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Introduction

I

Introduction

I.1

Plant suspension cultures as bioreactors for recombinant protein
production

Different heterologous expression systems have been used over the past two decades for the
production of clinically useful recombinant proteins. Nowadays transgenic plants including plant
cell suspension cultures have been increasingly used for the production of pharmaceutically and
commercially valuable proteins over other expression systems such as bacterial, yeast,
mammalian and insect cell lines. Production of human therapeutics as well as valuable proteins in
large quantities is economically feasible in transgenic plants and plant suspension cultures like
tobacco BY-2 cells, as it provides a safe and cost-effective production platform. Therapeutically
important proteins like growth factor, plasminogen activator (Kim et al., 2008a; Kim et al.,
2008b; Schiermeyer et al., 2005), antibodies (Fischer et al., 2000; Fujiyama et al., 2007; Sack et
al., 2007; Schillberg et al., 2003), blood substitutes (Magnuson et al., 1998) and vaccines
(Berinstein et al., 2005; Kapusta et al., 1999; Walmsley and Arntzen, 2000; Zhou et al., 2006) are
now produced in transgenic plants or plant suspension cells, although only few are in clinical
trials yet.

I.1.1 Significance of plant suspension cultures in protein production
Plant cell suspension cultures offer many unique advantages over other existing protein
production platforms like bacterial, fungal and mammalian cell cultures. Bacterial systems such
as different Escherichia coli strains are well established for recombinant protein production. But
they are not suitable for synthesizing complex mammalian proteins which most often needs posttranslational modifications (N- and O-linked glycosylation, fatty acid acylation, phosphorylation
and disulfide-bond formation) for proper folding and functional characteristics (Becker and
Hsiung, 1986; Schmidt, 2004). Mainly membrane bound and secretory proteins have these kinds
of modifications. As a prokaryotic expression system, E. coli is not able to perform most of the
above mentioned post-translational modifications. Few other drawbacks are the formation of
insoluble and misfolded proteins in inclusion bodies, codon usage (Clark et al., 1998) and lack of
appropriate chaperones results in incorrect folding of some target proteins. There are some
alternative strategies available to deal with these problems, such as the use of engineered E. coli
strains (e.g. RosettaTM from Novagen) with additional tRNA species or the use of synthetic genes
(might be costly for more than one gene) can solve the codon usage problem. Co-expression of
chaperons was found to increase the solubility of the target protein(s) in E. coli. But there are
limitations in selection of different E. coli strains for the co-expression of chaperons, as same
antibiotic resistance genes are often used in the chaperone plasmids as that of the engineered E.
coli strains. Besides, overexpression of certain chaperones was found to enhance target protein
degradation in some cases (Huang et al., 2001a; Kandror et al., 1994), whereas accumulation of
soluble target proteins in some cases depends on certain specific combinations of chaperones
(Berges et al., 1996). In addition, retention of amino terminal methionine in E. coli expressed
proteins was found to affect protein stability and produce immunogenicity (Takano et al., 1999).
-1-
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But this problem was solved to some extent by the fusion of target protein to ubiquitin which
provides more stability to the target protein (Butt et al., 1989; Xu et al., 2007). Although fungal
systems like Pichia pastoris and Saccharomyces cerevisia can perform almost all the posttranslational modifications, they often produce hyper-glycosylated products with high mannose
content (Boraston et al., 2001; Grinna and Tschopp, 1989). Mammalian expression system such
as the CHO (Chinese Hamster Ovary) cell line is another well established production platform for
complex mammalian proteins (Chou et al., 2005; Kawar et al., 2005; Park and Tenner, 2003;
Zullo et al., 2005). This system can synthesize and correctly process recombinant proteins with
all kinds of necessary post-translational modifications. But it also has certain disadvantages such
as relatively high cost of production due to expensive cell culture media, the risk of
contamination with animal viruses, prions etc; and finally shear sensitiveness of the cells makes it
difficult for industrial scale production. Nowadays, use of special bioreactors (different to the
common chemical reactors or bioreactors used for microbial cultures) prevents the mammalian
cells from shear force to some extent and thus makes it possible to culture them at industrial scale
(Birch and Racher, 2006; Meuwly et al., 2007; Voisard et al., 2003).
Plant cells are similar to animal cells in structure and function and thus can perform all the posttranslational modifications. Plant cells are safer than animal cells as they do not harbor
mammalian viruses or pathogens. Plant-based systems also provide lower production cost and the
downstream costs may be diminished depending on the application (Boehm, 2007; Hellwig et al.,
2004; Yin et al., 2007). Target proteins can be either produced specifically in different plant
organs by tissue-specific regulatory sequences or at specific cellular growth stages by
manipulating the responsible cis-regulatory sequences within the promoter region. Vaccine
candidates can be expressed in edible plant organs, allowing them to be administered as
unprocessed or partially processed material which will reduce the overall cost of extensive
downstream processing (Sala et al., 2003). Although this strategy sounds promising, none of the
edible vaccine candidates produced so far go beyond Phase I human clinical trials (Daniell et al.,
2009). Transgenic plants can be cultivated on an agricultural scale with necessity of relatively
less investment than other systems (Whitelam et al., 1993; Whitelam et al., 1994). Proteins
produced in seeds are extremely stable, readily stored at ambient temperature and easily extracted
(Lamphear et al., 2004).
Organ or seed specific expression is not possible in plant suspension cells, which instead provide
other benefits. Plant suspension cells can be grown in bioreactors similar to microbial or
mammalian expression systems with target proteins secreted to the cell culture medium and thus
enabling fast and inexpensive downstream processing of the target proteins. Plant cells secreting
target proteins into the culture media can be reused in the bioreactors for continuous culture. In
case of suspension cultures, separation of culture media from plant cells is relatively easy as
because the cells mostly grow in aggregates and thus settle down easily under gravity (Kolewe et
al., 2010). Unlike animal cells, protein-free growth media are used for plant cell culture, thus
reducing the cost of culture media to a great extent. Moreover, the use of protein-free culture
medium containing simple salts makes the purification of target proteins from the plant cell
-2-
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culture medium highly efficient and cost-effective. Induction of local hypersensitive response due
to any external stimuli or gene silencing signal due to dsRNA can not spread from one cell to
another in plant cell suspension cultures, whereas it is a common mechanism in intact plant. The
table below (Table I-1) shows selected proteins expressed in plant suspension cultures.
Table I-1: Production of pharmaceutical proteins in plant suspension cultures.
Protein

Species

Reference

Human serum albumin

N. tabacum

Sijmons et al., 1990

Human erythropoietin

N. tabacum

Matsumoto et al., 1995

Bryodin 1

N. tabacum

Francisco et al., 1997

IL-2 (interleukin-2) and IL-4

N. tabacum

Magnuson et al., 1998

Human lysozyme

Oryza sativa

Huang et al., 2002

Human granulocyte-macrophage colony
stimulating factor (hGM-CSF)

Lycopersicon
esculentum

Kwon et al., 2003

Hepatitis B surface antigen (HBsAg)

N. tabacum

Sojikul et al., 2003

Monoclonal antibody against HBsAg

N. tabacum

Yano et al., 2004

Desmodus rotundus salivary
plasminogen activator α1 (DSPA-α1)

N. tabacum

Schiermeyer et al., 2005

Human monoclonal antibody 2F5

N. tabacum

Sack et al., 2007

Human granulocyte-macrophage colony
stimulating factor (hGM-CSF)

Oryza sativa

Kim et al., 2008a

Recombinant α1-antitrypsin (rAAT)

N. benthamiana

Huang et al., 2009

Human glucocerebrosidase enzyme-A

Daucus carota

Aviezer et al., 2009

I.1.2 Limitations of plant suspension cultures in protein production
Besides having several advantages, there are also some limitations for the production of
recombinant protein in transgenic plant cell cultures. Although plant cells can perform
glycosylation, the final glycan structure differs between plants and mammals. Plants often attach
different carbohydrates such as β-1,2-xylose and α-1,3-fucose residues to the recombinant protein
unlike mammalian system where β-1,2-xylose is absent but α-1,6-fucose is present rather than α1,3-fucose (Bakker et al., 2006; Breiteneder et al., 2001; James and Lee, 2001). In addition, plant
cells do not incorporate β-1,4-galactose and terminal sialic acids to the glycan structure of the
expressed protein (Bencurova et al., 2004). Absence of these carbohydrates may result in
pharmacokinetic differences between plant-derived recombinant proteins and their native
counterparts, as observed in case of plant-derived α1-antitrypsin which showed significantly
reduced half-life due to lack of sialic acid (Huang et al., 2001b). Introduction of β-1,2-xylose and
α-1,3-fucose will change the structure of the carbohydrate moiety present on recombinant
-3-
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proteins and thus may induce immunogenicity when applied therapeutically (Bardor et al., 2003;
Krapp et al., 2003). Importantly, the change in structure reduces the binding affinity of the
antibody to the Fcγ receptors to a great extent, whereas absence of fucose residue enhances the
binding up to 40% (Iida et al., 2009). So the modification of glycan structure to more
“mammalian” type (absence of β-1,2-xylose and α-1,3-fucose) is more desirable. Different
strategies have been applied to cope with this problem of having different glycosylation patterns.
In case of plant-derived monoclonal antibodies (mAbs), presence of β-1,2-xylose and α-1,3fucose residues were partially reduced by the co-expression of specific human β-1,4galactosyltransferases (Bakker et al., 2006; Fujiyama et al., 2007). Alternatively, the presence of
β-1,2-xylose and α-1,3-fucose residues were reduced by down-regulation of β-1,2xylosyltransferase and α-1,3-fucosyltransferase genes using RNA interference (Cox et al., 2006;
Strasser et al., 2008). Another group has generated specific knockout transgenic lines that
synthesize complex N-glycans lacking xylose and fucose residues (Schahs et al., 2007). Due to
the inefficiency of gene-targeting in plants, alternative strategies are developed such as targeting
recombinant proteins to different cellular compartments. For example attachment of KDEL tag to
monoclonal antibody (mAb) helps it to retain in the endoplasmic reticulum (ER) and thus escape
synthesis of complex N-glycans (Petruccelli et al., 2006; Sriraman et al., 2004), although in some
cases attachment of KDEL tag only is not sufficient for strict retention of mAbs in ER, as a result
complex glycan structures are often observed (Ko et al., 2003; Navazio et al., 2002; Triguero et
al., 2005).
Plant cells have slower growth rate than microbial cells resulting in increased production time.
Moreover, plant cells mostly grow in aggregates and also adhere to the wall of fermenter vessel
during suspension cultures (Hellwig et al., 2004). Therefore plant suspension cell cultures are not
as uniform as microbial cultures and loss of biomass due to cell adherence to vessel walls directly
affects the product yield, although use of antifoam reagents can prevent the adherence of the cells
to some extent (Abdullah et al., 2000).
A major disadvantage of plant cell cultures is the degradation of recombinantly produced proteins
by intracellular or extracellular plant proteases. Intracellular degradation takes place by proteases
present in the secretory pathway (between ER and Golgi) (Sharp and Doran, 2001b) and also in
the vacuole (Outchkourov et al., 2003), whereas extracellular degradation occurs during secretion
of the target protein into the cell culture medium, extraction from cells and/or during subsequent
downstream processing (Rivard et al., 2006). Proteins can be degraded completely or partially
according to the number of susceptible and accessible cleavage sites present in the protein
molecule. Complete hydrolysis results in complete loss of proteins whereas partial hydrolysis or
trimming causes partial deactivation due to conformational changes and thus results in a nonhomogenous mixture of protein products, which might be difficult to separate from the desired
product by downstream processing. Conformational changes may expose hydrophobic residues
and accelerate protein precipitation due to hydrophobic interactions. So the yield may be high in
terms of protein amount but comprises of mis-folded altered structures with biologically inactive
forms (Brezski et al., 2009; Faye et al., 2005). For instance, Brezski et al., (2009) has reported
-4-
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that single cleavage (or ‘nick’) by tumor related and microbial proteases in the hinge region of
one of the heavy chains profoundly inhibited IgG1 effector functions.
Another major disadvantage of plant cells is the gene silencing effect (also observed in other
eukaryotic systems) which is often overlooked during initial screening of transgenic clones
producing recombinant proteins. Two kinds of gene silencing are observed in plants,
transcriptional gene silencing (TGS) and post-transcriptional gene silencing (PTGS). As known
from several reports (Matzke et al., 2000; Vaucheret and Fagard, 2001; Wassenegger, 2005),
TGS happens due to DNA methylation in the promoter region and thus prevents transcription of
the transgene. This type of DNA methylation mainly occurs when more than one copy of the
same promoter is present in the plant genome or promoters having homologous sequences used
repeatedly. This kind of gene silencing effect needs to be considered when the same plant cell
line is repeatedly transformed by T-DNA inserts harboring the same promoters (Buchmann et al.,
2009; Park et al., 1996). There are many proposed mechanisms of TGS in plant cells such as
DNA–DNA pairing or an RNA–DNA interaction containing homologous promoter sequences
(Fagard and Vaucheret, 2000; Stam et al., 2000). Among these mechanisms the most likely one is
the involvement of promoter sequences containing dsRNA, which can be produced by readthrough transcription (Mette et al., 2000). PTGS is found to be induced by dsRNA specific to the
coding region of the target gene. Multiple integration of the transgene may arrange itself as direct
or inverted repeats into the plant genome resulting in the generation of coding region specific
dsRNA (Krizova et al., 2009; Mitsuhara et al., 2002). This dsRNA is degraded by DICER like
mechanism which is described below in detail (I.3).

I.2

Plant proteases

Plant proteases have many important functions in plant cells. They are key players not only in
processes related to plant growth and development such as germination, cell differentiation,
senescence and programmed cell death (Kulkarni and Rao, 2009; van der Hoorn, 2008; Xu and
Zhang, 2009; Zheng et al., 2006), but also in defense related activities during plant-pathogen
interactions (Schiermeyer et al., 2009; Shindo and Van der Hoorn, 2008; Song et al., 2009). Plant
proteases in combination with their inhibitors also regulate different processes in response to
environmental stresses. Overexpression of a trypsin inhibitor gene belonging to the serine PI
family of Nicotiana tabacum in tobacco plants conferred multiple stress tolerance (Srinivasan et
al., 2009). So the knowledge of the various functions of different plant proteases in a plant
production system is of major importance. It has been reported frequently that production of
recombinant proteins in plant cells is hampered due to degradation by endogenous plant proteases
(Kim et al., 2008a; Kim et al., 2008b; Schiermeyer et al., 2005; Sharp and Doran, 2001a;
Terashima et al., 1999; Wongsamuth and Doran, 1997). The MEROPS protease database
(http://merops.sanger.ac.uk) has enlisted more than 800 proteases encoded by Arabidopsis
genome. These proteases are divided into different classes among which aspartic, cysteine,
metallo and serine proteases has been studied in this thesis. The biochemical characteristics of
one metalloproteinase have been studied in detail (this thesis), as it was proposed that
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metalloproteinases are involved in the degradation of recombinantly produced DSPA-α1
(Desmodus rotundus salivary plasminogen activator alpha 1) in N. tabacum cv Bright Yellow-2
(BY-2) cells (Schiermeyer et al., 2005). These BY-2 cells are used as plant production platform
in the present work. As the DSPA-α1 was found to be degraded mostly in the BY-2 cell culture
media, the interfering metalloproteinases are likely to be matrix-metalloproteinase (MMP) type.
So it is reasonable to characterize MMP isolated from BY-2 cells.

