESSING

First introduced in the 1930’s, exogenous enzymes are now applied worldwide in
industrial fruit and vegetable processing (Omran et al., 1986). The action of enzymes
provides a natural, low cost processing aid, as alternative or improvement for
traditional methods. Moreover, the use of enzymes enabled the development of
completely new processes (e.g. liquefaction and maceration) and therewith new
products. The enzymes used are commonly mixtures as present in culture liquids
derived from nonpathogenic fungi like Aspergifius, and therefore generally regarded
as safe (GRAS).

Fruit and vegetables also contain endogenous enzymes, and, depending on
the process, their action can have desirable and undesirable consequences,
Endogenous pectin methylesterases for instance play an important role in citrus
processing, where they cause cloud loss due to the precipitation of enzymically de-
esterified pectin with calcium ions {(Voragen and Pilnik, 1989). Although desirable for
lemon and lime juices, this is undesirable in the production of arange juice. Heat
inactivation of pectin methylesterase causes flavor loss, and therefore cloud
stabilization of orange juice can for instance be achieved by adding exogenous
polygalacturonase which degrades the low ester pectin formed, before it can
coagulate with calcium.

The oldest and still the largest use of pectinases is fruit juice clarification,
applied mainly to deciduous juices {e.g. apple) and grape juice (Pilnik and Voragen,
1993). Traditionally the fruit was crushed and the pulp pressed. The resulting raw
press juice is thought to contain a persistent cloud of cell wall fragments and
complexes, consisting of positively charged cytoplasmatic protein cores with an
outer layer of negatively charged pectin chains. Electrostatic repulsion stabilizes the
cloud. When pectinases are added as processing aids, e.g. polygalacturonase +
pectin methylesterase or pectin lyase alone (depending on the degree of
esterification of the pectin), the pectin chains are degraded and the thereby exposed
positively charged protein cores can then aggregate with oppositely charged
particles to form larger aggregates. Filtration or centrifugation then yields a clear
juice.

A further development was the introduction of a process called pulp
enzyming, also referred to as Maische Fermentierung and optimized mash
enzymation. Similar pectinases as used for clarification were in this case added to
the pulp of soft fruits e.g. black currants, cherries, strawberries, raspberries, and
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bananas {Voragen et al., 1992). Traditional pulping of these fruits, that contain much
soluble pectin, results in a semi-gelled mass that is difficult to press. Addition of
pectalytic enzymes ta the pulp results in degradation of the pectins responsible for
gelling, and therewith enables better pressing and higher juice yields. This
procedure was also successfully used for grapes and overripe, stored apples, where
the soluble pectin content has increased and the same problem exist as with the soft
fruits. Enzyme treatment of the pulp of clives, palm fruit and coconut, to increase the
oil yield, has also been described (Pilnik and Voragen, 1993).

A process named macerafion was developed for the production of cloud
stable, viscous, and pulpy drinks called nectars, prepared from e.g. pears, peaches,
apricots, berries, guava, papaya and passion fruit {Rombecuts and Pilnik, 1986}. By
using the enzyme polygalacturonase, pectin lyase, or pectate lyase (the latter
enzyme in case of vegetables, that have a higher pH than fruits), restricted
degradation solubilizes the middle lamella pectin, resulting in a suspension of loose
cells, which are rather well intact. Vegetable purees with high contents in soluble
solids, pigments, and vitamins (e.g. p-carotene in carrot) can be obtained, which are
applied in baby foods and as base material for cloudy vegetable juices. Endogenous
pectin methylesterase has to be inactivated to prevent further degradation of the
pectin which would turn the process into to puip enzyming technology (Pilnik and
Voragen, 1993).

Through the combined action of pectolytic and cellulolytic enzymes, plant cell
walls can be degraded thus far, that they cannot withstand the osmotic pressure
from inside anymore, resulting in cell wall collapse and juice release without
pressing. This process is called fiquefaction, and results in very high vields (Pilnik
and Voragen, 1993). Liquefaction is a very good alternative for processing of
vegetables and fruits that yield no juice on pressing, or for which no processes have
been developed yet, like mango, guava, and bananas. However, in Europe no
specific cellulase preparations are allowed in the process, so enzyme preparations
with high celiulase side activities have to be used (Stutz, 1996). Furthermore the
increased acidity of the juice, due to the release of GalA by the liquefying enzymes,
can be a problem, since it usually is higher than the legally allowed acidity. Several
technical problems were also hard to overcome. However, the liquefaction process
is currently successfully used by apple juice producing companies in North and
South America, and by companies in Europe that produce juice for export to those
countries (Stutz, 1996). In Europe, a process called pomace liquefaction is
preferred. This process involves traditional pressing, resulting in a juice A and
pomace. Subsequently water is added to the pomace, which is then liquefied,
resulting in juice B. Beside the advantage of allowing the producer to use his
traditional presses, yields of 100% and more are possible with this method, and the
availability of two different juices allows the producer to target specific markets.
Pomace liquefaction is currently used for instance in the production of apple juice
(Grassin and Faugquembergue, 1993) and pineapple juice (Sreenath et al., 1894).

