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ABSTRACT

Cysteine protease inhibitors (cystatins) are expressed in plants in response to wounding and
insect herbivory and they form part of the native host-plant defence system. Cysteine
proteases are enzymes important in the break down of dietary proteins mainly in the mid gut
of coleopteran insects such as the banana weevil. The inhibition of these proteases has a direct
effect on the digestive activity of the insect resulting in protein deficiency. This significantly
affects insect development and survival. Based on these observations, strategies have been
designed involving expression of cysteine protease inhibitors for the transgenic control of
insect pests of several crop plants. For this study, it was hypothesized that the major proteases
in banana weevil are cysteine proteases and can be effectively targeted by plant cystatins. It
was further hypothesised that since plant cystatins are defense related, certain amino acid
residues may have undergone positive selection. This provides an opportunity to increase
their inhibitory potential to the weevil gut proteases via protein engineering. To prove the
hypotheses, both in-vitro and in-vivo assays were set up thus allowing us to demonstrate the
presence of cysteine type proteases banana weevil as well as the effect of cystatins on the
weevil proteases and early development. Initial in-vitro experiments were able to characterize
the proteolytic activity of the banana weevil gut proteases, which are mostly of the cysteine
type, and in particular cathepsin B and L like. Two recombinant phytocystatins were further
successfully produced using a 6xHis-tagged affinity chromatogephy system in Escherichia
coli bacteria. The recombinant phytocystatins were used in a newly developed vacuum
infiltration assay system using banana stems. Young weevil larvae were allowed to develop
on phytocystatin-treated stems for up to 10 days. They had a 60% reduction in body weight
and rate of growth compared to those that grew in untreated stems. By carrying out sitedirected mutagenesis to improve the inhibition efficiency of a model papaya cystatin, more
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than 8 amino acid residues were found to be subjected to positive selection. Mutation of
amino acids yielded improved the inhibition potential of papaya cystatin against the model
cysteine protease papain. Increased inhibition was greatest when amino acids were changed in
the highly variable regions of the amino acid sequence very closely to the conserved regions.

This study has been able to show for the first time that banana weevils use cysteine protease
as major protein hydrolysis enzymes and that these can be effectively targeted by plant
cystatins. It has also created novel phytocystatins using engineering of single amino acid sites
following an evolutionary approach to modulate them for improved activity and targeting
specific proteases.
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THESIS COMPOSITION

Chapter 1 introduces the banana weevil which is a coleopteran pest of banana that barrows
through the underground stem of banana plants causing considerable damage. The chapter
reviews conventional efforts towards screening the banana germplasm for resistance,
resistance mechanisms, and cross breeding activities targeting the banana weevil as well as
protease inhibitors as one group of genes that have potential for weevil control in a transgenic
approach. Chapter 2 reports on investigations into the nature of the banana weevil gut
environment vis a vis protease activity reveals the protease profile of the gut and bioassays are
developed and conducted to test the hypothesis that banana weevil use mostly cysteine
protease in protein digestion and can be targeted by cysteine protease inhibitors from plants.
Chapter 3 relates to the phlylogeneic, structural and protein modelling analysis of plant
cysteine protease inhibitors in an effort to understand evolutionary trends. This could assist a
protein engineering strategy to improve the cystatin action against weevil and other
coleopteran insects. Chapter 4 combines evolutionary analysis to determine if positive
selection has acted on the cysteine protease inhibitor amino acid residues to lead to the
observed diversity. This was followed by protein engineering approaches using site-directed
mutagenesis guided by evolutionary analysis to produce novel mutants of the papaya cystatin
with increased inhibition capacity. Finally Chapter 5 discusses the contributions of this thesis
to our better understanding of these important plant proteins. It further discusses how best to
make future use of them, not only in the improvement of resistance to banana weevil but also
to other coleopteran crop pests.
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CHAPTER 1
Introduction: The banana weevil and protease inhibitors

Scientific Communication

Major sections of this introduction were published in:
Kiggundu, A., Pillay, M., Viljoen, A., Gold, C., Tushemereirwe, W., Kunert, K. 2003. Enhancing banana
weevil (Cosmopolites sordidus) by genetic modification. A perspective. African Journal of Biotechnology 2,
563-56.
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1.1
Plant improvement and Africa
The African continent, and specifically Sub-Saharan Africa, will be among the critical areas
for future food production. During the 1990s, the pace of agricultural growth has already
improved considerably in many African countries when compared to the 1970s and 1980s.
Conventional plant breeding has, for example, helped in the development of new crop
varieties with increased resistance to biotic stress, such as insect infestation, which is of
importance for Africa (DeVries and Toenniessen, 2001). However, small-scale farmers in
many African countries are not yet utilizing the advantages that modern biotechnologies offer.
This includes tissue culture derived planting material that has been cleaned of disease and pest
infestation as well as novel varieties of crops developed through genetic engineering (Figure
1.1). This is in contrast to farmers in industrialized countries, who are rapidly taking
advantage of the modern technologies to overcome crop production constraints. For future
agricultural development it is a vital necessity that African farmers also get access to recent
developments in modern plant breeding where plants are improved through the enhancement
of useful characteristics. Any conventional breeding approach is likely to deliver only part of
the required yield increase needed for a growing population in Africa. In addition, crops
derived from the application of plant biotechnology with superior characteristics, such as
insect resistance, might further reduce the use of expensive and often toxic insecticides.
Unfortunately, biotechnological breakthroughs are only very slowly evaluated and
implemented on the African continent as a useful complement to conventional breeding. This
is mostly due to the high cost, lack of existing skills in plant biotechnology, technology
protection by developed countries, and to concerns about possible health or ecological risks
from genetically modified (GM) plants (Dunwell, 1998).
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Figure 1.1

The three broad methods of crop improvement compared. Conventional cross
breeding is limited by the availability of the required traits in the gene pool as
well as sexual compatibility of the crop. Conventional mutation breeding relies
on the use of artificial induction of variation by the use of radiation and chemical
treatment. It requires laborious screening of a large number of mutants to find a
desired trait. Modern genetic engineering offers the most significant
advancement in crop improvement. Theoretically a characteristic from any
organism of any species can be introduced into a plant to create new varieties
with characteristic never though possible before.

1.2

The banana weevil

Among the targets for application of plant biotechnology is to increase resistance of banana to
the banana weevil, Cosmopolites sordidus (Germar) (Coleoptera: Curculionidae). The weevil
is a pest of considerable importance in Africa which significantly affects banana and plantain
production (Ostmark, 1974; Gold, 1998; Gold and Messiaen, 2000; Swennen and Vulysteke,
2001; Fogein et al., 2002). The weevil has been associated with rapid plantation decline in
East Africa (Gold et al., 1999b) and a phenomenon called “yield decline syndrome” in West
Africa. The adult weevils are free living, have a nocturnal habit, and rarely fly. Their eggs are
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deposited inside the plant tissue at the base of the pseudo-stem or on an exposed corm. On
hatching, the larvae tunnel through the corm for feeding and development. Tunnelling reduces
the water and mineral transport, thereby weakening the plant, reducing the bunch weight
(yield) and causing plant toppling during windstorms. In severe weevil infestations, crop
losses of up to 100% have been reported (Sengooba, 1989). The establishment of new
plantings may fail (Price, 1994) and yield loss appears to increase gradually, reaching 44% in
the fourth ratoon cycle (Rukazambuga et al., 1998).

Figure 1.2

The adult banana weevil (C. sordidus) lays eggs on the banana plant just above
the soil surface. When the eggs hatch the emerging larvae burrow through the
underground stem leading to yield loss, structural weakness and toppling of the
plant.

Weevil control is currently based on the application of cultural practices, such as the use of
clean planting material, systematic trapping of adult weevils in an effort to control the weevil
population, and field sanitation to remove residues that may form breeding grounds for the
weevil (Gold, 2000; Gold and Messiaen, 2000). Although cultural control methods contribute
to weevil management, both the high labour input and material requirements are often
4

limiting factors for adoption (Gold, 1998; Gold et al., 2001). Application of effective
pesticides is economically unfeasible for subsistence producers and, unfortunately, the banana
weevil can developed resistance to a range of pesticides (Collins et al., 1991; Gold et al.,
1999a). Consequently, development of resistant plants has been suggested as a potential longterm intervention for weevil control, especially on small-scale farms, as the inclusion of such
plants might be part of an integrated pest management (IPM) framework (Seshu-Reddy and
Lubega, 1993).

1.2.1

Weevil resistance

The development of weevil-resistant bananas and plantains is still in its infancy. Only a few
breeding programs consider banana weevil resistance as a criterion for improvement. This is
despite the fact that triploid plantains (AAB) and East African highland bananas (EAHBAAA) are major sources of food in Africa, and that both are highly susceptible to weevil
infestation (Fogain and Price, 1994; Gold et al., 1994; Ortiz et al., 1995; Musabyimana et al.,
2000; Kiggundu et al., 2003a). Lack of considerable progress in the development of weevilresistant banana has been, and still is, due to the cumbersome nature of techniques for
resistance screening and the limited knowledge on resistance mechanisms.

1.2.2

Weevil resistance screening

Considerable work has been done on screening diverse Musa germplasm for weevil resistance
in Africa (Pavis and Lemaire, 1997; Kiggundu et al., 1999). Although plantains and EAHB
were found to be the most susceptible, there are a few exceptions. For example, in India
Padmanaban et al. (2001) found two plantain cultivars (Karumpoovan and Poozhachendu)
resistant to the banana weevil, while Fogain and Price (1994) found that the cultivar Kedongkekang (plantain AAB) is also resistant. Kiggundu et al. (2003a) found some highland banana
cultivars (cvs. Tereza, Nalukira and Nsowe) being intermediately resistant.
5

The large variability in weevil response observed in germplasm and hybrid testing indicates
that useful sources of weevil resistance are indeed available in Musa. Possible candidates for
use in conventional crosses have been therefore selected based on very low levels of weevil
damage in the field, and on pollen fertility (Table 1.1). The AA genome progenitor Musa
accuminata Colla is more susceptible to weevils than the BB progenitor Musa balbisiana
Colla (Mesquita et al., 1984), and it is expected that AA type sources of resistance might
ultimately produce hybrids with better consumer acceptability.
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Table 1.1

Suggested sources of banana weevil resistance in Musa.

Cultivar

Genome group

Reference

Yangambi km-5

AAA

Fogain and Price, 1994;
Kiggundu et al., 2003a

Sannachenkadali
Sakkali
Senkadali
Elacazha
Njalipoovan

AA
ABB
AAA
BB
AB

Padmanaban et al., 2001

Pisang Awak
FHIA03
TMBx612-74
TMB2x6142-1
TMB2x8075-7
TMB2x7197-2

ABB
AABB
IITA hybrid
IITA hybrid
IITA hybrid
IITA hybrid

Kiggundu et al., 2003a

Long Tavoy

ABB

Ortiz et al., 1995

Njeru
Muraru

AA
AA

Musabyimana et al., 2000

AA

Fogain and Price, 1994;
Ortiz et al., 1995;
Kiggundu et al., 2003a

Bluggoe

ABB

Fogain and Price, 1994;
Kiggundu et al., 2003a

M. balbisiana

BB

Fogain and Price, 1994

Calcutta-4

7

1.2.3

Resistance mechanisms

Classical resistance mechanisms (Painter, 1951) have been investigated in Musa germplasm.
So far antibiosis (factors affecting larval performance), rather than antixenosis (attractivity),
appears to be the most important weevil resistance mechanism (Ortiz et al., 1995; Abera et
al., 1999). Although some differences in attracting adult weevils to different cultivars have
been found, there were no direct correlations with plant damage (Budenburg et al., 1993;
Pavis and Minost, 1993; Musabymana, 1995; Abera et al., 1999). Difference in attraction has
been rather due to environmental factors, such as soil moisture, around a cultivar with high
sucker number (Ityeipe, 1986).

Several phenological factors seem also to contribute to weevil resistance. Corm hardness was
the first biophysical factor associated with resistance. Whereas Pavis and Minost (1993)
found a small, negative correlation (r = -0.47) between corm hardness and weevil damage,
Ortiz et al. (1995) found no relationship between the two factors in segregating plantain
progenies. They rather suggested other weevil resistance factors such as chemical toxins or
anti-feedants. Kiggundu et al. (2003a) found corm dry matter content, resin/sap production
and suckering ability to negatively correlate with weevil damage.

The suggestion that biochemical compounds affected weevil performance further led to
investigations of resistant selections by using high-performance liquid chromatography
(HPLC). HPLC chromatograms from corm extracts of weevil-resistant AB and ABB cultivars
(cvs. Kisubi and Kayinja) showed compound peaks that were absent not only in susceptible
clones, but also in some resistant clones of the AA and AAA genomes (e.g. Calcutta-4 and
Yangambi km-5). This result possibly indicates a type of antibiotic mechanism that may be
based on toxic compounds. These compounds are seemingly present in weevil-resistant
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cultivars with the B genome whereas a different form of resistance may be present in the
genome of weevil-resistant AA cultivars.

In general, banana improvement for weevil resistance using existing resistance mechanisms
appears complex and not well advanced due to a limited understanding of the genetics of
resistance. Weevil resistance is probably controlled by a number of genes. These genes are
different in the A and the B genome groups (Ortiz et al., 1995; Ortiz, 2000). Resistance in the
A genome might include corm hardness, which is less important for the B genome.
Significant genetic correlations were observed between weevil damage, corm hardness, dry
matter content, sap/resin production, and corm size, further indicating the complexity of
weevil resistance in the diverse Musa germplasm. Conventional improvement for weevil
resistance might ultimately also require multiple strategies in any conventional breeding
program and therefore might render the overall process very slow and long-term.

1.2.4

Resistance breeding

1.2.4.1

Molecular markers

The application of DNA markers in banana has mostly been for germplasm characterisation
(Crouch and Crouch, 1999; Visser, 2000; Pillay et al., 2001). Molecular genetic techniques
have recently been applied for improving the efficiency of Musa breeding. For example,
markers for simple traits, such as pathenocarpy (Crouch et al., 1998), earliness and regulated
suckering (Vuylsteke et al., 1997), and for a major quantitative trait like banana streak disease
resistance (Carreel et al., 1999; Lheureux et al., 2003), have been developed for Musa.
Despite these efforts, molecular biology-based breeding tools, such as Molecular Marker
Assisted Selection (MAS), are still not highly developed for banana when compared to other
major food crops in the world. MAS breeding has, however, the potential to markedly
enhance the pace and efficiency of genetic improvement in Musa (Crouch et al., 2000).
9

1.2.4.2

Genetic modification

Production of genetically modified (GM) banana has been attempted by several research
groups. Although remarkable achievements have already been made in banana
transformation, the identification and introduction of useful genes into banana to reduce
losses caused by the banana weevil is still a major challenge. This is partially due to the lack
of information on expression of endogenous banana genes after weevil infestation.

Several approaches can be followed. These include for example the production of transgenic
banana expressing a plant lectin. Lectins confer a protective role against a range of organisms
(Sharma et al., 2000). They have been isolated from a wide range of plants including
snowdrop, pea, wheat, rice and soybean and their carbohydrate-binding capability renders
them toxic to insects. A lectin from snowdrop, Galanthus nivalis agglutinin (GNA), is toxic to
several insect pests in the orders Homotera, Coleoptera and Lepidoptera (Tinjuangjun, 2002).
A study is currently being conducted to test the effect of GNA and the Aegopodium
podagraria lectin (APA) among others on the mortality and reproduction of three nematode
species pathogenic to banana (Carlens, 2002). Similar work could be extended to banana
weevil using in-vivo assays. A major concern about the use of lectins, however, is that some
of them, such as the wheat germ agglutinin (WGA), are toxic to mammals (Jouanin et al.,
1998). However, the snowdrop and garlic lectins are toxic only to insects (Boulter, 1993) and
these deserve investigation for weevil control.

Expression and biological activity of the Bacillus thuringiensis (Bt) toxin has been
extensively investigated in GM plants for insect control and represents a further approach for
insect control in banana. Bt plants are currently the most widely used GM technololgy for
Lepidopteran pest control in commercial crops (Krattiger, 1997). Bt genes products are a
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group of more than fifty insecticidal crystal proteins. When ingested by an insect, they are
solubilised in the alkaline environment characteristic of Lepidopteran insect midgets (e.g.
Cry1 proteins). The proteins then become toxic by binding to apical border brush membranes
of the columnar cells. This causes lysis of the cells and eventual death of the insect. On the
other hand Coleopteran insects like the banana weevil do not have such high pH-induced
solubilisation of Bt toxins (e.g. Cry3 proteins). The expression of a selected Bt gene for
weevil resistance will therefore need a longer term strategy. Bt screening, however, is
hampered by the lack of any artificial diet for the banana weevil, which is a pre-requisite for
efficient screening under controlled conditions.

Alpha-amylase inhibitors (AI) and chitinase enzymes might also have a potential for weevil
control.. They are divided into two types, AI-1 and AI-2, isolated from common and wild
beans (Phaseolus vulgaris), respectively. Alpha-amylase inhibitors operate by inhibiting the
enzyme alpha-amylase which are responsible for the break down of starch to glucose in the
insect gut (Le Berre-Anton et al., 1997; Morton et al., 2000). Ishimoto et al. (1996) produced
transgenic adzuki beans with enhanced resistance to bean bruchids, which are Coleopteran
insects. Since they are active against this type of insects, they might be of interest for banana
weevil control in GM banana. Chitinase enzymes are produced as a result of invasion either
by fungal pathogens or insects. Transgenic expression of chitinase has shown improved
resistance to insect pests in tobacco against Lepidopteran insects (Ding et al., 1998).
Recently, a rice chitinase gene has been transformed into bananas directed towards the control
of fungal pathogens in particular Micosphaerella fijiensis the causal agent of black sigatoka
disease (Arinaitwe, 2002).
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Among the proteins useful for a transgenic approach, protease inhibitors, such as cysteine and
serine protease inhibitors, are possibly also useful candidates to protect plants against insect
attack (Ryan, 1990; Pernas et al., 2000; Ashouri et al., 2001). They operate by disrupting
protein digestion in the insect mid-gut via inhibition of proteases. These inhibitors have been
investigated in this study in greater detail.

Figure 1.3

Genetic engineering strategies currently in commercially produced crops (only
Bt toxin) and others being developed for increasing resistance to crop insect and
nematode pests.

1.3

Protease/protease inhibitor system

1.3.1

Insect proteases

The term “protease” includes both “endopeptidases” and “exopeptidases” whereas; the term
“proteinase” is used to describe only “endopeptidases” (Ryan, 1990). The digestive
proteolytic enzymes in the different orders of commercially important insect pests belong to
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one of the major classes of proteases. Serine proteases have been identified in extracts from
the digestive tracts of insects from many families particularly those of Lepidoptera
(Houseman et al., 1989). Many of these enzymes are inhibited by protease inhibitors. The
order Lepidoptera, which includes a number of crop pests, the pH of the gut environment is in
the alkaline range of 9-11 (Applebaum, 1985) where serine proteases and metalloexopeptidases are most active.

Coleopteran and Hemipteran species tend to utilize cysteine proteases (Murdock et al., 1987)
while Lepidopteran, Hymenopteran, Orthopteran and Dipteran species mainly use serine
proteases (Ryan, 1990; Wolfson and Murdock, 1990). The effect of class specific inhibitors
on the pest digestive enzymes is not always a simple inhibition of proteolytic activity. Recent
studies have indicated that there are often two or more populations of digestive enzymes in
target pests, some with susceptibility to inhibition and other insensitive to specific inhibitors
(Michaud et al., 1996; Bown et al., 1997). Some insects respond to ingestion of plant PIs,
such as soybean trypsin inhibitor (Broadway and Duffey, 1986) and oryzacystatin (Michaud
et al., 1996), by hyper-producing inhibitor-resistant enzymes.

Isolation and characterisation of midgut proteases from the larvae of Cowpea weevil,
Callosobruchus maculatus (Fab.) (Col.: Bruchidae) (Kitch and Murdock, 1986; Campos et
al., 1989) and the Mexican bean weevil Zabrotes subfasciatus (Boheman) (Col.: Bruchidae)
(Lemos et al., 1987) confirmed the presence of a cysteine mechanistic class of protease in
such insects. Similar proteases have been isolated from midguts of the Confused flour beetle
Tribolium castaneum, Mexican bean beetle Epilachna varivestis (Mulsant) (Col.:
Coccinellidae) (Murdock et al., 1987) and the Common bean weevil Acanthoscelides obtectus
(Say.) (Col.: Chrysomelidae) (Wieman and Nielsen, 1988).
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In a study of the proteases from the midgut of several members of the order Coleoptera, 10 of
11 species representing 11 different families had gut proteases that were inhibited by pchloromercuribenzene sulfonic acid (PCMBS), a potent sulphydryl reagent (Murdock et al.,
1988) indicating that the proteases were of the cysteine mechanistic class. The optimum
activity of cysteine proteases is usually in the pH range 5-7, which is the pH range of the guts
of insect which use cysteine proteases (Murdock et al., 1987).

1.3.2

Plant protease inhibitors

Protease inhibitors are widely produced in the plant kingdom, both in different plant species
as well as tissue and organ/cell types. Currently, knowledge places them in different roles
including functioning as resistance mechanisms to pest and pathogen attack as the most
important. They operate as part of the host plant resistance arsenal to invading organisms
ranging from insects, nematodes, fungi bacteria and viruses. A further role is in programmed
cell death in plants. Programmed cell death (PCD), also referred to as apoptosis, is a
physiological process by which cells or organs that have reached a certain age are
spontaneously killed to preserve the integrity of the whole organism. Cysteine proteases are
involved in a key step in animal PCD and have recently also been found to be important in
plants (Solomon et al., 1999). Evidence of protease inhibitors being important in plant
protection was first investigated by Mickel and Standish (1947). They observed that the larvae
of certain insects were unable to develop normally on soybean products. Subsequently,
trypsin inhibitors present in soybean were shown to be toxic to the larvae of the confused
flour beetle Tribolium confusum (duVal) (Col.: Tenebrionidae) (Lipke et al., 1954).
Following these early studies, there have been many examples were protease inhibitors have
been found to be active against certain insect species. These include both in-vitro assays
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against insect gut proteases (Pannetier et al., 1997; Koiwa et al., 1997) and in-vivo artificial
diet bioassays (Urwin et al., 1997; Vain et al., 1998).