I.2.1

Matrix metalloproteinases

I.2.1.1 Matrix metalloproteinases: general structure
Matrix-metalloproteinases (MMPs), also known as matrixins (EC 3.4.24) are metal ion (mostly
zinc and sometimes cobalt or nickel) dependent endopeptidases (cleave internal peptide bonds),
belonging to a large protease family known as Metzincin superfamily together with other family
members like adamalysins, serralysins and astacins. According to the MEROPS database of
peptidase enzymes, all MMPs (vertebrates, invertebrates and plants) belong to the subfamily A of
the metalloproteinase M10 family in clan MA (Rawlings et al., 2010). They were first reported in
vertebrates (collagenolytic activity of tadpole tails) in 1962 (Gross and Lapiere, 1962) and since
then are found in other vertebrates, invertebrates and also in plants. As very little information is
available for plant MMPs, information of human MMPs is presented below. There are 23 MMPs
in human, encoded by 24 distinct matrixin genes including duplicated MMP-23 genes (MM-23A
and 23B). All of these MMPs are synthesized as latent pro-enzymes (pro-MMPs). All human proMMPs have in common an N-terminal prodomain, a catalytic domain and a hemopexin-like
domain (except for MMPs 7, 23 and 26) (Figure I-1). In case of gelatinases A and B (MMP-2 and
MMP-9), catalytic domain also contains additional fibronectin-type-II-domain. Membrane-type
matrix-metalloproteinases or MT-MMPs (MMPs 14-17, MMPs 24 and 25) remain attached to the
cell membrane either via transmembrane domain or a GPI anchor at the C-terminus.
The prodomain/propeptide
All the MMPs are initially synthesized as inactive zymogens with an approx. 80-90 amino acid
residue long prodomain which contains the cysteine switch motif. In most of the MMPs the
cysteine switch is made up of the conserved sequence PRCGXXD (Bode and Maskos, 2003;
Maskos and Bode, 2003; Nagase and Woessner, 1999). The cysteine switch contains a cysteine
residue, which interacts with the catalytic zinc ion via its side chain thiol group and blocks the
active site of the enzyme. This blockage prevents the active site to interact with substrates and
thus renders the enzyme inactive. To activate pro-MMPs, the propeptide containing the cysteine
switch must be removed. There are different modes of activation mechanisms for different
MMPs. Some MMPs (all MT-MMPs, MMP-11, MMP-21 and MMP-28) can be activated
intracellularly after getting cleaved by furin-like prohormone convertases at the furin cleavage
site, present between the prodomain and the catalytic domain (Folgueras et al., 2004; Stawowy et
al., 2005). Secreted MMPs can also be activated extracellularly by other kinds of proteases
present in the extracellular matrix or by non-proteolytic mechanisms, disrupting the interaction
between thiol-group of the cysteine present in the propeptide to the zinc atom present in the
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catalytic domain (Chakraborti et al., 2003). Unlike other MMPs, the N-terminal part of the
prodomain in MMP-23 (Folgueras et al., 2004; Pei, 1999; Velasco et al., 1999) contains a
transmembrane domain rendering these proteinases membrane type II proteins with Ncyto/Cexo
topology. This unusual MMP-23 is secreted as a mature protease, after the membrane-anchored
propeptide is cleaved by proprotein converatse (Nagase et al., 2006).
Signal peptide

MMP-7, 26

Propeptide
MMP-21

Catalytic domain
Catalytic domain with 3
fibronectin type II domain

MMP-1, 3,
8, 10, 11, 12,
13, 20, 28

Zn2+
Hinge

MMP-2, 9

Membrane linker
MMP-14, 15,
16, 24

Hemopexin-like domain
Trasmembrane I and
cytoplasmic domain
GPI anchor

MMP-17, 25

MMP-19 specific extension

MMP-19, 27

Cysteine array and IgG like
domain
Trasmembrane II

MMP-23

Figure I-1: Schematic representation of different domain structures of human MMPs.
This picture is based on published reports (Folgueras et al., 2004; Maskos and Bode, 2003). Picture is not
drawn to scale.

The Catalytic Domain
The catalytic domain of all human MMPs contains the consensus sequence HEXXHXXGXXH
having three highly conserved zinc-ligating histidine residues, characteristic of the metzincin
superfamily (Bode et al., 1993; Stocker and Bode, 1995). The catalytic domain also contains two
zinc ions and one (MMP-11, MMP-13), two (MMP-8, MMP-2; MMP-14, MMP-16), or three
bound calcium ions (MMP-1, MMP-3, MMP-7, MMP-9, MMP-12). One of the two zinc ions,
known as catalytic zinc is present in the active site and is involved in the catalytic process of the
MMPs. The other zinc ion, known as structural zinc with unknown function, is completely buried
in the protein matrix (Maskos and Bode, 2003). The catalytic domains of all the MMPs are
approx. 175 amino acid residue long except gelatinases (MMP-2 and MMP-9), where additional
179-180 bp long fibronectin-type-II-domain is present. This domain is also known as gelatin
binding domain as it binds to denatured collagen or gelatin (Murphy et al., 1994).
The hemopexin-like domain
This C-terminal domain has structural similarities to the serum protein hemopexin (Faber et al.,
1995). All the mammalian MMPs except MMPs 7, 23 and 26 contain hemopexin-like domain,
whereas MMPs from plants and nematodes are devoid of this domain. This domain folds in four
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β-sheets or blades and is arranged almost symmetrically around a central axis to give rise to a
four bladed β-propeller structure. The β-propeller structures provide a large flat surface which is
thought to be involved in protein-protein interactions which determines substrate specificity. This
domain is proposed to be involved in interactions with tissue inhibitors of metalloproteinases
(TIMPs), during the activation of progelatinase (pro-MMP-2). In this case, MT1-MMP is first
inactivated by binding to TIMP-2, the C-terminal part of the latter then binds to the hemopexin
domain of pro-MMP-2 which in turn gets cleaved and activated by full-length non-inhibited
MT1-MMP (Maskos and Bode, 2003). In all the mammalian MT-MMPs (except for MMP-17
and MMP-25), the hemopexin-like domain contains a 60-110 amino acid residue C-terminal
extension which constitutes a connecting peptide, a transmembrane domain and a short
cytoplasmic tail; whereas in MMP-17 and MMP-25, a GPI anchor is present rather than a
transmembrane domain (Itoh et al., 1999; Sato et al., 1994).
Unlike animal MMPs, much less information is available for plant MMPs. Till today only a
handful of MMPs is characterized from plant origin (reviewed by Flinn, 2008). Plant MMPs are
smaller in size than animal ones due to absence of hemopexin-like domains, but they have
similarities in other structural components, such as the N-terminal signal peptide followed by a
prodomain (containing the conserved cysteine switch motif), a methionine turn motif, and a
catalytic domain. MT-MMPs from plant origin also contain (mostly predicted) either a
transmembrane domain or a GPI anchor at the C-terminal end similar to MT-MMPs from animal
origin. Plant MMPs exhibit some structural similarity (presence of prodomain with cysteine
switch, methionine turn motif, and a catalytic domain) only with human MMP-7 and 26, which
also do not contain any hemopexin-like domain. Plant MMPs also contain a highly conserved
sequence (DLE/QS/TV/A) of unknown function at the N-terminal side of the zinc binding motif,
unlike animal MMPs. Some plant MMPs from A. thaliana, Medicago truncatula and Lotus
japonicus are predicted to contain a furin cleavage site (Flinn, 2008) but its relevance is unknown
in plant system. But three of eight functionally characterized plant MMPs are proven to contain
an autocatalytic cleavage site(s), first and second ones are At1-MMP from A. thaliana (Maidment
et al., 1999) and Pta1-MMP from Pinus taeda (Ratnaparkhe et al., 2009), respectively and the
third one is NtMMP1 from N. tabacum (this thesis).

I.2.1.2 Function of MMPs
The MMPs are capable of degrading a great variety of substrates both in vivo and in vitro. In
animal cells, they are found to be involved in the degradation of all kinds of extracellular matrix
(ECM) components such as collagens, proteoglycans, fibronectin, and laminin. They are involved
in connective-tissue remodeling processes associated with growth, wound healing, embryonic
development etc. They can activate themselves by an autocatalytic activation mechanism or can
activate latent forms of other pro-MMPs and are also found to stimulate the activity of other
classes of proteases (Arza et al., 2000). They are also involved in releasing growth factors,
growth-factor binding proteins, cytokines, and cell-surface receptors (Page-McCaw et al., 2007).
Although there is plenty of information available on the function of animal MMPs, very little
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information is available on the function of plant MMPs. Plant MMPs are reported to degrade
several substrates, such as casein, gelatin, myelin basic protein and also synthetic peptide
substrates specific to animal MMPs in vitro (reviewed by Flinn, 2008). But there are no specific
substrates reported for plant MMPs in vivo. On the basis of gene expression studies, it was
proposed that the plant MMPs are involved in ECM remodeling or degradation of ECM
components associated with cell growth and development (Golldack et al., 2002), contributing to
defense response against pathogen attack (Graham et al., 1991; Pak et al., 1997), involved in
programmed cell death (Delorme et al., 2000) and in releasing pathogen growth inhibiting
substances (Liu et al., 2001). There are several reports on the degradation of recombinant
proteins secreted into the plant cell culture medium (Bateman et al., 1997; Kwon et al., 2003;
LaCount et al., 1997; Lee et al., 2002; Streatfield, 2007; Tsoi and Doran, 2002). There are only
few reports available proposing involvement of specific protease classes for the degradation of a
recombinantly proteins secreted into the plant cell culture medium. Kim et al. (2008) suggested
the involvement of cysteine and serine proteases in rice suspension cultures, whereas
Schiermeyer et al. (2005) proposed degradation of a recombinantly produced foreign protein in
tobacco BY-2 cell culture medium is caused by metalloproteinase(s). So characterization of
metalloproteinase and also other plant proteinases is extremely important to understand the plant
production platform in more detail and to improve it for the production of foreign proteins.
The work presented in this thesis deals with the inhibition of different endogenous proteases
expression in BY-2 cells by the application of existing gene silencing mechanisms in plants.
Alternatively, researchers were also able to inhibit certain proteases in plants by co-expressing
protease specific inhibitors (from plant origin) together with desired recombinant proteins and
thus were able to protect foreign proteins from proteolytic degradation to some extent. For
example, co-secretion of Bowman-Birk serine protease inhibitor inhibited proteolytic degradation
resulting in two-fold accumulation of the recombinantly produced antibodies in N. tabacum roots
(Komarnytsky et al., 2006). But only aspartic, cysteine and serine protease specific inhibitors are
available from plant origins till now. There are no reports of matrix-metalloproteinase specific
protease inhibitor similar to TIMP (tissue inhibitor of metalloproteinase from animal). So gene
silencing by antisense RNA expression may be a good alternative to inhibit all kinds of proteases
in plant cells.

I.3

Gene silencing mechanisms in plants

I.3.1 Significance of gene silencing in plants
Gene silencing mechanisms are proposed to play an important role for providing plants immunity
to invasive nucleotides from viruses and also to transposable elements (TEs). There are more than
500 different virus species known which can infect almost the whole plant kingdom. Plant viruses
have different forms of genome compositions including ssDNA, dsDNA, ssRNA and dsRNA
among which ssRNA is the most common form (over 90%) of plant viruses. Single stranded
RNA genomes are replicated by a virus-encoded RNA-dependent RNA polymerase (RDRP). As
a requirement of replication, most plant viruses need a double-stranded replicative intermediate
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which is the key to plant defense mechanisms against viruses. Besides viruses, TEs are also a
threat to plants, as they can move from one place to another inside the genome and thus can alter
the structure and function of genes. To ensure survival from this kind of mutagenic activity of
TEs, plants also need preventive measures such as gene silencing. As this type of silencing results
from interactions between homologous or complementary nucleic acid sequences, it has been
termed homology-dependent gene silencing (HDGS). There are two types of HDGS depending
on the target sequence, transcriptional gene silencing (TGS) and post-transcriptional gene
silencing (PTGS) (Figure I-2).

Figure I-2: Schematic diagram representing homology dependent gene silencing (HDGS).
When the target sequence contains promoter region then TGS effect is induced, whereas coding region
homology leads to PTGS (Vaucheret, 2006; Waterhouse et al., 2001). RISC: RNA-induced silencing
complex.

I.3.1.1 Transcriptional gene silencing (TGS)
The transcriptional gene silencing (TGS) effect occurs due to DNA methylation at promoter
sequences. The methylation then leads to transcriptional inactivation. Presence of multiple copies
of promoters could lead to increased promoter methylation and thus to TGS. Two kinds of TGS
effects are possible, one is cis-TGS and the other one is trans-TGS (Matzke et al., 2000;
Vaucheret and Fagard, 2001). In cis-TGS, promoter DNA methylation occurs in single transgene
loci that either do or do not contain repeated elements. During the transformation event,
transgenes insert into the plant genome apparently at random by illegitimate recombination so
that the generation of multiple copies of promoters is possible, even if the T-DNA contains a
single transgene under a single promoter. As the number of inserted copies, their chromosomal
location and their local arrangement (tandem insertion, rearrangements, etc.) vary between one
transformant and another, the TGS effect may not be uniform in all the transformants. It has been
observed frequently that there is an inverse correlation between copy number of transgenes and
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gene expression level (Assaad et al., 1993; Furner et al., 1998; Mittelsten Scheid et al., 1998).
When two or more unlinked transgene loci share some extent of DNA sequence homology in the
promoter region or the unlinked loci contain the same promoter, trans-TGS takes place.
Different mechanisms were proposed for cis-TGS and trans-TGS. In one case it is assumed that
cis-TGS occurs as a result of pairing between closely linked copies that leads to the formation of
secondary DNA structures resulting DNA methylation and heterochromatinization (chromatin
condensation). The trans-TGS is proposed to occur due to the interaction between homologous
sequences by DNA-DNA pairing, which leads to the transfer of a silent chromatin from one locus
to the other (Vaucheret and Fagard, 2001). Among them the most compelling evidence for TGS
is the involvement of dsRNA. Formation of primary dsRNA is prerequisite for the induction of
DNA methylation (Wassenegger, 2005). According to Eamens et al. (2008) methylated DNA is
proposed to act as a template for the transcription of aberrant RNA molecules, which are then
used as template for the production of dsRNA by RDRP. The transcribed dsRNA is then
processed by dicer-like proteins into 24-nucleotide small interfering RNAs (siRNAs) that are
methylated by the siRNA-specific methyltransferase to direct the actual sequence specific DNA
methylation step of RdDM (RNA-directed DNA methylation).

I.3.1.2 Post transcriptional gene silencing (PTGS)
PTGS is also induced by dsRNA. Generation of dsRNA can take place either by the binding of
antisense RNA (introduced from outside) to the endogenous mRNA (Jorgensen et al., 2006), due
to inverted repeats (Beclin et al., 2002; Hamilton and Baulcombe, 1999; McGinnis et al., 2007;
Stam et al., 2000) or due to direct repeats (Sijen et al., 1996; Xu et al., 2009; Yan et al., 2006).
These dsRNA molecules are processed by RNase III-like enzyme (dicer) into 21–23 nucleotides
siRNAs, which are recruited to the RNA induced silencing complex (RISC) (Tomari and Zamore,
2005). The RISC complex together with siRNAs binds to the complementary endogenous mRNA
which is then sliced by an RNaseH-like activity of Argonaute (AGO) proteins (Vaucheret, 2008)
that reside on RISC. Similar to TGS, de novo DNA methylation also occurs in PTGS by the
siRNAs but in the coding sequence. Single stranded RNA can also induce PTGS after first
getting converted to dsRNA by RDRP. The mechanism of PTGS process induced by a transgene
is similar to the biogenesis of endogenous small RNA molecules like micro-RNAs (miRNAs),
trans-acting siRNAs (tasi-RNAs) and natural cis-acting siRNAs (natsi-RNAs) (Eamens et al.,
2008; Vaucheret, 2006).