The introduction of this new enzyme technology obviously has introduced new
problems. In concentrates of clear apple juice, made using the liquefaction process,
haze appeared, which was shown to consist of crystallized linear arabinan chains
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{Pilnik and Voragen, 1993). The enzyme preparation used in the process originally
released branched arabinans, then debranched them (by arabinofuranosidases), but
did not contain enzymes able to further degrade the linear arabinans. The solution to
this problem evidently was supplementation of the used enzyme preparation with
endo-arabinanases that could degrade the linear haze-forming arabinans. This is a
typical resuit from the major drawback of the current enzyme applications, i.e. the
use of ill-defined enzyme mixtures. By selecting particular microorganisms and
growth conditions, several major enzyme activities are usually obtained, beside
many unknown side activities. However, progress has been made with the
expression cloning of fungal enzyme genes (Dalbege and Helit-Hansen, 1994),
enabling the large-scale production of single enzymes by genetically manipulated
microorganisms. These single enzymes can be used to formulate faifor-made
enzyme mixtures. Then, only the essential enzymes, without undesirable side
activities, can be applied in the process.

The variety of raw fruit and vegetable materials, and the various stages of
ripening of fruits, make it very difficult for the producer to standardize the enzyme
application. In case of the enzymic production of pineapple juice for instance,
gellifying polysaccharides, mainly galactomannans, appeared to hamper
ultrafiltration of the juice. Therefore, a new enzyme preparation was developed, rich
in enzymes degrading these polysaccharides, and low in pectinases, since only a
small amount of pectin was naturally present {(Grassin and Fauquembergue, 1996).
This illustrates the importance of knowledge of the composition of cell walls in fruit
and vegetables, in order to be able to select the proper enzymes for a specific
product/process. As may follew from the above, the enzymic degradation of pectin,
one of the major polysaccharides of the primary cell walls of dicotyledons like apple,
is very important in fruit and vegetable processing. This thesis deals with new
pectolytic enzymes, and therefore a short update on pectin structure and enzymic
degradation is given in the next paragraphs.

PECTIN IN THE PLANT CELL WALL

Pectins comprise about one third of the mass of the primary cell walls of most
flowering plants (dicotyledens and nongraminaceous monocotyledons), and form an
important domain in the cell wall. Although present also in monocotyledons and
lower plants, pectins have mostly been studied in dicotyledons. They are some of
the most complex polymers known, and are thought to perform many functions in
the plant cell wall. These include determining cell wall poresity; providing charged
surfaces that modulate wall pH and ion balance; and serving as recognition
molecules that signal appropriate developmental responses to symbiotic organisms,
pathogens, and insects (Carpita and Gibeaut, 1993).

Recent cell wall medels (McCann and Roberts, 1991; Talbott and Ray, 1992;
Carpita and Gibeaut, 1993) depict the three major domains in the wall, i.e. the
cellulose-xyloglucan framework (about 50% of the mass), the pectic
polysaccharides, and the structural proteins, as three structurally independent,
although interacting, domains. This is in contrast with early models where the matrix
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polymers were thought to be covalently crosslinked in order to maintain coherence
(Keegstra et al., 1973). A model for the primary cell wall of most flowering plants as
described by Carpita and Gibeaut (1993) is shown in Figure 1. The stretch-resistant
load-bearing celiulose-xyloglican network is embedded in the compression-resistant
pectin matrix. Synthesis and assembly of each of these domains has found to be
independent of the other, and the components of each of these domains can change
independently depending on developmental state or in response to special kinds of
stress. The current models usually still miss many vital components of the cell wail,
namely the many enzymes involved in polysaccharide metabolism, and the proteins
(e.g. the hydroxyproline-rich protein extensin} and lignin that are incorporated during
cessation of elongation and further differentiation.

g . . RG | with
Xyloglucan 39 ;_F')Gré Junction arabincgalactan
{ © side-chains
Figure 1. The type | primary cell wali of most flowering plants. Representation of a single layer

of the wall just after formation of a meristem in dividing cells. Several layers such as this coalesce to
form a wall (from Carpita and Gibeaut, 1993). PGA, poiygalacturonic acid.
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New methods have provided better insight in plant cell wall architecture.
These methods include the use of monoclonal antibody probes specific for particular
cell wall epitopes; the fast-freeze, deep-etch, rotary-shadowed replica technique,
that enables direct visualization of the cell wall in the electron microscope in as close
to the in vivo state as possible; and fourier transform infra-red microspectroscopy
(FTIR) of thin cell samples mounted on a microscope {McCann et al., 1995), by
which both the presence and the orientation of specific chemical bonds in a specific
area can be detected. Changes in the cell wall architecture during cell expansion
and cell elongation are being monitored and new models described. It is
hypothesized for instance, that upon cell elongation, an entire pectin network is
replaced when newly synthesized highly esterified pectin is deposited in the wall,
while the ‘older’ unesterified pectin might move into the middle lamelta. The
esterification may change the rheological properties of the pectic network, but may
also permit access of enzymes with wall-modifying activies to the
cellulosefxyloglucan netwark (McCann and Roberts, 1994).