The majority of protease inhibitors studied from the plant kingdom originate from three main
families namely Leguminosae, Solanaceae and Gramineae (Richardson, 1991). Many of these
protease inhibitors are rich in cysteine and lysine, contributing to better and enhanced
nutritional quality (Ryan, 1998). Protease inhibitors also exhibit a very broad spectrum of
activity including suppression of nematodes like the tobacco cyst nematode; Globodera
tabaccum (Lownsbery & Lownsbery) Skarbilovich (Nematoda: Heteroderidae), potato cyst
nematode; Globodera pallida (Stone) (Nematoda: Heteroderidae), and the root-knot nematode
Meloidogyne incognita (Kofoid and White) Chitwood (Nematoda: Meloidogynidae) by CpTi
(Williamson and Hussey, 1996), inhibition of spore germination and mycelium growth of
Alternaria alternata by buckwheat trypsin/chymotrypsin (Dunaevskii et al., 1997), and
cysteine protease inhibitors from pearl millet inhibiting growth of many pathogenic fungi
including Trichoderma reesei (Joshi et al., 1998). These inhibitor families that have been
found are specific for each of the four mechanistic classes of proteolytic enzymes. Based on
the active amino acid in their “reaction center” (Koiwa et al., 1997) they are classified as
serine, cysteine, aspartic and metallo-proteases. There are four different classes of proteases
and therefore protease inhibitors are classified and named based on the protease mechanistic
class (Table 1.2) they inhibit. For example, cysteine proteases are inhibited by cysteine
protease inhibitors or also called cystatins.
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Table 1.2

Mechanistic classes of proteases, amino acid residues constituting their active
site, their optimum pH ranges and examples of the protease enzymes (modified
from Oliveira et al., 2003)

Protease class

pH optima
range
7-9

Example proteases

Serine protease

Active site
amino acids
Serine,
Histidine and
cysteine

Cysteine protease

Cysteine

4-7

Papain, Ficin, Bromelain,
Ananain, Cathepsins B, C, H, K,
L, O, S, and W

Aspertic protease

Aspertin

>5

Metallo-protease

Metal-ion

7-9

Cathepsin D and E, Renin,
Pepsin
Caboxypeptidases A and B,
Amino peptidases

1.3.2.1

Trypsin, Chymotrypsin,
Cathepsin-G

Serine protease inhibitors

Serine protease inhibitors are highly varied and have been extensively studied in both animals
and plants. They are reversible inhibitors of serine proteases mainly trypsin and
chymotrypsin. There functions seem to range from regulation of endogenous protease activity
to storage proteins, as they tend to accumulate in large amount in storage organs like tubers
and seeds reaching concentrations of about 2% of total protein (Gatehouse et al., 1983).
Recently however, the body of evidence supporting serine protease inhibitors as defensive
compounds in plants towards pests and deceases has accumulated. The fact that serine
proteases accumulate in large amounts in plant tissue suggests that they have less of a
regulatory role towards endogenous protease activity whose amounts in tissue are much
lesser. Instead these serine protease inhibitors seem to be more important in the control of
phytophagous animals, whose digestive proteases are of the serine class. Table 1.3
summarises reports in which serine protease inhibitors have been shown to increases
resistance to various pests when over expressed in transgenic plants. The serine class of
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proteases, such as trypsin, chymotrypsin and elastase belonging to the same protein super
family, are responsible for the initial digestion of proteins in the gut of higher animals
(Garcia-Olmedo et al., 1987). In vivo they are used to cleave long intact polypeptide chains
into short peptides, which are then acted upon by exopeptidases to generate amino acids, the
end products of protein digestion. These three types of digestive serine proteases are
distinguished based on their specificity. Trypsin is specifically cleaving the C-terminal into
residues carrying a basic side chain (Lys, Arg), chymotrypsin showing a preference for
cleaving C-terminal to residues carrying a large hydrophobic side chain (Phe, Tyr, Leu), and
elastase showing a preference for cleaving C-terminal to residues carrying a small neutral side
chain (Ala, Gly) (Ryan, 1990). All serine inhibitor families from plants are competitive
inhibitors and all of them inhibit proteases with a similar standard mechanism (Laskowski and
Kato, 1980).

1.3.2.1.1

Classification, nomenclature and structure

Serine protease inhibitors have been isolated and described in many plant species and found
throughout the plant kingdom. Sixteen different classes of serine protease inhibitors have
been described and about seven in plants all with a common mechanism of action. There are
four groups of serine protease inhibitors that have been widely studied in plants. Two were
isolated from soybean seeds and named after their discoverers the Kunitz and Bowman Birk
families of protease inhibitors. Another two were isolated from potato; potato serine inhibitors
I and II (Mello et al., 2003). The first was discovered by Kunitz (1945), who found that an
inhibitor in soybean seeds caused raw soybean meal to be more inferior in nutritional quality
to steam-cooked soybean meal. Kunitz inhibitors are nonomeric with a length of
approximately 190 amino acids and structurally reinforced by two intra chain disulfide bonds.
Each molecule has a single binding site which is involved in strong protease interaction.
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Kunitz inhibitors belong to the super family called STI-like (Structural Classification of
Proteins SCOP database), which includes other proteins with whom they are structurally but
not functionally related e.g. the tetanus neurotoxin from Clostridium tetani the bacteria that
causes tetanus in humans.
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Table 1.3

Transgenic crop plants reported expressing serine protease inhibitor transgenes and showing improved resistance to respective
insect pests (Lawrence and Koundal 2002).

Inhibitor

Crop Plant

Crop Pest

Reference

Tomato inhibitor I and II

Tobacco
Rice
Potato
Strawberry
Tobacco
Cotton
Wheat
Pigeonpea
Sweet potato
Tobacco
Bean/corn/eggplant
Rice
Tobacco

Heliothis virescens (Fabricius) (Lepidoptera: Noctuidae)
Chilo suppressalis (Walker) (Lepidoptera: Pyralidae)
Lacanobia oleracea (Linnaeus) (Lepidoptera: Noctuidae)
Otiorhynchus sulcatus (Fabricius) (Coleoptera: Curculionidae)
Spodoptera litura (Fabricius) (Lepidoptera: Noctuidae)
Helicoverpa armigera (Hubner) (Lepidoptera: Noctuidae)
Sitotroga cerealla (Olivier) (Lepidoptera: Gelechiidae)
H. armigera
Cylas formicarius (Fabricius) (Coleoptera: Curculionidae)
Manduca sexta (Linnaeus) (Lepidoptera: Sphingidae)
Chrysodeixis eriosoma (Doubleday) (Lepidoptera: Noctuidae)
Sesamia inferens (Walker) (Lepidoptera: Amphipyrinae)
M. sexta

Hilder et al., 1987
Xu et al., 1996
Gatehouse et al., 1997
Graham et al., 1997
Sane et al., 1997
Li et al., 1998
Alpteter et al., 1999
Lawrence et al., 2001
Newell et al., 1995
Johnson et al., 1989
McManus et al.,1994
Duan et al.,1996
Johnson et al.,1989

Sweet potato trypsin inhibitor (TI)

Tobacco

M. sexta

Yeh et al.,1997

Soybean Kunitz TI

Rice

Nilaparvata lugens (Stal.) (Hemiptera: Delphacidae)

Lee et al., 1999

Barley TI

Tobacco

Agrotis ipsilon (Hufnagel) (Lepidoptera: Noctuidae)

Carbonero et al.,1993

Nicotiana alta protease inhibitor (PI)

Tobacco
Pea

Helicoverpa punctigera (Wallengren) (Lepidoptera: Noctuidae)
Plutella xylostella (Linnaeus) (Lepidoptera: Plutellidae)

Heath et al., 1997
Charity et al., 1999

Serpin type serine PI

Tobacco

Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae)

Thomas et al., 1995

Cowpea trypsin inhibitor (CpTi)

CpTi + Snowdrop lectin
Potato inhibitor II
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The Bowman-Birk inhibitors were first isolated and characterised in soybean seeds (Bowman,
1946; Birk et al., 1960) and are common in legume seeds. Their polypeptide chains range
from 70 to 80 amino acids, which can form ologomers. The main polypeptide chain is rich in
cysteine residues with which it forms several intra-chain disulphide bonds. The molecule has
two binding loops (active sites) one on either side, making a single molecule bind to two
protease molecules. Each of the binding sites may have different specificities (Chye et al.,
2006).

Recent X-ray crystallography structure of winged bean, Psophocarpus tetragonolobus
Kunitz-type double headed alpha-chymotrypsin shows 12 anti-parallel beta strands joined in a
form of beta trefoil with two reactive site regions (Asn 38-Leu 43 and Gln 63-Phe 68) at the
external loops (Ravichandaran et al., 1999; Mukhopadhyay, 2000). Structural analysis of the
Indian finger millet (Eleusine coracana) bi-functional inhibitor of alpha-amylase/trypsin with
122 amino acids has shown five disulphide bridges and a trypsin-binding loop (Gourinath et
al., 2000). These structural analyses would greatly help in “enzyme engineering” of the native
inhibitors to a potent form against the target pest species than the native protease inhibitors.

1.3.2.1.2

Mechanism of action

Basically a binding loop sticking out of the surface of the inhibitor contains an active site and
a peptide bond. The inhibitor active site loop fits into protease active site and the inhibitor
peptide bond may or may not be cleaved. However, the cleavage and hydrolysis of the
inhibitor does not affect the interaction. The inhibitor therefore mimics a normal substrate but
does not allow to be completely hydrolysed. Other residues in the vicinity of the interaction
function in stabilising the complex, and are important in the strength and effectiveness of the
inhibition. The Bowman-Birk inhibitors pose two binding loops and can thus inhibit two
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molecules of protease per molecule of inhibitor and are therefore referred to in many
publications as double headed (Figure 1.4). The loops (or reactive sites) are known to inhibit
trypsin in monocots, while inhibiting trypsin, chymotrypsin and elastase in dicot plants (Mello
et al., 2003).

Figure 1.4

Substrate-like mechanism of inhibition by two serine protease inhibitor types,
Kunitz and Bowman-Birk (Modified from Bode and Huber, 2000).

1.3.2.2.

Cysteine protease inhibitors

Cysteine protease inhibitors, notably include cystatins and are reversible inhibitors of the
cysteine class of proteases that include papain and its related proteases (Cathepsin B, H, L
ficin and bromelain). The first cystatin to be isolated was of animal origin and was isolated
from chicken egg white (Colla et al., 1989), while oryzacystatin (OC-I) was the first well
characterised plant cystatin.

1.3.2.2.1

Classification

Cystatins are a group of related proteins both in structure and function and have been grouped
into the cystatin super family. Before the discovery of phytocystatins (plant cystatins),

21

cystatin members were grouped into three families, the stefins, cystatin (same name as the
super family) and the kininogens (Figure 1.5).

Figure 1.5

General classification of the cystatin super-family phytocystatins (plant cysteine
protease inhibitors) are grouped as members of the cystatin family. Broken line
indicates re-classification of phytocystatins as a separate family containing
single and multidomain cystatins.

The classification in families is based on size, presence or absence of disulfide bonds and on
primary amino acid sequence similarities (Figures 1.5 and 1.6). Members of the stefin family
are small (approximately 12 kDa), lack both disulfide bonds and carbohydrate groups. The
cystatin family contains members that have two disulfide bonds, are glycosylated and have
molecular masses ranging from 13-24 kDa. Members of the third family, the kininogens, are
large and complex, with sizes ranging from 60-120 kDa. They are known to have several
domains in tandem that may have arisen due to two duplications of members of the cystatin
family. When new members of the cystatin superfamily were discovered in dicot and monocot
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plants, they were grouped into the cystatin family. However, due to their lack of disulfide
bonds and also presence of several primary sequence differences, it has been proposed to reclassify plant cystatins into a separate family.

Figure 1.6

Alignment of selected members of the four cystatin families illustrating the
sequence conservation regions within the family members. The sequences are
human cystatin-A (hca), human cystatin-B (hcb), chicken cystatin (cc), human
cystatin-C (hcc), beef colostrums cystatin (bcc), human kininogen segment 1
(hk1) and segment 2 (hk2), oryzacystatin-I and oryzacystatin-II (OC-I and OCII) (Modified from Oliveira et al., 2003)
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They can be divided into two major groups, one comprising members of a single domain,
such as oryzacystatin-I and II from rice (Abe et al., 1987; Kondo et al., 1990), corn cystatin
(Abe et al., 1992), cowpea cystatin (Fernandes et al., 1993), potato cystatin (Hildmann et al.,
1992) soybean cystatin I and II (Brzin et al., 1990) and papaya (Song et al., 1995) A second
group of phytocystatins comprises members which are of multiple domains, such as
sunflower multicystatin (Kouzuma et al., 1996) and potato multicystatin (Waldron et al.,
1993; Walsh et. al., 1993) (See also Chapter 4 for a complete list and details of other
phytocystatins). Purified phytocystatins have molecular masses ranging from 5 to 87 kDa
with high stability at temperatures and pH extremes.

1.3.2.2.2

Structure

Oryzacystatin (OC-I), the first phytocystatin to be isolated (Abe et al., 1987), has been well
characterised and its crystal structure elucidated. Later, a similar cystatin to OC-I was isolated
from rice seed leading to the renaming of OC to oryzacystatin-I (OC-I) and the new homolog
oryzacystatin-II (OC-II). Based on the crystal structure of OC-I, phytocystatins are generally
characterised by five stranded anti-parallel β-sheets which are a kind of wrap round one side
of a central α-helix composed of about five turns (Rawlings and Barret, 1986; Turk and Bode,
1991) (Figure 1.7). Between the anti-parallel β-sheets are two hair-pin loops. The first one
consists of the highly conserved QxVxG motif found in all members of the super family,
while the sequence in the second loop with a PT motif is less conserved. The N-terminal
region is a long arm extending outwards from the rest of the structure. It tends to acquire
different conformations depending on the residues as exemplified by the solution structure of
OC-I. However, a glycine residue in the N-terminal region is also highly conserved in all
members of the super family.
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Figure 1.7

The three dimensional structure of OC-I showing the characteristic 5 antiparallel B strands (blue), the single 5 turn a-helix (red), the N-terminal, the 1st
and 2nd hairpin-like loops. Figure was drawn using MolMol version 2k.1.

1.3.2.2.3

Mechanism on interaction with cysteine proteases

Interaction models between cystatins and cysteine proteases have been proposed suggesting
three regions of contact. The highly conserved N-terminal region and the two hairpin loops
form a kind of wedge (Figure 1.8) which is also highly hydrophobic and complimentary to the
active cleft of papain, a model cysteine protease from papaya (Bode et al., 1988).
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Figure 1.8

Three-dimensional plot showing the complex between papain (blue and green)
and chicken egg white cystatin (CEW) colored light blue, red and yellow (PDB
accession No. 1STF). (A) Complex is presented in front view to show the Vshaped active site of papain and how the N-terminal region of CEW fits into it.
(B) Complex is rotated 90o on a vertical axis to show that the CEW N-terminal
actually fits along the surface of the papain active site rather than inside. Note
that the 1st cystatin loop fits deeper into the enzyme and therefore being more
important the conserved 2nd loop. (C) Partially substrate-like mechanism of
cystatin inhibition of cysteine proteases (Bode and Huber, 2000)
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Table 1.4

Insect pests with reported susceptibility to phytocystatins, either in-vitro, in artificial diet or in transgenic plants

Insect pest

Order: family

Host plant

Phytocystatin

Nature of test

Reference

Alfalfa weevil
(Hypera postica) (Gyllenhal)

Coleoptera:
Curculionidae

Alfalfa

Oryzacystatin -I

In-vitro assays

Wilhite et al., 2000

Bean beetle
(Callosobruchus chinensis) (Linnaeus)

Coleoptera:
Bruchidae

Common bean

Oryzacystatin -I & II

Artificial diet

Kuroda et al., 2001

Bean bug
(Riptortus clavatus) (Thunberg)
Black vine weevil
(Otiorhynchus sulcatus) (Fabricius)
Colorado potato beetle
(Leptinotarsa decemlineata) (Say)

Heteroptera:
Alydidae
Coleoptera:
Curculionidae
Coleoptera:
Chrysomelidae

Common bean

Oryzacystatin -I & II

Artificial diet

Kuroda et al., 2001

Forestry trees

Oryzacystatin -I

In-vitro assays

Michaud et al., 1996

Potato

Oryzacystatin -I

Transgenic potato

Lecardonnel et al.,
(1999)

Maize grain weevil
(Sitophilus zeamais) (Motschulsky)

Coleoptera:
Curculionidae

Maize and rice

Corn cystatin (CC)

Transgenic rice

Irie et al., 1996

Coleoptera:
Chrysomelidae

White poplar

Southern corn rootworm
(Diabrotica undecimpunctata howardi)
(Barber)

Coleoptera:
Chrysomelidae

Maize

Western corn rootworm
(Diabrotica virgifera virgifera) (LeConte)

Coleoptera:
Chrysomelidae

Poplar leaf-beetle
(Chrysomela tremulae) (Fabricius)
(Chrysomela populi) (Linnaeus)

Western flower thrip
(Frankliniella occidentalis) (Pergande)
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Thysanoptera:
Thripidae

Oryzacystatin -I
Arabidopsis cystatin
(Atcys)

Leple et al., 1995
Transgenic poplar
Delledonne et al., 2001

Oryzacystatin -I

In-vitro assays

Edmonds et al., 1996

Potato cystatin
(PCPI-10)

Artificial diet

Fabrick et al., 2002

Maize

Soyacystatin N (ScN)

Artificial diet

Zhao et al., 1996
Koiwa et al., 2000

Capsicum,
Cucumber
Carnation,
Chrysanthemum

Potato cystatin

In-vitro assays

Annadana et al., 2002

1.3.2.3

Aspartic and metallo-protease inhibitors

There is far less knowledge on aspartic protease inhibitors and their inhibition in
insect digestion. Aspartic proteases (cathepsin D-like proteases) together with
cysteine proteases have been reported in species of six families of the order
Hemiptera (Houseman and Downe, 1983). The low pH of midguts of many members
of Coleoptera and Hemiptera provides more favourable environments for aspartic
proteases (pH optima ~ 3-5) than the high pH of most insect guts (pH optima ~ 8-11)
(Houseman et al., 1987) where the aspartic and cysteine proteases would not be
active. Therefore these inhibitors would be expected in Coleopteran insects. Wolfson
and Murdock (1987) demonstrated that pepstatin, a powerful and specific inhibitor of
aspartyl proteases, strongly inhibits proteolysis of the midgut enzymes of Colorado
potato beetle, Leptinotarsa decemlineata. This indicates that an aspartic protease was
present in the midgut extract. Aspartic PIs have been recently been isolated from
sunflower (Park et al., 2000), barley (Kervinen et al., 1999) and cardoon (Cyanara
cardunculus) flowers named as cardosin A (Frazao et al., 1999).

At least two families of metallo-protease inhibitors, the metallo-carboxypeptidase
inhibitor family in potato (Rancour and Ryan, 1968) and tomato plants (Graham and
Ryan, 1981) and a cathepsin D inhibitor family in potatoes (Keilova and Tomasek,
1976), have been identified in plants. The cathepsin D inhibitor (27kDa) is unusual as
it inhibits trypsin and chymotrypsin as well as cathepsin D, but does not inhibit
aspartyl proteases such as pepsin, rennin or cathepsin E. The inhibitors of the metallocarboxypeptidase from tissue of tomato and potato are polypeptides (4kDa). They
strongly and competitively inhibit a broad spectrum of carboxypeptidases from both
animals and microorganisms, but not the serine carboxypeptidases from yeast and
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plants (Havkioja and Neuvonen, 1985). This type of inhibitor is found in tissues of
potato tubers where it accumulates during tuber development along with the potato
inhibitor I and II families belonging to the serine protease inhibitor type. The inhibitor
is also induced and accumulates in potato leaf tissues in response to wounding
(Graham and Ryan, 1981; Hollander-Czytko et al., 1985). Thus, the inhibitor
accumulated in the wounded leaf tissues of potato has the capacity to inhibit all the
five major digestive enzymes i.e. trypsin, chymotrypsin, elastase, carboxypeptidase A
and carboxypeptidase B of many insects (Hollander-Czytko et al., 1985).

The detailed structural analysis of prophytepsin, a zymogen of barley aspartic
protease shows a pepsin-like bilobe and a plant specific domain. The N-terminal has
13 amino acids necessary for inactivation of the mature phytepsin (Kervinen et al.,
1999). The aspartic PI cardosin A from cardoon shows regions of glycolylations at
Asn-67 and Asn 257. The Arg-Gly-Asp sequence recognises the cardosin receptor,
which is found in a loop between two-beta strands on the molecular surface (Frazao et
al., 1999).