I.3.2 Application of gene silencing in plants
Both TGS as well as PTGS mechanisms are useful technologies to silence specific endogenous
genes nowadays. It has been observed that long hairpinRNA (hpRNA) or recombinant viruses
containing promoter sequences can induce TGS associated with de novo DNA methylation (Jones
et al., 1998; Mette et al., 2000). Methylation of promoter sequences has been considered as a
promising approach, as theoretically it could completely inhibit the transcription of target genes.
Besides, dsRNA induced DNA methylation is meiotically heritable due to DNA
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methyltransferases and thus helps to retain the silenced status of genes generation after generation
even in the absence of inducers (Jones et al., 1998; Jones et al., 2001; Kanno et al., 2004; Mette
et al., 2000; Okano et al., 2008a; Sijen et al., 2001). Different endogenous genes were silenced
(although the silencing was not always significant) by this approach such as silencing of flower
pigmentation gene chalcone synthaseA in Petunia (Sijen et al., 2001), two anther-expressed
genes in maize (Cigan et al., 2005) and Se5 gene in rice (Okano et al., 2008b). Gene or coding
sequence specific and 5’UTR (untranslated region) as well as 3’UTR specific dsRNA is also used
to inhibit endogenous genes rather than using promoter specific dsRNA (Wesley et al., 2001).
Down-regulation of two fatty acid desaturase genes, ghSAD-1 and ghFAD2-1 by the expression
of hpRNA in cottonseeds increases the level of stearic and oleic acids and thus improves the
quality of cottonseed oil (Liu et al., 2002). Transgene producing hpRNA against cysteine
protease from rice is shown to efficiently silence cysteine protease production in rice, resulting in
two fold accumulation of hGM-CSF in the culture medium (Kim et al., 2008a). Two inverted
repeats containing part of the 5’UTR upstream of the ACO1 (1-aminocyclopropane-carboxylate
oxidase1) sequence induces strong silencing in tomato against both the target ACO1 gene and the
closely related ACO2 gene (Han and Grierson, 2002).
RNA silencing techniques are also used as plant defense against pathogens. For instance,
simultaneous expression of sense and antisense RNA specific to potato virus Y (PVY) sequence
renders plants resistant to this virus (Waterhouse et al., 1998), expression of antisense RNA
against virion-sense gene (AV2) of bipartite begomovirus makes transgenic N. tabacum plants
resistant to this virus (Mubin et al., 2007). Although viruses are the main target for plant’s RNA
silencing mechanism, there are some emerging evidences that non-viral pathogens can also be
targeted by this technique. For instance, expression of one class of natural-antisense siRNA
known as natsiRNAATGB2 increases the RPS2-mediated resistance against P. syringae pv
tomato in Arabidopsis (Katiyar-Agarwal et al., 2006), expression of miR393 (one class of
miRNA) reduces the growth of P. syringae five fold in Arabidopsis (Navarro et al., 2006). It has
been proposed that, in addition to bacteria and viruses, transgenic plants can be generated to elicit
resistance against fungi and also herbivorous insects after detecting plant specific miRNAs and/or
siRNAs (Eamens et al., 2008). So the RNA silencing techniques are powerful tools not only to
improve plants by the inhibition of endogenous genes or inhibition of pathogen growth, but also
for gene-function studies (Xu et al., 2009; Zhai et al., 2009). This knowledge will be helpful to
generate plants with desired agronomic traits and also can be used to generate transgenic plants
with reduced protease activities for the production of biopharmaceuticals.

I.4

Aim of this thesis

The primary aim of the work presented in this thesis is to develop and to evaluate a strategy to
inhibit the plant proteases responsible for the degradation of recombinantly produced proteins
secreted into the cell culture medium of tobacco BY-2 cells.
Due to some unique advantages, which are discussed above, the plant cell suspension cultures are
gaining popularity as an alternative protein production platform. However, the main drawback of
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this system is the low stability of the recombinant proteins mainly due to the degradation by plant
proteases. As the low protein stability directly leads to lower yields of functional recombinant
proteins, it is necessary to characterize the proteases involved in the degradation process and to
establish strategies to inhibit them completely or at least partially. The plant proteases are
involved in various important cellular processes among which involvement in cell growth and
probably in the degradation of extracellular matrix (ECM) are the two important activities in
suspension cell cultures. This leads to the possibility that, complete inhibition of these proteases
may have detrimental effects on living cells. So it is extremely important to identify the substrate
specificity of these proteases and their potential in vivo functions. This will help to sort out the
proteases according to their importance in cell growth and development, as the high accumulation
of biomass will automatically lead to higher amount of protein production. In addition to that,
identification of proteases involved in the degradation of ECM is also necessary, as these
proteases may be involved in the degradation of recombinant proteins in plant cell culture media.
Generation of transgenic cell lines inhibited to those proteases will be reasonable for the
production of recombinant proteins. In this thesis BY-2 cells were used as a platform for the
production of foreign proteins. Among different proteases expressed in BY-2 cells,
characterization of one matrix-metalloproteinase was performed in detail as it was thought to be
involved in the degradation of foreign proteins (I.2).
The first aim of this thesis was to characterize the matrix-metalloproteinase NtMMP1 which has
been recently cloned from BY-2 cells (Schiermeyer et al., 2009). To achieve this, NtMMP1 will
be expressed in two different expression systems, tobacco (Nicotiana tabacum) leaves and yeast
(Pichia pastoris) cells. Proteolytic activity of the purified NtMMP1 should be examined with
different substrates including casein, gelatin and synthetic peptide. As it was reported that
metalloproteinase(s) is involved in the degradation of recombinantly produced DSPA-α1 in the
BY-2 cell culture medium, analysis of DSPA-α1 degradation by purified recombinant NtMMP1
will be performed. Finally kinetics of the purified NtMMP1 as well as the inhibition of NtMMP1
activity by monoclonal antibodies, prepared against the N- and C-terminal domains of the
NtMMP1 should be carried out.
The aim of the second part of the thesis was to generate protease-deficient or downregulated BY2 cell lines, which should result in improved recombinant protein integrity and production. This
will be achieved by stable transformation of BY-2 cells with DNA constructs, which will drive
the expression of antisense RNAs against different plant proteases (aspartic, cysteine, matrixmetallo and serine). Expression of endogenous proteases in these transgenic BY-2 cell lines will
be compared with the wild type cells by Northern blot as well as immunoblot analysis. These
transgenic BY-2 cell lines with lower expression of endogenous proteases will be further
characterized by spiking experiments with different protease substrates and finally these silenced
transgenic as well as wild type BY-2 cells will be overtransformed to produce the HIV-specific
2F5 antibody. Degradation pattern of recombinantly expressed 2F5 antibody will be compared
between wild type and protease-deficient cell lines. Finally the effect of protease deficiency on
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cell growth and development will be studied. A schematic overview of this thesis is presented
below in figure I-3.
PCR amplification of partial cDNA sequence of aspartic,
cysteine, matrix-metallo and serine proteases from fulllength cDNAs present in plant expression vectors

Cloning of four proteases (single or in
combination) into plant expression
vector pTRA in antisense orientation

Transformation of
tobacco leaves with
pTRA harboring fulllength cDNA of
NtMMP1

Transient expression
and affinity purification
of NtMMP1 from
tobacco leaves

Screening of NtMMP1
inhibiting mAb
producing mouse
hybridoma clones
(from past project) by
TM
EnzChek protease
assay with purified
NtMMP1

Affinity purification of
monoclonal antibodies
from hybridoma clones

Cloning of NtMMP1
cDNA into yeast
expression vector pPicz B

Stable transformation of BY-2 cells
and generation of either antisense or
multi-antisense BY-2 cell lines

Expression and affinity
purification of NtMMP1
from yeast

Screening of BY-2 calli by Northern
blots and generation of suspension
cultures

Characterization of yeast
purified NtMMP1 by
•Zymography
•Autocatalytic processing
•N-terminal sequencing
•Kinetics
TM
•EnzChek protease
assay
•Degradation of DSPA-α1
with purified NtMMP1

Analysis of endogenous protease
inhibition in BY-2 cell lines by
Northern and/or immunoblots

Inhibitory activity of
monoclonal antibodies
on yeast expressed
NtMMP1

Degradation study of DSPA-α1 and
2F5 antibody in BY-2 supernatant

Overexpression of 2F5 antibody in
BY-2 antisense cell lines

Study of cell growth and morphogenesis of
BY-2 antisense cell lines

Figure I-3: Schematic overview of the work presented in this thesis.
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II.1

Materials

Materials and Methods

II.1.1 Chemicals and consumables
Chemicals which were used in this project were purchased from the following companies:
Bio-Rad (München), Fluka (Neu-Ulm), GE healthcare (Freiburg), Gibco BRL (Eggenstein),
Merck (Darmstadt), Roche (Mannheim), Roth (Karlsruhe), Serva (Heidelberg), Sigma
(Deisenhofen). The consumables were from: Amicon (Witten), Biozym (Hess. Oldendorf),
Eppendorf (Hamburg), Greiner (Solingen), Kodak (Stuttgart), Millipore (Eschborn), Nunc
(Bieberach), Schott Glaswerke (Mainz), Serva (Heidelberg), Whatman (Dassel) and Zeiss
(Oberkochem).

II.1.2 Special chemicals
Synthetic substrates for different proteases were purchased from Enzo Life Sciences (Lörrach).
Synthetic substrate for DSPA-α1 (Desmodus rotundus salivary plasminogen activator α1) that is
S-2288 was provided by Haemochrom Diagnostica (Essen). Protease inhibitors such as Pepstatin
and E-64 were purchased from Sigma, Pefabloc SC/AEBSF was from Fluka and GM6001
(Hydroxamate inhibitor) was from Enzo Life Sciences. Complete® protease inhibitor cocktail
tablets with or without EDTA were purchased from Roche. Complete® protease inhibitor cocktail
solutions with and without metalloprotease inhibitor were purchased from Sigma and Thermo
Scientific (Schwerte), respectively. [α-P32]-dATP and [α-P32]-UTP were purchased from
Hartmann Analytic (Braunschweig).

II.1.3 Buffers, media and solutions
All standard solutions, buffers, and media were prepared according to Sambrook and Russell
(2001). Compositions of non-standard solutions or buffers are listed at the end of the respective
method section. Media for cultivating bacteria and buffers used for RNA work were sterilized by
autoclaving (121°C/1-2 bar, 20 min), all other solutions were sterile filtered (0.2 μm).
Thermolabile components such as antibiotics were sterile filtered and added to the media after
autoclaving and cooling to 50°C.

II.1.4 Matrices and membranes
Ni-NTA agarose matrix from Qiagen (Hilden) was used for purification of recombinant His6tagged proteins from large scale cultures by immobilized metal ion affinity chromatography
(IMAC). SephadexTM G-25 spin columns from GE Healthcare were used for removal of free 32P
labeled nucleotides. ImmobilonTM-P transfer membrane (PVDF, 0.45μm) from Millipore, Roti®
PVDF from Roth, Protran® nitrocellulose membrane from Whatman, HybondTM-C- nitrocellulose
membrane (0.45μm) from GE Healthcare and Whatman no.1 paper from Whatman were used in
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immunoblot analysis (II.2.4.3). Hybond N+ nylon transfer membrane (0.45μm) from GE
Healthcare was used in Northern blot analysis (II.2.6.5 and II.2.6.6).

II.1.5 Enzymes and reaction kits
The restriction enzymes which were used for DNA digestion were purchased from New England
Biolabs (Schwalbach). For PCR amplification from cDNA libraries, either ExpandTM high
fidelity PCR system from Roche or Advantage polymerase mix from Clontech (Saint-Germainen-Laye, France) was used. Homemade Taq polymerase was used for amplifying cloned DNA
fragments from the corresponding plasmid (colony-PCR; II.2.1.15). Collagenase IV was
purchased from Merck and DSPA-α1 was a kind gift from Paion (Aachen).
Table II-1: Reaction kits and suppliers.
Reaction kits
Plasmid isolation kits (Mini, Midi)
QIAquick gel extraction kit
BCA protein assay kit
DC protein assay kit
Clonejet PCR cloning kit
Promega T-vector system
Nucleospin plant RNA kit
Maxiscript SP6/T7 in vitro transcription kit
Decalabel DNA labeling kit
EnzChek protease assay kit

Suppliers
Qiagen
Qiagen
Pierce (Rockford)
Bio-Rad
Fermentas (St. Leon-Rot)
Promega (Mannheim)
Macherey-Nagel (Düren)
Applied Biosystems (Darmstadt)
Fermentas
Invitrogen (Karlsruhe)

II.1.6 Antibodies and substrates
Primary antibodies such as rabbit anti-His6 tag polyclonal antibody (Dianova, Hamburg) and
rabbit-anti DSPA-α1 (kindly provided by Paion) were used in immunoblot assays (II.2.4.3) to
detect his-tagged protein and DSPA-α1, respectively. Two mouse monoclonal antibodies N11.5.1.5 and C-6.3.2 together with rabbit anti-cysteine protease polyclonal antibodies were
produced in house and were used as primary antibodies to detect matrix-metalloproteinase and
cysteine protease, respectively. Alkaline phosphatase (AP) or horseradish peroxidase (HRPO)conjugated goat anti-mouse IgG (H+L, Fc) (Dianova), goat anti-rabbit IgG (Fc) (Dianova) and
rabbit anti-human IgG (H+L) (Dianova) antibodies were used as secondary antibodies in
immunoblot analysis (II.2.4.3). The goat anti-mouse Fab antibody was used to capture mouse
monoclonal antibodies (mAbs) specific to NtMMP1 prior to the EnzChekTM protease assay
(II.2.3.2). NBT/BCIP (Bio-Rad) was used as substrate for alkaline phosphatase in immunoblots.
ECL Western blotting detection system (GE Healthcare) was used for chemiluminescence
detection of proteins on immunoblots, when HRPO-conjugated antibodies were used as
secondary antibody. FITC labeled goat anti-mouse Fc antibody was used as a secondary antibody
in fluorescence as well as confocal microscopy (II.2.3.5). Human anti-HIV antibody (expressed
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in CHO cell line) named 2F5 (Polymun, Vienna, Austria) was used as substrate for different
proteases present in BY-2 supernatants (II.2.6.10).