Several different types of polysaccharides in the plant cell wall can be
considered as pectic material. The most well-known pectic polysaccharide is
homogalacturonan (HG'), a homopolymer of (1,4)-linked o-GalA residues. HGs are
able to form gels, a property widely utilized in the food industry, and in all likelihood a
property that determines some of the functions of pectin in the primary cell walls
(Voragen et ai., 1995). Methylesterification of the carboxyl groups is the most
common modification of HGs. In the plant, the middle lamella between neighboring
cell walls consists predominantly of low esterified pectin. Here, the pectin chains can
range up to 700 nm in length (McCann and Roberts, 1996). For comparison, the
middle lamella is typically 10 to 20 nm wide, so these pectins must at least be
constrained to lie parallel to the plasma membrane. Although generally HGs are not
found to contain much acetyl groups, acetylation of HGs has been reported to occur
on C-3 in potaio and bamboo (Ishii, 1997), and especially sugar beet HG pectin is
known for its high acetyl content (Voragen et al., 1985).

The HG type of pectin contains essentially no side chains, and is therefore
also referred to as “smooth regions” of pectin. In contrast with this, the second major
type of pectic polysaccharide, rhamnogalacturonan {(RG), contains many side
chains, and is often referred to as “hairy regions”. One of the most intensively
studied RGs, isolated from suspension-cultured cells from many plant sources, was
named RG-/ (O'Neill et al., 1990). It has a strictly alternating RG backbone, i.e.
repeats of the disaccharide [(1,2)-a-L-rhamnosyl-{1,4)-c-D-galactosyluronic acid-
(1,)]. Arabinosyl- and galactosyl-rich side chains are attached to C-4 of the Rha
units, although the proportion of Rha residues with attached side chains varies from
app. 20% to 80% depending on the source of the polysaccharide (Albersheim et al.,
1996). Arabinans, galactans, and two forms of arabinogalactans (type | and type 1),
can be regarded as three other pectin associated polymers. Although reported to
occur not linked to RG in the cell wall of pea (Talbott and Ray, 1992), these
polysaccharides are mostly found to be covalently attached to RGs. RGs are

' See List of Abbreviations
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typically highly acetylated (Schols and Voragen, 1994) at positions C-2 and C-3 of
GalA, and not on Rha units (Komalavilas and Mort, 1989; Ishii, 1997).

A third type of pectic polysaccharide in the plant cell wall, with a relatively low
molecular mass, is RG-/I. Although the name suggests an alternating RG backbone,
RG-Il consists of a HG backbone of about nine units, to which four side chains are
attached. Rha is present in these side chains, beside several rare “diagnostic”
monosaccharides such as apiose, 2-O-methyl-L-Fuc, 2-O-methyl-D-Xyl, aceric acid
(3-C-carboxy-5-deoxy-L-Xyl), KDO (3-deoxy-D-manno-octulosonic acid), and DHA
(3-deoxy-D-lyxo-heptulosaric acid) (Whitcombe et al., 1995). RG-Il appears to have
the same structure in every plant from which it has been isolated.

RG and HG types of pectic polymers are thought to be interconnected, since
treatment of cell wall material with polygatacturonase, only able to cleave HG
regions, solubilizes RG types of polysaccharides (De Vries et al., 1982; O'Neill et al,,
1990; Schols et al., 1995b), and on the other hand treatment of cell wall material
with RGase, only able to cleave RG regions, solubilizes HG regions (Renard et al.,
1993). Recently, it has been shown that the pectic polysaccharide RG-Il is present in
cell walls as a mixture of monomers and dimers. The dimers are covalently
crosslinked by borate diesters. Therefore, it is possible that these dimeric RG-II-
borates are the "load-bearing”, acid-labile linkages of the cell-wall pectin matrix that
are hydrolyzed by a decrease in wall pH during auxin-induced cell expansion {O'Neill
et al., 1996). Almost certainly the principal form of crosslinking between pectic
molecules in the cell wall is the formation of Ca’" binding junction zones of low
esterified HG pectins. This type of crosslinking in the middle lamella is assumed to
control cell wall porosity (McCann and Roberts, 1991). Furthermore, covalent
linkages between different pectin chains in the cell wall might be formed by
dimerization of ferulic acid residues, which are found to be present in the hairy
regions of e.g. sugar-beet {Rombouts and Thibault, 1986).

Hardly any Xyl is found in the pectic polysaccharides from suspension-
cultured plant cells {(O'Neill et al., 1980), in contrast with an enzyme-resistant pectic
fraction isolated from apple juice produced using the liquefaction process (Schols et
al., 1990b}. This highly branched pectin structure was tentatively named “modified
hairy regions” {MHR), since the enzymes of the liquefaction process might have
modified it. A structural model for this MHR was postulated (Schols and Varagen,
1996). In Figure 2 a hypothetical structure of apple pectin and MHR is given. Two of
the three different subunits identified had the characteristics of RG-I, one a strictly
alternating RG chain with single unit Gal branches attaghed to Rha (subunit Il in Fig.
2), the other containing higher amounts of GalA compared to Rha, and
predominantly tong arabinan side chains (subunit 1l in Fig. 2). The third subunit
(subunit F in Fig. 2) was identified as a xylogalacturonan, with a degree of
substitution of its GalA residues with Xyl of about 0.7 (Schols et al.,, 1995a). The
three structural units of MHR were released from each other using one enzyme,
rhamnogalacturonase (RGase, Schols et al., 1890a), which suggests that
xylogalacturonan and RG chains are interconnected. Yu and Mort (1996) also found
indications for the presence of a highly methylesterified xylogalacturenan,
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Figure 2, Hypothetical structure of apple pectin and of the prevaiiing popuiation of MHR isolated

herefrom. SR, smooth regions; HR, hairy regions. Subunits { to Il are described in the text The
distribution of acetyl groups is not presented, but there is evidence that the major part of the acetyf
groups are located within subunit Ili. No information is available on the presence of methy! esters in
subunit Il (From Schols and Voragen, 1996).