1.3.3

Regulation of protease inhibitors

Protease inhibitors are expressed in plants in response to wounding, insect herbivory
and chemical signals such as jasmonic acid (JA) derivatives (Ryan, 1990; Koiwa et
al., 1997). Earlier research on tomato inhibitors has shown that the protease inhibitor
initiation factor (PIIF), triggered by wounding or chemical elicitors, switches on the
cascade of events leading to the synthesis of these inhibitor proteins (Melville and
Ryan, 1973; Bryant et al., 1976), and the newly synthesized PIs are primarily
cytosolic (Hobday et al., 1973).
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Current evidence suggests that the production of the inhibitors occurs via the
octadecanoid (OD) pathway. This pathway catalyzes the break down of linolenic acid
and the formation of jasmonic acid (JA) to induce protease inhibitor gene expression
(Koiwa et al., 1997). There are four systemic signals responsible for the translocation
of the wound response.This includes systemin, abscisic acid (ABA), hydraulic signals
(variation potentials) and electrical signals (Malone and Alarcon, 1995). These signal
molecules are translocated from the wound site through the xylem or phloem as a
consequence of hydraulic dispersal. Systemin, an 18-mer peptide, has been intensely
studied from wounded tomato leaves which strongly induced expression of protease
inhibitor (PI) genes. Transgenic plants expressing prosystemin antisense cDNA
exhibited a substantial reduction in systemic induction of PI synthesis, and reduced
capacity to resist insect attack (McGurl et al., 1994). Systemin regulates the activation
of over 20 defensive genes in tomato plants in response to herbivorous and pathogenic
attacks. The polypeptide activates a lipid-based signal transduction pathway in which
linolenic acid is released from plant membranes and converted into an oxylipin
signaling molecule, jasmonic acid (Ryan, 2000). A wound-inducible systemin cell
surface receptor with an M(r) of 160,000 has also been identified and the receptor
regulates an intracellular cascade including depolarization of the plasma membrane
and the opening of ion channels thereby increasing the intracellular Ca(2+). This
activates a MAP kinase activity and a phospholipase A(2). These rapid changes play a
vital role leading to the intracellular release of linolenic acid from membranes and its
subsequent conversion to JA, a potent activator of defence gene transcription (Ryan,
2000). The oligosaccharides, generated from the pathogen-derived pectin degrading
enzymes i.e. polygalacturonase (Bergey et al., 1999) and the application of systemin
as well as wounding have been shown to increase the jasmonate levels in tomato
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plants. Application of jasmonate or its methyl ester, methyl jasmonate, strongly
induces local and systemic expression of PI genes in many plant species. This
suggests that jasmonate has a ubiquitous role in the wound response (Wasternack and
Parthier, 1997). Further, analysis of a potato PI-IIK promoter has revealed a G-box
sequence (CACGTGG) as jasmonate-responsive element (Koiwa et al., 1997). The
model developed for the wound-induced activation of the protease inhibitor II (Pin2)
gene in potato (Solanum tuberosum) and tomato (Solanum lycopersicum) establishes
the involvement of the plant hormones, abscisic acid and jasmonic acid (JA) as the
key components of wound signal transduction pathway (Titarenko et al., 1997).
Levels of ABA have been shown to increase in response to wounding, electrical
signal, heat treatment or systemin application in parallel with PI induction (Koiwa et
al., 1997). Abscisic acid, originally thought to be involved in the signalling pathway,
is now believed to weakly induce the mRNAs of wound response proteins. A
concentration even as high as 100 mM induces only low levels of protease inhibitor as
compared to systemin or jasmonic acid (Birkenmeiner and Ryan, 1998) suggesting the
localized role of ABA.

There is evidence that wound induction, insect and pathogen defence pathways
overlap considerably. Expression of wound and JA inducible genes can be positively
and negatively regulated by ethylene or salicylic acid (SA), both of which are
components of the pathogen-induced signalling pathway (Delaney et al., 1994; Bent,
1996). The expression of thionins in Arabidopsis (Epple et al., 1995) and lectin II in
Griffonia simplicifolia (Zhu-Salzman et al., 1998) was elicited by JA but suppressed
by ethylene, showing their opposite effects on the wound signalling pathway.
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1.3.4

Structure of protease inhibitor genes

Many protease inhibitors are products of multigene families (Ryan, 1990). The gene
size and coding regions of serine inhibitors are generally small with no introns
(Boulter, 1993). Bowman-Birk type double-headed protease inhibitors are assumed to
have arisen by duplication of an ancestral single headed inhibitor gene and
subsequently

diverged

into

different

classes

i.e.

trypsin/trypsin

(T/T),

trypsin/chymotrypsin (T/C) and trypsin/elastase (T/E) inhibitors (Odani et al., 1983).
The mature proteins comprise an easily identifiable ‘core’ region of about 62 amino
acids. This covers the invariant cysteine residues and active centre serines, which are
bound by highly variable amino and carboxy-terminal regions. The average number of
amino acid replacements in this region from all pair-wise comparisons show that the
differences between the different classes of inhibitor within a species (around 16.5/62
residues) are much greater than the differences within a class between different
species (around 11/62 residues). Considering that 18 of the residues in this region are
obligatorily invariant for proteins to be classified as Bowman-Birk type inhibitors,
these are very high rates of amino acid substitutions. This highlights the problems
likely to be encountered in attempting to draw conclusions about the evolutionary
history of the rapidly diverging, multigenic protein families from sequences, which
may be paralogous rather than orthologous. Corrected divergence between pair-wise
combinations of sequences calculated according to the method of Perler et al. (1980)
revealed that the average divergence between trypsin-specific and chymotrypsinspecific second domains (about 36%) is very similar to that between the first and
second domains (about 40%). On an “evolutionary clock” model this would imply
that the gene duplication leading to T/T and T/C families occurred very close to the
duplication. This leads to the appearance of the double-headed inhibitors and that the
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number of silent substitutions has reached saturation in all these genes (Hilder et al.,
1989).

Analysis of the winged bean Kunitz chymotrypsin inhibitor (WCI) protein shows that
it is encoded by a multigene family that includes four putative inhibitor-coding genes
and three pseudogenes. The structural analysis of the WCI genes indicates that an
insertion at a 5' proximal site occurred after duplication of the ancestral WCI gene and
that several gene conversion events subsequently contributed to the evolution of this
gene family (Habu et al., 1997). The 5' region of the pseudogene WCI-P1 contains
frame-shift mutations, an indication that the 5' region of the WCI-P1 gene may have
spontaneously acquired new regulatory sequences during evolution. Since gene
conversion is a relatively frequent event and the homology between the WCI-P1 and
the other inhibitor genes WCI-3a/b is disrupted at a 5' proximal site by remnants of an
inserted sequence, the WCI-P1 gene appears to be a possible intermediate. This could
be converted into a new functional gene with a distinct pattern of expression by a
single gene-conversion event (Habu et al., 1997). Molecular evolution of wip-1 genes
from four Zea species show significant heterogeneity in the evolutionary rates of the
two inhibitory loops, in which one inhibitory loop is highly conserved, whereas the
second is diverged rapidly. Because these two inhibitory loops are predicted to have
very similar biochemical functions, the significantly different evolutionary histories
suggest that these loops have different ecological functions (Tiffin and Gaut, 2001).
Analysis of OC-I has further revealed the presence of two introns; the first a 1.4kbp
region between Ala 38 and Asn 39 and a second region of 372bp in the 3’ non coding
region (Kishimoto et al., 1994). OC-II, present on chromosome 5, also has introns in
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the same positions (Kondo et al., 1991). This suggests deviation from the earlier PIs
that lacked introns.

1.3.5

Protease inhibitors and insect control

Protease inhibitor genes have advantages over genes encoding for complex pathways
i.e. by transferring single defensive genes from one plant species to another and
expressing them either from wound-inducible or constitutive promoters. It thereby
imparts resistance against insect pests (Boulter, 1993) and may not interfere with
other plant functions as pathway related proteins would. This was first demonstrated
by Hilder et al. (1987) by transferring the trypsin inhibitor gene from Vigna
unguiculata to tobacco. This conferred resistance to wide range of insect pests
including Lepidopterans, such as Heliothis and Spodoptera, Coleopterans, such as
Diabrotica, Anthonomous, and Orthoptera such as locust. Further, there is no
evidence that it had toxic or deleterious effects on mammals.

These advantages make protease inhibitors an ideal choice to be used in developing
transgenic crops resistant to insect pests. Further, transformation of plant genomes
with protease inhibitor-encoding cDNA clones appears attractive not only for the
control of plant pests and pathogens, but also as a means to produce protease
inhibitors useful in alternative systems and the use of plants as factories for the
production of heterologous proteins (Sardana et al., 1998).

Additionally, serine protease inhibitors have anti-nutritional effects against several
Lepidopteran insect species (Shulke and Murdock, 1983; Applebaum, 1985).
Broadway and Duffey (1986) compared the effects of purified soybean trypsin
inhibitor (SBTI) and potato inhibitor II (an inhibitor of both trypsin and
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chymotrypsin) on the growth and digestive physiology of larvae of Heliothis zea
(Boddie) (Lepidoptera: Noctuidae) and Spodoptera exigua (Hübner) (Lepidoptera:
Noctuidae). They demonstrated that growth of larvae was inhibited at levels of 10%
of the proteins in their diet. Trypsin inhibitors at 10% of the diet were toxic to larvae
of the Callosobruchus maculatus (Fabricius) (Coleoptera: Bruchidae) (Gatehouse and
Boulter, 1983) and Manduca sexta (Linnaeus) (Sphingidae: Sphinginae) (Shulke and
Murdock, 1983). However, the mechanism of action of these protease inhibitors
towards insect digestive enzymes seems rather complicated and has been a subject of
investigation (Barrett, 1986; MacPhalen and James, 1987; Greenblatt et al., 1989).
Knowledge on mechanisms of protease action and their regulation in vitro and in vivo
in animals, plants, microorganisms and more recently in viruses have contributed to
many practical applications for inhibitor proteins in and agriculture.

The secretion of proteases in insect guts seems to depend upon midgut protein content
rather than the food volume (Baker et al., 1984). The secretion of proteases has been
attributed to two mechanisms. This involves either a direct effect of food components
(proteins) on the midgut epithelial cells, or a hormonal effect triggered by food
consumption (Applebaum, 1985). Models for the synthesis and release of proteolytic
enzymes in the midguts of insects proposed by Birk and Applebaum (1960) and
Brovosky (1986) reveal that ingested food proteins trigger the synthesis and release of
enzymes from the posterior midgut epithelial cells. The enzymes are then released
from membrane-associated forms and stored in vesicles that are in turn associated
with the cytoskeleton. The peptidases are secreted into the ectoperitrophic space
between the epithelium. This is a particulate complex (Eguchi et al., 1982) from
where the proteases move transversely into the lumen of the gut where the food
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proteins are degraded. Protease inhibitors then directly inhibit the protease activity of
these enzymes and reduce the quantity of proteins that can be digested. These also
cause hyper-production of the digestive enzymes which enhances the loss of sulfur
amino acids (Shulke and Murdock, 1983). As a result, the insects become weak
resulting in stunted growth and ultimate death.

Isolation of the midgut proteases from the larvae of cowpea weevil, C. maculatus
(Kitch and Murdock, 1986; Campos et al., 1989) and bruchid, Z. subfasciatus (Lemos
et al., 1987) confirmed the presence of cysteine mechanistic class of protease
inhibitors. Similar proteases have been isolated from midguts of the flour beetle T.
castaneum, Mexican beetle E. varivestis (Murdock et al., 1987) and the bean weevil
A. obtectus (Wieman and Nielsen, 1988). Cysteine proteases isolated from insect
larvae are inhibited by both synthetic and naturally occurring cysteine protease
inhibitors (Wolfson and Murdock, 1987). The optimum activity of cysteine proteases
is usually in the pH range of 5-7, which is the pH range of the insect gut that uses
cysteine proteases (Murdock et al., 1987). Another puzzling aspect of studies with C.
maculatus is the apparent effects of certain members of Bowman-Birk trypsin
inhibitor family on the growth and development of these larvae. Although cysteine
protease is primarily responsible for protein digestion in C. maculatus, it is not clear,
how the cowpea and soybean Bowman-Birk inhibitors are exert their anti-nutritional
effects on this organism.

1.3.6. Engineering of protease inhibitors
Despite several studies showing the promise of cystatin in pest control (Urwin et al.,
1995; Leplé et al., 1995; Duan et al., 1996; Atkinson et al., 2004), successful use of
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these proteins to protect plants remains somewhat limited. The presence of inhibitors
in plant tissues, either naturally or engineered, has been shown to induce the synthesis
of novel proteases in the midgut of several insects. This is one way of compensating
for the loss of proteolytic functions (Jongsma and Bolter, 1997). These compensatory
processes, together with the breakdown of inhibitors by alternative proteases in insect
guts (Michaud 1997; Girard et al., 1998; Zhu-Salzman et al., 2003) and other
variables, such as gut environment changes due to age of insect and diet variation
(Mazumdar-Leighton and Broadway 2001), seem to help the target pests to overcome
anti-digestive effects of protease inhibitors therefore limiting their effectiveness. The
development of effective plant protection strategies based on protease inhibitors
necessitates a strategy that takes these variables in consideration. Two strategies have
been proposed to overcome this situation. Gene “pyramiding” would develop
transgenic plants with more than one gene strategy with either different genes or
variants of the same gene. The later strategy has been explored through protein
engineering not only to improve activities of inhibitors but also changes their active
site configuration. This renders them less recognizable by the insect gut proteases that
would have degraded them.

Two principle methods are currently being used to modulate the binding properties of
protease inhibitors. This includes random mutagenesis and selection of improved
inhibitor variants by molecular phage display (Laboissière et al., 2002; Stoop and
Craik 2003) and rational site-directed mutagenesis of amino acids (Mason et al.,
1998; Ogawa et al., 2002; Pavlova and Björk 2003). The availability of sequence data
of many plant cystatins and structural data of animal cystatins (Bode et al., 1988;
Stubbs et al., 1990) has been very instrumental in elucidating the mechanisms of
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protease inhibition by cystatins and for guiding rational engineering of cystatin
variants with altered specificities and improved inhibition. For example, mutations in
the N-terminal trunk of chicken egg cystatin helped to prove the importance of the
conserved glycine residue in this unique region of cystatins (Mason et al., 1998;
Pavlova and Björk, 2003). Animal cystatin structural models have also been used to
understand interactions plant cystatins and their proteases with the aim of identifying
potential target amino acids for mutagenesis. Urwin et al. (1995) successfully
engineered a variant of OC-I by site-directed mutagenesis, in which the residue
aspartate 86 was removed from the original sequence, which showed a 13-fold
improvement in inhibition of papain.

The observation that most insect resistance in plants is polygenic may be to simplistic
to expect that the over-expression of a single native plant gene will provide efficient
and sustainable pest resistance. Recent evidence shows, however, that these
sophisticated defence mechanisms have been lost during selection for domestication
(Carlini and Grossi-de-Sa, 2001). Therefore, one approach would be to optimise a
“resistance” gene by protein engineering, or a balanced interaction that involves the
simultaneous expression of several protective proteins by using gene pyramiding or
multiple resistances engineering (Winterer, 2002).
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1.4

Study hypothesis, study aim and objectives

At the onset of this study it was hypothesiszed that rotease inhibitors and in particular
phytocystatins can control the growth and development of banana weevil. It was
further hypothesized that engineering of a native phytocystatin improves inhibition of
a cysteine protease from the banana weevil. The overall aim of this study was
therefore to investigate the suitablity of phytocystatins to control growth and
development of the banana weevil. To achieve the aim the following objectives were
set up:
(i)

To identify the major class of proteolytic activity in the mid-gut of banana
weevil larvae so that the usefulness of application of phytocystatins for
preventing cysteine protease action in the weevil could be determined.

(ii)

To express and purify a recombinant native phytocystatin that could be
incorporated into a feeding assay in order to access the effect of
phytocystatins on the early growth and development of banana weevil
larvae.

(iii)

To carry out a phylogenetic, evolutionary, structural and modeling analysis
on phytocystatins to predict which amino acid residues can be mutated to
improve the inhibition capacity phytocystatins.

(iv)

To use site-directed mutagenesis to generate novel papaya cystatin
mutated at various amino acid residues to evaluate novel phytocystatins for
improved activity against papain and cysteine protease containing gut
extracts of the banana weevil.
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CHAPTER 2
Characterization of the digestive proteases in the banana
weevil gut and the effects of recombinant phytocystatins on
early larval growth and development

Scientific Communications
Conference presentation and proceedings:
Kiggundu A., Kunert K., Viljoen A., Pillay M. and Gold C. 2002. Designing protease inhibitors for
banana weevil control, Proceedings of the 3rd International Symposium on Molecular and Cellular
Biology of Bananas. INIBAP, Montpellier, France (http://www.promusa.org/publications/leuvenabstracts.pdf).

Publication in preperation:
Kiggundu, A., Van der Vyver C., Mukiibi J. M., Michaud D., Viljoen A., Schlüter U., Kunert K.
Phytocystatins inhibit digestive cysteine protease activity of the banana weevil Cosmopolites sordidus
G. (Coleoptera: Curculionidae) to Archives of Insect Biochemistry and Physiology
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2.1

Abstract

It is well-documented that insects posses different protease forms used to digest
dietary proteins. Therefore, studies to characterize the forms of protease are important
to provide the basis for selecting appropriate protease inhibitors likely to be effective
in a transgenic approach. In this study the protease activity in the gut of banana weevil
was analysed in order to determine the potential of phytocystatins (OC-I and papaya
cystatin) for the control of the banana weevil Cosmopolites sordidus G. (Coleoptera:
Curculionidae). Extracts from complete weevil larvae guts were found to hydrolyse
casein at an acidic pH optimum (pH 5.5). Lesser activity was also detected at alkaline
pH conditions (pH 8.0). Cathepsin L and B like cysteine proteases were found in the
larval gut as shown by hydrolysis of the specific substrates Z-Phe-Arg-MCA and ZArg-Arg-MCA, respectively. In addition, activity of trypsin and chymotrypsin-like
serine proteases were also detected using the specific substrates Bz-Arg-MCA and NSuc-Ala-Ala-Pro-Phe-MCA, respectively. OC-I and papaya cystatin produced as a
His-tagged fusion protein in Escherichia coli and purified by affinity chromatography
inhibited cysteine protease activity in the banana weevil gut homogenates by 66.2 and
81.6% and LD50’s of 1x10-5ng/ml and 2.1x10-5ng/ml, respectively. A new bioassay
was applied to evaluate the effect of OC-I on early growth and development of the
larvae. After banana stem disks were vacuum infiltrated with purified OC-I., weight
gain per day of larvae was inhibited by 77% at an inhibitor concentration of 0.6mg of
cystatin/g fresh weight. This part of the study demonstrated that the banana weevil
uses cysteine proteases similar to cathepsin L and B for protein digestion and
metabolism in the gut while phytocystatins are potential control agents for banana
weevil growth.
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2.2

Introduction

Numerous protease inhibitors have been isolated from numerous plants species and
there is evidence that they contribute to the natural defense against insect and
pathogen attack (Green and Ryan, 1972; Jacinto et al., 1998). Several studies have
already demonstrated the effectiveness of protease inhibitors for the control of various
pests when engineered into transgenic plants. Lecardonnel et al. (1999) found
increased resistance to the Colorado potato beetle (Leptinotarsa decemlineata) by
developing transgenic potatoes expressing OC-I. Furthermore, Newell et al. (1995)
developed sweet potato plants expressing cowpea trypsin inhibitors and found
resistance to the West Indian sweet potato weevil (Euscepes postfasciatus).

There are generally two major protease classes in the digestive systems of
phytophagus insects, either the serine or the cysteine class. Serine protease activity is
characteristic of Lepidoptera, Dictyoptera and Hymenoptera while the cysteine class
is characteristic of Odoptera and Hemiptera. Initial investigations had concluded that
Coleopteran insects mainly use cysteine proteases (Gatehouse at al., 1985; Murdock
et al., 1988). However, from more recent work it appears that a combination of both
serine and cysteine proteases is active in this more advanced order (Mochizuki, 1998)
suggesting a higher diversity of proteases in these insects.

The objectives of this study were to identify the major classes of proteolytic activity
in the gut of banana weevil larvae using in-vitro and in-vivo assays in order to
determine the protease classes present in the weevil. A further objective was to
evaluate the potential of OC-I and papaya cystatin to control growth of banana weevil
larvae by targeting the cysteine proteases in the weevil gut.
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2.3

Materials and methods

2.3.1

Reagents

Azocasein, N- Z-Arg-Arg-7-amido-4-methylcoumarin hydrochloride (Z-Arg-ArgMCA), Z-Phe-Arg-7-amido-4-methylcoumarin hydrochloride (Z-Phe-Arg-MCA), ZL-arginine-4-methyl-7-coumarinylamide hydrochloride (Z-Arg-MCA), N-SuccinylAla-Ala-Pro-Phe7-amido-4-methylcoumarin hydrochloride (N-Suc-Ala-Ala-Pro-PheMCA),

Benzoyl-L-arginine-7-amido-4-methylcoumarin

hydrochloride

(Bz-Arg-

MCA), bovine serum albumin (BSA), trans-epoxysucci-nyl-L-leucylamido-(4guanidino)

butane

phenylmethylsulfonyl

(E-64),
fluoride,

gelatin

(porcine

ethylenediamine

type
tetra

A),

Triton

acetic

acid

X-100,
(EDTA),

Phenylmethanesulfonyl fluoride (PMSF), trypsin-chymotrypsin inhibitor from
Glycine max (Soybean) (SBTi) and aprotinin were purchased from Sigma (Aston
Manor, South Africa). Recombinant OC-I and OC-II, corn cystatin-II (CC-II), stefinA from human (HSA) were a gift from Prof. D. Michaud, who expressed them using
the S-transferase (GST) gene fusion system (Michaud et al., 1994; Brunelle et al.,
1999).

2.3.2

Insect colony and maintenance

Adult banana weevils were collected from banana growers in Kwazulu Natal Province
(South Africa) and maintained in the greenhouse at the Forestry and Agricultural
Biotechnology Institute (FABI), University of Pretoria, South Africa. The weevils
were kept in 10 liter plastic buckets and provided with fresh banana stem (pseudostem
and corm) material to oviposit. After two days, weevils were moved to a different
container to allow development of laid eggs. After one week, corms were dissected to
collect 3th to 4th instar larvae. These were quickly stored at –20oC until required.
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2.3.3

Gut extractions and protein concentration determination

Frozen larvae were thawed on ice and dissected in cold distilled water under a
stereomicroscope to remove whole guts. The guts were then homogenized in liquid
nitrogen followed by addition of 0.15M calcium chloride buffer containing 0.1%
Triton X-100 at a tissue to buffer ratio of 0.2g/ml of buffer. The mixture was
incubated on ice for 30min and then centrifuged at 15,000rpm for 10min. The clear
supernatant was collected into fresh tubes and stored at -20oC. For extracts to be used
in gelatin SDS-PAGE (see below), guts were homogenized directly in 100µl gelatinPAGE sample loading buffer (62.5mM Tris-HCl pH 8.0, 2% sucrose, and 0.001%
bromophenol blue). The protein concentration of both types of extracts was
determined using the Bio-Rad protein assay kit (Bio-Rad, UK), which is based on the
Bradford method with bovine serum albumin as the standard.