II.1.7 Oligonucleotides
Oligonucleotides used for sequence analysis (II.2.1.16) and amplification of DNA (II.2.1.15) are
listed below. All oligonucleotides were synthesized by MWG (Ebersberg). The table II-2 gives a
list of primers used for generation of DNA fragments (longer: >1 kbp and shorter: <1 kbp) to be
cloned in antisense orientation for four different proteases (aspartic, cysteine, matrix-metallo and
serine).
Table II-2: Primers used for generation of DNA fragments (longer and shorter).
Longer DNA fragments

Primer name

Restriction
site at 5’
(BamHI/
EcoRI)

AntisensePrimers1_Asp_sense

GGATCC

AntisensePrimers1_Asp_antisense

GAATTC

AntisensePrimers1_Cys_sense

GGATCC

AntisensePrimers1_Cys_antisense

GAATTC

AntisensePrimers2_MMP_sense

GGATCC

AntisensePrimers2_MMP_antisense

GAATTC

AntisensePrimers1_Ser_sense

GGATCC

AATTAAATGGAGAAATGATAA
G
GACACTGGTATTTCTCCTGACC

AntisensePrimers1_Ser_antisense

GAATTC

AGAGGTACCCGAAATAATGTTG

Primer sequence (5’→3’)
TTATCATCTTGGCGGAAATATA
G
CATTTGGTTTTGCATCCATATC
ACAG
TTCGTTCGCTTTGCTCACAGGT
AT
TTCAGAACGGAGCTCGAATGCT
G
ATGAGGATTCCTTTATTTATC

Shorter DNA fragments
ATCTATTTCTGGATACTTTAGC
AntisensePrimers2_Asp_sense
GGATCC
AACG
AntisensePrimers2_Asp_antisense
GAATTC
AGCATAGACCGATTTGTGAG
ACGAAAGACTGGAGGGAAGAT
AntisensePrimers2_Cys_sense
GGATCC
GGGA
AntisensePrimers2_Cys_antisense
GAATTC
CACAGCAAGAACAGCATGG
AntisensePrimers1_MMP_sense

GGATCC

AntisensePrimers1_MMP_antisense

GAATTC
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AntisensePrimers2_Ser_sense

GGATCC

CATGGTACACATACTGCTGG

AntisensePrimers2_Ser_antisense

GAATTC

TTTCATATAATCGATAATGTTA
TTTCC

Table II-3: SOE-PCR primers for generation of multiantisense constructs.
Restriction
site at 5’
(EcoRI/XbaI)

Primer name

Overhang region

AspP_MultAS_For

TGGATACTTCAAAA

AspP_MultAS_Rev

GAATTC

CysP_MultAS_For

GTGGAGCTTGCAAA
T

CysP_MultAS_Rev

GATCACAGTGAAC

MMP_MultAS_For

CACATACTGCTG

MMP_MultAS_Rev

GCAATACTAACG

SerP_MultAS_For
SerP_MultAS_Rev

CCTCTAGA
CGTCGCCGTCCA

Primer sequence
(5’→3’)
GTTCACTGTGATCTT
TGATACC
ATAAGATCACCAACT
TTCAC
CGTTAGTATTGCTTT
TGAGG
TTTTGAAGTATCCAT
CGTCAC
TGGACGGCGACGAG
AATTGG
ATTTGCAAGCTCCAC
TCTTC
GGGAAAGGTGTGATT
ATTGG
CAGCAGTATGTGTAC
CATGGC

Table II-4: Primers used for DNA sequencing.
Primer name

Primer sequence (5’→3’)

Universal (M13 Forward)

GTTGTAAAACGACGGCCAGT

Reverse (M13 Reverse)

ACACAGGAAACAGCTATGAC

pSS 5′

ATCCTTCGCAAGACCCTTCCTCT

pSS 3′

AGAGAGAGATAGATTTGTAGAGA

O3m Forward

CCAATACATTACACTAGCATCTG

pJET1.2 Forward

CGACTCACTATAGGGAGAGCGGC

pJET1.2 Reverse

AAGAACATCGATTTTCCATGGCAG

T7 Forward

TAATACGACTCACTATAGGG

T7 Reverse

GCTAGTTATTGCTCAGCGG

5’ AOX1

GACTGGTTCCAATTGACAAGC

3’ AOX1

GCAAATGGCATTCTGACATCC
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II.1.8 Vectors
The pGEMTeasy vector from Promega and pJET1.2 from Fermentas were used for all subcloning
purposes. These vectors contain beta-lactamase (bla) gene for selection with ampicillin.
The pPiczB vector from Invitrogen was used for expression of recombinant proteins in Pichia
pastoris. This vector contains a methanol inducible AOX1 promoter for high-level expression in
P. pastoris, a c-myc epitope tag for convenient detection with an anti-myc antibody, a C-terminal
polyhistidine (His6) tag for rapid purification with nickel-chelating resin and detection with an
anti-His antibody, Zeocin™ resistance for direct selection of single as well as multi-copy
integrants.
The vector pTRA (Sack et al., 2007) was used for transformation of Agrobacterium tumefaciens.
pTRA is an optimized plant expression vector containing the 35S promoter, 5’untranslated region
either from tobacco etch virus (TEV) or from chalcone synthase petrosinella and 3’ pA35S
untranslated region from CaMV. Scaffold attachment regions (SAR) were introduced to improve
gene expression. This vector contains either a hygromycin (hpt) or kanamycin (nptII) resistance
gene as selection marker.
The vector pTRAOcs3m was derived from the pTRA vector. It contains octopine manopine
synthase promoter (also known as superpromoter) (Ni et al., 1995). Other features are same as
pTRA. The vectors pUC19 and pSSH1 were used to calculate transformation efficiency.

II.1.9 Bacterial and yeast strains
E. coli strains DH5α, Mach-T1 and XL1-Blue were used as host cells for all intermediate cloning
constructs (Table II-5).
P. pastoris X-33 cell line (wild type, Mut+) from Invitrogen was used for the expression of
recombinant NtMMP1.
A. tumefaciens GV3101::pMP90RK (GmR, KmR, RifR (Koncz and Schell, 1986)) was used for
Agrobacterium-mediated gene transfer.
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Table II-5: Names, suppliers and genotypes of E. coli strains used throughout the work.
Strain

Source

Genotype

DH5α

Invitrogen

F- (f80d Lac 2ΔM15) Δ(LacZYA-argF) U169end A1
rec1hsdR17(rk- mk+) deoR thi-1 supE44 gyrA96 relA1 λ-

Mach-T1

Invitrogen

F- φ80(lacZ)∆M15 ∆lacX74 hsdR(rk- mk+) ∆recA1398 endA1
tonA

XL1-Blue

Stratagene

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F′ proAB
laclIq ZΔM15 Tn10 (Tetr)]

II.1.10 Plants and animals
Nicotiana tabacum L. cv. Petite Havana SR1 was used for transient protein expression (II.2.2.3)
of NtMMP1 after vacuum infiltration with recombinant agrobacteria. N. tabacum cv. Bright
Yellow-2 (BY-2) cells were used to perform the stable transformation via recombinant
agrobacteria infection to generate stable antisense cell lines.

II.1.11 Equipment and applications
TM

TM

Centrifuges: Avanti 30 and Avanti J-25 from Beckman (California, USA), Biofuge A from
Heraeus (Hanau), Eppendorf 5415D. Rotors: F0650, F2402H, JLA 10.500 and JA 25.50 from
Beckman, #1140 and #11222 from Sigma, RLA-300, SS-34 and GS-3 from DuPont Instruments
(Bad Homburg).
Clean bench: Kojair (Nideggen).
TM

DNA-sequencing machine: 3700 DNA analyzer and BigDye cycle-sequencing terminator
chemistry (V 3.0) from Applied Biosystems.
DNA gel electrophoresis apparatus: Wide mini and mini cells for DNA agarose electrophoresis
from Bio-Rad, and the power suppliers from Bio-Rad.
Electroporation apparatus: Multiporator from Eppendorf and 0.2 cm or 0.4 cm cuvettes from
Bio-Rad.
ELISA reader: Synergy HT from Bio-Tek Instruments (Bad Friedrichshall).
ELISA washer: Elx405 from Bio-Tek Instruments.
TM

Innova 4340 incubator shaker: New Brunswick scientific (Nürtingen).
LAS Imager: LAS3000 from Fujifilm (Duesseldorf).
Microfluidizer: M-110L from Microfluidics (Newton, MA, USA).
Microscopes: Leica (Wetzlar).
PCR Thermocyclers: Primus and Primus 96 plus from MWG-Biotech, Mastercycler Personal
from Eppendorff, DNA Engine from MJ Research Inc (Watertown, USA).
Photometers: Spectrophotometer Uvikon 930 from Kontron (Neufahrn) and Cuvettes # 67.742
from Sarstedt (Nümbrecht). Nanodrop, ND1000 from Thermo Scientific.
Phosphorimager: FLA2000 from Fujifilm.
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Probe sonicator: Braun Biotech (Melsungen).
TM

Protein gel electrophoresis equipment: Mini PROTEAN II from Bio-Rad.
Software: Microsoft Office 2007 (Microsoft); Adobe Photoshop 6.0 (Adobe); Chromas; Origin
6.0 (Data analysis and technical graphics, Microcal Software, Inc.); Vector NTI advance10
(Invitrogen); AIDA (Raytest, Straubenhardt).
UV-Transilluminators: Wavelength 302nm and UVT-20M from Herolab (Wiesloch). UVchamber from Bio-Rad.
Vacuum filtration unit: Sartorius (Goettingen).

II.2

Methods

II.2.1 Recombinant DNA technologies
All experiments related to the genetic engineering were performed according to the regulations of
“S1-Richtlinien”. General recombinant DNA techniques, i.e. PCI (phenol/chloroform/isoamyl
alcohol) and CI (chloroform/isoamyl alcohol) extraction, DNA precipitation, restriction enzyme
digestion, DNA ligation, DNA agarose gel electrophoresis, were performed according to the
standard protocols described in Sambrook and Russell (2001) and Ausubel et al. (1995).

II.2.1.1

Preparation of chemically competent E. coli

Chemically competent E. coli strains XL1-blue and DH5α cells were prepared for RbCl-mediated
transformation by heat-shock as described by Hanahan (1983). A single bacterial colony was
inoculated in 5 ml of LB broth and cultured at 37°C over night (o/n). Two ml of the o/n culture
was transferred into 200 ml of LB broth containing 20 mM MgSO4 and 10 mM KCl. The cells
were cultured at 37°C for 2-3 hours until the OD600nm reached 0.4-0.5 and then were incubated on
ice for 10-15 min. After incubation the cells were harvested by centrifugation (4,000 g/4°C/10
min) and the supernatant was discarded. The cell pellets were resuspended in 15 ml ice-cold TfBI solution by gentle vortexing and were stored on ice for 10 min. The cells were recovered by
centrifugation as described above and resuspended in 2 ml ice-cold TfB-II. Around 200 μl
aliquots of the suspension were dispensed into prechilled microcentrifugation (Eppendorff) tubes,
frozen immediately in liquid nitrogen and stored at -80°C.
TfB-I (pH 5.8):
Potassium acetate
30 mM
50 mM
MnCl2
10 mM
CaCl2
Glycerol
15% (v/v)
TfB-II (pH 6.8):
MOPS
30 mM
75 mM
CaCl2
RbCl
10 mM
Glycerol
15% (v/v)
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Transformation of E. coli by heat-shock

Frozen aliquots (100-200 µl) of chemically competent (II.2.1.1) E. coli cells were thawed on ice
for 5-10 min and were mixed gently either with plasmid DNA (up to 100 ng) (II.2.1.12) or
ligation products (Sambrook and Russell, 2001). Together with DNA, the cells were stored on ice
for 30 min. The cells were then suddenly exposed to 42°C for 60 seconds and immediately placed
on ice for 2 min. Then, 800 μl of pre-warmed (37°C) LB medium were added to the tubes and
incubated at 37°C for 1 h. After incubation 200 μl of cells were plated onto a LB-agar plate
supplemented with appropriate antibiotics and were incubated at 37°C over night.

II.2.1.3

Preparation of electrocompetent E. coli

Electrocompetent cells of E. coli strains Mach-T1 and DH5α were prepared as described by
Dower et al. (1988). A single bacterial colony from an LB plate was inoculated in 5 ml LB broth
and was cultured at 37°C for o/n. Then 200 ml of fresh LB broth was inoculated with 2 ml of
fresh o/n culture and was incubated at 37°C for 2-3 hours until the bacteria reached mid-log
phase (OD600nm = 0.5-0.8). After incubation the cells were placed on ice for 15-20 min and
were harvested by centrifugation (4000 g/4°C/10 min). The cells were then sequentially washed
three times with 100 ml ice-cold sterile MilliQ water and 100 ml ice-cold 10% (v/v) glycerol.
After washing, the cells were resuspended in ice-cold 10% (v/v) glycerol to a 300-fold
concentration from the original culture volume (around 1010 cells/ml). Around 50-100 μl aliquots
of the suspension were dispensed into prechilled microcentrifuge tubes, frozen immediately in
liquid nitrogen and stored at -80°C.

II.2.1.4

Transformation of E. coli by electroporation

Transformation by electroporation was performed according to the protocol provided by
Stratagene. Frozen aliquots of electrocompetent E. coli cells (II.2.1.3) were thawed on ice for 510 min and were mixed either with 100 pg of plasmid DNA or with 100-200 ng of desalted
ligation product (desalting was done by incubating DNA with the help of desalting membrane).
The cell/DNA mixture was transferred into a prechilled sterile electroporation cuvette (either
0.2 cm or 0.1 cm gap) and assembled into a safety chamber. After application of electric pulse
(2.5 kV for 0.2 cm and 1.7 kV for 0.1 cm gap electrocuvette, 5 ms) the cells were immediately
diluted with 900 µl of pre-warmed (37°C) SOC medium and were incubated at 37°C with
shaking for 1 h. Finally, 200 μl of the cells were plated onto LB-agar plates containing
appropriate antibiotics and incubated at 37°C for o/n.

II.2.1.5

Preparation of electrocompetent A. tumefaciens

A single colony of A. tumefaciens strain GV3101::pMP90RK grown on YEB-agar plate
containing 25 μg/ml rifampicin (Rif) and 25 μg/ml kanamycin (Km) was used to inoculate 10 ml
of YEB-Rif-Km medium in a 100 ml Erlenmeyer flask and incubated at 28°C for two days with
shaking (160 rpm). One milliliter of the above culture was transferred into 100 ml of YEB-Rif-22-
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Km medium and cultivated at 28°C for 15-20 h with shaking (160 rpm) until the OD600nm reached
1-1.5. After that the cells were incubated on ice for 15 min and were harvested by centrifugation
(4,000 g/4°C/5 min). The culture medium was decanted and the cells were sequentially washed
three times with 100 ml of ice-cold ddH2O and one time with 100 ml of ice-cold sterile 10% (v/v)
glycerol. After each washing step the cells were spun down by centrifugation
(4,000 g/4°C/5 min) and finally were resuspended in 500 μl of sterile 10% (v/v) glycerol. Around
50 μl aliquots of the suspension were dispensed into prechilled microcentrifuge tubes, frozen
immediately in liquid nitrogen and stored at -80°C.
YEB-Rif-Km medium (pH 7.4):
Nutrient Broth
0.5% (w/v)
Yeast Extract
0.1% (w/v)
Peptone
0.5% (w/v)
Sucrose
0.5% (w/v)
2 mM MgSO4, 25 μg/ml rifampicin and 25 μg/ml kanamycin were added after autoclaving and
cooling.

II.2.1.6

Transformation of A. tumefaciens by electroporation

Around 0.2-0.4 μg of plasmid DNA (II.2.1.12) in sterile ddH2O was added to a thawed aliquot of
electrocompetent agrobacteria cells (II.2.1.5) and incubated on ice for 5 min. The cell/DNA
mixture was transferred into a prechilled electroporation cuvette (0.2 cm) and assembled into a
safety chamber. After application of the pulse (2.5 kV, 5ms), the cells were diluted in 900 µl of
SOC medium in a 15 ml falcon tube and incubated at 28°C for 1 h with shaking (160 rpm).
Finally, 1-10 μl of the cells were plated on YEB-agar containing 25 μg/ml rifampicin (Rif),
25 μg/ml kanamycin (Km) and 100 μg/ml carbenicillin (Carb) (YEB-Rif-Km-Carb) and
incubated at 28°C for 2-3 days. As a negative control, transformation of Agrobacterium cells with
H2O was performed.