associated with RG regions, in cotton suspension-cultured cell walls and in the cell

walls of watermelon.
ENZYMES ACTIVE TOWARD PECTIN

Until recently, major reviews on pectinases only described the enzymes known with
activity toward smooth HG regions of pectin (Rombouts and Pilnik, 1980; Whitaker,
1980). This group of HG degrading enzymes can be divided in esterases and
depolymerases. Pectin methylesterase has been found in higher plants, numerous
fungi and some yeasts and bacteria. Pectin methylesterase releases methanol which
was originally esterified to the carboxyl group of GalA. Only recently, also a pectin
acetylesterase has been purified from Aspergillus niger (Searle-Van Leeuwen et al.,
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1996), able to remove the acetylester that is be attached to the C-2 or C-3 of GalA,
e.g. from sugar-beet pectin (Pilnik and Voragen, 1993).

The HG depolymerizing enzymes known are hydrolases or lyases. Of the
hydrolases, only enzymes active toward low esterified pectin have been found, so-
called polygalacturonases. Polygalacturonases have been isolated from higher
plants, numerous plant-pathogenic and saprophytic fungi and bacteria, and from
some yeasts. Polygalacturonases can act in an endo-manner, cleaving one or more
bonds per random encounter, or in an exo-manner, cleaving a chain in a zipper
fashion, usually acting from the nonreducing end of the saccharide chain until it is
fully degraded. Earlier reports claim the existence of a hydrolase able to cleave
highly esterified HG chains (see references in Whitaker, 1990, Table 3), but this has
been ascribed to the co-purification of a pectin methylesterase and
polygalacturonase, or to the activity of pectin lyase (see below). Recently, however,
polymethylgalacturonase has been reported again (Ohtsuki et al., 1995) of Cry | 2, a
major allergen of Japanese cedar pollen. The purified enzyme showed no lyase
activity. The release of methyl groups from pectin was not determined, which would
indicate a contamination with pectin methylesterase. Nevertheless, the authenticity
of the enzyme is illustrated by the fact that it was only active toward methylesterified
pectin, with a maximum activity when the degree of methoxylation was between 50
and 80, and not at all toward polygalacturonic acid, which is the optimal substrate for
polygalacturonases.

The HG lyases, on the other hand, can be divided into those acting toward
low methylesterified pectin, the pectate Iyases, and those acting toward high
methylesterified pectin, the pectin lyases. No lyases have been found in plants up to
date (Sutherland, 1295), and common sources are bacteria and plant pathogenic
fungi. They cleave the HG backbone by B-elimination, intreducing a double bond
between C-4 and C-5 of the newly formed nonreducing end. Pectate lyase requires
the presence of a Ca®* ion for its action, which binds directly to the enzyme,
although its precise role remains to be clarified (Jurnak et al., 1996). The exo-
pectate lyases and oligogalacturonate lyases are special in that they attack their
substrate from the reducing end, contrary to exopolygalacturonases and
oligogalacturonate hydrolases (Whitaker, 1990). An exoc-pectin lyase has heen
reported in an Aspergillus sp. (Sutherland, 1995),

While pectin methylesterases have been described since the 1940s, and the
distinction between pectin hydrolases and lyases was made since the 1960s, only
recently enzyme activity toward the RG part of pectin has been found. Schols et al.
(1990a) were the first to describe such an enzyme, named RGase, with activity
toward the strictly alternating RG subunit of MHR (Fig. 2). During the course of this
PhD-thesis work, a number of reports dealing with RGase activity have been
published (An et al., 1994, Kofod et al., 1994; Sakamoto et al., 1994; Azadi et al,,
1995; Gross et al., 1995; Ishii, 1995; Suykerbuyk et al., 1995). RG structures cause
fouling of the ultrafiltration membranes in processing of straight press apple juices
(Will and Dietrich, 1992}, and liquefaction apple juices (Schols et al., 1981). The
enzyme preparations used in industry at the time apparently were not capable of RG
degradation. By screening many commercial enzyme preparations, only one was
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found capable of degrading MHR, produced by Aspergiflus aculeatus (Pectinex Ultra
SP from Novo Nordisk), from which the above mentioned RGase was purified
(Schols et al., 1990a). Treatment of pear and apple iuices with RGase indeed
affected the UF flux rate positively (Stutz, 1993). Nowadays many pectolytic enzyme
preparations are enriched in RGase activity.

AIM AND CUTLINE OF THIS THESIS

From the above, the technological relevance of RG degrading enzymes is obvious.
Furthermore, using RGase, Schols et al. were able to elucidate some structural
features of MHR, and it is clear that new RG degrading enzymes might be helpful in
further elucidation of RG structures from various sources. The commercial mixture
Pectinex Ultra SP from A. acufeatus contained the first reported enzyme capable of
degrading these structures. Furthermore this preparation was also able to degrade a
highly branched RG structure isolated from soy (Adler-Nissen et al., 1984), although
not by RGase. Therefore, Pectinex Ultra SP was chosen to screen for other yet
unknown RG degrading activities. The complexity of apple MHR (Fig. 2) made this a
very suitable substrate to screen for new enzyme activities. Moreover, RGase is only
able to degrade one type of subunit {ll1} present in MHR, while Pectinex Ultra SP
can degrade MHR almost completely after incubating for prolonged time with
repetitive additions of enzyme, which indicates that there are more relevant enzymes
present in the preparation.