2.3.4

Determination of pH optima

To determine the pH optima of the crude larvae extracts, protease activity of the
extracts was determined using azocasein as a protein substrate as described by
Michaud et al. (1995). Basically, 50µl (50µg total soluble protein) of a gut extract
were mixed with 450µl of assay buffer (0.1M citrate phosphate buffer for pH 4.0; pH
4.5; pH 5.0; pH 5.5; pH 6.0; pH 6.5 and pH 7.0; 0.1M Tris-HCl buffer for pH 7.5; pH
8.0; pH 8.5 and pH 9; 0.1M glycine buffer for pH 9.0, 9.5 and pH 10). All buffers
were made to contain 5mM L-cysteine before use. After pre-activating proteases by
incubating the mixture for 10min at 37°C, an equal volume of 2% azocasein (in the
respective assay buffer) was added and the complete mixture incubated at 37°C for
3hrs. To stop the reaction, 100µl of 10% (w/v) trichloro-acetic acid was added to the
mixture and the mixture incubated for 30min at 4°C. Residual azocasein was removed
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by centrifugation at 12000rpm for 5min at 4°C. To 1.0ml of the supernatant, 1.0ml of
1N NaOH was added to precipitate the hydrolysed azocasein and finally the
absorbance of this solution was determined at 440nm in a spectro-photometer. At this
wavelength, one unit of protease activity is defined to be the amount of enzyme
required to produce an absorbance change of 1.0 in a 1cm cuvette under the
conditions of the assay (Sarath, 1989). Reactions were performed in triplicate on a
micro-titre plate.

2.3.5

Fluorometric assay

Protease specific proteolytic activity and inhibition by specific inhibitors were
investigated using the substrates Z-Arg-Arg-MCA (specific to cathepsin B), Z-PheArg-MCA (specific to cathepsin L), Z-Arg-MCA (specific to cathepsin H), Bz-ArgMCA

(specific

to

trypsin)

and

N-Suc-Ala-Ala-Pro-Phe-MCA

(specific

to

chymotrypsin). These are highly sensitive fluorometric substrates. When hydrolyzed
by their specific proteases, bound α-amino 4-methylcoumarin (MCA) is released,
which is highly florescent and MCA release is determined using fluorescence spectrophotometry.

Hydrolysis of the specific substrates by the gut extract was monitored using
hydrolysis progress curves as described by Salvesen and Nagase (1989). For detection
of cathepsin B, L and H like activity, reaction mixtures contained 10µl (10µg total
soluble protein) of the gut extract, 1µl (1%) substrate solution in DMSO dissolved in
89µl reaction buffer; 0.1M citrate phosphate buffer pH 6.0 with 5mM L-cysteine
freshly added for cysteine like activity or 0.1M Tris-HCL pH 8.0 for trypsin and
chymotrypsion like activity. Hydrolysis was monitored at room temperature using a
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spectro-fluorometer (BMG FluoStar Galaxy) with excitation and emission at 360nm
and 450nm, respectively. Reaction rates represented by the slope of the curve were
recorded as Fluoresence Units (FU) per unit time. All reactions were performed in
triplicate.

Inhibitors for the different protease classes were used to evaluate inhibition of their
activity. For that, 1µl of a 1% inhibitor solution (E-64, OCI, OCII, CCII, HSA, STBi,
aprotinin and PMSF) prepared in the same reaction buffer was introduced into the
protease reaction monitored in the spectro-fluorometer. The reactions were briefly
mixed and detection of protease reaction continued until a steady rate was reached.
Slope values were determined before addition and after addition of the inhibitor.

2.3.6

Gelatin SDS-polyacrylamide gel electrophoresis

Gelatin SDS-polyacrylamide gel electrophoresis, as described by Michaud (1998) was
carried out to quantitatively identify protease activity in gut extracts by visually
analyzing gel-separated proteases. Proteins in the gut extracts were separated on a
15% SDS-PAGE which had been co-polymerized with 0.1% gelatin as a protease
substrate. After electrophoresis at 4oC and 100V, the gel was incubated in 2.5% Triton
X-100 for 30min at room temperature to re-nature the proteases. The gel was then
incubated in a proteolysis buffer (0.1M citrate phosphate buffer pH 6.0 and 10mM Lcysteine) at 37oC for 3hrs for protease action. The gel was subsequently transferred to
a gel staining solution (25% isopropanol, 10% acetic acid and 0.1% coomassie blue).
Protease activity was visualized as clear bands on a blue background. To test
inhibition, 5µl of a 1% inhibitor solution of selected proteinacious inhibitors
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(oryzacystatin, papaya cystatin, SBTi, aprotinin and EDTA) were pre-incubated with
5µl of extracts for 15min at 37oC before loading 10µl of the reaction mixture.

2.3.7

Cloning of OC-I and PC genes

The strategy followed for cloning the coding sequences of OC-I and papaya cystatin
(PC) in frame for protein expression in E. coli is outlined in Figure 2.1. The vector
system pQE30, 31 and 32 from the QIAexpressionist kit (Qiagen, Germany) was
used. These vectors allow tagging the cloned coding sequence to a 6-histidine tag and
purification by nickel chelation chromatography.

Coding sequences of OC-I and PC were excised from the cloning vectors pAOCI-3
and pBlCYS1 using the restriction enzymes EcoRI and PstI. The EcoRI/PstI fragments
were then first cloned into the EcoRI/PstI site of pBlueScript (Stratagene, USA) and
then as a BamHI/KpnI fragment from pBlueScript into the vector pQE31 to achieve
in-frame ligation. This sub-cloning procedure created the vectors pQOC-I and pQPC,
which were transformed into E. coli cells (strain JM109) and stored in 10% glycerol
stocks at –80oC. In a final step, vectors pQOC-I and pQPC were transferred into
competent E. coli cells of strain M15 for expression according to the
QIAexpressionist kit users manual (Qiagen, Germany).

47

PstI

EcoRI
pBlueScript

Cystatin

Cloning
BamHI
EcoRI

pBlueScript-Cys

PstI

Restriction enzyme
digestion

KpnI

BamH EcoRI
I

pQE30, 31 & 32

PstI

KpnI

Cloning

6 X His

pQOC-I or
pQPC

Cystatin cDNA

BamHI
KpnI

Figure 2.1

Schematic diagram of the construction of expression vectors pQOC-I
and pQPC used in the study to express OC-I and PC in E. coli,
respectively.
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2.3.8

Protein expression and purification

Luria-Bertani (LB) medium (5ml) consisting antibiotics (100µg/ml kanamycin and
25µg/ml ampicillin) was inoculated with a single bacterial colony of M15 cells
containing either pQOC-I or pQPC-I and grown overnight at 37oC under shaking at
210rpm. Pre-warmed LB medium (100ml) with antibiotics (100µg/ml kanamycin and
25µg/ml ampicillin) in a 250ml conical flask was inoculated with 5ml of the overnight
culture and incubated at 37oC under shaking at 210rpm for 1hr. Isopropypyl-β-Dthiogalactopyranoside (IPTG) was then added to a final concentration of 1mM to
induce protein expression and bacterial cell growth in the presence of IPTG continued
for another 4hr for PC expression or for 12hr for OC-I expression. Cells were finally
harvested by centrifugation at 13000rpm in an Eppendorf 5414 Bench top Centrifuge
at 4oC for 10min and then stored frozen at -20oC until purification.

The two fusion proteins were purified according to the standard protocol provided in
the QIAexpressionist kit manual (Qiagen, Germany). For that, frozen cell pellets were
thawed on ice for 30min, re-suspended in his-tag lysis buffer containing 50mM
sodium di-hydrogen phosphate, pH 8.0; 300mM sodium chloride and 10mM
imidazole at a rate of 2ml buffer per 1mg of cells and 1mg of lysozyme was added.
This was mixed gently and incubated on ice for 1hr. The cell suspension was then
sonicated using a Cell Disruptor B-30 sonicator (Branson Sonic Power
Co./SmithKline Co.) fitted with a standard micro-tip and set to 20% duty cycle, 2
output control in pulse mode. The cells were sonicated using 10 bursts with 10sec
cooling on ice between each burst, taking care not to create much frothing. Lysates
obtained were centrifuged at 10,000rpm for 30min at 4oC in an Eppendorf centrifuge
and the clear supernatant transferred into fresh Eppendorf tubes to which 800µl of
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50% Ni-NTA slurry (Qiagen, Germany) was added. The tubes were shaken at 200rpm
for 30min at 4oC after which the cell lysate mixture was poured into a short plastic
column (setup with a 2ml syringe and a glass wool plug at the bottom) with a paper
bottom cover in place. The cover was removed after the slurry settled and the flowthrough was collected. Twice 1ml washing buffer (50mM sodium di-hydrogen
phosphate, pH 8.0; 300mM sodium chloride; 50mM imidazole) was carefully poured
over the column and the buffer was collected at the bottom. This was followed by
pouring slowly four times 500µl elution buffer (50mM sodium di-hydrogen
phosphate, pH 8.0; 300mM sodium chloride; 250mM imidazole) over the slurry. The
elutions were collected separately in 500µl fractions. Five micro-liters of each fraction
(flow-through, washes and elution fractions) were each added to 5.0µl SDS-PAGE
sample buffer (6% β-mercaptoethanal, 6% SDS, 0.6% bromophenol blue, 20%
glycerol) boiled for 10min and loaded onto a 15% polyacrylamide gel for evaluation
of the purification process and detection of the recombinant proteins. The protein
concentration of the elution fractions was finally determined using the Bio-Rad
protein assay kit (Bio-Rad, U.K), and fractions were stored in aliquots at 4oC until
required.

2.3.9

In-vitro assays with recombinant phytocystatins

Assays were carried out using a modified method as described by Abrahamson
(1994). For that gut extract samples containing 0, 10, 20, 50, 100 and 150µg/µl
soluble protein were placed into micro-centrifuge tubes and diluted to 250µl with
0.1% Tween-20. Proteolysis buffer (125µl) was then added (340mM sodium acetate,
60mM acetic acid, 4mM di-sodium EDTA, pH 5.5) and then 8mM DTT was added
shortly before use. The mixture was pre-incubated in the presence or absence of the
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inhibitor for 1min in a water bath (37oC) before 125µl of substrate (20µM Z-Phe-ArgAMC, prepared by diluting a 1mM stock in DMSO) was added. Incubation was
continued for exactly 10min after which the reaction was stopped by the addition of 1
ml stopping reagent (10mM sodium monochloroacetate, 30mM sodium acetate,
70mM acetic acid, pH 4.3). The florescence of released AMC was determined with
the use of a fluorescence spectrophotometer (Hitachi, Model F-2000) with excitation
and emission set at 370nm and 460nm, respectively.

2.3.10

Infiltration of banana stem with phytocystatin

Banana inner stems, which form part of the fruit (bunch) stalk but running in the
centre of the pseudo-stem from the bunch to underground stem (corm), were collected
fresh from the field. In the laboratory, the stem was cut into 1cm disks and dipped into
hot 60oC sorbic acid solution (1%) used as a preservative to prevent rapid oxidation
and deterioration of the stem disks. Disks were then wrapped into polythene bags and
stored at 4oC. Inhibitor solutions for infiltration were prepared by diluting purified
his-tagged OC-I and PC to a 10µg/ml solution and 2ml of this solution was placed
into a 5cm diameter petri-dish. As a negative control, elution buffer was used in the
same way as the inhibitor solutions. Three 4cm long and 1mm diameter thick plastic
rods were placed into the petri-dish. One banana stem disk was placed on the rods to
prop the disk just above the bottom of the dish to provide the tissue uniform contact
with the solution (Figure 2.7A). The complete set-up was then placed into a vacuum
desiccator and the dessicator was attached to a vacuum pump (Savant SC100
SpeedVac equipped with a Savant RT100 refrigerated condensation trap). Vacuum
was then applied until bubbling was observed on the surface of the tissue and on the
solution. The vacuum was then rapidly removed by unplugging a conveniently placed
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(between the desiccator and the pump) tap plunger. This caused the liquid to be drawn
into the tissue rapidly. The tissue was removed and placed onto a paper filter in a
clean petri-dish and a newly hatched banana weevil larvae were placed in a small hole
made on the disk. The treated disks were stored in the dark at 25oC. After 10 days,
when the disks were almost decayed, the larvae were dissected out. They were
weighted and their head capsule lengths measured (dorsal inter-ocular plane) under a
stereo microscope to determine their instar stage as described by Gold et al. (1999a).

2.4

Results

2.4.1

pH optima

The optimal hydrolysis of a general protein substrate, azocasein, by banana weevil
larval gut homogenates was found to range from pH 5.5 to pH 7.0 with a peak at pH
6.5. There was also a smaller hydrolysis peak (pH 8.5) indicating the presence of both
acidic and alkaline proteases in the weevil larval gut (Figure 2.2). Hydrolysis at pH
6.5 was at least 2.5-fold higher than that at pH 8.5. This suggests that acidic cysteine
proteases were more predominant in the gut extracts.

2.4.2

Fluorometric assays

To further elucidate on the nature of cysteine and or serine proteases, activity assays
were carried out using specific fluorescent substrates. Reaction rates were monitored
by detection of the fluorescent product MCA. Two types of cysteine proteases,
cathepsin-L and cathepsin-B, were the predominant cysteine protease types producing
reaction rates of >1000FU/sec/µg total protein compared to <400FU/sec/µg total
protein from cathepsin-H, trypsin and chymotrypsin (Figure 2.3). Of the serine
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proteases, trypsin showed the lowest significant proteolysis at 177FU/sec/µg total
protein (Figure 2.3).
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Figure 2.2

Effect of pH on the hydrolysis of azocasein by banana weevil larval gut
proteases. Proteolysis was stopped by the addition of 1.0ml of 1N NaOH
and the OD of the solution determined at 440nm. At this wavelength,
one unit of protease activity is defined to be the amount of enzyme
required to produce an absorbance change of 1.0. Reactions and
measurements were performed at room temperature. Experiment was
repeated twice and values shown are the mean of 3 individual
experiments.
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(A) Cathepsin B, L and H like activities detected in banana weevil
larval gut extracts. Fluorometric assays were conducted using Z-ArgArg-MCA, Z-Phe-Arg-MCA and Z-Arg-MCA as substrates for
cathepsin B, L and H like activities, respectively at pH 6.0. (B) Trypsin
and chymotrypsin-like activities detected in the same extracts, using
Bz-Arg-MCA

and

N-Suc-Ala-Ala-Pro-Phe-MCA

as

substrates

respectively performed at pH 8.0. (C) Maximum activities of all
proteases tested. Data points and graphs shown represent the means of
three replications ±SE.
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The effects of selected inhibitors were accessed using a banana weevil gut extract and
cysteine and serine protease specific substrates. E-64 was the most potent inhibitor of
cathepsin L and B like activity with 96% and 85% inhibition of protease activity,
respectively. OC-I was the most potent natural plant cysteine protease inhibitor of
cathepsin L and B-like activity with 81% and 80% inhibition of protease activity,
respectively (Table 2.1A). The soybean trypsin-chymotrypsin inhibitor was most the
potent inhibitor against trypsin and chymotrypsin-like activity with 92% and 98%
inhibition, respectively. Aprotinin, a serine protease inhibitor, showed lower
inhibition of chymotrypsin-like activity when compared to inhibition of trypsin-like
activity (Table 2.1B).

2.4.3

Gelatin SDS-polyacrylamide gel electrophoresis

The use of gelatin-containing PAGE gels offers a visual assessment of the protease
profile in a crude extract by separating the proteases into their individual constituents.
This provides a more detailed profile of protease activity. Extracts were therefore preincubated with selected inhibitors before separation on a 15% SDS-PAGE. Figure 2.3
shows that extracts contained at least five different proteases with different molecular
sizes of 22, 25, 30 72 and 170kDa.
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Table 2.1 Inhibition of banana weevil gut proteases by (A) cysteine and (B) serine
protease inhibitors. Cysteine protease inhibitors tested were E-64, OC-I,
OC-II, corn cystatin (CC-II) and human stefin A (HSA). Serine protease
inhibitors tested were soybean trypysin and chymotrypsin inhibitor (STBi),
aprotinin and phenylmethylsulphonylfluoride (PMSF). Reactions for
serine protease inhibition were performed in 100mM Tris-HCl buffer (pH
8.0) at room temperature. Proteolytic activity was measured as a rate of
reaction indicated by fluorescence units (FU) produced per second per µg
of protein (FU/Sec/µg). Control represents reaction in substrate without
addition of an inhibitor. Data represent the mean of three replications ±SE.

A
Cathpesin L-like

Cathepsin B-like

FU/sec/µg

Inhibition (%)

FU/sec/ µg

Inhibition (%)

1278.2 ±131

-

1151.1±59

-

E-64

47.4 ±73

96

175.2±19

85

OCI

238.3 ±59

81

228.3±6

80

OCII

394.1 ±106

69

495.0±10

57

CCII

225.6 ±36

82

306.0±23

73

HSA

294.5 ±30

77

593.7±20

48

Control

B
Trypsin-like
FU/Sec/µg
Control

Inhibition (%)

FU/Sec/µg
297.8±32

Inhibition (%)

185.0 ±15

-

SBTi

14.5 ±1

92

7.3±10

98

Aprotinin

18.3 ±11

90

168.9±15

43

108.9 ±14

41

66.3±6

78

PMSF
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Chymotrypsin-like
-

Figure 2.4

The effect of protease inhibitors on the proteolysis activity of banana
weevil larval gut proteases revealed by separation in a mildly denaturing
15% SDS-PAGE co-polymerized with gelatin. Protease activity
measurement was carried out in a buffer containing 100mM citrate
phosphate and 10mM mercaptoethanol, pH 6.0. Visible clear bands
indicate proteolysis of gelatin. (Cont) represents activity of crude gut
extract (3µl from a 200µg/µl solution); (OC-I) pre incubation with 20µg
of OC-I; (PC) pre-incubation with 20µg papaya cystatin; (SBTi) preincubation with 1% soybean trypsin-chymotrypsin inhibitor; (Aprot) preincubation with 1% aprotinin and (EDTA) pre-incubation with100mM
EDTA. Arrows indicate major protease activities.
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The most potent inhibitor in this assay was OC-I followed by PC, which had not been
used in the previous fluorometric assay. Both cystatins reduced the protease activity
profile from 5 to 3 bands including a major activity band at 22kDa (Figure 2.4). The
soybean trypsin-chymotrypsin inhibitor (SBTi) inhibited one band at 72kDa while
aprotinin inhibited one band at 170kDa. EDTA showed inhibition of one band at
30kDa. This suggests the presence of some metallo-proteases in the gut extract.
Figures 2.5A and B show the expression and purification of both PC and OC-I as histagged fusion proteins, respectively. Protein bands with the expected size of about
15.0Kd for PC and 18Kd for OC-I were found. However, expression levels of OC-I
were much lower than of PC. This required the OC-I cultures to be incubated in the
presence of IPTG for a longer time period (12hr) when compared to PC (4hr).
Reduced growth might be due to OC-I toxicity in E. coli. Purified his-tagged PC and
OC-I reduced cysteine protease (cathepsin L like) activity of weevil larval gut extracts
by 66.2 and 81.6%, respectively (Figure 2.6). The calculated LD50 of inhibition by
PC was 2.1x10-5ng/ml and for OC-I 0.1x10-5ng/ml.
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A

B

Figure 2.5

SDS-PAGE of (A) PC and (B) OC-I at different purification steps. Lane
1 represents a broad range protein marker (BioRad); lane 2 non-induced
and lane 3 IPTG-induced proteins expressed in E. coli cells; lane 4 flowthrough from Ni-NTA column; lane 5 wash-through from column and
lanes 6-9 are four consecutive elutions from column used for
purification. Slower migration speeds of recombinant cystatins may be
due to presence of his-tags and high concentration of imidazol in the
elution buffer.
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Figure 2.6

The effect of recombinant cysteine protease inhibitors rOC-I and rPC on
the cysteine protease activity of banana weevil mid-gut extracts using Zphe-arg-AMC as substrate.

When larvae fed on banana disks infiltrated with both purified phytocystatins, their
development was significantly reduced. Early larval developmental rate was reduced
for both phytocystatins. Body weight gain was 0.25mg/day for OC-I and 0.35mg/day
PC compared to 1.1mg body weight gain per day in the control larvae (Figure 4.4 C).
This represents a reduction in development of 77% for OC-I and 68% for PC at a
concentration of 0.6mg/g fresh weight of infiltrated stem disk after re-extraction
(Figures 2.7 B and C). However, there was no significant difference in weight gain /
day between OC-I and PC-treated larvae (p>0.05).
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rPC (n=13)

rOC-1 (n=11)

(A) Illustration of the apparatus used to vacuum infiltrate banana flower
stalk disks with cystatin solution. (B) Larvae on the left after developing
on cystatin-free (control) disks for 10 days, while larvae on the right
developed in cystatin treated disks over the same period. (C) The growth
rate of larvae that were reared on banana stem disks vacuum-infiltrated
with a 100ug/ml (to give a final 0.6mg of recombinant protein per disk)
solution of recombinant rOC-I and rPC. Values represent means of 39,
38 and 22 replicates for control, rPC and rOC-I, respectively
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2.5

Discussion

Many efforts to develop insect resistance in a plant via the expression of protease
inhibitors have resulted only in a few successes (Winterer, 2002). Several studies have
shown that many insects have more than one protease forms and their activity in gut
protein digestion and metabolism is influenced by several factors (Gatehouse et al.,
1993), such as gut pH (Michaud et al., 1993), larval stage (Orr et al., 1994) and the
quantity and quality of the protein diet (Burgess et al., 1991). This study has provided
first evidence that the banana weevil larval, the most destructive stage of the pest’s
life cycle, expresses a variety of proteases, including cysteine proteases, in its gut.
This protease can be blocked by phytocystatins. In contrast, this study showed that
serine and metallo-proteases very likely play a less prominent role in protein digestion
by larvae. Any strategy to use protease inhibitors to target the banana weevil needs
therefore to consider that the weevil possesses more than one protease class. In this
study strong evidence has been further provided that both OC-I and PC are able to
control the development of the banana weevil by blocking gut cysteine proteases.
Significant reduction in the body weight and thus rate of growth of the larvae due to
inhibitor action contributed to the larvae underfeeding and interference with protein
digestion and metabolism. However, it has always to be considered that even if serine
types seemingly play a less significant role in the gut profile when compared to
cysteine proteases, weevils might switch to serine type proteases to overcome the
presence of cystatins in the diet.