II.2.1.7

Determination of the transformation efficiency of competent bacteria

Transformation efficiency of each new batch of competent cells was measured by test
transformations with known concentrations (100 pg) of supercoiled plasmid pUC19 for E. coli
and pSSH1 for A. tumefaciens cells. The following transformation rates were obtained; for
chemically competent E. coli >106/μg pUC19, electrocompetent E. coli >108/μg pUC19 and A.
tumefaciens >103/μg pSSH1. The following equation was used to calculate the transformation
efficiency (CFU/µg):
CFU on control plate × 1 × 106 pg × volume of transformants × dilution factor
pg plasmid DNA
μg
volume plated
CFU: Colony forming unit.
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Transformation of P. pastoris by electroporation

Transformation of P. pastoris was performed according to the published method (Wu and
Letchworth, 2004) with some modifications. One single colony of P. pastoris strain X-33 (wild
type) grown on YPD-agar plate was used to inoculate 20 ml YPD broth in a 100 ml Erlenmeyer
flask and incubated at 28°C for 24 h with shaking (160 rpm). Around 20 µl of yeast culture were
transferred to 100 ml of YPD medium and incubated at 28°C until the cell density reached
OD600nm =1–2. The cells were collected by centrifugation (1,500 g/4°C/5 min). The number of
cells was calculated according to the formula 1 OD600nm =5 × 107 cells/ml (Invitrogen). For each
transformation, 8 × 108 cells were suspended at room temperature for 30 min in 8 ml of 100 mM
LiAc, 10 mM DTT, 0.6 M sorbitol and 10 mM Tris-HCl, pH 7.5. The cells were then pelleted by
centrifugation (1,500 g/4°C/5 min), resuspended in 1.5 ml of ice-cold 1 M sorbitol and were
transferred to a 1.5 ml microcentrifuge tube. Then, the cells were washed three times with 1.5 ml
ice-cold 1 M sorbitol, and resuspended in 1 M ice-cold sorbitol at a final concentration of about
1010 cells/ml. After that 100 µl of those cells were mixed with 3-5 µg of linearized plasmid DNA
(digested by SacI) in 1 μl of water, transferred to a prechilled electroporation cuvette (0.2 cm
gap) and stored on ice for 5 min. After the application of the electroporation pulse (1.5 kV, 5 ms)
the cells were immediately diluted in 1 ml of ice-cold 1 M sorbitol and was incubated at 28ºC for
1-2 h without shaking. Finally, 50-200 μl aliquots were spread on YPDS plates containing
100 μg/ml of Zeocin™. The plates were then incubated at 28°C for 3–10 days until colonies
form. The growing colonies from the Zeocin™ containing plates were streaked on both MD
(minimal dextrose) and MM (minimal methanol) plates to screen for Mut+ strains.
YPD:
Yeast extract
1% (w/v)
Peptone
2% (w/v)
Dextrose (D-Glucose)
2% (w/v)
YPDS:
Yeast extract
1% (w/v)
Peptone
2% (w/v)
Dextrose
2% (w/v)
Sorbitol
1M
MD:
YNB
1.34% (w/v)
Biotin
4×10–5% (w/v)
Dextrose
2% (w/v)
MM:
YNB
1.34% (w/v)
Biotin
4×10–5% (w/v)
Dextrose
2% (w/v)
Methanol
0.5% (v/v)
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Culturing of E. coli and glycerol stock preparation

Individual colonies of all strains were obtained by plating the pertaining strain on LB agar plates.
Incubation was performed at 37oC. The plates were stored at 4oC for short periods (2-3 weeks).
Then, 5 ml of LB medium containing the suitable antibiotics and 2% (w/v) glucose was
inoculated with a single recombinant colony of E. coli and was grown o/n at 37ºC with vigorous
shaking (160 rpm). Cells were harvested by centrifugation (4,000 g/RT/10 min) and were
resuspended in 2 ml of fresh LB medium. Glycerol stocks were prepared by mixing 700 μl of a
fresh cell suspension with 300 μl of 50% (v/v) sterile glycerol. Bacteria glycerol stocks were
stored at -80°C.

II.2.1.10 Culturing of A. tumefaciens and preparation of glycerol stocks
Positive Agrobacterium colonies containing the desired plasmids were inoculated in 10 ml of
YEB-Rif-Km-Carb medium and cultivated at 28°C for 2 days with vigorous shaking at 160 rpm.
The culture was transferred to 15 ml conical tubes and agrobacteria cells were collected by
centrifugation at 4,000 g for 10 min at 15°C. The cells were resuspended in a 1:1 volume of fresh
YEB Rif-Km-Carb medium and glycerol stock media (GSM). The suspension was aliquoted
(500 μl) and stored at –80°C for further experiments.
Glycerol stock medium (GSM):
Glycerol
50% (v/v)
100 mM
MgSO4
Tris-HCl, pH 7.4
25 mM

II.2.1.11 Culturing of P. pastoris and glycerol stock preparation
A single colony of each strain was cultured in 20 ml YPD containing 100 µg/ml ZeocinTM for 2
days at 28°C with vigorous shaking at 160 rpm. Then 1 ml of that culture was used to inoculate
100 ml of YPD containing 100 µg/ml ZeocinTM and cultivated for o/n at 28°C with shaking at
160 rpm. Next day the cells were harvested by centrifugation (1,500 g/4°C/5 min) and
resuspended in fresh YPD containing 15% (v/v) glycerol with a final cell concentration OD600nm
of 50–100. Finally, 1 ml of cell aliquots were frozen in liquid nitrogen and then stored at -80°C
for further experiments.

II.2.1.12 Isolation of plasmid and genomic DNA
For DNA cloning and sequencing purposes, high quality plasmid DNA was purified from
recombinant E. coli with the help of plasmid DNA Mini- and Midi-prep kits (either from Qiagen
or Macharey-Nagel) according to the manufacturers instructions. Otherwise plasmid DNA was
purified according to the alkaline lysis method (Sambrook and Russell, 2001). Quality and yield
of plasmid DNA was examined by reading the absorbance at 260 nm and 280 nm in a
spectrophotometer according to Sambrook and Russell (2001). The integrity of DNA was verified
by a control restriction enzyme digest followed by agarose gel electrophoresis (II.2.1.13).
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Isolated plasmid DNA was stored at -20°C. Isolation of plasmid DNA from recombinant
agrobacteria was performed according to the alkaline lysis method with some modifications,
where cells were lysed by incubating with lysozyme (10 mg/ml) for a prolonged incubation
period of 1 h.
Genomic DNA was isolated from BY-2 suspension cells according to the modified published
method (Doyle and Doyle, 1987) to study the intensity of DNA methylation on the CaMV 35S
promoter (II.1.8). Approximately, 100 mg (fresh weight) of BY-2 cells from suspension cultures
were grinded in liquid N2 with the help of mortar and pestle, followed by the incubation of the
cells in 1 ml of CTAB buffer for 1 h at 65°C. The solution was then mixed with equal volume of
phenol/chloroform/isoamyl-alcohol (25:24:1), followed by centrifugation (10,000 g/RT/15 min).
The upper aqueous phase from the centrifuged sample was again extracted with
phenol/chloroform/isoamyl-alcohol (25:24:1) as before. Finally, the aqueous phase was mixed
with 2/3 volumes of isopropanol followed by centrifugation (16,000 g/RT/30 min) to precipitate
the DNA. The precipitated DNA was then washed with 2 ml of cold wash buffer and was airdried for 20 min. Finally, the DNA was dissolved in 20 µl of elution buffer (0.1 M Tris-HCl,
pH 8.5) containing 10 µg/ml RNAse A followed by incubation at 65°C for 10 min.
CTAB buffer:
Tris-HCl, pH 8.0
100 mM
NaCl
1.4 M
EDTA
20 mM
β-Mercaptoethanol
2% (v/v)
CTAB
2% (v/v)
Wash buffer:
Ethanol
Ammonium acetate

76% (v/v)
10 mM

II.2.1.13 Agarose gel electrophoresis of DNA
Plasmid DNA (II.1.8) and PCR fragments (II.2.1.15) were separated in either 0.8% or 1.2% (w/v)
agarose gels. Preparation of agarose gels and electrophoresis of the samples were carried out as
described by Sambrook and Russell (2001). Ethidium bromide was added to the gel solution prior
to the experiment and TBE was used as running buffer in the gel electrophoreses. Known
amounts of DNA molecular markers such as 1 Kb ladder (Roth), 100 bp ladder (Roth) and λ
phage DNA-digested with PstI were used for evaluation and determination of DNA concentration
and size. The DNA bands were visualised directly upon illumination with a UV transilluminator
at 302 nm. Documentation of the DNA gels was performed by using a universal hood II for Gel
Doc XR (Bio-Rad).
10X TBE electrophoresis buffer (pH 8.3):
Tris-base
900 mM
Boric acid
900 mM
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25 mM

II.2.1.14 Restriction digest of DNA and preparative agarose gel electrophoresis
Restriction endonucleases, reaction buffers and BSA solution were obtained from NEB
(Schwalbach). Single restriction digest and double restriction digest of DNA were performed
according to the manufacturers’ protocol.
Preparative gel electrophoresis was used for large scale purification of a desired DNA fragment
either from PCR (II.2.1.15) or from a vector after restriction enzyme digestion. The DNA
fragment of interest inside the agarose gel was visualized by UV transilluminator and was
excised from the gel with the help of a sterile scalpel. The DNA extraction was performed with a
gel extraction kit (either from Qiagen or Macharey-Nagel) according to the manufacturer’s
guidelines. The concentration of recovered DNA was measured by spectrophotometer or
determined by agarose gel electrophoresis and was used in further experiments.

II.2.1.15 PCR amplification
Polymerase chain reaction (PCR) was used for amplification of NtMMP1 from the vector pTraktNtMMP1-apo (Schiermeyer et al., 2009) as well as to amplify DNA fragments containing
conserved sequences of different proteases (aspartic, cysteine, matrix-metallo and serine) of BY2 cells from different plasmid backbones. The DNA fragments specific to aspartic protease
(NtAspP, GenBank: DQ648018) was amplified from pTrakt-NtAspP, cysteine protease (NtCysP,
GenBank: EU084497) from pTrakt-NtCysP, matrix-metalloproteinase (NtMMP1, GenBank:
DQ508374) from pTrakt-NtMMP1-apo and serine protease (NtSerP, GenBank: DQ648019) from
pTrakt-NtSerP. DNA was amplified, based on the protocol of Sambrook and Russell (2001),
either with ExpandTM high fidelity DNA Taq polymerase mix and buffer from Roche or
AdvantageTM polymerase mix from Clontech. The reactions were performed in 0.2 ml PCR
reaction tubes, using a DNA thermal Cycler. The cycler contained a heated lid to prevent the
evaporation of reaction mixture.
For rapid identification of recombinant E. coli and agrobacteria, colony-PCR was carried out to
detect plasmids as described by Jesnowski et al. (1995). Isolated colonies were picked using
sterile tips and suspended in 10 μl of sterile dd H2O in 1.5-ml Eppendorf tubes. The suspension
was boiled for 10 min and cell debris was sedimented by centrifugation (13,000 g/RT/5 min).
Finally, 10 μl of the supernatant was used for PCR reaction in a total volume of 25 μl.
The optimal annealing temperature (Tm) of the primers was experimentally optimized or
calculated based on the empirical formula of Wu et al., (1991):
Tm = {22 + 1.46 [2× (G + C) + (A + T)]}
PCR reactions were carried out in a total volume of 25 μl as described below:
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Table II-6: PCR master mix.
Components

Volume

Final concentration

10x PCR buffer

2.5 µl

1X

50 mM MgCl2

1.0 µl

1.5 mM

10 mM dNTPs

0.5 µl

0.2 mM each

10 pmol forward Primer

1.0 µl

0.4 pmol

10 pmol backward primer

1.0 µl

0.4 pmol

Template DNA

2.0 µl

0.1-10 ng

Taq DNA polymerase (5U/ml)

0.25 µl

1.25 units

dd H2O

to 25 µl

Amplification was carried out under the following conditions:
Step1: 5 min 95°C
Step2: 1 min 95°C
Step3: 1 min 55°C
Step4: 1 min 72°C
Step5: Go to Step2; repeat 24-34 cycles
Step6: 10 min 72°C
The annealing temperature and the time for denaturation were changed according to Tm value of
primers and the length of the target gene.
SOE-PCR (Horton et al., 1989) was used to fuse together four DNA fragments (~200 bp each)
containing conserved sequences of different proteases (aspartic, cysteine, matrix-metallo and
serine) of BY-2 cells in antisense orientation. At first standard PCR was performed to amplify the
four DNA fragments as mentioned above. Then, the SOE-PCR was carried out by mixing
equimolar amounts of four overlapping PCR fragments in a total reaction volume of 25 μl (2.5 μl
10x PCR buffer, 1.75 mM MgCl2, 20 pmol of each dNTP, and 0.2 units ExpandTM high fidelity
DNA polymerase mix) under the following conditions: an initial denaturation for 5 min at 95°C
followed by 4 cycles at 95°C for 1 min, 37°C for 1 min and 72°C for 1 min. The reaction mixture
from the SOE-PCR was mixed with 25 μl of PCR cocktails containing 2.5 μl 10x PCR buffer,
1.75 mM MgCl2, 20 pmol of each dNTP, 10 pmol of forward and backward terminal primers,
0.2 units proof-reading ExpandTM high fidelity DNA polymerase mix and again another normal
PCR was performed as mentioned above. The performance of each PCR reaction was checked by
running 5 μl of each reaction on agarose gels (II.2.1.13), with appropriate DNA markers.

II.2.1.16 DNA sequencing
Fluorescently labeled terminaters were used for sequence analysis by chain terminating inhibitors
(Sanger et al., 1977) using the Applied Biosystems 3700 DNA analyzer and BigDyeTM
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cyclesequencing terminator chemistry (V 3.0). Chromas software package was used for
displaying the chromatogram files from Applied Biosystems 3700 DNA analyzer and BigDyeTM
cyclesequencing terminator chemistry (V 3.0). For evaluation of sequencing data the Vector NTI
advance10 software package and Chromas software package were used.