During the research period of which the results are described in this thesis,
three new RG degrading enzymes were isolated from Pectinex Uitra SP and
characterized. Chapter 2 describes the first of these enzymes, the RG-
rhamnohydrolase, an exo-enzyme able to remove Rha units from the nonreducing
end of RG chains. Chapters 3 and 4 deal with the second new enzyme, the RG-
lyase, able to cleave RG regions by p-elimination instead of hydrolysis like RGase
does. RGase is now more specifically named RG-hydrolase. A staining method that
appeared to be specific for RGases, applicable in plate assays, is described in
Chapter 5. The third new enzyme is RG-galacturonchydrolase, an exg-enzyme able
to remove the nonreducing GalA unit from RG chains (Chapter 8). In Chapter 7, in
arder to obtain more information about the mode of action of RG-hydrolase and RG-
lyase, single RG oligomers were degraded with RG-hydrolase and RG-lyase. The
reaction products were characterized using the two new exo-enzymes. In the
general discussion in Chapter 8, beside an overview of the thesis work, the current
state of the art on enzymes degrading the branched RG part of pectin is given.
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Chapter 2

Rhamnogalacturonan
a-L-rhamnopyranosylhydrolase.
A novel enzyme specific for the
terminal nonreducing rhamnosyl unit
in rhamnogalacturonan regions of pectin

This chapter has been published in Plant Physiol 106: 241-250 (1994) by the authors Margien Mutter,
Gerrit Beldman, Henk A. Schols, Alphons G.J. Voragen.

Two o-L-rhamnohydrolases with different substrate specificities were isolated from a commercial
preparation produced by Aspergillus aculeatus. The first rhamnohydrolase was active toward p-
nitrophenyl-c-L-rhamnopyranoside, naringin and hesperidin and was termed p-nitrophenyl-a-L-
rhamnopyranosylhydrolase (pnp-rhamnchydrolase). From the data collected, the enzyme
seemed specific for the «-{1,2)- or a-(1,6)-linkage to B-Glc. Pnp-rhamnohydrolase had a molecular
mass of 87 kD (SDS—PAGE’), a pH optimum of 5.5 to 6; a temperature optimum of 60 °C and a
specific activity toward pnp-Rha of 13 units mg" protein. The second rhamnohydrolase on the
contrary was active toward rhamnogalacturonan (RG} fragments, releasing Rha, and was
therefore termed RG-rhamnohydrolase. RG-rhamnohydrolase had a molecular mass of 84 kD, a
pH optimum of 4, a temperature optimum of 60 °C and a specific activity toward RG oligomers of
60 units m_q'1 protein. RGrhamnohydrolase liberated Rha from the nonreducing end of the RG
chain and appeared specific for the o-{1,4)-linkage to o-GalA. The enzyme was hindered when
this terminal Rha residue was substituted at the 4-position by a 8-Gal. The results so far obtained
did not indicate particular preference of the enzyme for low or high molecular mass RG
fragments. From the results it can be concluded that a new enzyme, an RG o-L-
rhamnopyranosylhydrolase, has been isolated with high specificity toward RG regions of pectin.

L-Rhamnosyl residues have been found as constituent sugars in the backbone of
pectins in plant cell walls, in which {1,4)-linked a-D-galacturonan chains are interrupted
at intervals by the insertion of single (1,2)-inked o-Rha residues (Barrett and
Northcote, 1965; Lau et al.,, 1985; Colguhoun et al, 1990; O'Neill et al.,, 1990). In
smooth regions of pectin L-Rha residues are reported to occur once on every 25
galacturonic acid residues (Powell et al., 1982}, ance on every 70 residues (Konno et
al., 1986) or once on every 72 to 100 residues (Thibault et al, 1993). In the ramified
"hairy" regions of pectin L-Rha is part of the RG backbone, which consists of repeating
units of the disaccharide o-(1,2)-Rha-a-(1,4)-GalA (Lau et al., 1985; Colguhoun et al.,

' See List of Abbreviations
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1990; Schols et al., 1990a; Schols and Voragen, 1994). The fine structure of hairy
regions of pectin is the subject of investigation of several workers (O'Neill et al., 1990;
Schols et al., 1990b; Schols and Voragen, 1994; Schols et al., 1994b}. In addition to
chemical methods (Guillon and Thibault, 1989; Mort et al., 1991; Puvanesarajah et al.,
1991), enzymes are becoming more important as analytical tools in structural studies
because of their high specificity (Guillon et al., 1989; Voragen et al., 1993).