Since there are no transformed banana plants available yet to express an endogenous
phytocystatin, the developed vacuum infiltration assay was a very useful and simple
tool to access the effects of phytocystatins on growth and development of the banana

62

weevil larvae. There is even further potential to scale up this infiltration assay so that
the assay period is extended to the pupa and adult stage of the larvae. Although this
experiment demonstrated the potential of phytocystatins to block weevil development,
the infiltration experiments were carried out with a relatively high inhibitor
concentration of 0.6mg/g of fresh weight after re-extracting the recombinant proteins
from infiltrated stem disks. Such concentrations are difficult to achieve in transgenic
approaches to effectively extenuate pest insect gut proteases. However, this study
used a single dose of the phytocystatin whose effect may have deteriorated with time
of culture. Further experiments have to demonstrate if a lower phytocystatin but
continuously expressed in a transgenic plant might result in a similar growth
inhibition.

Overall, this study confirmed that icysteine proteases are important protein digestive
enzymes in the gut of the banana weevil. The two phytocystatins studied are able to
significantly reduce developmental success of the banana weevil larvae. The newly
developed bioassay system has been found to be a useful tool for testing bioactive
compounds on banana weevil larvae growth and development. Finally, this study
provided also first evidence that a transgenic strategy to use protease inhibitors
expressed in banana in the control of the banana weevil is plausible. Due to the
presence of both cysteine and serine protease in the gut, this study also suggests that
simultaneous expression of cysteine and serine protease inhibitors might be a strategy
to prevent larvae growth and development.
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CHAPTER 3
Phylogenetic and structural comparisons of phytocystatins:
A bioinformatics approach

Scientific Communications
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3.1

Abstract

With the use of bioinformatics tools the phylogenetic relationships of phytocystatins
based on amino acid sequence information was elucidated and their secondary and
tertiary structures were investigated for structural comparisons. Sixty six distinct
phytocystatins from 43 plant species and 5 different tissue types were investigated.
Inhibition constants for inhibition of the model cysteine protease papain varied greatly
from 0.00011nM for chelidocystatin to 19,000nM for a soybean cystatin.
Phytocystatins could be divided into five distinct phylogenectic groups but their
structural features were highly conserved. Amino acid sequence similarities ranged
from 7 to 94%. A new highly conserved amino acid sequence motif,
YEAKxKxWxKxF, in the C-terminal end being unique to phytocystatins was
identified. The predicted 3D homology models showed a high conservation of the
general central structure of the phytocystatins i.e. the 4-5 anti-parallel β-sheets,
wrapping halfway round a single central α-helix, and particularly the three active site
regions, the N-terminal, the 1st and 2nd hairpin loops. Any structural differences seem
to be mainly in the length of the N and C terminal, the length of the 2nd hairpin loop
and the 5th β-sheet. Via docking experiments, small heterogeneties were observed in
the vicinity of the OC-I active sites that seemed to be influential in the binding
process and stability of the resultant inhibitor-protease complex.
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3.2

Introduction

Phytocystatins are proteinacious inhibitors of plant origin that inhibit specifically
cysteine proteases by forming tight reversible bonds thus preventing the hydrolysis of
proteins by proteases. The cystatin super family is subdivided into three families
based mainly on the three criteria sequence homology, presence of disulfide bonds
and on the molecular mass of the protein. These families are the stefins, cystatins and
kininogens. Many different phytocystatins have been isolated from different plants
and their gene sequences deposited on public databases.

Phylogenetic analysis provides an insight into the molecular evolution of proteins.
Numerous bioinformatic and computational biology tools are now available online
providing automated analysis of relationships of proteins at molecular and structural
level. Public sequence databases have also provided a very useful and wide range of
resources to perform such analyses. One of the key ideas in genomic bioinformatics is
the concept of homology. This is used to predict the function of genes and proteins.
This is followed by a next level where not only protein function can be predicted but
also ere the primary, secondary and tertiary structures of a protein can be predicted.
This is achieved through powerful computation methods referred to as in-silico
analysis. Such analysis provides a better understanding of the microstructures on the
protein surface that contribute or may even hinder its proper function.

Part of the aim of this study was therefore to analyse, based on available amino acid
sequence information, the phylogenetic relationships of phytocystatins. This was
carried out by a comparative study on the primary, predicted 2D and 3D structures of
known phytocystatins. In particular the 3D positions of the amino acids involved in
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binding, structures of active sites and the local structural variation among members of
the proposed phytocystatin family were studied.

3.3

Materials and methods

3.3.1

Sequence analysis

Amino acid sequences of phytocystatins were obtained from various online databases
(Table

5.1)

using

the

sequence

retrieval

system

(SRS)

(http://srs.embl-

heidelberg.de:8000/srs5/). The program BLAST (Altschul et al., 1990) was used
against the GenBank database to further obtain recent submissions that may not have
reached the more advanced databases like European Molecular Biology Laboratory
(EMBL) sequence database and the Protein Information Resource (PIR) database.

Multiple alignments were performed using the program CLUSTALX (Thomson et al.,
1997) with default settings and the alignment edited manually. Long sequences were
truncated both at the N and C terminal to include only the domain region and the
alignment was repeated. A consensus sequence and a PAM250 (Gonnet et. al., 1992)
sequence similarly matrix were generated using BIOEDIT suite (Hall, 1999).

Phylogenetic inference was performed using the PHYLIP version 3.5 suite
(Felsenstein, 1989). First a distance matrix was generated using the PRODIST
program followed by the neighbour joining method using NEIGHBOR program. A
consensus tree derived after 1000 bootstraps through the programs BOOTST and
CONSES. An un-rooted phylogenetic tree was contracted using the TREEVIEW
program (Page, 1996).
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3.3.2

Protein structure modelling

The coordinate files (pdb) for OC-I and papain were obtained from the protein data
bank (PDB) database. The OC-I pdb file was used to predict the 3D structures of
selected representative from each of the phylogenetic groups. Structure modelling to
predict the unknown structures was done using the program MODELLER (Sanchez
and Sali, 2000) that determines structure using the satisfaction of spatial constraints.
The input files consisted of the pdb file of OC-I and the amino acid sequence
alignment between OC-I with the unknown sequence at greater that 30% sequence
similarity with OC-I. Predicted models were evaluated for energy distribution. Stereochemical quality of the predicted structures was tested using the ENERGY command
on MODELLER and PROCHECK (Laskowski, 1993) programs, respectively.
Structures were visualised using both SWISS-PDB Viewer (Guex and Peitsch, 1997)
and PYMOL (www.pymol.org).

3.3.3

Active site and docking

Based on the X-ray crystal structure of recombinant human stefin-B and papain
(Studds et al., 1990), the structure of OC-I bound to papain was extensively modelled
manually followed by refinement using MULTIDOCK program in the 3D-DOCK
suite (Jackson et. al., 1998). Since the binding structural motifs in stefin-B an animal
cystatin are present in OC-I and in other phytocystains, it was expected that OC-I
would bind papain in the same manner (Nagata et al., 2000).

3.4

Results

To date, phytocystatins have been isolated from at least 43 different plant species
(Table 3.1) but the rate at which new members are identified and isolated is rapid. In
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this study a total of 66 phytocystatins have been collected either deposited in
sequence databases or reported in the literature.

For some of the known phytocystatins characterisation studies including inhibition
kinetics have been carried out either on wild-type proteins extracted directly from the
plant or recombinant proteins expressed and purified in the laboratory. The known
inhibition constants (Ki) for the model cysteine protease papain are included in Table
3.1. Papain Ki values of known phytocystatins ranged from 0.00011nM for
Chelidonium majus L. (Celandine-chelidocystatin) to 19,000nM for soybean domain
L1 cystain, respectively. The celandine plant, from which the most potent
phytocystatin known was found, is traditionally used in China and Europe as a herb to
treat bacterial and viral infections (Rogel et al., 1998) in humans.
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Table 3.1 Known phytocystatins obtained from sequence databases: EMBL=
European Molecular Biology Laboratory, PIR=Protein information
Resource, SP=SwissProt, GB=GeneBank and NCBI=National Centre for
Biotechnology Information.
Code

Common name

Specie name

Database1
(Acc No.)

Papain Ki

Reference2

Apple

Apple

Malus domestica

EMBL:AY173139

0.2-0.3nM

Ryan et. al., 1998

AraI

Arabidopsis

Arabidopsis thaliana

GB:AF315737

-

AraII

Arabidopsis

Arabidopsis thaliana

EMBL: BT002775

-

Yamada et al., (unpub)

AraIII

Arabidopsis

Arabidopsis thaliana

EMBL: AAM64985

-

Haas et al., (unpub)

Avo

Avocado

Persea americana

PIR: JH0269

-

Kimura et al., 1995

Bar

Barley

Hordeum vulgare

EMBL:Y12068

Bea

Bean

Phaseolus vulgaris

Bit

Bitter dock

Rumex obtusifolius

Broc

Broccoli

CabI
CabII

-

0.02nM

Gaddour et al., 2001

-

Santino et. al., 1998

EMBL:AJ428415

-

Tinney et. al. (unpub.)

Brassica oleracea

EMBL:AY065838

-

Watson and Coupe 2001(unpub.)

Chinese cabbage

Brassica rapa

EMBL:L41355

-

Lim et al., 1996

Chinese cabbage

Brassica rapa

EMBL:L42819

-

Kim and Chung 2000 (unpub.)

Car

Carnation (clove pink)

Dianthus caryophyllus

EMBL: AY028994

-

Sugawara et al., (unpub.)

Carr

Carrot

Daucus carrota

PIR: T14323

-

Ojima et al., 1997

Cass

Cassava

Manihot esculenta

EMBL:AF265551

-

Reilly et al., (unpub.)

Cast

Castor

Ricinus communis

EMBL:Z49697

-

Szederkenyi and Schobert (unpub.)

Cau

Cauliflower

Brassica oleracea

TrEMBL:Q8VYX5

-

Watson and Coupe 2001(unpub.)

Chel

Celandine (Chelidocystatin) Chelidonium majus

ChesI

European chestnut (CsC)

Castanea sativa

EMBL: AJ224331

ChesII

American chestnut

Castanea dentate

EMBL:AF480168

Chrb

Christmas bells

Sandersonia aurantiaca

EMBL:AF469485

Eason 2002 (unpub.)

Cock

Cockscomb (Celosiacystatin) Celosia cristata

EMBL:AJ535712

Gholizadeh et al., 2005

CornI

Corn I (Maize)

Zea mays

EMBL:D10622

CornII

Corn II (Maize)

Zea mays

EMBL:D38130

-

Abe et al., 1995

Cow

Cowpea

Vigna unguiculata

EMBL:Z21954

-

Fernandes et al., 1993

Cuc

Cucumber

Cucumis sativus

-

Yamakawa et al., (unpub.)

Faba

Faba bean

Vicia faba

Job

Job's tears

Coix lacryma-jobi

-

190nM

Yoza et al., 2002

Kid

Kidney bean

Phaseolus vulgaris L.

-

0.08nM

Brzin et al., 1998

Kiwi-I

Kiwi fruit

Actinidia deliciosa

GB:AY390353

0.16nM

Rassam and Laing 2004

Kiwi-II

Kiwi fruit

Actinidia deliciosa

GB:AY390354

-

Rassam and Laing 2004

Mugb

Mugbean

Vigna radiata

-

-

Kang et al., (unpub.)

Mugw

Mugwort

Artemisia vulgaris

EMBL:AF143677

-

Hubinger et al., 1999

Mus

Mustard

Brassica campestris

PIR:S65071

-

RiceI

Rice (Oryzacystatin I)

Oryza sativa

EMBL:J03469

Lim et al., 1996
Abe et al., 1987, Kondo et al.,
1990

1
2

-

-

0.00011nM
29nM

Pernas et al., 1998
-

0.083nM

EMBL:AY237958

Rogel et al., 1998
Connors et al., (unpub.)

Abe et al., 1992

-

30nM

Entries without database accession number were obtained from the referred publication.
Years on unpublished references indicate date sequences were deposited in the database.
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Table 4.1 continued
Code

Common name

Specie name

Database1
(Acc No.)

Papain Ki Reference2

RiceII

Rice (Oryzacystatin II)

Oryza sativa

EMBL:J05595

8.3nM

Kondo et al., 1990

Pap

Papaya

Carica papaya

EMBL:X71124

0.75nM

Song et al., 1995

Pear

Pear

Pyrus communis

Pot

Potato

Solanum tuberosum

PMC1

Potato multicystatin

Solanum tuberosum

PMC2

Potato multicystatin

PMC3
PMC4

-

Gauillard et al., (unpub.)

-

Hildmann et al., 1992.

-

-

Michaud, D. (Per. Comm.)

Solanum tuberosum

-

-

Michaud, D. (Per. Comm.)

Potato multicystatin

Solanum tuberosum

-

-

Michaud, D. (Per. Comm.)

Potato multicystatin

Solanum tuberosum

-

-

Michaud, D. (Per. Comm.)

PMC5

Potato multicystatin

Solanum tuberosum

-

-

Michaud, D. (Per. Comm.)

PMC6

Potato multicystatin

Solanum tuberosum

-

-

Michaud, D. (Per. Comm.)

PMC7

Potato multicystatin

Solanum tuberosum

-

-

Michaud, D. (Per. Comm.)

PMC8

Potato multicystatin

Solanum tuberosum

-

-

Michaud, D. (Per. Comm.)

PMC10-4

Potato multicystatin (10-4)

Solanum tuberosum

GB:AAB29661

0.5nM

PMC32

Potato multicystatin (32)

Solanum tuberosum

SPROT:P37842

0.7nM

Rag

Ragweed

Ambrosia artemisiifolia

PIR:JN0906

Sesa

Sesame

Sesamum indicum

Sorg

Sorghum

Sorghum bicolor

EMBL:X87168

-

Li et al., 1996

SoyI

Soyabean

Glycine max

PIR:S10588

-

SoyII

Soyabean (N2)

Glycine max

EMBL:U51855

SoyII

Soyabean (L1)

Glycine max

-

19,000nM

Brzin et al., 1990
Zhao et al., (unpub.); Botella et
al.(unpu)
Zhao et al., 1996

SoyIV

Soyabean (R1)

Glycine max

-

21nM

Zhao et al., 1996

Squ

Squash

Cucurbita maxima

-

Sug1

Sugarcane

Saccharum officinarum

Sug2

Sugarcane

Saccharum officinarum

-

Sug3

Sugarcane

Saccharum officinarum

-

SMC-I

Sunflower (Sca)

Helianthus annuus

PIR:JC4791

0.005nM

SMC-II

Sunflower (Scb)

Helianthus annuus

PIR:JC4792

0.00017nM Kouzuma et al., 1996

SMC-III

Sunflower multicystatin

Helianthus annuus

PIR:JC7333

0.04nM

Swe

Sweet potato (Batate)

Ipomoea batatas

EMBL:AF117334

-

To et al., 1999; Huang et al., 2001

Taro

Taro (Cocoyam)

Colocasia esculenta

EMBL:AF525880

-

Yang et al., (unpub.)

Tom1

Tomato

Solanum lycopersicum

PIR:A59155

Tom2

Tomato

Solanum lycopersicum

EMBL AF198388

-

Girard and Michaud 1999 (unpub.)

Whe

Wheat

Triticum aestivum

EMBL:AB038393

-

Kuroda et al., 2001

Wist

Wisteria

Wisteria floribunda

PIR:PX0039

-

Hirashiki et al., 1990

1
2

PIR:PQ0469

-

NCBI:AAM78598

-

Walsh et al., 1993
Walsh et al., 1993
Waldron et al., 1993
Rogers et al., 1993

-

Tai et al., (unpub.)

57nM

-

Farley et a., 1998

-

Soares-Costa et al., 2002

-

Reis and Margis 2001

-

Reis and Margis 2001

4.7nM

Kouzuma et al., 1996
Kouzuma et al., 2000

Jacinto et al., 1998

Entries without database accession number were obtained from the referred publication.
Years on unpublished references indicate date sequences were deposited in the database
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The multiple sequence analysis of the phytocystatins showed high levels of sequence
homology and conservation especially around the regions involved in function and
important structural features (Figure 3.1). The conserved glycine residue in the Nterminal region, known to be characteristic to this group of proteins and involved in
N-terminal binding, was as expected present in all but three phytocystatins, mungbean
(mugb), potato (pot) and sunflower multi-cystatin domain (sca). However this may
have been due to incomplete sequences being deposited on the databases or
intentional truncation of the gene by the research groups that provided the sequence.
The QxVxG motif characteristic of all members of the cystatin super family and
responsible for the second binding site (located in the 2nd hairpin loop) was clearly
identified in the multiple alignments (Figure 3.1). Also found was the LARFAV motif
in the N-terminal corresponds to the alpha-helix structure and is characteristic to
phytocystatins only (Margis et al., 1998). A new YEAKxKxWxKxF was identified in
the C-terminal of the phytocystatins. This motif being unique to phytocystatins further
adds to their qualification for a separate sub-family. This region is not as highly
conserved as in animal cystatins. It has been reposted to constitute the third binding
region but with less binding capacity and probably more important in stabilising the
complex with proteases. Since this region is characteristic only to phytocystatins,
several workers have proposed that this group of proteins may constitute a separate
sub-family within the cystatin family. From the multiple alignments, it is also clear
that there is a very high correlation of conserved regions to important structural
features used either for binding or structural conformity of the protein (Figure 3.1).
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A
Apple
AraI
AraIII
AraII
Avo
Bar
Bit
Broc
Cab
Car
Carr
Cass
Cast
ChesI
ChesII
ChrB
Cock
CorI
CorII
Cow
Cuc
Job
KiwiI
KiwiII
Mugb
Mugw
Mus
Pap
Pear
PMC1
PMC2
PMC3
PMC4
PMC5
PMC6
PMC7
PMC8
Rag
RiceI
RiceII
Sca
Scb
Sesa
SMC
Sorg
SoyII
SoyIII
SoyIV
Squ
Sug1
Sug2
Sug3
Swe
Taro
Tom1
Tom2
Whe