II.2.2 Expression and purification of recombinant protein
Recombinant protein was transiently expressed and purified either from tobacco leaves or from
yeast cells.
II.2.2.1

Preparation of recombinant A. tumefaciens

Growth of recombinant A. tumefaciens (II.2.1.10) and vacuum infiltration of tobacco leaves were
performed as described by Kapila et al. (1996) and Vaquero et al. (1999). A loop full of
agrobacteria cells from glycerol stocks (recombinant positive clone) (II.2.1.10) was used to
inoculate 20 ml of YEB-Km-Rif-Carb medium in a 100 ml Erlenmeyer flask and the culture was
incubated at 28°C o/n with shaking at 160 rpm. Then, the cells were pelleted by centrifugation
(4,000 g/RT/15 min) and after discarding the supernatant the cells were resuspended again in
100 ml of YEB-Km-Rif-Carb medium in a 250 ml Erlenmeyer flask. The culture was grown at
28°C o/n with shaking at 160 rpm. Next day the cells were pelleted by centrifugation
(4,000 g/RT/15 min) and the supernatant was discarded. The cells were resuspended in 200 ml
induction medium including 20 µM acetosyringone and were incubated in 1000 ml Erlenmeyer
flask o/n at 28°C with shaking at 160 rpm. After removing the supernatant by centrifugation the
cell pellet was again resuspended in 50 ml MMA medium including 200 µM acetosyringone and
the culture was incubated in a 50 ml Falcon tube for 1 h at RT. The OD600nm of the cell
suspension was measured after 1:10 dilution and the OD600nm was adjusted to 1 after diluting the
suspension with MMA medium. 750 ml of the diluted cell suspension was used for vacuum
infiltration of plant leaves (II.2.2.2).
Induction medium:
YEB medium
MES, pH 5.6
10 mM
2 mM MgSO4, 25 μg/ml kanamycin, 25 μg/ml rifampicin, 100 μg/ml carbenicillin, 20 μM
acetosyringone were added after autoclaving and cooling.
MMA buffer:
MS basic salt mixture
MES, pH 5.6
Sucrose

0.43% (w/v)
10 mM
2% (w/v)

200 μM of acetosyringone was added directly before use.
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Vacuum infiltration of intact leaves

Young N. tabacum cv. Petite Havana SR1 leaves (around 50 g) were placed into a stainless steel
beaker with 750 ml of agrobacteria cell suspension (II.2.2.1) and fixed with a mortar to allow
complete covering of the leaves with the cell suspension. A continuous vacuum (60-80 mbar) was
applied for 15-20 min. After removing the vacuum, the leaves were briefly rinsed in tap water
and kept on wet Whatman paper no.1 with adaxial side upwards. The plastic tray was sealed with
saran wrap and placed at 22°C with a 16 h photoperiod (7500 lux) for 72 h. Leaves were
weighed, frozen in liquid nitrogen and stored at -80°C until analysis. As a negative control,
tobacco leaves were infiltrated with agrobacteria suspension, which did not harbor a pTRA
plasmid.
II.2.2.3

Expression and purification of NtMMP1 in N. tabacum leaves

The recombinant NtMMP1 was transiently expressed and purified from N. tabacum cv. Petite
Havana SR1 leaves. Total soluble protein (TSP) was extracted as mentioned below (II.2.2.4)
from 50 g of vacuum infiltrated young leaves (II.2.2.2). Around 100 ml of extracted TSP solution
was incubated with preequilibrated TALON resins (cobalt-based IMAC resins from Clontech) for
1-2 h at 4°C. Preequilibration of the TALON resins was performed by washing the 1 ml of
TALON resins with 20 column volumes of 1x binding buffer. After incubation, the TALON
resins were collected by centrifugation (200 g/4°C/5 min) and loaded into a disposable column.
The resin was washed with 20-30 column volume of washing buffer (binding buffer containing
20 mM imidazol) and the protein was eluted by 2-3 ml of elution buffer (binding buffer
containing 250 mM imidazol).
Binding buffer (pH 8.0):
50 mM
NaH2PO4
NaCl
500 mM
Imidazol
10 mM

II.2.2.4

Preparation of total soluble proteins from plant leaves

Extraction of transiently expressed NtMMP1 in vacuum infiltrated tobacco leaves (II.2.2.2) were
performed by grinding the leaves in liquid nitrogen to a fine powder with a mortar and pestle.
Total soluble proteins were extracted by incubating 2 ml of extraction buffer per gram of leaf
material. Cell debris was removed by centrifugation (20,000 g/4°C/30 min) and the supernatant
was passed through miracloth. After adjusting the pH of the supernatant to 8.0 by adding NaOH,
one more round of centrifugation was performed (20,000 g/4°C/30 min) and the supernatant was
used for purification of NtMMP1 via IMAC (II.2.2.3 and II.2.2.5).
Extraction buffer (pH 8.0):
50 mM
NaH2PO4
NaCl
300 mM
β-Mercaptoethanol
10 mM
Imidazole
10 mM
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DTT
EDTA
Tween 20
PVPP

II.2.2.5

10 mM
1 mM
0.1% (v/v)
1% (w/v)

Expression and purification of NtMMP1 in P. pastoris

The yeast (P. pastoris) produced version of NtMMP1 was named as yNtMMP1 to distinguish it
from the plant produced NtMMP1. At first, around forty recombinant P. pastoris (X-33) colonies
were selected from YPDS plates (II.2.1.8) and the production level of yNtMMP1 was checked in
small scale (10 ml of culture medium) by performing immunoblots (II.2.4.3). One colony
producing relatively more target protein (yNtMMP1) than the other colonies was chosen to
prepare glycerol stocks (II.2.1.11). For medium scale expression and purification study, 20 ml of
BMGY medium containing 20 µl of Zeocin™ was inoculated with the glycerol stock and was
cultured for 2 days at 28°C with vigorous shaking. On the following day 200 ml of BMGY
containing 200 µl Zeocin™ was inoculated with 2 ml of pre-culture. After overnight growth to
OD600nm ~ 5.0 at 28°C, the culture was centrifuged at 3000 g for 5 min at RT and after discarding
the supernatant, the cell pellet was resuspended in 1 L of BMMY medium containing 0.5% (v/v)
methanol. The culture was incubated in a flat bottom baffled Fernbach flask for overnight at 28°C
with vigorous shaking and then the methanol concentration was gradually increased from 0.5%2% (v/v) during additional 2 days of growth. The supernatant was collected after centrifuging the
1 L culture at 3000 g for 10 min at 4°C and was concentrated to 50 ml by passing through a
30 kDa cut off membrane (Schleicher & Schuell) with the help of the crossflow technique. The
concentrated supernatant was then mixed with 4x binding buffer and then incubated with either
the Ni-NTA (Qiagen) or TALON resins. The column was washed with 40-50 bed volumes of
wash buffer and finally the protein was eluted by 1x binding buffer containing 250 mM Imidazol.
As a negative control, 500 ml of wild type X-33 cell culture was processed as the transformed
cells (without Zeocin™) and the supernatant was purified via Ni-NTA affinity chromatography.
Around 10 µg of purified yNtMMP1 was deglycosylated by incubating overnight at 37°C with
2U of N-Glycosidase F (Roche) in PBS (containing 10 mM EDTA) to a final volume of 100 µl.
BMGY medium (pH 6.0):
Potassium phosphate
YNB
Biotin
Glycerol
Yeast extract
Peptone

0.1 M
1.34% (w/v)
0.4% (w/v)
1% (v/v)
1% (w/v)
2% (w/v)
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BMMY medium (pH 6.0):
Same as BMGY but contains 0.5% (v/v) methanol instead of glycerol.
Binding buffer, wash buffer and elution buffer were the same as mentioned above (II.2.2.3). YNB
is yeast nitrogen base with ammonium sulfate and without amino acids.

II.2.3 Purification and characterization of monoclonal antibodies
Hybridoma cell lines producing monoclonal antibodies (mAbs) specific to the N-terminal or Cterminal region of NtMMP1, were generated (refer to the result section III.2) to study the
inhibitory activities of mAbs against NtMMP1. After checking the inhibitory activity of 13
hybridoma clones producing mAbs by EnzChek™ protease assay (II.2.3.2), one hybridoma clone
producing mAb specific to the N-terminus and one clone specific to the C-terminus were selected
to purify the mAbs. Those clones were grown in standard cell culture medium RPMI 1640
containing 10% (v/v) fetal calf serum (FCS) from Invitrogen. For purification purpose the
selected hybridoma clones were adopted to grow in serum free medium (H5000 from PAN
biotech) and the mAbs were purified via Protein G column from the cell culture medium
(II.2.3.1).

II.2.3.1

Purification of monoclonal antibodies

One millilitre Hitrap-ProteinG column (GE Healthcare) was used for the purification after
equilibrating with 10 column volumes of 1x binding buffer. Five hundred millilitres of
hybridoma supernatant (cultured in serum free medium) was mixed with 165 ml of 4x binding
buffer and was loaded onto the pre-equilibrated protein G column at a flow rate of 2 ml/min with
the help of a peristaltic pump. The column was washed with 10 column volume of 1x binding
buffer and the mAb was eluted with 5 ml of the elution buffer. Two millilitres of elution fractions
were collected in test tubes containing 200 µl of 1 M TrisCl, pH 9.0. The elution fractions
containing maximum amount of antibody (as determined by DC protein assay, II.2.4.1) were
pooled and passed over the PD10 desalting column to exchange the elution buffer with the
1x PBS. The quality and quantity of the purified mAbs was checked by SDS-PAA gel
electrophoresis and immunoblot (II.2.4.2 and II.2.4.3).
4x Binding buffer (pH 6.7):
NaH2PO4
NaCl

0.2 M
0.6 M

Elution buffer (pH 2.7):
Glycine HCl

0.2 M

The human monoclonal antibody 2F5 (recognizes the highly conserved linear epitope ELDKWA
of gp41 of HIV-1) (Sack et al., 2007) was recombinantly produced and purified from 100 ml
culture of transgenic BY-2 cells (10 dps (days of post subculture)) with the help of Protein A
Ceramic HyperD® F sorbent (Pall, Darmstadt). Around 40-45 ml culture medium was recovered
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from 100 ml of total BY-2 cell culture after passing through the vacuum filtration unit
(Sartorius). The cell free culture medium was then stored at -80°C o/n after mixing with 10x PBS
(final conc. will be 1x). On the following day, after thawing to room temperature, the culture
medium was centrifuged at 30,000 g for 30 min at 4°C. The clarified supernatant was then
incubated with 300 µl of preequilibrated (in 1x PBS) Protein A Ceramic sorbent over night. After
incubation the ceramic sorbent was washed two times with 30-40 ml of 1x PBS and then the
antibody was eluted as mentioned above.

II.2.3.2

Determination of inhibitory effects of mAbs by EnzChekTM protease assay

Enzchek™ protease assay (Thompson et al., 2000) was performed to monitor the inhibitory
effects of different monoclonal antibodies on NtMMP1. This assay was performed in two
versions. In the first version, partially purified recombinant NtMMP1 (transiently expressed in
tobacco leaves) (II.2.2.3.) was used as protease solution together with mAbs containing
hybridoma supernatants, but in the second version highly pure yNtMMP1 (expressed in Pichia
pastoris) (II.2.2.5) was used together with purified mAbs (II.2.3.1).
In the first version, the EnzChek™ protease assay was performed as a modified version of the
published method (Thompson et al., 2000) to overcome any interfering substances of FCS and
other substances present in the hybridoma culture supernatant. Around 400 ng of goat anti-mouse
Fc antibody was coated on a 96 well high binding microtitre plate (Greiner). After washing with
PBST (1x PBS, 0.1% (v/v) Tween20; pH 7.4) the wells were incubated with 100 µl/well of
blocking buffer (1% (w/v) BSA in PBST, pH 7.4) for 1 h at 37°C. After incubation the plate was
washed as before and was again incubated with 100 µl/well of different hybridoma culture
supernatants for 1 h at 37°C. The wells were washed with PBST and after adding 20 ng of
partially purified recombinant NtMMP1 (transiently expressed in tobacco leaves) (II.2.2.3)
together with 1 µg of casein (labelled with red-fluorescent BODIPY® TR-X dye) in a total
reaction volume of 200 µl (in 1x PBS), the plate was placed in an ELISA reader. The emitted red
fluorescence was measured for 10 h at an interval of 10 min with an excitation/emission of
590 nm/645 nm.
In the second version, 0.03 µM of pure yNtMMP1 produced in P. pastoris (II.2.2.5) was mixed
with 1.33 µM of purified mAbs (II.2.3.1) in a total reaction volume of 100 µl in 1x PBS
(containing 0.2% (w/v) BSA) and was incubated at 37°C for 1 h. After incubation, the reaction
was mixed with 1 µg of red-fluorescent BODIPY® TR-X dye labelled casein in a total reaction
volume of 200 µl and the emitted fluorescence was measured as described above. As negative
control either SP2/mJL6 hybridoma culture supernatant or purified mAb54 antibody (kindly
provided by Stefan Rasche, Fraunhofer IME, Aachen) was used.

II.2.3.3

Inhibition assay of mAbs using MMP specific synthetic substrate

Inhibitory activity of mAbs (II.2.3.1) against yNtMMP1 was also analyzed by using the MMP
specific synthetic fluorescent substrate [Dnp-Pro-ß-cyclohexyl-Ala-Gly-Cys(Me)-His-Ala-33-
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Lys(Nma)-NH2] (Enzo Life Sciences, Lörrach). Approximately, 0.03 µM of purified
recombinant yNtMMP1 (produced in P. pastoris) (II.2.2.5) was mixed with 1.33 µM of purified
mAbs (II.2.3.1) in reaction buffer (containing 0.2% (w/v) BSA) to a total reaction volume of
100 µl and was incubated at 37°C for 1 h. After incubation, the reaction was mixed with 5 µM of
the synthetic substrate in a total reaction volume of 200 µl and the emitted fluorescence was
measured with the help of an ELISA reader for 1 h at RT at an interval of 1 min with an
excitation/emission of 340/440nm.
Reaction buffer (pH 7.5):
Tris-HCl
50 mM
NaCl
200 mM
5 mM
CaCl2, 2H2O
20 µM
ZnCl2
Brij35
0.05% (v/v)

II.2.3.4

Inhibition of DSPA-α1 degradation by different mAbs

Pure DSPA-α1 (CHO cell produced) was used as a substrate for purified yNtMMP1 (II.2.2.5).
Inhibitory effects of different mAbs (II.2.3.1) on the enzymatic activity of yNtMMP1 was
analysed in this experiment, where DSPA-α1 was used as a substrate for yNtMMP1. One
microgram (around 0.1 µM) of yNtMMP1 was mixed with 1.33 µM of any of the purified mAbs
in a total 100 µl of reaction buffer (containing 0.2% (w/v) BSA) (II.2.4.3) and was incubated for
1 h at 37°C. After incubation, 4 µg of DSPA-α1 was added to the reaction mixture and was
incubated for 20 h at 26°C. The reaction mixture was centrifuged at 16,000 g for 1 min at RT and
the supernatant was used to detect the degradation pattern of DSPA-α1 by immunoblot analysis
(II.2.4.3).

II.2.3.5

Immunolocalization of endogenous NtMMP1 in BY-2 cells

Immunolocalization of native NtMMP1 in BY2 cells was performed with the above mentioned
purified mAbs (II.2.3.1). At first, 1 ml of BY2 cells (5 dps) were incubated with either mAbs N11.5.1.5 or C-6.3.2 (final concentration: 10 µg/ml) separately for 1 h at RT in the BY2 medium
containing 3% (w/v) BSA and then were washed two times with 10 ml of MS medium (II.2.6.1)
for 10 min with gentle shaking. After washing, the cells were incubated with goat anti mouseFITC labeled-Fc antibody (final concentration: 5 µg/ml) for 1 h at room temperature with gentle
shaking followed by two times washing with 10 ml of BY2 medium for 10 min with gentle
shaking. Finally the cells were imaged using both fluorescence as well as laser scanning confocal
microscopes (II.1.11). As a negative control, 1 ml of BY2 (5 dps) cells incubated only with goat
anti mouse-FITC labeled-Fc secondary antibody (final concentration: 5 µg/ml) was used.
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II.2.4 Protein analysis
II.2.4.1

Quantification of proteins

The concentration of purified protein was determined by DC protein assay (Bio-Rad) or BCA
(Pierce) assays. The Bio-Rad-DC protein assay is a detergent-compatible formulation based on
modified Lowry method (Lowry et al., 1951). In this assay, known concentrations of BSA
solutions were prepared with a serial dilution in the same buffer as that of the purified protein
which had to be analyzed. Five microliter of each dilution was transferred into the wells of a low
binding microtiter plate (Greiner), whereas other wells of the plate contain 5 µl of the protein
samples and a blank (only buffer, without any protein). Twenty-five microliter of buffer A
(provided with the kit) and 200 μl of reagent B (provided with the kit) were added to each well,
mixed with the proteins and incubated at RT for 15 min followed by the measurement of
OD750nm. For each dilution, measurements were performed in triplicate and the average was taken
for the calculation of the protein concentration.
The Pierce BCA protein assay is a detergent-compatible formulation based on bicinchoninic acid
(BCA) for the colorimetric detection and quantification of proteins (Smith et al., 1985; Sorensen
and Brodbeck, 1986). With this method very low levels of protein (ng quantity) can be detected.
This method combines reduction of Cu+2 to Cu+1 by proteins in an alkaline medium with the
sensitive and selective colorimetric detection of the cuprous cation (Cu+1) using bicinchoninic
acid (Wiechelman et al., 1988). Concentration measurements were performed in triplicates and
according to the manufacturer’s instructions, using BSA as standard.