Various pectolytic enzymes, including pectin methylesterases and pectin
depolymerases, active toward smooth regions of pectin, have been described
(Rombouts and Pilnik, 1980; Piinik and Voragen, 1993). These enzymes, however,
have been shown not to be active toward hairy regions of pectin and in fact most of
the studied hairy pectin fragments are released by treatment of cell wall material with
these enzymes (O'Neill et al., 1990; Schols et al., 1990b, 1994b). Schols et al. (1990a,
1994b} described a naovel type of enzyme, RGase, that is able to split the RG
backbone of hairy regions isolated from the cell walls of different fruit and vegetable
sources. RGase was found to liberate specific RG oligomers from the saponified hairy
regions, having the basic structure o-Rha-(1,4)-0-GalA-(1,2)-a-Rha-(1,4)-o-GalA
(Colguhoun et al., 1990; Schols et al., 1994b). In these cligomers, a B-Gal unit can be
4-linked to the terminal Rha residues or the (1,2)-linked Rha residues. Searle-Van
Leeuwen et al. (1992) described a new type of acetylesterase that is specific for hairy
regions of pectins. The RGase and acetylesterase were purified from a commercial
enzyme mixture derived from Aspergiflus aculeatus.

We have strong indications that, in analogy to the enzymic degradation of
smooth regions, a whole array of enzymes is present in nature, specific for the
degradation of hairy or RG regions of pectin. In the commercial enzyme preparation
derived from A. aculeatus we have found several of these specific enzymes. In this
report we describe a new type of rhamnohydrolase, specific for the nonreducing
terminal rhamnose in RG fragments. This enzyme is compared with a rhamnohy-
drolase from the same source, active toward other rhamnosides (pnp-Rha, naringin
and hesperidin). The importance of substrate modification for detecting new enzyme
activities is demonstrated.

MATERIALS AND METHODS
Substrates
Preparation of MHR
Modified hairy regions (MHR) were isolated from apple liquefaction juice and were
subsequently saponified (MHR-S) according to the method of Schols et al. (1990a),

now using another batch of the experimental preparation Rapidase CB800 (Gist-
Brocades, Delft, The Netherlands) for liqguefaction.
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Preparation of RGase Degradation Products of MHR-S:
RGpoly, RGmed and RGoligo

MHR-S was degraded (1% w/v, 24 h 40 °C in 50 mM ammonium acetate buffer pH
4.8) on a large scale by RGase (110 pg protein g'1 substrate) from A. acufeatus as
purified by Schols et al. {1990a). The degradation products were separated on a
column of Sephadex G50, as described by Schols et al. (1990a), using a volatile
ammonium acetate buffer (50 mM pH 4.8). Fractions (5 mL) were assayed by
automated colorimetric methods for uronic acids {(Ahmed and Labavitch, 1977) and
total neutral sugars (Tollier and Robin, 1979). The neutral sugar values were corrected
for the contribution of the uronic acids in the orcinol assay. Fractions were analyzed by
HPSEC and HPAEC as described below. Fractions were pooled as RGpoly (high
molecular mass fragments), RGmed (intermediate-sized fragments) and RGoligo (RG
oligomers, structures of the major products in Table 1). Pools were lyophilized several
times to remove all buffer. RGpoly, RGmed and RGaligo represented 51, 12 and 37%
respectively of the totat amount of sugars recovered after lyophilization.

Preparation of the RG Hexamer

A fraction containing the RG hexamer (Table |) was obtained by chromatography of
the RGase digest of MHR-S on two Fractogel TSK HW-40 (S} columns {600 x 26 mm)
in series using a flow rate of 2.5 mL min™ and 0.1 M NaOAc pH 3.0 at 60 °C. Fractions
were screened on HPAEC as described below and those containing the RG hexamer
were pooled.

Preparation of Degalactosylated Substrates

RG substrates were incubated for 24 h at 40 °C in 50 mM NaOAc pH 5 with B-
galactosidase from Aspergiflus niger (van de Vis, 1994) in amounts sufficient to
remove ail Gal residues from the substrate in 6 h. This resulted in degalactosylated
substrates. The structures of the degalactosylated RG hexamer and the
degalactosylated RG octamer are presented in Table |.

Rhamnosides of Non-RG QOrigin

Other Rha containing substrates were p-nitrophenyl-o-L-rthamnopyranoside (pnp-
Rha), «-solanine and a-chaconine (Sigma), and naringin and hesperidin (Fluka
Chemie AG, Buchs, Switzerland).

Glycans and Glycosides for Side-Activity Determination

Substrates used for screening of glycanase activities were CM-cellulose {Akucell AF-

2805; Akzo, Arnhem, The Netherlands), xylan ex oat spelts (Sigma), soluble starch
{Merck AG, Darmstadt, Germany), potato arabino--(1,4)-galactan (isolated from
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Table I. Structure of the major RG ofigomers: the branched hexamer (the RG hexamer) and
the mixiure of two branched octamers (the RG octamer), produced by RGase from MHR-S, before
and after degalactosylation.

Identification of oligomers was done as described by Schols et al. (1984b).

RG hexamer:
a-Rha-(1,4)-0-GalA-(1,2)-a-Rha-{1,4)-GalA
! {

p-Gai-(1,4) B-Gal-{1,4)
RG octamer {mixture of two):
a-Rha-(1,4)-0-GalA-(1,2)--Rha-(1,4)-a-GalA-{1,2)-¢-Rha-{1,4)-GalA
W 4 $
8-Gal-(1,4) B-Gal-{1,4), B-Gal-{1,4)r,
with either n=1 and m=0, or n=0 and m=1.