10
20
30
40
50
60
70
80
90
100
110
120
MAFTTLGGVHE-SH-GAQNSAEVEDLARFAVQEHNNKENA-----------------LLEFVSVVKAKEQVVAGTLHHLTIEFTAIE-AGKKK---LYQAKVWVKPWMGFKEVQEFKHADEE
MA--LVGGVGD-VPAN-QNSGEVESLARFAVDEHNKKENA-----------------LLEFARVVKAKEQVVAGTLHHLTLE--ILE-AGQKK---LYEAKVWVKPWLNFKELQEFTPAS---GGGLGSRKP-IKN-VS-DPDVVAVAKYAIEEHNKESKE-----------------KLVFVKVVEGTTQVVSGTKYDLKIA--AKDGGGKIK---NYEAVVVEKLWLHSKSLESFKAL--RKSVVLGGKSG-VPN-IRTNREIQQLGRYCVEQFNQQAQNEQGNIGSIAKTDTAISNPLQFSRVVSAQKQVVAGLKYYLRIE--VTQPNGSTR---MFDSVVVIQPWLHSKQLLGFTPVVSP
-------GVRD-VP--DHNSAETEELARFAVQEHNKKANT-----------------RLEFSRVVKAKEQVVAGTMYYITLE--VVE-AGQKK---IYEAKVWVKLWENFKELQEFKPVGD-RGVLLGGVQD-APAGRENDLETIELARFAVAEHNAKANA-----------------LLEFEKLVKVRQQVVAGCMHYFTIE--VKE-GGAKK---LYEAKVWEKAWENFKQLQEFKPAA-MA--TIGGIKQ-VEG-SANSLEVESLAKFAVEDHNKKQNA-----------------MLEFSKVVNTKEQVVAGTMYYITLE--ATD-GGKKK---VYEAKVWVKPWMNFKQVQEFKLLGDMA--MLGGVRD-LPAN-ENSVEVESLARFAVDEHNKKENA-----------------LLEFARVVKAKEQVVAGTMHHLTLE--IIE-AGKKK---LYEAKVWVKPWLNFKELQEFKPASDD
------GTSRD-VD-PNANDLQVESLARFAVDEHNKKENV-----------------SLEYRRLIGAKTQVVAGTMHHLTVE--VAD-GETKK---VYEAKVLEKAWENLKKLEDFTHLRMF
MA--TVGGIKD-SGGSSANSLEIDELAKFAVDHYNSKENA-----------------LLEFQRVVNTKEQVVAGTIYYITLE--ATD-GGVKK---LYEAKVWVKPWVNFKEVQDFKYVGDGGSGAVGGRTE-IPD-VESNEEIQQLGEYSVEQYNQQHHNGDGGD------STDSAGDLKFVKVVAAEKQVVAGIKYYLKIV--AA-KGGHKK---KFDAEIVVQAWKKTKQLMSFAPSHNMA--TLGGIKE-VEE-SANSVEIDNLARFAVDDYNKKQNA-----------------LLEFKRVVSTKQQVVAGTMYYITLE--VAD-GGQTK---VYEAKVWEKPWLNFKEVQEFKPIGVMA-TVQGGVHD-SPQGTANNAEIDGIARFAVDEHNKKENA-----------------MVEFGRVLKAKEQVVAGTLHHLTIE--AIE-AGKKK---IYEAKVWVKPWLNFKELQEFKHATDV
--AALVGGVSD-VKG-HENSLQIDDLARFAVDDHNKKANT-----------------LLQFKKVVNAKQQVVSGTIYILTLE--VED-GGKKK---VYEAKIWEKPWLNFKEVQEFKLIGD-----VGGVSD-VKG-HENSLQIDDLARFAVDDHNKKANT-----------------LLQFKKVVNAKQQVVSGTIYILTLE--VED-GGKKK---VYEAKI-------------------MA--TLGAPRD-VPAGGENSADVEELARFAVAEHNKKENA-----------------LLEFGRVVKAKEQVVAGTLHHLTVE--AID-AGNKK---LYEAKVWVKPWLNFKELQEFRHAGDS
SSNNLAGGWFP-VD---PNSPKIQKLARWAVDEENKKPSAY----------------KLEYKGTFKAEEQIVEARNSRISLEAVRVPFAASNKEWHKYQAIVYEDLNNNL-ELKEFKPLLQA
-AGMLAGGIKD-VPA-NENDLQLQELARFAVNEHNQKANA-----------------LLGFEKLVKAKTQVVAGTMYYLTIE--VKD-GEVKK---LYEAKVWEKPWENFKQLQEFKPVEE-TGTLVGGIQD-VPE-NENDLHLQELARFAVDEHNKKANA-----------------LLGFEKLVKAKTQVVAGTMYYLTIE--VKD-GEVKK---LYEAKVWEKPWEKFKELQEFKPVEEMA--ALGGNRD-VAG-NQNSLEIDSLARFAVEEHNKKQNA-----------------LLEFGRVVSAQQQVVSGTLYTITLE--AKD-GGQKK---VYEAKVWEKPWLNFKELQEFKHVGDMSSSEIGGYVP-CK--DPNDPHVKDIAEWAVAEYNKSQGH-----------------HLTLVSILKCESQVVAGVNWRLVLK--CKDENNGEG---NYETVVWEKIWENFRQLITFDHLLT-AGMLAGGIKD-VPA-NENDLHLQELARFAVDEHNKKANA-----------------LLGYEKLVKAKTQVVAGTMYYLTIE--VKD-GEVKK---LYEAKVWEKPWENFKELLEFKPVEERKQVVLGGWRP-IKD-LN-SAEVQDVAQFAVSEHNKQAND-----------------KLQYQRVVRGYSQVVAGTNYRLVIA--AKDG-AVLG---KYEAFVWDKPWMQFRNLTSFRKV--RKLVAPGGWRP-IEN-LN-SAEVQDVAQFAVSEHNKQAND-----------------ELQYQSVVRGYTQVVSGTNYRLVIA--AKDG-AVVG---NYEAVVWDKPWMHFRNLTSFRKV--------------MSQ-ELESVEIDSLARFAVEEHNKKQNA-----------------LLEFGRVVSAQQQVVSGTLYTITLE--AKD-GGQKK---VYEAKVWEKPWLNFKELQEFKLVGEMA--VCGGVTE-CKN-FENNVEIETIAKFAVEEHNKKENA-----------------TLEFVKVVSAKEQVVSGKIYYITIE--TND-G---K---TYEAKLWVKPWENFQELQEFKPAA-MA--MLGGVRD-VPSN-ENSVEVESLARFAVDEHNKKENA-----------------LLEFARVVKAKEQVVAGTMHHLTLE--IIE-AGKKK---LYEAKVWVKPWLNFKELQEFK------GIVIGGLQD-VEG-DANNLEYQELARFAVDEHNKKTNA-----------------MLQFKRVVNVKQAVVEGLKYCITLE--AVD-GHKTK---VYEAEIWLKLWENFRSLEGFKLLGDMA--AVGAVRD-NQ-GVANSVETESLARYAVDEHNKKEND-----------------LLEFVRVLDDKVQVVSGTMHYLKIE--ATE-GGKKK---VYEAKVWVKPWENFKQVQEFKP-----MAIVGGLVD-VP--FENKVEFDDLARFAVQDYNQKNDS-----------------SLEFKKVLNVKQQIVAGIMYYITFE--ATE-GGNKK---EYEAKILLRKWEDLKKVVGFKLVGDD
----MPGGIVN-VP--NPNNTKFQELARFAIQDYNKKQNA-----------------HLEFVENLNVKEQVVAGIMYYITLA--ATD-AGKKK---IYKAKIWVKEWEDFKKVVEFKLVGDD
----KLGGITD-VP--FPNNPEFQDLARFAIQVYNKKENV-----------------HLEFVENLNVKQQVVAGMMYYITLA--AID-AGKKK---IYETKIWVKEWEDFKKVVEFKLVGDD
----KTGGIIN-VP--NPNSPEFQDLARFAVQDYNNTQNA-----------------HLEFVENLNVKEQLVSGMMYYITLA--ATD-AGNKK---EYEAKIWVKEWEDFKKVIDFKLVGND
----KLGGFTE-VP--FPNSPEFQDLTRFAVHQYNKDQNA-----------------HLEFVENLNVKKQVVAGMLYYITFA--ATD-GGKKK---IYETKIWVKVWENFKKVVEFKLVGDD
----KLGGIIN-VP--FPNNPEFQDLARFAVQDYNKKENA-----------------HLEFVENLNVKEQLVAGMLYYITLV--AID-AGKKK---IYEAKIWVKEWENFKKVIEFKLIGDD
----IIGGFTD-VP--FPNNPEFQDLARFAVQDYNKKENA-----------------HLEYVENLNVKEQLVAGMIYYITLV--ATD-AGKKK---IYEAKIWVKEWEDFKKVVEFKLVGDD
----KPGGIII-VP--FPNSPEFQDLARFAVQDFNKKENG-----------------HLEFVENLNVKEQVVAGMMYYITLA--ATD-ARKKE---IYETKILVKEWENFKEVQEFKLVGDA
MS--ILGGITE-VKD-NDNSVDFDELAKFAIAEHNKKENA-----------------ALEFGKVIEKKQQAVQGTMYYIKVE--AND-GGEKK---TYEAKVWVKLWENFKELQELKLV---GGPVLGGVEP-VG--NENDLHLVDLARFAVTEHNKKANS-----------------LLEFEKLVSVKQQVVAGTLYYFTIE--VKE-GDAKK---LYEAKVWEKPWMDFKELQEFKPVDA-IHAREGGRHPRQPAGRENDLTTVELARFAVAEHNSKANA-----------------MLELERVVKVRQQVVGGFMHYLTVE--VKEPGGANK---LYEAKVWERAWENFKQLQDFKPLDD-------------------SLEIDELARFAVDEHNKKQNA-----------------LLEFGKVVNTKEQVVAGKMYYITLE--ATN-GGVKK---TYEAKVWVKPWENFKELQEFKPVDA----IPGGRTK-VKN-VKTDTEIQQLGSYSVDEYNRLQRTKKTG-----------AGDLKFSQVIAAETQVVAGTKYYLKIE--AITKGGKMK---VFDAEVVVQSWKHSKKLLGFKPAPVD
MAT--LGGVHD-SN---SNPD-THSLARFAVDQHNTKENG-----------------LLELVRVVEAREQVVAGTLHHLVLE--VLD-AGKKK---LYEAKIWVKPWMDFKQLQEFKHVRDV
TS--VIGGITE-VKD-FANSLEIEDLARFAVDEHNKKQNT-----------------LLEFGKVLNAKEQIVAGKLCYITLE--ATD-GGVKK---TYEAKVWVKPWENFKELQEFKPVDA-SMALDGGIKD-VPA-NENDLHLQELARFAVDEHNKKANA-----------------LLGYEKLVKAKTQVVAGTMYYLTVE--VKD-GEVKK---LYEAKVWEKPWENFKELQEFKPVEEVQ--ELGGITD-VHG-AANSVEINNLARFAVEEQNKRENS-----------------VLEFVRVISAKQQVVAGVNYYITLE--AKD-GLIKN---EYEAKVWVREWLNSKELLEFKPVNV-------GNRD-VTG-SQNSVEIDALARFAVEEHNKKQNA-----------------LLEFEKVVTAKQQVVSGTLYTITLE--AKD-GGQKK---VYEAKVWEKSWLNFKEVQEFKLVGD-----LGGFTD-ITG-AQNSIDIENLARFAVDEHNKKENA-----------------VLEFVRVISAKKQVVSGTLYYITLE--AND-GVTKK---VYETKVLEKPWLNIKEVQEFKPITV-PGPAIGEVIG-IS---VNDPRVKEIAEFALKQHAEQN--------------------LILAGVDAG--QIIKGIPHWDNYY-------N--L---ILSAKHSPHEFSKFYNVVVLE-----RVGMVGDVRD-APAGHENDLEAIELARFAVAEHNSKTNA-----------------MLEFERLVKVRHQVVAGTMHHFTVQ--VKEAGGGKK---LYEAKVWEKVWENFKQLQSFQPVGDESMALAGGIKD-VPA-NENDLHLQELARFAVDEHNKKANA-----------------LLGYEKLVKAKTQVVAGTMYYLTVE--VKD-GEVKK---LYEAKVWEKPWENFKELQEFKPVEEG
MAGHVLGGVKD-NP-AAANSAESDGLGRFAVDEHNKRENA-----------------LLEFVRVVEAKEQVVAGTLHHLTLE--AIE-AGKKK---LYEAKVWVKPWLDFKELQDFSHKGEA
MATTTLGGISD-SAS-AENSVEIESLARFAVEEHNKKENA-----------------MIELVRVVKAEEQVVAGKLHHLTLE--VID-AGKRK---LYEAKVWLKPWMNFKELQGFNHIEDI
MA--LMGGIVD-VE-GAQNSAEVEELARFAVDEHNKKENA-----------------LLQFSRLVKAKQQVVSGIMHHLTVE--VIE-GGKKK---VYEAKVWVQAWLNSKKLHEFSPIGDS
MAT--LGGVHD-SHGSSQNSDEIHSLAKFAVDEHNKKENA-----------------MIELARVVKAQEQTVAGKLHHLTLE--VMD-AGKKK---LYEAKVWVKPWLNFKELQEFKHVEDV
--SPNPGGITN-VP--FPNLPQFKDLARFAVQDYNKKENA-----------------HLEFVENLNVKEQVVAGIIYYITLV--ATD-AGKKK---IYETKILVKGWENFKEVQEFKLVGD-ARRLAGGIVDSLG--RENDPYIVDLARFAVSEHNKEGNT-----------------QLELEKVVKVKEQAVAGRLYYITIQ--VDE-GGAKK---LYEAKVLEQLWLDVKKLVEFKPAEG-
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B
β1

β2
Loop 1

Figure 3.1

β4

β3

β5

α1
Loop 2

Loop 3

Loop 4

(A) Amino acid sequence alignment of known phytocystatins showing residue conservation
across the different cystatins studied. A consensus sequence was also generated. Identical
amino acids are highlighted in black while similar ones are in grey. (See Table 2.1 for a guide
to abbreviated sequence titles). (B) Cartoon of the generalized secondary structural elements of
phytocystatins. The orange arrows are the β-sheets (numbered from 1 to 5) and the red spiral
representing the single α-helix. The positions were the loops occur are indicated with a gray
paper clip mark and labelled 1 to 4.
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Based on the neighbour joining phylogenetic tree that was generated, phytocystatins could be
separated into five distinctive clades (Figure 2.2). Clades 5 and 6 seemed to be more primitive
and may be progenitors of all the other groups of phytocystatins. The biggest clade, clade 1,
could further be divided into two sub-clades, sub-clade 1 and 2 with the entire monocot
cystatins grouping together in sub-clade 2. Sub-clade 1 included a rather more diverse group
of phytocystatins. However, members of this group showed the lowest Ki values for papain
(mean 0.37nM –data not shown) rendering them the most potent phytocystatins. They seem to
have evolved from the monocot cystatins as deduced from a evolutionary distance tree (data
not shown), which show the next lowest Ki values (mean 38.0nM - data not shown). Potency
of phytocystatins seems to decrease down the tree with the exception of clade 5 (scb and
SMC), which has a mean papain Ki of 0.2nM (data not shown).
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PHYLIP_1

1

2

3

4

5

Figure 3.2

Kiwi-I
Kiwi-II
Arabidopsis-II
Carrot
Sunflower-II
Arabidopsis-III
Cucumber
Squash
Cocks comb
Papaya
Cabbage
Barley
Sugarcane-I
Rice-II
Rice-I
Wheat
Sorghum
Sugarcane-II
Job
Corn-I
Corn-II
Castor oil
Sugarcane-III
Apple
Sesame
Tomato-I
Sweetpotato
Broccoli
Mustard
Arabidopsis-I
Christmas bells
Taro
Pear
Avocado
PMC6
PMC7
PMC4
PMC3
PMC5
PMC2
PMC8
Tomato-II
PMC1
Chestnut-I
Chesnut-II
Cowpea
Mugbean
Soybean-III
Soyean-II
Soybean-I
Bitter dock
Carnation
Cassava
Mugwort
Ragweed
Sunflower-I
Sunflower-III

Sub-clade 1
Dicots

Sub-clade 2
Monocots

Phylogenetic tree for known phytocystatins based on the neighbour-joining
method using PROTDIST and NEIGHBOR programs available in the PHYLIP
(Phylogeny Inference Package) Version 3.57. Circled numbers indicate the 7
clades that were obtained.
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Table 3.2
Code

Percentage identity matrix of phytocystatins (codes detailed in Table 3.1). Identity percentages >50 are highlighted in grey.
2

3

4

5

6

7

8

9 10

11 12 13 14 15 16 17 18 19 20 21

22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49

1

Apple

68 32 23 57 53 57 70 42 56 26 53 70 50 70 30 51 52 56 29 50 38 49 52 69 37 59 38 44 46 46 55 45 51 31 62 49 46 52 52 17 47 49 70 65 59 64 47 44

2

AraI

--- 31 28 67 59 60 87 53 61 27 61 70 58 76 36 59 60 66 31 60 37 58 56 86 44 64 39 44 45 50 55 49 57 31 64 60 53 60 58 18 56 59 70 64 67 70 47 49

3

AraII

--- --- 25 31 34 38 33 33 31 31 33 31 37 34 21 39 39 39 32 39 43 38 36 34 36 38 24 28 30 40 39 34 32 37 32 36 33 39 37 16 32 36 35 31 31 30 27 36

4

AraII

---

--- --- 29 27 25 27 20 24 42 30 26 26 25 16 30 29 30 17 29 28 26 25 27 25 24 23 21 22 18 28 25 24 39 25 27 30 23 25

5

Avo

---

---

--- --- 59 62 69 51 59 26 61 61 59 65 36 60 61 64 29 60 38 61 54 68 53 59 49 57 57 55 57 53 66 33 55 61 55 66 56 16 58 60 59 55 60 58 57 51

6

Bar

---

---

---

--- --- 51 61 47 49 28 53 53 53 57 29 72 70 55 32 69 34 49 51 59 47 55 44 42 44 49 69 71 54 29 50 68 45 53 46 18 74 66 51 49 56 50 43 56

7

Bit

---

---

---

---

--- --- 63 48 75 28 73 56 63 60 29 57 54 68 32 55 37 60 57 63 58 61 49 59 55 59 52 46 64 33 53 55 54 67 56 17 48 55 55 58 57 59 58 44

8

Broc

---

---

---

---

---

--- --- 53 61 26 63 73 58 79 35 59 59 66 30 60 38 57 58 93 46 67 43 49 51 52 55 53 59 34 66 60 54 59 57 18 60 60 72 69 68 72 49 49

9

Cab

---

---

---

---

---

---

--- --- 44 20 47 47 47 54 30 55 55 51 31 57 31 45 39 54 44 51 39 38 40 43 47 46 44 30 47 58 44 47 52 15 50 57 47 47 56 47 39 40

10 Car

---

---

---

---

---

---

---

--- --- 28 72 59 61 61 28 57 57 66 27 57 37 57 55 61 52 58 49 53 52 56 51 46 65 31 55 57 56 63 57 14 51 56 61 56 52 63 57 44

11 Carr

---

---

---

---

---

---

---

---

--- --- 27 25 27 25 16 31 31 27 19 28 25 24 31 26 24 30 29 27 27 25 26 25 27 51 26 27 29 25 26 13 27 27 27 25 26 22 28 27

12 Cass

---

---

---

---

---

---

---

---

---

--- --- 55 66 58 34 57 58 72 30 58 35 66 56 63 53 58 48 52 52 57 56 46 62 34 50 58 62 69 65 14 47 58 57 57 58 56 52 46

13 Cast

---

---

---

---

---

---

---

---

---

---

--- --- 53 72 30 51 53 62 30 52 36 55 57 71 47 61 40 46 48 48 50 48 54 33 61 51 49 55 54 16 52 51 72 65 60 70 49 45

14 Ches-I

---

---

---

---

---

---

---

---

---

---

---

--- --- 55 31 60 62 67 28 60 36 61 52 59 57 54 53 48 51 50 58 47 55 31 53 62 49 69 60 16 48 61 53 53 57 54 55 47

15 ChrB

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 30 58 57 68 31 58 40 57 53 77 45 59 40 47 48 56 52 52 55 29 61 59 51 59 56 16 59 59 70 67 68 66 49 45

16 Cock

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 32 33 34 29 36 25 30 29 35 32 26 24 28 25 29 29 29 31 21 26 36 32 32 33 10 24 37 29 32 31 32 29 33

17 Corn-I

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 89 59 33 94 39 53 52 59 48 52 44 48 46 52 69 59 57 33 51 89 49 57 51 16 62 89 52 52 55 51 47 55

18 Corn-II

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 59 33 92 40 54 52 60 51 52 44 49 47 53 73 56 59 34 49 91 50 58 53 17 60 89 53 53 55 52 47 54

19 Cow

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 32 59 41 81 57 66 55 59 44 48 49 60 60 48 63 32 57 59 63 83 67 15 53 59 61 62 59 66 49 46

20 Cuc

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 34 37 27 31 31 30 29 22 30 32 28 31 33 26 20 31 35 31 28 27 18 32 35 29 34 28 30 35 28

21 Job

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 41 53 52 60 49 51 42 48 46 52 71 57 58 34 49 94 51 57 52 16 59 93 53 53 56 53 46 56

22 Kiwi-I

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 37 35 40 36 35 23 28 31 35 41 31 35 24 36 40 36 36 33 17 34 40 38 37 32 35 27 30

23 Mugb

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 53 58 49 53 41 44 44 54 54 44 68 30 48 54 56 80 62 13 47 53 54 53 50 55 46 42

24 Mugw

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 57 46 54 38 42 44 58 52 41 56 31 46 51 53 54 56 16 41 51 49 54 47 53 48 44

25 Mus

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 46 68 42 48 50 55 56 51 59 32 65 60 55 60 57 18 57 59 72 69 67 71 49 47

26 Pap

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 43 47 48 49 45 45 45 49 30 40 48 46 54 47 15 45 47 46 45 49 44 47 36

27 Pear

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 43 44 46 53 49 47 55 35 55 49 49 55 56 17 51 49 59 51 59 53 46 40

28 PMC-1

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 61 62 45 46 41 46 30 36 44 45 49 40 17 42 43 39 36 42 34 59 47

29 PMC-2

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 83 51 44 37 52 31 45 48 45 51 43 18 42 47 44 40 45 41 77 42

30 PMC-3

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 52 46 36 48 30 47 46 52 52 48 16 41 45 47 43 46 43 77 43

31 Rag

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 50 43 57 31 44 55 54 57 54 16 43 55 47 44 48 48 50 41

32 Rice-I

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 57 56 29 51 69 51 57 52 17 57 68 54 47 47 48 47 59

33 Rice-I

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 47 27 47 60 40 46 41 17 66 59 44 49 51 48 38 50

34 SF-I

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 32 47 59 52 64 55 13 48 58 53 48 49 53 52 45

35 SF-II

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 26 32 36 32 33

36 Sesa

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 49 44 48 47 18 47 49 64 65 50 73 46 42

37 Sorg

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 50 58 53 15 61 97 52 53 56 53 47 53

38 Soy-I

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 60 65 13 40 49 52 51 52 52 48 44

39 Soy-II

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 67 14 51 57 54 53 55 57 52 47

40 Soy-III

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 14 41 52 53 53 53 54 52 46

41 Squ

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 16 14 15 14 15 16 17 17

42 Sug-1

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 60 49 49 54 49 41 46

43 Sug-2

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 52 53 56 53 46 53

44 Sug-3

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 64 61 64 46 44

45 Swe

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 57 76 44 46

46 Taro

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 57 42 48

47 Tom-1

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 45 46

48 Tom-2

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

--- --- 42

49 Whe

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

---

76

7

8

22 27 28 27 28 25 21 23

24 32 31 28 35 27 26 31

--- ---

Other clades also showed high plant taxa relationships, for example in clade 3 are
members of the tomato and potato multi-cystatin, both plants belong to Solanaceae
family and both phytocystatins are characterised by multiple domains. Clade 4
includes mostly members of the Fabaceae (Leguminosae) family for example the
soybean multi-cystatin domains and cowpea cystatin. This clade seems to be
evolutionary primitive. However, one of the domains clustered in clade 3, shows
significant difference from its other domain cousins.

In a similarity matrix drawn to compare the sequence similarity of phytocystatins,
percentage similarly ranged from 7% to 94% (Table 4.3). Phytocystatins with the least
similarities included Arabidopsis-II and III, corks comb, cucumber and squash. High
similarities were observed in avocado (Avo), barley (Bar), bitter dick (Bit) and
broccoli (Broc). The highest similarity percentage was found between corn-I and job
cystatins. This suggests that these are orthologs, genes that have maintained sequence
and functional similarity even after speciation. A few more examples were identified
in this similarity matrix; Arabidopsis-I (AraI) and broccoli (Broc) with 87%
similarity, broccoli and Christmas bells, 79% similarity, corn-I and sorghum with
89% similarity (Table 3.2).

Modelled 3D structures of phytocystatins did show a few variations in the secondary
structure elements and their arrangement. OC-I, which is the only phytocystatin
whose crystal structure has been determined so far, was the only template structure
used for the comparative modelling to determine the 3D models of unknown
phytocystatins. Despite the diversity of origin (plant species and tissue types),
phytocystatins structures have many structural features in common. The major
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differences in the 3D structures were length of the N-terminal trunk, length of the 2nd
hairpin loop, length of the 5th β-strand and length of the C-terminal (Figure 3.3).
Further, as found from experimental structures of chicken egg white (Rawlings and
Barret, 1990; Turk and Bode, 1991) and OC-I, other phytocystatins display the same
general structural features i.e. five (in some cases four as in the corn cystatin and
sunflower multi-cystatins sca and scb) anti-parallel β-sheets, wrapping halfway round
a single central α-helix structure and three hairpin loops (Figure 3.3).
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A

Oryzacystatin-I

Barley cystatin

Corn cystatin-I

Cabbage-II

Arabidopsis-I

Avocado

Bitter Dock

Chestnut

Papaya

SCA

SCB

PMC10-4

B

C

D

Figure 3.3

Predicted three-dimensional structures of selected phytocystatins
representing the major phylogenetic groups (Figure 3.2; (A) group 1; (B)
group 2; (C) group 3; (D) groups 4 and 5), and showing the secondary
structural elements; five anti-parallel β-strands (blue), one α-helix (red),
three hairpin loops, a long N-terminal trunk and a short C-terminal. The
figures were made with MOLMOL program (Koradi et al., 1996).
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Figure 3.4

Modelled complex between OC-I (top) and papain (bottom) in front and
side views. OC-I is shown in spheres and its structure coloured by
rainbow. The N-terminal is blue towards the C-terminal red. The surface
of papain is coloured light brown. The active site of papain appears as a
trench extending from the front to the back of the molecule. The active
cysteine residue of papain here coloured green (front view) occurs in the
middle of this trench. The complex was initially modelled manually and
the model refined using MULTIDOCK program based on minimisation
algorithms. Visualisation and rendering graphics were done using
PYMOL program.