II.2.4.2

SDS-PAA gel electrophoresis and Coomassie brillant blue staining

After purification (II.2.2 and II.2.3), purity and quantity of recombinant proteins were analyzed
by discontinuous SDS-polyacrylamide gels (for the stacking gel: T = 4%, C = 2.6%, pH 6.8; for
the separating gel: T = 12%, C = 2.6%, pH 8.8) (Ausubel et al., 1995) under reducing conditions
(Laemmli, 1970) using a Bio-Rad minicell II apparatus. Before loading onto the gel, protein
samples were mixed with 5x SDS sample buffer (0.25 M Tris-HCl pH 6.8, 10% (w/v) SDS, 1 M
β-mercaptoethanol, 25% (v/v) glycerol and 0.05% (w/v) bromophenol blue) and were
denaturated by boiling for 5 min. For dissolving precipitated protein 1x urea buffer (4 M urea,
5% (w/v) of SDS, 5% (v/v) of β-Mercaptoethanol, 16.66% (v/v) of glycerol and 0.1% (w/v) of
bromophenol blue) was used. The proteins were separated electrophoretically with constant
120 V for 1.5 h. Protein bands were revealed by staining with Coomassie brilliant blue (II.2.4.2)
or transfer to nitrocellulose membrane for immunoblot analysis (II.2.4.3). Proteins were detected
after incubating the gel for 30 min in Coomassie staining solution at RT under constant agitation.
Coomassie stain was removed by destaining solution until the protein bands became clearly
visible.
SDS-PAGE running buffer (pH 8.3):
Tris base
25 mM
Glycine
192 mM
SDS
0.1% (w/v)
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Coomassie staining solution:
Coomassie brillant blue R-250
Methanol
Glacial acetic acid
Coomassie destaining solution:
Methanol
Glacial acetic acid

II.2.4.3

0.25% (w/v)
50% (v/v)
9% (v/v)

5% (v/v)
7.5% (v/v)

Immunoblot analysis

Separated proteins (II.2.4.2) were transferred from an SDS-PAA gel to a PVDF or Hybond™-C
nitrocellulose membrane (0.45 μm) electrophoretically using the Bio-Rad Mini Protean II tank
blot device. After blotting the membrane was blocked with 1x PBST buffer containing 5% (w/v)
skim milk powder. As primary antibody either rabbit anti-His6 tag polyclonal antibody or rabbitanti DSPA-α1 were used to detect his-tagged protein and DSPA-α1, respectively. Other primary
antibodies like mouse monoclonal antibodies N-11.5.1.5 and C-6.3.2 (final concentration:
0.5 µg/ml) and a rabbit polyclonal antibody were used as primary antibodies to detect the matrixmetalloproteinase (NtMMP1) or cysteine protease (NtCysP), respectively. All the primary
antibodies were used in a dilution of 1:5000 in 1x PBST. Binding of the primary antibody was
detected by addition of diluted (1:5000 in 1x PBST) secondary polyclonal antibodies (final
concentration: 0.4-0.12 µg/ml) coupled to either alkaline phosphatase (AP) or horseradish
peroxidase (HRPO). The target protein was finally revealed either by addition of substrate
BCIP/NBT for AP labeled antibodies or by using ECL Western blot detection system (GE
Healthcare) for HRPO labeled antibodies.
PBST buffer (pH 7.4):
NaCl
137 mM
KCl
2.7 mM
8.1 mM
Na2HPO4
1.5 mM
KH2PO4
Tween 20
0.5-1.0% (v/v)
Transfer buffer (pH 8.3):
Tris-base
Glycine
Methanol

25 mM
192 mM
20% (v/v)

AP buffer (pH 9.6):
Tris-HCl, pH 9.6
NaCl
MgCl2

100 mM
100 mM
5 mM
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Dot blot analysis

Around 5 µl of cell extracts from P. pastoris (X-33) producing yNtMMP1 at mini-scale (II.2.2.5)
was immobilized on a nitrocellulose membrane. Immobilized yNtMMP1 was detected using
rabbit anti-His6 polyclonal antibody (final concentration: 0.2 µg/ml) followed by AP-labelled
goat anti-rabbit polyclonal antibodies (final concentration: 0.12 µg/ml). Binding of APconjugated secondary antibodies was revealed by adding the BCIP/NBT substrate.

II.2.5 Activity assay of yNtMMP1
II.2.5.1

Autocatalytic processing of yNtMMP1

For autocatalytic processing, 10 µg of purified yNtMMP1 (II.2.2.5) was incubated with protease
reaction buffer in a final volume of 80 µl at 37°C for different time points (0, 1, 2, 4, 6 and 18 h).
After each time point the reaction was stopped by adding 10 mM EDTA and then the protein was
deglycosylated by incubating overnight at 37°C with 2 U of N-Glycosidase F in 1x PBS in a final
volume of 100 µl. After incubation, 2 µg of yNtMMP1 was separated by 12% (w/v) SDS-PAGE
(II.2.4.2) and immunoblot analysis (II.2.4.3) was performed either with the N-terminus (N11.5.1.5) or with the C-terminus specific antibody (C-6.3.2).
Protease reaction buffer (pH 7.5):
Tris-HCl, pH 7.5
50 mM
5 mM
CaCl2, 2H2O
100 µM
ZnCl2

II.2.5.2

Zymography of yNtMMP1

Both casein and gelatin zymography was performed according to the method of Heussen and
Dowdle (1980). For this assay 10% (w/v) SDS-polyacrylamide gel (II.2.4.2) was copolymerized
either with casein or with gelatin (final conc. 0.1% (w/v)) and the protein samples (both
glycosylated and deglycosylated) without boiling, were applied to the gel and separated
according to their sizes at a constant 120 V and 4˚C (MiniProteanII, Bio-rad). The proteins were
denatured during the process and then renatured by removing SDS from the gel. For SDS
removal, the gel was washed two times with 100 ml of 2.5% (v/v) TritonX-100, 20 min each and
then incubated overnight with 100 ml of protease reaction buffer (II.2.5.1) at room temperature.
After incubation the gel was stained with Coomassie brilliant blue which stains the entire gel,
leaving clear zones in the area of gelatin or casein degradation caused by yNtMMP1.

II.2.5.3

N-terminal sequencing of yNtMMP1

For N-terminal sequencing, around 50 µg of purified yNtMMP1 (II.2.2.5) was deglycosylated o/n
at 37°C with N-glycosidase F in 1x PBS containing 10 mM EDTA and then was separated by
12% (w/v) SDS-PAGE (II.2.4.2) according to Dunbar et al. (1994). After electrophoresis, the
separated proteins were blotted onto PVDF membrane (Roth) by electroblotting with CAPS
buffer at a constant 100 V for 60 min. After electroblotting the PVDF membrane was stained
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with amidoblack staining solution for 5 min and then the membrane was destained with 50%
(v/v) methanol and was sequentially washed 2-3 times with water for 10 min and finally air dried
(Cook, 1994).
CAPS buffer:
CAPS, pH 11.0
10 mM
Methanol
10% (v/v)
Sodium thioglycolate
0.1 mM
Amidoblack staining solution:
Amidoblack
Acetic acid
Methanol
dd H2O

II.2.5.4

0.1% (w/v)
1% (v/v)
40 % (v/v)
60% (v/v)

Kinetic study of yNtMMP1

Commercially available MMP specific synthetic fluorescent peptide substrate [DNP-Pro-βcyclohexyl-Ala-Gly-Cys(Me)-His-Ala-Lys(NMA)-NH2] (II.2.3.3) was used to determine Vmax
and Km of the purified, glycosylated yNtMMP1 according to the product manual of Enzo Life
Sciences and other references (Quesada et al., 1997; Roghani et al., 1999). The uncleaved
peptide’s fluorescence is quenched by an internal NMA (N-methylanthranilic acid) moiety,
whereas yNtMMP1 cleavage of the peptide at the Gly-Cys site creates emergence of fluorescence
which can be monitored by using excitation/emission values of 340nm/440nm. At first, the
optimum pH for the yNtMMP1 activity was determined by incubating 0.03 µM yNtMMP1
separately either in MES buffer or Tris buffer together with the fluorescent substrate (10 µM) and
the emitted fluorescence was measured with the help of an ELISA reader (Bio-Tek) for 1 h at RT
at an interval of 1 min with the above mentioned excitation/emission values. The reaction buffer
(II.2.3.3) containing 0.03 µM yNtMMP1 was mixed with different concentrations (from
0.625 µM to 35 µM) of peptide substrate in a 96 well-medium binding microtitre plate and the
final volume was made up to 200 µl. For negative controls, 20 mM EDTA was used in one
reaction to inhibit the yNtMMP1 and another reaction was performed with 0.05 µM DSPA-α1
instead of yNtMMP1. As a blank no enzyme was used with the substrate. The emitted
fluorescence was measured as mentioned above.
MES buffer:
MES, pH 5.0-6.5
50 mM
5 mM
CaCl2
100 µM
ZnCl2
Tris buffer:
Tris-HCl, pH 7.0-10.0
50 mM
5 mM
CaCl2
100 µM
ZnCl2
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Degradation of DSPA-α1 by yNtMMP1

Around 8 µg (0.72 µM) of DSPA-α1 together with 10 ng/µl (approx. 0.1 µM) of yNtMMP1 was
incubated for 20 h at 26°C in the above mentioned reaction buffer (II.2.3.3) with a total reaction
volume of 200 µl. After centrifugation at 16,000 g for 1 min at RT, the supernatant from the
reaction mixture was divided in two parts. One part was used to determine the activity of the
remaining undigested DSPA-α1 by performing a kinetic assay with 2 mM of the serine protease
specific chromogenic substrate (S2288) for 10 min at RT at 10 sec of interval and OD405nm,
whereas the other part was used to perform an immunoblot assay (II.2.4.3). In the immunoblot,
rabbit anti-DSPA-α1 polyclonal antibody (0.5 µg/ml) was used as primary and HRPO labelled
goat anti-rabbit Fc (0.16 µg/ml) was used as secondary antibody (II.1.6).

II.2.6 Generation and characterization of antisense RNA expressing BY-2 cell lines
II.2.6.1

Recombinant agrobacterium-mediated stable transformation of BY-2 cells

The N. tabacum cv. BY-2 cells were transformed by co-cultivation with recombinant A.
tumefaciens carrying different protease cDNA constructs in antisense orientation. Approximately,
100 ml of a 3 days old BY-2 culture in the log phase of growth was mixed with 100 μl of 0,2 M
acetosyringone and from that culture 3 ml of BY-2 cells was mixed with 150 µl of an o/n grown
culture (OD600nm~1.0) of recombinant A. tumefaciens (II.2.1.6), in a small petri-dish (5 cm
diameter). After incubation for 3 days in the dark at 23-26°C, the cells were mixed with 1 ml of
MS medium supplemented with 200 μl/l cefotaxime. Around 1 ml of the cells was plated on MS
agar supplemented with appropriate selection agents (75 µg/ml kanamycin and 12.5 µg/ml
hygromycin). When the liquid was evaporated the plates were incubated in the dark at 23-26°C.
Pinhead-sized clumps of kanamycin-resistant cells were visible after 3-4 weeks and were
transferred to fresh plates containing the same medium and cultivation continued until sufficient
cell material was available for screening either by Northern blot (II.2.6.5 and II.2.6.6) or
immunoblot (II.2.4.3).
MS medium:
MS basic salt mixture
0.44% (w/v)
Sucrose
3.0% (w/v)
0.02% (w/v)
KH2PO4
2,4-D
0.00002% (w/v)
Thiamine-HCl
0.00006% (w/v)
The pH was adjusted to 5.8 with 1 N NaOH (for preparation of solid medium, 0.8% (w/v) agar
was added) and was autoclaved.

II.2.6.2

Generation of BY-2 cell suspension culture

N. tabacum cv. BY-2 suspension cells and calli were grown in MS medium. After screening the
BY-2 calli by Northern blot (II.2.6.5 and II.2.6.6) and immunoblot (II.2.4.3), suspension cultures
were developed with selected calli. The suspension cells were cultivated at 26°C in the dark with
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shaking (180 rpm). Suspension cells were sub-cultured weekly using 5% (v/v) inoculum for wild
type as well as different transgenic cell lines.

II.2.6.3

Cell growth and morphology study of BY-2 cell lines

For cell proliferation studies, different BY-2 cell lines (wild type and transgenic lines) were
cultured in 50 ml of MS medium (II.2.6.1). Approximately, 5 ml of cell culture was harvested
after different time-points of post subculture (3, 5, 7 and 10 days) for each of the cell lines and
the cells were separated from supernatant by performing vacuum filtration. The fresh weight of
the harvested cells was measured using a balance and cell growth characteristics were compared
with each of the cell line (refer to the result section III.2.2.7).
To study the cell morphology, cells were analyzed under the light microscope after harvesting at
different time-points of post subculture (3, 5, 7 and 10 days).

II.2.6.4

Extraction of RNA from transgenic BY-2 cells

Total RNA was extracted either from 3-4 weeks old BY-2 calli (both wild type as well as
transgenic) or from the BY-2 cells in suspension cultures after 3, 5, 7 and 10 days of post
subculture. For the extraction of total RNA the BY-2 cells were grounded in liquid nitrogen to a
fine powder using mortar and pestle. The powder was transferred to 1.5 ml RNase free
microcentrifuge tube (Eppendorf) and extraction of total RNA was performed using Plant-RNA
isolation kit (Macherey-Nagel) according to the manufacturer’s instructions. Around 1.5 μl of
extracted total RNA was applied to the spectrophotometer (Nanodrop) to determine quantity and
purity of RNA by measuring both A260nm and A280nm absorbance together with A260nm / A280nm
and A260nm / A230nm. The RNA was then used for Northern blot analysis (II.2.6.5 and II.2.6.6).
II.2.6.5

Running of RNA gels and blotting

Approximately, 12 µg of each RNA sample was mixed 1:1 (v/v) with RNA loading buffer,
denaturized for 10 min at 65°C and separated on 1% (w/v) agarose gel containing 2.2 M
formaldehyde in 1x MOPS buffer. The gel was run at constant 80 V for 2 h in 1x MOPS buffer,
and then the gel was brought onto UV-transillumunator to visualize the 28S and 18S rRNA
bands. The transfer of RNA-samples from the agarose gel onto Hybond N+ nylon membrane was
performed by an ‘upward’ capillary transfer for o/n at RT with 10x SSC buffer as transfer buffer
(Sambrook and Russell, 2001). After the transfer of RNA, the membrane was baked in an oven at
80ºC for 2 h to crosslink RNA to the membrane.
10x MOPS buffer (pH 7.0):
MOPS
200 mM
NaAc
50 mM
EDTA
10 mM
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RNA-loading buffer (15 ml):
10x MOPS
Formamide
37% (v/v) Formaldehyde
100% (v/v) Glycerol
Bromophenol-Blue

1500 μl
8100 μl
2400 μl
3000 μl
1 μg

20X SSC pH 7.0:
NaCl
Tri-Sodium citrate
II.2.6.6

3M
0.3 M

Hybridization and detection of RNA on nylon membrane

For hybridization, either double stranded DNA (dsDNA) fragments, obtained by restriction
enzyme digestion (II.2.1.14) of plasmid DNAs (II.1.8) or in vitro transcribed RNA was used as
probe for the detection of target RNA fragments on the nylon membrane. At first, 600-900 bp of
dsDNA fragment was isolated with the help of restriction enzymes, from a particular vector
containing the full cDNA of the particular gene to be analyzed. That DNA was labeled with
radioactive [α-P32]-dATP (3000 Ci/mmol) according to the instruction provided by DecalabelDNA labeling kit from Fermentas. For in vitro-transcribed probes, the cDNA of a target gene was
first cloned into pGEMTEasy vector (II.1.8) which contains either SP6 or T7 promoter at each
end of the cloning site. Then in vitro transcription was performed according to the instruction of
Maxiscript SP6/T7 in vitro-transcription kit (Maxiscript, Applied Biosystems) in the presence of
[α-P32]-UTP (800 Ci/mmol).
When a radiolabeled dsDNA fragment was used as probe, the membrane was prehybridized at
42°C for 3-4 h with hybridization solution containing salmon-sperm DNA (0.5 mg) followed by
overnight hybridization in the same hybridization solution containing the probe. Next day the
membrane was washed two times with 2x SSC/0.1% (w/v) SDS followed by two times wash with
1x SSC/0.1% (w/v) SDS, each one hour. In case of radiolabeled in vitro-transcribed probes, the
membrane was prehybridized at 68°C for 3-4 h with hybridization solution containing salmonsperm DNA (0.5 mg) and yeast total RNA (0.5 mg). Then the membrane was hybridized o/n in
the same hybridization solution after adding the probe. Next day the membrane was subsequently
washed once with 2x SSC/0.1% (w/v) SDS and 1x SSC/0.1% (w/v) SDS followed by two times
wash with 0.5x SSC/0.1% (w/v) SDS, each one hour. After washing, the membrane was wrapped
with saran wrap and packed in a cassette with a phosphoimager plate on top. The cassette was
incubated in the dark for 2-3 days at RT and then was scanned with the help of phosphorimager.
Hybridization solution:
Formamide
50% (v/v)
SDS
1% (w/v)
Dextransulfate
10% (w/v)
NaCl
1M
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MOPS buffer, RNA-loading buffer and SSC buffer were autoclaved before use. DEPC (0.1%
(v/v)) treated water was used to prepare all the buffers used for RNA work. Around 1 µl of EtBr
was added freshly to 1 ml of RNA-loading buffer, prior to run the RNA gels.