Degalactosylated RG hexamer:
a-Rha-(1 4)-a-GalA-{1,2)-a-Rha-(1,4)-GalA

Degalactosylated RG octamer:
a-Rha-(1,4)-c-GalA-(1,2)-0-Rha-(1,4)-a-GalA-(1,2)-a-Rha-(1,4)-GalA

potato fiber according to the method of Labavitch et al., 1978), larchwood arabino-R&-
(1,3)/(1,6)-galactan ("stractan”", Meyhall Chemica! AG, Kreuzlingen, Switzerland), a
linear arabinan kindly provided by British Sugar (Peterborough, UK), high methoxyl
pectin (prepared at our laboratory; degree of methoxylation, 92.3), and
polygalacturonic acid {I(CN Biomedicals, Costa Mesa, CA).

The pnp-glycosides used for screening of glycosidase activities were obtained
from Koch and Light Ltd. (Haverhill) and from Sigma: pnp-w.-L-Aray, pnp-a-L-Ara,, pnp-
a-D-Galp, pnp-p-D-Galp, pnp-B-D-Galr, pnp-a-D-Xyl,, pnp-B-D-Xyl, pnp-o-D-Mai,
pnp-B-D-Many,, pnp-o-L-Fuc,, php-B-D-Fuc,, php-o-D-Glc,, pnp-p-D-Gle,, pnp-p-D-
GlcpA and pnp-B-D-GalpA.

Enzyme Purification

Rhamnohydrolases were purified from the commerciat preparation Pectinex Ultra SP-L
produced by A. aculeatus, kindly provided by Novo Nordisk Ferment Ltd. (Dittingen,
Switzerland). Enzyme purification was carried out at 4 °C. All buffers contained 0.01 %
w/v sodium azide to prevent microbial growth. Fractions collected were screened for
protein content (A or the Sedmak method [Sedmak and Grossberg, 1977)),
rhamnohydrolase activity toward RG oligomers (RG-rhamnohydrolase) and
rhamnohydrolase activity toward pnp-Rha (pnp-rhamnchydrolase). Fractions
containing these activities were pooled. Purification steps involved Bio-Gel P10, Bio-
Gel HTP hydroxylapatite and DEAE Bio-Gel A (Bio-Rad Laboratories, Richmond, CA),
and MonoS HR 5/5, Supercse 12 HR 10430 and Superdex 75 XK 16/60 prep grade
{Pharmacia LKB Biotechnology, Uppsala, Sweden). When using gradient elution,
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"peak control" was used to elute protein peaks with a minimum amount of
contamination. This was done by maintaining the composition of the eluent at a fixed
value during elution of the peaks. Concentration by ultrafiltration was done using a YM
30K membrane from Amicon Corp. (Danvers, MA). Further details are given in
“Results” (Fig. 2).

Enzyme Assays

Enzyme activities were expressed as units: one unit corresponds to the release of 1
pmol Rha min™ under standard conditions.

These conditions were 50 mM NaOAc buffer {pH 5) and 40 °C. Rhamno-
hydrolase activity was calculated from the release of Rha as determined by HPAEC.
The release of p-nitrophenol from pnp-glycosides was measured spectrophoto-
metrically at 405 nm and activity was cailculated using the molar extinction coefficient
of 13,700 M" cm™.

Enzyme fractions were screened for contaminating activities by incubation for
30 min and 24 h with 0.256% wiv solutions of selected substrates for glycanase
activities and 0.02% w/v solutions for glycosidase activities. Protein concentrations
used in these experiments are described in “Results” (Table IV). The digests from the
glycanase assays were analyzed by HPSEC and HPAEC.

Gel Electrophoresis

Electrophoresis was carried out with a PhastSystem (Pharmacia), according to the
instructions of the supplier. The molecular mass was estimated by SDS-PAGE on a
10-15% polyacrylamide gel (Pharmacia). A low molecular mass kit {Pharmacia) from
14.4 to 94.0 kD was used for calibration. The pl's were deduced from a pH 3-9 iso-
electric focusing gel using the standards from the broad pl calibration kit (Pharmacia).
The gels were stained with Coomassie brilliant blue R-250.

Influence of pH, Temperature and Buffer Salt Concentration

General substrate concentrations were 0.1% w/v of degalactosylated RGoligo for RG-
rhamnohydrelase and 0.02% wiv of pnp-Rha for pnp-rhamnchydrolase. Incubations
took place for 30 min and preincubation (in stability experiments) occurred for 1 h at
40 °C in 50 mM NaOAc buffer (pH 5) unless mentioned otherwise.

The optimum pH for the rhamnohydrolases was determined using Mclivaine
buffers (mixtures of 0.1 M citric acid and 0.2 M sodium hydregenphosphate) in the pH
range 3 to 8. Final protein concentrations were 0.16 pg mL”" for RG-rhamnohydrolase
and 0.70 pg mL" for pnp-rhamnohydrolase.

The stability of the enzymes at different pH values was measured using the
same Mclivaine buffers as described above in which enzymes were preincubated.
Final protein concentrations were 4.42 ug mL™' for RG-rthamnohydrolase and 4.86 pg
mL" for pnp-rhamnohydrolase. After preincubation an aliquot of the preincubated
solution was added to substrate solution in NaOAc buffer (pH 5) resulting in a total
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buffer salt concentration of approximately 0.15 M for RG-rhamnohydrolase and 0.2 M
for pnp-rhamnohydrolase. Final protein concentrations in incubation mixtures were
0.29 pg mL™ for RG-rhamnohydrolase and 1.87 g mL™" for pnp-rhamnohydrolase.