Figure 3.4 shows the predicted binding of OC-I onto the papain active site cleft. Insilico docking experiments involving OC-I and papain revealed that OC-I attaches
onto the active site cleft of papain and possibly in the same way with other cysteine
80

proteases (Figure 4.4). Due to electrostatic forces along these two molecules, an
average distance of 1.8Å separates them from each other. During the docking process,
one residue in the N-terminal of OC-I, aspartic acid (Asp4) prevented the inhibitor
from docking closer into the papain active site.

3.5

Discussion

This study has provided new information about the structure of phytocystatins.
Firstly, despite high structural similarity of phytocystatins, there is very wide
variation in inhibition potential meaning that biochemical screening could yield
selections of cystatins targeting a wide range of pests as well as other uses. It has been
shown in this study that the experimentally determined structure of OC-I can
effectively and successfully be used to predict structural conformations of unknown
cystatins. This improves their analysis and evaluation as demonstrated by Girad et al.,
(2007). Further, it has been elucidated through in-silico prediction of structure that the
individual domains of multicystatins (e.g. tomato and potato), when separated, can
fold into functional proteins individually. Docking and inhibitor- protease complex
prediction was possible for the first time using phytocystatins. From the analyses of
binding candicate residues to engineer for improved binding (and thus inhibition
capacity) were inferred.

In some plant species, for example Oryza sativa (rice), Zea mays (corn) and Solanum
lycopersicum (tomato), more than one highly homologus phytocystatin has been
identified. In other plants, like Glycine max (soybean), Helianthus annuus (sunflower)
and Solanum tuberosum (potato), multiple domain cystatins have been identified. It
has been shown that when these domains, which occur in tandem, are cleaved by
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enzyme digestion, the separated domains can fold into functional proteins retaining
their inhibitory activity (Walsh et al., 1993). This suggests that these forms of multidomain cystatins may have arisen as a result of gene duplication events. The potato
multicystatin for example has eight domains while the sunflower multi-cystatin has 4
active domains.

Evolutionary relationships among phytocystatins were inferred using an unrooted
phylogenetic tree. As expected, most phytocystatins grouped together to reflect the
plant taxonomic groups. However, some members of the multidomain cystatins
tended to occur in distinctly different groupings. This suggests that plants, such as
tomato, soybean, sunflower and sugarcane, contain complete cystatin coding genes
that may have distinctly different evolutionary origins.

It is still structurally unclear how the phytocysatins with longer N-terminal trunks are
more potent than the shorter forms. From nuclear magnetic resonance (NMR) data of
OC-I it is known that the N-terminal trunk is highly flexible and does not form any
ordered structure. In-silico observations in this study have shown the possible
formation of a bond between residues GLY6 and VAL8 forming a loop structure in
long enough N-terminals. This probably stabilises the trunk allowing a more precise
binding more and rendering the complex more stable. Cystatins bind to proteases with
a 1:1 stoichiometry and with varying affinities. However, it is not clear weather this is
true for the multi-domain cystatins. The whole phytocystatin molecule is wedge
shaped with the N-terminal and the two hairpin loops forming the sharp edge in some
cases the N-terminal protrudes out into a long arm extending outwards from the rest
of the structure (Figure 3.3) forming what has been referred to as a trunk. This sharp
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edge is highly hydrophilic and complimentary to the active cleft of cysteine proteases
(Bode et al., 1988) forming the active site region. The active site itself is composed of
a glycine residue in the N-terminal and this appears to be the most important binding
site in many cystatins although its removal or absence does not seem to affect binding
by other types of phytocystatins (Arai et al., 1991). The sca and scb cystatin domains
of the sunflower multi-cystatin do not have N-terminal trunks (Figure 3.3) despite
retaining high affinity for cysteine proteases (Kouzuma et al., 1996).

OC-I is still the only phytocystatin one whose tertiary structure has been
experimentally determined. In this study, bioinformatics tools have been successfully
used to predict the inhibitor-protease (OC-I and papain) complex. In general, the
binding in the predicted complex was in agreement with that of the experimental
complex structures previously reported between stefin-B and papain (Studds et al.,
1990) and stefin-A with cathepsin-H (Jenko et al., 2003). In docking OC-I and
papain, it was difficult to dock two residues of aspartic acid ASP4 in the N-terminal
trunk and ASP86 in the 2nd binding hairpin loop of the C-terminal region. These two
residues are close to the active sites and seemed to prevent closer binding of the active
sited to the target papain. Therefore, these sites appear to be potential targets for sitedirected mutagenesis directed at improving binding and therefore potency of OC-I to
papain and probably to other cysteine proteases. These might be replaced by either
asparagine (ASN) or glutamic acid (GLU) based on the Doolittle amino acid
substitution matrix (Mark et al., 1993). This is one of the many database derived
matrices showing evolutionally substitution of amino acids in many similar proteins.
Through such a matrix amino acid substitutions can be done through site-directed
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mutagenesis, to maintain the overall structure as much as possible but vary small
parameters like bond distance and eventually levels of potency.

The wide variation in affinities found for phytocystatins in this study, and indeed also
in other animal cystatins, is not explainable by a simple structural difference. For
example, an inhibitor with highly similar structural features has a great difference in
affinity. Nikawa et al., (1989) reported that the 1st binding hairpin loop with the
QVVAG highly conserved motif was not essential for cysteine protease inhibitory
activity in cystatin-A. This study identified that PMC10-4, a potato multi-cystatin
domain, retains high affinity despite having only the N-terminal and the 1st loop. Sca
and scb retain high affinity (mean Ki is 0.003nM) despite not having an N-terminal.
This means that the two rely on the 1st and 2nd hairpin loops for their activity.
Therefore, it is possible that such functional differences may be explainable by small
structural features at residue level that result in great differences in affinity of the
inhibitor.
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CHAPTER 4
Engineering of a papaya cystatin using site-directed
mutagenesis to improve its activity against papain and
weevil digestive cysteine proteases

Scientific Communication
Parts of this cahpter led to the publication:
Kiggundu, A., Goulet MC., Goulet C., Dubuc JF., Rivard D., Benchabane M., Pépin G., Van der Vyver
C., Kunert K. and Michaud D. (2006). Modulating the protease inhibitory profile of a plant cystatin by
single mutations at positively selected amino acid sites. The Plant Journal, 48, 403–413.
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4.1

Abstract

The usefulness of native phytocystatins for pest control is limited by the co-evolution
between the pest and host-plant. This has allowed insects to develop ways of
overcoming the presence of inhibitors in plant tissues. This includes the production of
insensitive proteases in the variable gut environment helping insects to elude the antinutritive effects of cystatins. Protein engineering was employed in this part of the
study to attempt to produce variants of a papya cystatin with improved activity against
a model protease papain and also against gut proteases of banana weevil and the black
maize beetle Heteronychus arator Fabricius (Coleoptera: Scarabaeidae). Specific
amino acids in the amino acid sequence of the papaya cystatin were changed using
site-directed mutagenesis. An evolutionary and structural analysis strategy was
applied to improve cystatin activity against cysteine proteases. The papaya cystatin
was amendable to improvement and papaya cystatin mutants showed 1.5- to 6-fold
improved inhibition of papain. Amino acid changes close to conserved regions of the
protein provided the most improved inhibition against cysteine proteases.
Improvement was not as high as for papain when banana weevil and black maize
beetle gut extracts were tested. Improvements ranged from 1.5- to 2-fold in the mutant
E52Q with a change from glutamic acid to glutamine. Novel cystatin mutants with
increased inhibitory activity represent a first step in setting up a library of mutated
phytocystatins with improved inhibition against both endogenous cysteine proteases
and proteases derived from plant pests.
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4.2

Introduction

The usefulness of native protease inhibitors for peat control is limited due to the fact
that over evolutionary time insects have developed ways of overcoming the presence
of inhibitors in plant tissues. This is mainly due to the production of insensitive
proteases in insects and the variable gut environment which helps insects to elude the
anti-nutritive effects of phytocystatins. Engineering of phytocystatins by changing
amino acids in the amino acid sequence for better binding to proteases is one strategy
to possible improve the efficiency of cystatins. In a first approach, using cystatin
engineering, better protection against a plant pest has been found with transgenic
plants expressing an engineered OC-I (Urwin et al., 1997, Irie et al., 1996). Sitedirected mutagenesis is applied as a tool to alter the amino acid sequence through the
replacement of single or several nucleotide bases to alter amino acid sequence of the
respective protein.

There are mainly two general strategies for protein engineering (i) rationale design
and (ii) directed evolution. In rationale design, detailed knowledge of the structure
and function of the target protein is used to make changes in the sequences that
through site-directed mutagenesis leads to the desired modulation of function and
properties (Carter, 1986; Young and Dong, 2003). The second method known as
directed evolution mimics natural evolution. This method is performed by application
of random mutagenesis to a protein followed by a high throughput selection to
identify variants that have the desired qualities. This method has been shown to
successfully produce improved proteins. However, it requires large amounts of
recombinant DNA which has to be mutated. Also, the products screened often require
expensive robotic equipment for automated selection assays.
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However, for the successful application of the rationale design approach, additional
evolutionary analysis has to be carried out. This includes positive site selection at the
amino acid level as a guide to mutagenesis. A number of studies have shown that
proteins involved in host defence responses are subject to adaptive evolution. This
results from direct selection pressure on amino acid resides that directly interacts with
target molecules of invading or predatory organisms (Barbour et al., 2002; Bishop et
al., 2000; Sawyer et al., 2005). Most genetic variation detected at the molecular level
is assumed to result from randomly generated mutations so that mutations that confer
a selective advantage to the host are maintained in evolutionary time (Yang and
Bielawski, 2000). At the gene level, this process of positive selection (maintenance of
mutations that confer advantage) can be detected by comparing the rate of nonsynonymous codon substitutions (dN), where the original amino acid is substituted for
an alternative residue, and the rate of synonymous substitutions (dS), where the
original amino acids are preserved. In practice, the ratio of dN to dS, referred to as ω,
is considered to be a reliable measure of the directional selection exerted on the
protein (Yang, 2005). For amino acid sites with little or no impact on the activity of
the protein, the ω ratio will be close to 1 as nonsynonymous mutations will be fixed at
the same rate as synonymous mutations by neutral selection. Conserved amino acid
sites, where any amino acid substitution would strongly compromise biological
activity, will typically show a ω ratio close to 0 as a result of negative (or purifying)
selection. In contrast, amino acid substitutions giving the organism a selective
advantage will tend to be readily fixed in the population, resulting in calculated ω
values greater than 1 for the corresponding amino acid site. Statistical methods based
on maximum-likelihood models have been developed to detect positive selection by
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the estimation of ω values (Yang and Bielawski, 2000). These methods allow the
identification of specific codon and amino acid sites subject to positive selection
(Bielawski et al., 2004; Ivarsson et al., 2003; Sawyer et al., 2005; Yang et al., 2000).

The objective of this part of the study was therefore to use an evolutionary guided
rationale for engineering of a papaya cystatin for improved inhibition of a cysteine
protease. Maximum-likelihood models were used to detect amino acid sites in
Poaceae (monocots; seven species) and Solanaceae (dicots; potato and tomato) that
have, over evolutionary time, been subjected to positive selection. Possible sites for
mutations were selected that can improve the activity or inhibitory profile of
phytocystatins to asses if actually positive selection has occurred in phytocystatins.

4.3

Materials and methods

4.3.1

Phylogenetic and structural model analysis

Phylogenetic analysis as well as the protein structural modelling analysis that was
used to predict potential mutatable sites has been outlined in Chapter 3 of this thesis.

4.3.2

Detection of positive selection sites in PhyCys

Positive selection sites for phytocystatin genes were detected using maximum
likelihood models M0, M1, M2, M3, M7, M8, R1 and R2, which are present in the
software package Phylogenetic Analysis Maximum Likelihood (PAML) version 3.14
(http://abacus.gene.ucl.ac.uk/software/paml.html) (Yang, 1997). PAML includes a
suite of codon-based models that can be used to estimate x, the ratio of the rate of
non-synonymous substitutions per non-synonymous codon site (dN) to the rate of
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synonymous substitutions per synonymous site (dS) as well as calculation of posterior
Bayesian probabilities needed to identify positively selected sites in genes.

4.3.3

Construction of over-expression vector for papaya cystatin (PC)

The PC coding sequence was excised from the cloning vector pBlCYS1 using the
restriction enzymes EcoRI and PstI. The EcoRI/PstI fragment was then first cloned
into the EcoR1/PstI site of pBlueScript (Stratagene, USA) and then as a BamHI/KpnI
fragment from pBlueScript into the vector pQE31 to achieve in-frame expression of a
6Xhis-tagged protein. This sub-cloning procedure created the plasmid pQE31PC-I
(Figure 4.1). This plasmid was transformed into E. coli cells (strain JM109) for
storage and into E. coli strain M15 for expression according to the QIAexpressionist
kit user’s manual (Qiagen, Germany). Site-directed mutagenesis to engineer PC was
done directly in the expression vector pQE30XaCYS.

Figure 4.1

Schematic representation of recombinant protein expression vector
pQE31PC-I created to express PC. In this vector site-directed
mutagenesis was also performed.

4.3.5

Mutagenesis primer design

For each site to be mutated, two mutagenic oligonucleotide primers were designed.
These primers contained the desired mutation with at least 10 to 13 bases flanking the
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mutation were exactly complimentary to the template DNA. This was achieved by
using PrimerX (http://bioinformatics.org/primerx/), a web-based program developed
to automate the design of mutagenic PCR primers for application in site-directed
mutagenesis. Based on input (DNA or amino acid sequence), the program compares a
template sequence that already incorporates the desired mutation. It then generates
several forward and reverse primer sequences by encoding the mutation and finally
computes for other necessary primer information like melting temperature and GC
content for each primer pair. The primers, which were used in this study, are outlined
in Table 4.1.
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Table 4.1 Sequence information of the mutagenic primer pairs used for the
mutations. Mismatched bases are underlined. *Mutation 16 was an Nterminal truncation to remove seven amino acids. The primer pairs were
created to cut out 21 bases and include part of the vector backbone.
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Mutation
number
1

Mutant
Code
CYSP03F

Primer sequence
Forward and Reverse
5’GAGGGAAGGATGGAGTTCGGAATTGTGATC 3’
5’CCGATCACAATTCCGAACTCCATCCTTCCC 3’

2

CYSP03S

5’GGGAAGGATGGAGTCCGGAATTGTGATC 3’
5’GATCACAATTCCGGACTCCATCCTTCCC 3’

3

CYSV06R

5’GAGCCCGGAATTCGGATCGGTGGTTTG 3’
5’CAAACCACCGATCCGAATTCCGGGCTC 3’

4

CYSI07L

5' CCCGGAATTGTGCTCGGTGGTTTGC 3'
5' GCAAACCACCGAGCACAATTCCGGG 3'

5

CYSI07A

5' CCGGAATTGTGGCAGGTGGTTTGCAG 3'
5' CTGCAAACCACCTGCCACAATTCCGG 3'

6

CYS07V

5' CCCGGAATTGTGGTCGGTGGTTTGC 3'
5' GCAAACCACCGACCACAATTCCGGG 3'

7

CYSI07D

5’CCCGGAATTGTGGACGGTGGTTTGC 3’
5’GCAAACCACCGTCCACAATTCCGGG 3’

8

CYSA32V

5’CGCCGTCGATGTGCCACAACAAAG 3’
5’CTTTGTTGTGGCACATCGACGGCG 3’

9

CYSA52P

5' GTGAATGTAAAGCAGCCAGTGGTTGAAGGC 3'
5' GCCTTCAACCACTGGCTGCTTTACATTCAC 3'

10

CYSA52Q

5’GAATGTAAAGCAGCCAGTGGTTGAAGGC 3’
5’GCCTTCAACCACTGGCTGCTTTACATTC 3’

11

CYSE55A

5’CAGGCAGTGGTTGCAGGCTTAAAGTAC 3’
5’GTACTTTAAGCCTGCAACCACTGCCTG 3’

12

CYSC60T

5' GTTGAAGGCTTAAAGTACACCATCACTTTGGAGGCTG 3'
5' CAGCCTCCAAAGTGATGGTGTACTTTAAGCCTTCAAC 3'

13

CYSI78V

5’GTATATGAGGCCGAGGTCTGGGTGAAGCTC 3’
5’GAGCTTCACCCAGACCTCGGCCTCATATAC 3’

14

CYSW79P

5’GAGGCCGAGATCCCGGTGAAGCTCTGG 3’
5’CCAGAGCTTCACCGGGATCTCGGCCTC 3’

15

CYSE84A

5' GTGAAGCTCTGGGCGAATTTCAGGAGC 3'
5' GCTCCTGAAATTCGCCCAGAGCTTCAC 3'

16

CYSN85X

5' GAAGCTCTGGGAGTTCAGGAGCTTG 3'
5' CAAGCTCCTGAACTCCCAGAGCTTC 3'

15

CYSR87C

5’CTGGGAGAATTTCTGCAGCTTGGAGGGATT 3’
5’GAATCCCTCCAAGCTGCAGAAATTCTCCCA 3’

16*

CYStNT

5’CTGGTATCGAGGGAAGGATGGGTTTGCAGG 3’
5’CCCTCGACGTCCTGCAAACCCATCCTTCCC 3’

4.3.6

Site-directed mutagenesis

Site-directed mutagenesis was done following a modified Quick Change mutagenesis
method (Stratagene, USA), which was an effective and simple method with which
mutations can be carried out inside expression vectors (Fisher and Pei, 1997).

.
Figure 4.2

Schematic representation of the site-directed mutagenesis protocol
used (modified from QuickChange® Site-Directed Mutagenesis Kit
Manual #200518, Stratagene, USA)

The whole method is divided into three stages; amplification of mutant DNA,
degradation of parental DNA (methylated) and transformation into E. coli cells.
Briefly, primers containing miss-matched nucleotides at site of intended mutation
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resulting in the desired modification anneal to complementary opposite strands of the
template plasmid DNA. These are then extended in a PCR using Pfu DNA
polymerase. The PCR reaction is then treated with DpnI endonuclease enzyme, which
specifically targets methylated DNA, in this case the parental plasmid DNA. The new
double-stranded DNA containing the desired mutations is then transformed into E.
coli competent cells and stored until needed for further use.

In this particular study, the amplification step was modified into a two-stage PCR as
described by Wang and Malcom (1999). Two separate primer extention reactions one
for each primer were set up as follows; 10-15ng template plasmid (5µl), 10X Pfu
buffer (5µl), 25µM primer-1 (1µl), 10mM dNTPs (1µl), 2.5 units Pfu DNA
polymerase (Fermentas #EP0571) (1µl) and sterile distilled water up to 50µl total
reaction volume. Exactly the same reaction was set up for the second primer. The
PCR conditions setup on an automated cycler (Palm Cycler, Corbett Life Science,
Australia) were denaturation at 94°C for 30sec, 4 cycles of; 95°C 30sec, 55°C 1min,
68°C 7min (2 minutes/kb of plasmid length and pQE31PC-1 is 3500bp). The reaction
was held at 4°C on completion of cycling.

In the second PCR stage, 25µl from each of the separate reactions above were
combined in a new tube, 1µl Pfu polymerase added, mixed and incubated as above
except that the cycles were increased to 18. To degrade parental DNA, 10 units of
DpnI enzyme were added to the cooled reaction, mixed well and incubated at 37°C
for 1hr.
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Finally, the reaction containing mutant DNA was used for transformation in
competent E. coli cells. This was done by placing 200µl competent JM109 cells in a
Falcon tube on ice plus 2µl of the digested PCR reaction and incubated on ice for
20min. Heat shock was performed by placing the cell/DNA mix at 42oC for 60sec and
then returned on ice for 2min. LB (500µl) broth was added and then the cells were
incubated at 37oC with shaking at 200rpm for 1hr after which 100µl of this culture
was plated on solid LB containing 100ml/l ampicillin and incubated overnight 37oC.
Three individual colonies were picked and inoculated into LB broth (50ml) containing
100ml/l ampicillin and again incubated at 37oC overnight with shaking at 180rpm.
Minipreps were made and pure plasmid DNA sent for sequencing.

4.3.7

Protein expression

All the mutants were expressed directly in the pQE31P-1 vector in which the
mutations were done using the QIAexpressionist kit (Qiagen, Germany) as described
in the manufactures manual and also described in Chapter 2 (Section 2.3.8) of this
thesis. Briefly, LB medium (5ml) with antibiotics (50mg/l kanamycin and 100mg/l
ampicillin) was inoculated with a single bacterial colony of E. coli (strain M15) cells
containing pQE31PC-1 mutants and grown overnight at 37oC with shaking at 200rpm.
Pre-warmed LB medium (100ml) with antibiotics (as above) in a 250ml conical flask
was inoculated with 5ml of the overnight culture and incubated at 37oC with shaking
as above until the optical density at 600nm (OD600) reached 0.6. Isopropypyl-β-Dthiogalactopyranoside (IPTG) was then added to a final concentration of 1mM to
induce expression and incubation continued for another 4hrs. Bacterial cells were
harvested by centrifugation (13000rpm at 4oC) for 10min and stored frozen at -20oC
until purification.
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4.3.8

Protein purification

Purification was performed under native conditions to preserve the conformational
integrity of the protein. Frozen cell pellets were thawed on ice for 30min, resuspended in his-tag lysis buffer (50mM sodium di-hydrogen phosphate, pH 8.0;
300mM sodium chloride; 10mM imidazole) at a rate of 2ml per 1mg of cells and 1mg
lysozyme was added. This was mixed gently and incubated on ice for 1hr. The cell
suspension was then sonicated using a sonicator (Cell Disruptor B-30, Branson Sonic
Power Co./SmithKline Co.) fitted with a standard micro-tip and set to 20% duty cycle,
2 output control and in pulse mode. The cells were sonicated using 10 bursts with
10sec cooling on ice between each burst, taking care not to create much frothing. The
lysates thus obtained were centrifuged at 10,000rpm for 30min at 4oC in a centrifuge
and the clear supernatant transferred into fresh Eppendorf tubes to which 800µl of
50% Ni-NTA slurry (Qiagen, Germany) was added. The tubes were shaken at 200rpm
for 30min at 4oC after which the cell lysate mixture was poured into a short plastic
column (made with a 2.5ml syringe and a glass wool plug at the bottom) with the
bottom cover in place. The cover was removed after the slurry settled and the flowthrough collected. Two-times 1ml wash buffer (50mM sodium di-hydrogen
phosphate, pH 8.0; 300mM sodium chloride; 50mM imidazole) was carefully poured
over the column and collected at the bottom. This was followed by pouring slowly 4times 500µl elution buffer (50mM sodium di-hydrogen phosphate, pH 8.0; 300mM
sodium chloride; 250mM imidazole) over the slurry. The elutions were collected
separately in 500µl fractions. Five micro-liters of each fraction (flow-through, washes
and elution fractions) were each added to 5.0µl SDS-PAGE sample buffer (6% βmercaptoethanal, 6% SDS, 0.6% bromophenol blue, 20% glycerol) heated to 37 oC for
10min and loaded onto a 15% polyacrylamide gel for evaluation of the purification
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process and detection of the recombinant proteins. The purity of the inhibitors was
assessed using 15% (w/v) SDS-PAGE analysis as described in (Sambrook et al.,
1989). The protein concentration of the elution fractions was finally determined using
the Bio-Rad protein assay kit (Bio-Rad, South Africa), and fractions were stored in
aliquots at 4oC until required.

4.3.7

Enzyme kinetics of mutants

Dissociation constants (Ki(app)) for the interaction and inhibition of a model cysteine
protease, papain, by the papaya cystatin variants obtained were determined by the
monitoring of substrate hydrolysis progress curves as described by Salvesen and
Nagase (1989). Papain activity was measured in 50mM Tris-HCl, pH 6.0 containing
5mM L-cysteine as reducing agent using the synthetic substrate N-CBZ-Phe-Arg-7amido-4-methylcoumarin. Hydrolysis was allowed to proceed at room temperature
while monitoring progress on the spectro-fluorometer with excitation and emission
filters at 360nm and 450nm, respectively. When the reaction reached a steady state,
the inhibitors were added and monitoring continued until a new steady state was
reached. The difference in the initial vs final reaction rates was used to compute the
apparent Ki value of the inhibitor.

4.4

Results

4.4.1

Rationale of mutations

Table 4.2 below outlines the particular amino acid change. Some of these changes
were prompted by literature reports. In particular the truncation of the N-terminal has
been reported not being important in some cystatins. However the modelling study
showed that it may be important in stabilising the protein at the active site. Figure 4.3
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below illustrates that mutations at sites 52 and 55 flanking the major functional motif
‘VV’ gave the highest improvement in inhibition. An indication that activity
differences in phytocystatins could be explained by the sequence variability close to
the active sites.

Table 4.2

Mutations performed on native PC, the amino acid changes made and
the respective rationale. The mutant code refers to the amino acid
changes made, for example CYSC60T refers to a mutation were
cysteine at position 60 was replaced with thereonine.

Mutation
number

Mutant code

Amino acid change

Rationale

1

CYSP03F

Proline (position 3) to
phenylalanine

Mutation in positive selection site in the N-terminal

2

CYSP03S

Proline (position 3) to serine

Mutation in positive selection site in the N-terminal

3

CYSV06R

Valine (position 6) to
arginine

Random mutation in a less conserved region close to
the N-terminal active site.

4

CYSI07L

Isoleucine (position 7) to
leusine

Random mutation in a less conserved region close to
the N-terminal active site.

5

CYSI07A

Isoleucine (position 7) to
alanine

Random mutation in a less conserved region close to
the N-terminal active site.

6

CYSI07V

Isoleucine (position 7) to
valine

7

CYSI07D

Random mutation in a less conserved region close to
the N-terminal active site. Both isoleuince and valine
are aliphatic and hydrophobic.
Random mutation in a less conserved region close to
the N-terminal active site. Isoleuince and aspertic acid
have very different chemical properties, however
aspertic acid has the smallest side chain, than would
less interfere with binding of the N-terminal.
Random mutation in a less conserved region, both are
small and hydrophobic.

Isoleucine (position 7) to
aspertic acid
8

CYSA32V

9

CYSA52P

10

CYSA52Q

Alanine (position 52) to
Glutamine

11

CYSE55A

Glutamic acid (position 55)
to alanine
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Alanine (position 32) to
valine
Alanine (position 52) to
proline

Random mutation in a positively selected site close to
the 2nd loop active site. Proline substitution showed
increased bond number in the 2nd loop and may
improve structural strength.
Random mutation in a positively selected site close to
the 2nd loop active site. Proline substitution showed
increased bond number in the 2nd loop and may
improve structural strength.
Random mutation in a positively selected site close to
2nd binding site.

Mutation
number

Mutant code

Amino acid change

Rationale

12

CYSC60T

Cysteine (position 60) to
threonine

13

CYSI78V

Isoleucine in (position 78) to
valine

Cysteine was found to be a very rare amino acid in
phytocystatins so it was changed to threonine also a
small and hydrophobic amino acid.
Random mutation in a positively selected site close to
the C-terminal active site.

14

CYSW79P

Tryptophan (position 79) to
proline

Random mutation in a positively selected site close to
the C-terminal active site.

15

CYSE84A

Glutamic acid (position 84)
to alanine

Random mutation in a positively selected site close to
the C-terminal active site.

16

CYSN85X

Deletion of asparagine in
position 85

17

CYSR87C

Arginine (position 87) to
cysteine

18

CYStNT

Trucation of the first 7
amino acids of the Nterminal

Random mutation in a less conserved region close to
the C-terminal active site. Asparagine deleted from the
sequence.
Random mutation in a less conserved region close to
the C-terminal active site. Arginine’s long side chain
seemed to interfere with C-terminal binding.
Truncation of N-terminal to reduce interference in
binding

19

CYSA52QE55A

Combined 9 and 10
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Combining two improved mutations

Consensus
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Figure 4.3 Consensus sequence from a multiple alignment (see also Chapter 3). The positions of the three active sites on the sequence are
indicated by an asterix. The mutations performed are indicated on the amino acid sequence as in Table 4.1. The mutations that gave
the highest improvement are highlighted in yellow.
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4.4.2

Positive selection among plant cystatin genes

Maximum-likelihood tests were carried out to predict positive selection among codon
sites in a combined dataset of Poaceae and Solanaceae cystatin coding sequences.
This was based on the phylogenetic analysis outlined in Chapter 3 of this thesis
according to the methods described by Yang et al. (2000). Based on codon
substitution models M0, M1, M2, M3, M7 and M8 (Yang et al., 2000), 18 codon sites
showing Bayesian posterior probabilities greater than 60% were considered to have
been subjected to positive section during the evolutionary advancement of these genes
(Table 4.3; Figure 4.3). Three models M2, M3 and M8 allowing for positive selection
fitted the data significantly better than M0, M1 and/or M7, with p<0.01 for all
likelihood ratio tests (Table 4.3). Models M3 and M8, which included 5 and 4
parameters respectively, gave a ω value greater than 1 (1.27) for the codons 1, 2, 6,
10, 15, 16, 17, 25, 29, 31, 45, 47, 51, 57, 58, 60, 76, 84 (Table 4.3). When the ratio of
the rate of non-synonymous codon substitutions to rate of synonymous substitutions is
greater than 1, the substitution at this site has given the organism a selective
advantage and is largely fixed in the population. As expected and previously reported
with other data sets (Yang et al., 2000), positive selection could not be detected under
M2 (ω2<1), whereas M3 and M8, which are more powerful as they allow for
heterogeneous distributions of ω ratios among codon sites (Yang and Bielawski,
2000), gave ω2 (ωfor M8) values greater than 1.

Posterior Bayesian probabilities were calculated to estimate the probability of each
individual codon belonging to an alternate codon assuming that the codon is being
subject to positive selection. Eight sites, showing posterior probabilities greater than
95%, were thus identified to be highly positively selected. This included codons 1, 2,
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6, 10, 45, 47, 76 and 84 (Figure 4.4). Site 2, subjected to several mutations to
investigate mutants at this positively selected site, would improve activity and
inhibition of proteases in-vitro.

Table 4.3

Evidence for positive selection events among codon sites of Poaceae
and Solanaceae cystatins (n=21)

Model

pa

Ω

l

M2

3

0.23

-2690.5

M3

5

1.27

-2688.4

1, 2, 6, 10, 15, 16, 17, 25, 29, 31,
45, 47, 51, 57, 58, 60, 76, 84

M8

4

1.27

-2688.4

1, 2, 6, 10, 15, 16, 17, 25, 29, 31,
45, 47, 51, 57, 58, 60, 76, 84

R1

0.42

-2762.7

R2

0.34, 0.65c -2757.4

a

Positively selected sitesb

p, number of parameters in the model.
Codon numbering was based on the 2nd codon before the GG conserved motif in the
N-terminal as number 1 ring to the last codon in the C-terminal
c
For Poaceae and Solanaceae respectively
b
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Figure 4.4 Location of positively selected codon sites (with Bayesian posterior
probabilities greater than 60% under model M3) in Poaceae and
Solanaceae cystatins. Codon 1 corresponds to the second codon before
the conserved ‘GG’ motif. The dashed line indicates a posterior
probability of 95%.

4.4.3

Mutation and expression of recombinant mutant papaya cystatins

Mutation success using the modified quick change protocol resulted in about 100
colonies on each plate after transformation of E. coli. Usually 2 out of 3 colonies
picked for sequencing were positively mutated. Expression and purification under
native conditions followed the recommended protocols in the QIAexpressionist kit
manual. Figure 4.5 shows a 12% SDS-PAGE with successful expression and
purification of mutants CYSI07D, CYSA53P CYSA32V and CYSW78P. Mutant
proteins were highly pure resulting in a sinle band on the SDS-PAGE gel, but tended
to precipitate after buffer exchange. This problem solved by adding Triton X100 up to
the exchange buffer.
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Mr (Kd)

CYSI07D

CYSA53P

CYSA32V

CYSW79P

31 21 14 -

Figure 4.5

SDS-PAGE (12%) of the purified fractions of selected papaya cystatin
mutants CYSI07D, CYSA53P CYSA32V and CYSW78P to establish
purity during the purification process; lane 1: Molecular weight markers,
lanes 2, 4, 6, and 8 crude extracts from an E. coli culture; lanes 3, 5, 7
and 9 the respective 1st elution from the purification column.

4.4.4

Inhibition activity of papaya cystatin mutants

To determine if the various mutations performed on the papaya cystatin resulted in
any improvement inhibition, enzymatic assays were performed with all mutants and
compared to the original native PC using papain, banana weevil and also black maize
beetle gut extracts. As shown in Figure 4.5, 10 out of the 18 mutants showed a
significant increase in inhibition of papain in-vitro. Mutant CYSA52P and CYSE55A
further had the highest increase (6-fold) compared to the native PC. Mutant
CYSE84A had a 5-fold, while CYStNT (truncation of the N-terminal trunk),
CYSW79P, CYSI07D and CYSI07L all had a 2-fold increase. All increases greater
that 5-fold were under positive selection pressure. Five mutants did not show any
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improvement from the native PC, while 2 mutants, CYSC60T and CYSN85X, had a
significant reduction in inhibitory activity compared to the native PC.

When the mutants were tested against banana weevil and black maize beetle gut
enzymes, the increases in activity were less than for papain (Figure 4.6). Ten mutants
showed significant increases (p<0.05) against banana weevil gut proteases with
CYSE84A (2-fold) while CYSA52P and CYSI07L with a 1.5-fold increase. For the
black maize beetle, only CYSA52P showed a 2.5-fold increase. Mutants CYSE84A,
CYSN97P, CYSE52Q, CYSI07L and CYSP03F, had non-significant increases of less
than 1.5-fold (p<0.05) in their inhibition capacity.
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Figure 4.6

Comparison of inhibition activity between native PC (red bar) and 18 PC
mutants. The inhibitors were tested by monitoring change in reaction
rates of papain hydrolyzing Z-Phe-Arg-AMC a cathepsin-L specific
substrate after addition of the inhibitor. Bars represent the mean ± SE of
3 replications of difference in reaction rate before and after addition of
the inhibitor in fluorescence units.
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Figure 4.7

Inhibition activities between native PC (red bar) and 18 mutants of the
papaya cystatin. Inhibitors were tested by monitoring change in reaction
rates of banana weevil (A) and black maize beetle (B) gut extracts
hydrolyzing Z-Phe-Arg-AMC substrate after addition of inhibitor. Bars
represent mean ± SE of 3 replications of difference in reaction rate
before and after addition of inhibitor in florescent units.
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4.5

Discussion

This part of the study showed that while there is high sequence conservation
particularly in areas that are important to protein structure and function, there were
also areas with high variability in amino acid sites in close proximity to the active site
e.g the first binding loop. Such variability close to inhibitory sites has been
documented for serine-type inhibitors of animal origin. This has been further shown
to generate inhibitor variants with significantly different affinities for serine proteases
(Creighton and Darby, 1989).

The occurrence of hypervariable amino acid sites among plant protease inhibitors as
well as the high variability in affinity supports the idea that these inhibitors have been
under selective pressure to evolve in response to herbivorous insect pests and protease
diversification in the insects (Lopes et al., 2004). The use and diversity of digestive
proteases in coleopteran insects has been well documented (Murdock et al., 1987).
Walter et al. (1998) showed that the more advanced insects had the highest diversity
of cysteine proteases in their gut. This indicates that they have evolved to overcome
inhibitors and are perhaps have a more polyphagous feeding habit. Other studies have
found that herbivorous insects are able eluding the inhibitory effects of phytocystatins
by the use of ‘cystatin-insensitive’ digestive cysteine proteases (Cloutier et al., 2000;
Girard et al., 1998; Michaud et al., 1996) or by breakdown of cystatins using nontarget proteases (Girard et al., 1998; Michaud, 1997; Zhu-Salzman et al., 2003).

Some proof has been provided in this study that at molecular level positive selection
is active in phytocystatins. This is most likely within the variable amino acid residues
in the active site cleft. Differential sensitivity to cystatins was previously identified in
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the coleopteran insect Callosobruchus maculatus, challenged with soyacystatin, a
wound-inducible cystatin from soybean (Moon et al., 2004; Zhu-Salzman et al.,
2003). The accumulation of cystatin-insensitive proteases following cystatin
ingestion, also observed for the potato herbivore Leptinotarsa decemlineata (Cloutier
et al., 2000; Gruden et al., 2004), clearly supports the hypothesis of a co-evolution
process. This is possibly driven by positive selection explaing the long-term
interactions of cystatins with digestive cysteine proteases in plant–insect systems. In
this study, the PC mutants CYSA52P, CYSE55A, CYSE84A and CYSI07L showed
the highest and consistent improvement in inhibition of papain and protease activity
of both banana weevil and black maize beetle. These mutations were all either at
positive selection sites or in variable regions close to the active site of the
phytocystatin.

In practice, the search for positive selection events among insect digestive cysteine
proteases and phytocystatins could be useful in forthcoming years in interpreting the
complex structural interactions taking place naturally between these presumably coevolving proteins. It could futher help in developing rationale strategies for the
molecular improvement of phytocystatin variants with potential in plant protection.
As a first step, the novel phytocyatatin variants from this study should therefore also
be tested in transgenic plants to prove their improved activity in planta. The
identification of positively selected sites in phytocystatins could further be of general
interest in biotechnology. Accumulated data on the functional characteristics of
phytocystatins over the last 10 years have made these proteins not only attractive
genes for pest control in plants but also for the control of cysteine proteases in various
industrial and medical systems (Arai et al., 2002).
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CHAPTER 5
General discussion and future outlook
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5.1

Summary

Crop improvement for pest resistance has continued to be a challenging task for many
plant breeders worldwide. This is partly due to the fact that pest resistance is largely
controlled by multiple genes and introgressing them into elite cultivar presents
numerous challenges. Banana weevil is not an exception. Breeding of banana is
difficult due to sterility, polyploidy and long generation time, and screening large
populations of breeding material (hybrids) for weevil resistance is difficult to achieve
with conventional breeding techniques. Breeding for such vegetatively propagated
long generation crops has been rather by selection of naturally occurring resistance
than conventional breeding. Yet, in many cases these selected lines may not have the
productivity level as elite varieties. Regardless of the difficulties of generating pest
resistance in crops, insect pests continue to destroy crop not only affecting yield in the
field but damaging food already in storage.

The most important question facing the future of agriculture is therefore: How can the
increased demand for food and other related products be met in the ever increasing
world population? In advanced agricultural systems, increased use of fertilizer and
pesticides may provide limited benefits, as they are already reaching optimum levels
and are damaging to the environment. Similarly, future productivity cannot rely on
solely increased irrigation and simply opening up of new lands. These options are also
not available to the many resource poor largely subsistence farmers of Africa, Asia
and South America. Thus, agricultural productivity and enhanced end-use quality in
order to continue supporting humanity will need to exploit the new technologies of
modern genetics coupled with environmentally sound cropping systems. Therefore,
there has been a recent shift from conventional breeding to biotechnology involving

111

either molecular markers to pinpoint resistance traits in QTLs or direct engineering of
genes from diverse species to crops to enhance resistance to pests and other diseases.
One of the most successful control strategies for crop pests has been in recent year the
development of Bt crops (mainly maize and cotton) that have revolutionalised these
agricultural systems. However Bt technology is specific to Lepidopteran insects and
most Coleopterans insects cannot be controlled in the same way.

At the onset of this PhD study, it was hypothesiszed that protease inhibitors, in
particular cysteine protease inhibitors from plants, are potential candidates for the
development of banana weevil resistance in banana. To prove this hypothesis, a
vacuum infiltration assay was developed in which banana stems were infiltrated with
recombinant phytocystatins and then fed to first instar weevil larvae. A first step to
prove the correctness of the hypothesis was the finding that the banana weevil mainly
employs cysteine proteases in particular cathepsin B and L for protein digestion. A
second step of proof was that for the first time a modified in-vivo assay could used in
which banana weevil larvae were fed stems infiltrated with phytocystatins. It was
shown that early developmental rates were significantly reduced by more than 70%
compared to the control. However, the presence of multiple forms will present a
challenge to the strategy of using a single phytocystatin to target the weevil. Clearly
the strategy should consider the use of multiple protease inhibitor forms including
both serine type and cysteine types. In this regard, Ortega et al (1998) reported higher
levels of mortality of larvae of the weevil Aubeonymus mariaefranciscae Roudier
(Col.: Curculionidae) when fed to diets containing a combination of more than one
inhibitor suggesting synergistic toxic effects. Serine proteases are, however, present in
mammal digestive systems and would raise considerable food safety concerns when
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used in a transgenic crop. Alternatives have to be employed by using either tissue
specific or wound inducible promoters instead of constitutive promoter so that the
transgene is targeted to a more specific site and time of expression.

A third step of proof was that action of phytocystatins can be improved by sitedirected mutagenesis. All protein engineering strategies start with the hypothesis that
the target protein has not yet achieved its maximum potential. In this study it has been
shown that site-directed mutation was applied to papaya cystatin, 10 mutants showed
improvement against papain, 10 against banana weevil gut extracts and 8 against the
black maize beetle. This further illustrates the diversity of function and some
specificity as some mutants had increased activity in only one of the insects.

By searching for sites for cystatin engineering the evolutionary dynamics of inhibitorprotease interactions and natural selection were also invesitigated in greater detail.
This allowed understanding of the evolutionary relationships as well as the diversity
in structure and function of phytocystatins. In general, there is a high diversity among
phytocystatins. Diversity contains cystartins with functional multiple domains and
some cystatins showed up in different taxonomic groups when a phylogenic analysis
was carried out. The diversity of evolutionary mechanisms in a single protein family
is likely to be due to repeated interactions between these proteins and the continuous
pressure to create variation.

By investigating evolutionary relationships the process of positive selection has been
proved to occur in phytocystatins. Phytocystatins have amino acid sites that have
during evolutionary time undergone positive selection. This study also providesd
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some evidence that mutations at these sites adding advantage to the host plant. Such
positive selection sites offer the opportunity to modulate phytocystatins for improved
activity or specificity.

Overall, this study has ultimately contributed to the advancement of science by
providing new findings on the diversity of phytocystatins. It has also provided
evolutionary evidence of positive selection in phytocystatins and has shown the
importance of functional diversity both in plant defence proteins vis a vis pest
protease. It has finally shown that cystatins can be improved by changing particular
amino acid sites and several novel engineered cystatins have been created that can
contribute to developing resistance to the banana weevil and also other Coleopteran
insect pests.

5.2

Future outlook

The technology for developing insect-resistant transgenic plants is expanding very
rapidly. Such plants have the potential to become in the future a part of the integrated
pest management systems both for large commercial plantations but also helping
resource poor farmers in Africa. With the development of several transgenic plants
expressing Bt toxin, which are already on the market, clearly illustrates that gene
technologies are a good strategy for developing insect pest resistance that is safe. In
this regard phytocystatins have the advantage of very likely less regulatory concern
since mammals and humans do not use cysteine proteases in their digestive systems.

More novel engineered cystatin mutants could therefore be created and tested in
transgenic plants. In this regard, transgenic tobacco and banana are currently
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produced expressing native and engineered phytocystatins to test for their efficiency
to control insects. Transgenic approaches also include expression of combinations of
different protease inhibitors (serine + cysteine protease inhibitor) or expression of
cystatins with multiple mutations to possibly delay resistance in pests. However, the
challenge with these proteins will be to develop cystatin variants tailored for the
inhibition of specific proteases or sets of proteases. Activity of these target proteases
should be efficiently controlled by phytocystatins without interfering with activity of
endogenous plant proteases or being degraded by non-target cysteine proteases.
Looking at the broader ecosystem level, it may be interesting to use poorly specific
inhibitors to increase the number of target proteases, but maybe not an ideal choice as
these may inhibit non target proteases unless if their activity can be modulated to
make them specific to the targets and less affiants against non-target proteases.
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