The optimum temperature for the rhamnohydrolases was determined at
different temperatures in the rangs 2 to 70 °C. Final protein concentrations were 0.16
ug mL" for RG-rhamnohydrolase and 0.35 pg mL™ for pnp-thamnohydrolase.

The stability of the enzymes at different temperatures was measured by
preincubation of the enzymes in 50 mM NaQAc buffer (pH 5} at different tempera-
tures. After cooling, substrate was added and incubation tock place with final protein
concentrations of 0.32 pg mL™ for RG-rhamnohydrolase and 0.70 ug mL™" for pnp-
rhamnohydrolase.

The influence of buffer salt concentration on the activity of the enzymes was
determined by incubating enzymes in NaOAc buffer (pH 5) with molarities in the range
50 mM to 1.2 M. Final protein concentrations were 0.18 pg mL"' for RG-
rhamnohydrolase and 2.81 ug mL™" for pnp-rhamnohydrolase. The higher protein
content for pnp-rhamnohydrolase compared to RG-thamnohydrolase was necessary
since pnp-rhamnohydrolase was slowly inactivated during storage.

Analytical Methods

Sugar composition of MHR and other RG substrates was determined after
methanolysis and subsequent hydrolysis with trifluoroacetic acid as described by De
Ruiter et al. (1992).

The molecular mas distribution of substrates before and after enzyme
treatment was determined by HPSEC as described by Schols &t al. (1990b).

HPAEC was performed using a Dionex Bio-LC system (Sunnyvale, CA)
equipped with a Dionex CarboPac PA-100 (4 x 250 mm) and a Dionex pulsed
electrachemical detection (PED) detector in the pulsed amperometric detection (PAD)
mode. Rha was determined isocratically using 100 mM NaOH at a flow rate of 1 mL
min". RG oligomers, degradation products thereof, and digests of glycanase assays
were analyzed with the same system using a gradient of NaOAc in 100 mM NaOH as
follows: 0 to 5 min, 0 mM; 5 to 35 min, 0 to 430 mM; 35 to 40 min, 430 to 1000 mM; 40
to 45 min, 1000 mM; 45 to 60 min, 0 mM.

RESULTS
Preparation and Characterization of RG Substrates

The freshly prepared apple MHR, used as a model for RG substrates, contained the
same populations on HPSEC as the original MHR. The RGase degradation products
had identical retention times on HPAEC as those obtained from the previously
described MHR. The sugar compositions of MHR-S and RGase degradation products
thereof (RGpoly, RGoligo and the RG hexamer) are given in Table . The only
difference in MHR compared with the MHR isolated by Schols et al. (1990b) was a
lower Ara content (20 compared to 55 mol%) and a higher Rha : GalA ratio (0.50
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Table Il Sugar composition (in moi%) of RG substrafes: MHR-S and RGase degradation
products thereof (RGpoly, RGoligo, and the RG hexamer}

Sugar MHR-S RGpoly RGoligo RG hexamer
Rha 16 ] 29 3
Ara 20 23 10 5
Xyl 1 19 2 3
Gal 18 13 27 24
Glc 2 3 3 4
GalA 33 34 29 34

compared to 0.29). RGpoly contained the higher molecular mass degradation
products and consisted of relatively low amounts of Rha and high amounts of Xyl and
Gald. RGoligo and the RG hexamer consisted mainly of Rha, Gal and GalA. The
structure of the major RGase products, the (branched) RG hexamer and the
{branched) RG octamer (mixture of two), is shown in Table L.

Degalactosylation of RG Substrates

The rhamnchydrolase with activity toward RG substrates appeared to be hindered by
Gal side chains attached via a B-linkage to the 4-position of Rha. Therefore, RG
substrates were treated with a R-galactosidase from A. niger. Effectivity of the
tfreatment is presented in Table {ll for various substrates. A substantial amount (40%)
of the Gal could be removed from MHR-S. This is in contrast with RGpoly, from which
only 12% could be removed in this manner. Almost all Gal could be removed from
RGoligo and from the RG hexamer. The removal of Gal from RGpoly and from
RGoligo together accounted for 92% of the Gal removed from MHR-S (removal of Gal
from RGmed was not investigated). Apparently the Gal residues in RGoligo were a
suitable substrate for the B-galactosidase, in contrast with the polymeric fragments.
Gal residues were released from substrates without degradation of the backbone, as
indicated by HPSEC of incubation mixtures ({results not shown).

Figure 1 shows HPAEC elution patterns of RGoligo and the RG hexamer
before and after treatment with B-galactosidase. When another gradient was used, the
peak eluting at 5 min in Figure 1 could be identified as Gal (results not shown).
Furthermore a small peak at 18 min, resuiting from GalA, could be seen. Apparently
the R-galactosidase contained traces of a GalA-releasing enzyme. The GalA signal
was rather high compared with those of RGoligo. However, it is known that pulsed

Table lll. Removal of Gal and GalA from RG substrates by the f-galactosidase from A. niger
The data represent the percentages of sugar removed as compared with the amount of sugar originally
present in the substrate. This was determined using quantitative HPAEC,

Substrate Gal Removed GalA removed
% %

MHR-S 40 1

RGpoly 12 3

RGoligo 84 4

RG hexamer a5 6