II.2.6.7

Preparation of total soluble proteins from BY-2 cells

Wild type as well as transgenic BY-2 cells was used for the extraction of total soluble proteins.
Around 5 ml of different BY-2 cell suspensions (II.2.6.2.) was collected after 3, 5, 7 and 10 days
of post subculture. Those cell suspensions were applied to the vacuum filtration unit (Sartorius)
to remove the supernatant from the cells. After measuring the fresh weight, the cells were
grounded in liquid nitrogen to a fine powder with a mortar and pestle. Total soluble proteins were
extracted by incubating 2 ml of extraction buffer per gram of cells. After removing the cell debris
by centrifugation (20,000 g/4°C/30 min) the supernatant was used for protein analysis by SDSPAGE (II.2.4.2) and immunoblot (II.2.4.3).
Extraction buffer:
Tris-HCl (pH 8.0)
50 mM
NaCl
100 mM
EDTA
10 mM
Tween 20
0.1% (v/v)
PVPP
1% (w/v)
Finally, Complete® protease cocktail inhibitor (EDTA free) from Roche was added to the buffer.

II.2.6.8

EnzChekTM protease assay with multi-antisense BY-2 culture supernatant

At first, the total soluble protein (TSP) concentration of all the BY-2 culture supernatants were
measured by DC protein assay method (II.2.4.1) and the concentration of TSP in all supernatants
was adjusted equally (with respect to the culture supernatant containing lowest amount of TSP)
by diluting with MS medium. A maximum volume of 180 µl of BY-2 culture supernatant (having
equal amount of TSP) was used for the assay. EnzChek™ protease assays were performed by
incubating 1 µg of red-fluorescent dye labeled casein with different multi-antisense (expressing
antisense RNA against all four proteases together) as well as wild type BY-2 culture supernatants
containing an equal amount of TSP in a total reaction volume of 200 µl. Emitted fluorescence
was measured as mentioned before (II.2.3.2).

II.2.6.9

Spiking of BY-2 culture supernatant with purified DSPA-α1

CHO cell-produced and purified DSPA-α1 was used for spiking experiments. In the spiking
experiments described here, the volume of the culture supernatant was adjusted by diluting with
MS medium to have equal amount of TSP as described above (II.2.6.8). A maximum volume of
90 µl of BY-2 culture supernatant (having equal amount of TSP) was used for the assay. Two
spiking experiments using DSPA-α1 were performed.
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In the first experiment, BY-2 supernatant from wild type cells (5 dps) was collected by vacuum
filtration. The culture supernatant was mixed with 4 µg of DSPA-α1 with or without different
protease inhibitors (pepstatin for aspartic protease, E-64 for cysteine protease, EDTA or GM6001
for metallo protease and Pefabloc SC/AEBSF for serine protease) separately in a total of 100 µl
reaction mixtures and was incubated for 20 h at 26°C. Next day, 25 µl of 5x SDS sample buffer
was mixed with the above reaction mixture and after boiling for 5 min the samples were analysed
by immunoblot (II.2.4.3, II.2.5.5).
In the second experiment, supernatants from BY-2 wild type cell line, BY-2 antisense cell lines
(expressing antisense RNA against either endogenous NtMMP1 or serine protease separately) as
well as BY-2 multi-antisense cell lines (expressing antisense RNA against all four proteases
together) were collected after different time-points of post subculture (3, 5, 7 and 10 days).
Around 100-300 µl of supernatants were mixed with 4-18 µg of DSPA-α1 and was incubated for
20 h at 26°C. After that the reaction mixtures were analysed by immunoblot (II.2.4.3, II.2.5.5).
As negative control, DSPA-α1 was incubated only with MS medium.

II.2.6.10 Spiking of BY-2 culture supernatant with purified 2F5 antibody
CHO cell-produced and purified 2F5 antibody was used for spiking experiments. In the spiking
experiments described here, the volume of the culture supernatant was adjusted by diluting with
MS medium to have equal amount of TSP as described above (II.2.6.8). A maximum volume of
70 µl of BY-2 culture supernatant (containing the lowest amount of TSP) was used for the assay.
Spiking experiments of 2F5 antibody were performed in two versions.
In the first version, BY-2 supernatant from wild type cells (after 5 and 7 days of post subculture)
was collected by performing vacuum filtration. Approximately, 70 µl of BY-2 culture supernatant
was mixed with 12 mM methyl-β-cyclodextrin and 4 µg of purified 2F5 antibody. This reaction
mixture was incubated for 20 h at 26°C with or without different protease inhibitors (pepstatin, E64, GM6001 and Pefabloc) separately in 100 µl reaction volume. The following day, reactions
were stopped by boiling for 5 min with 5x SDS sample buffer and the samples were analysed by
immunoblot (II.2.4.3) with HRPO labelled rabbit anti-human IgG (H+L) (final concentration:
0.2 µg/ml) as secondary antibody (II.1.6).
In the second version, 70 µl of BY-2 culture supernatants from BY-2 wild type cell line, BY-2
antisense cell lines (expressing antisense RNA against either endogenous NtMMP1 or serine
protease separately) as well as BY-2 multi-antisense cell lines were collected at different timepoints of post subculture (3, 5, 7 and 10 days) and were incubated with 12 mM methyl-βcyclodextrin and 4 µg of pure 2F5 antibody for 20 h at 26°C. After terminating reactions by
boiling, the samples were analyzed as before. As negative control, 2F5 antibody was incubated in
MS medium only.

-43-

Chapter III

Results

III Results
The result section contains two major parts. The first part deals with the characterization of the
matrix-metalloproteinase NtMMP1 cloned from the tobacco BY-2 cell line. The protease was
cloned into the plant expression vector pTRA as well as the yeast expression vector pPICZ B and
then expressed either transiently in N. tabacum cv. Petite Havana SR1 leaves or in P. pastoris (X33). The recombinantly expressed protease was purified either via Ni-NTA or TALON and was
characterized by various enzymatic activity assays using different substrates.
In the second part of the result section, the silencing of different endogenous protease genes by
antisense RNA is described. Antisense RNAs against four different endogenous proteases
(aspartic (NtAspP), cysteine (NtCysP), matrix-metallo (NtMMP1) and serine (NtSerP)) were
cloned separately into the plant expression vector pTRA and then used to transform wild type
BY-2 cells to generate different antisense cell lines. After transformation, BY-2 calli expressing
different antisense RNA were screened by Northern blot analysis and when possible by
immunoblots. Two proteins, DSPA-α1 and 2F5 antibody were used as substrates to monitor their
degradation in the culture supernatant of the different antisense RNA expressing BY-2 cell lines.
Furthermore, multi-antisense BY-2 cell lines, which express antisense RNA against the four
different proteases simultaneously, were also generated. After screening the BY-2 calli by
Northern blot analysis, similar degradation studies were performed as described above and finally
overexpression of the 2F5 antibody in those cell lines was carried out.

III.1 Characterization of NtMMP1 from BY-2 cells
III.1.1 Expression of the recombinant NtMMP1 in different systems
III.1.1.1 Expression of matrix-metalloproteinase (NtMMP1) in N. tabacum
The cDNA sequence of the matrix-metalloproteinase NtMMP1 (Schiermeyer et al., 2009) is
1270 bp long including an ORF of 1095 bp encoding a 365 amino acid long membrane-bound
protein. Multiple sequence alignment (refer to the appendix) with other known matrixmetalloproteases (MMP) from other plant species like Arabidopsis thaliana, Glycine max,
Cucumis sativus and Medicago truncatula reveals that the full-length NtMMP1 contains a signal
peptide (amino acids 1-20), a propeptide (amino acids 21-147) containing highly conserved
cysteine switch motif PRCGNADV, a catalytic domain (amino acids 148-348), a structural
zinc/calcium binding site (amino acids 217-248), a catalytic zinc-binding site (amino acids 276286), a methionine turn motif (amino acids 292-296) and a hydrophobic transmembrane domain
(amino acids 349-365) (Figure III-1). The NtMMP1 enzyme also contains seven potential Nglycosylation
sites
as
predicted
by
the
NetNGlyc
1.0
Server
(http://www.cbs.dtu.dk/services/NetNGlyc/).
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MRIPLFIAIVLVLSLSPASA HFSPNISSIPPSLLKPNNTAWDAFHKLLGCH
AGQKVDGLAKIKKYFYNFGYIPSLSNFTDDFDDALESALKTYQQNFNLN
TTGVLDAPTIQHLIRPRCGNADV VNGTSTMNSGKPPAGSQNMHTVAHFS
FFPGRPRWPDSKTDLTYAFLPQNGLTDNIKSVFSRAFDRWSEVTPLSFTET

Signal peptide
Cysteine switch
Zinc binding domain

ASFQSADIKIGFFAGDHNDGEPFDGPMGTLAHAFSPPGGHFHLDGDENW

Methionin turn motif

VIDGVPIVEGNFFSILSAVDLESVAVHEIGHLLGLGH SSVEDSIMFPSLA

Hydrophobic helix

AGTRRVELANDDIQGVQVLYGSNPNFTGPNTVLNPTQENDTNGAPKFGS
LWVHVVFAFFLSFLHLI

Figure III-1: Amino acid sequence of NtMMP1.
Different domains of NtMMP1 are highlighted with a color code. The underlined portion designates the
propeptide domain of NtMMP1. The seven potential N-glycosylation sites are marked with asterisks. The
arrow indicates the site of autocatalytic cleavage, as determined by N-terminal sequencing (III.1.1.4).

From the amino acid sequence alignment data it was observed that, among the published amino
acid sequences of MMPs from different plant species, NtMMP1 has 50-60% of similarity (as
calculated by Vector NTI advance10, Invitrogen) only with At2-MMP (GeneBank No:
NP_177174), At3-MMP (GeneBank No: NP_173824), At5-MMP (GeneBank No: NP_176205)
and Pta1-MMP (GeneBank No: ACJ24812) whereas it shows less than 50% of similarity with
others (Table III-1). Among mammalian species, only human MMP7 shows more than 30% of
similarity with NtMMP1 (Table III-1). The pTRAkt-NtMMP1-apo vector (Figure III-2)
(Schiermeyer et al., 2009) was used to drive the transient expression (II.2.2.2 and II.2.2.3) of
NtMMP1 in N. tabacum cv. Petite Havana SR1 leaves. The expression of NtMMP1 was under
the control of CaMV 35S promoter and a C-terminal His6 tag allowed purification via IMAC
(II.2.2.3).
Table III-1: Amino acid sequence alignment of NtMMP1with different MMPs.

GenBank accession
No. (Protein)

Organism

Name of
protease

Percentage
of similarity

Percentage
of identity

AAO42162

Arabidopsis thaliana

At1-MMP

49.7

36.6

NP_177174

Arabidopsis thaliana

At2-MMP

65.6

54.1

NP_173824

Arabidopsis thaliana

At3-MMP

65.3

54.1

NP_182030

Arabidopsis thaliana

At4-MMP

47.6

36.3

NP_176205

Arabidopsis thaliana

At5-MMP

63.8

51.8

ACJ24812

Pinus taeda

Pta1-MMP

56.4

40.5

P29136

Glycine max

SMEP1

49.0

37.8

AAL27029

Glycine max

GmMMP2

40.7

26.8

CAB76364

Cucumis sativus

Cs1-MMP

44.3

34.7

CAA77093

Medicago truncatula

MtMMPL1

37.9

27.4

EAW67023

Homo sapiens

MMP7

32.8

23.3

EAW68817

Homo sapiens

MMP26

29.5

23.6
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pTRAkt-NtMMP1-apo
LB pAnos

nptII

Pnos SAR

P35S

NtMMP1

SP

H6 pA35S SAR RB

1044 bp

Figure III-2: Schematic view of the T-DNA of the plant expression vector pTRAkt-NtMMP1-apo.
LB and RB are left and right border of the T-DNA; Pnos and pAnos: promoter and terminator of the
nopaline synthase gene, respectively; nptII: coding sequence of the neomycin phosphotransferase gene;
SAR: scaffold attachment region; P35S and pA35S: 35S promoter with doubled enhancer and terminator
of the Cauliflower mosaic virus (CaMV) 35S gene, respectively; SP: signal peptide sequence of the
endogenous NtMMP1; H6: His-tag. The number below indicates the size of the NtMMP1 coding sequence
without transmembrane domain.

The expression vector pTRAkt-NtMMP1-apo enabled the secretion of NtMMP1 to the apoplast
of plant cells because it contains the endogenous signal peptide at the N-terminus but no
transmembrane domain (17 amino acid long hydrophobic domain) at the C-terminus. Around 5060 g of young tobacco leaves was vacuum-infiltrated with recombinant Agrobacterium (II.2.2.2)
harbouring pTRAkt-NtMMP1-apo. Total soluble protein was extracted from the leaves (II.2.2.4)
after 72 h of incubation and after purification via TALON resin (II.2.2.3), the accumulation of
NtMMP1 was analysed by SDS-PAA gel electrophoresis (II.2.4.2) as well as immunoblot
(II.2.4.3). In the SDS-PAA gel, many bands were visible in the elution fraction after Coomassie
staining (Figure III-3A). Those bands are mainly plant proteins binding non-specifically to the
TALON matrix. As the amount of recombinant NtMMP1 was very low (yield~10 ng/g of leaves)
it was not reasonable to use high stringency washing step to remove non-specific proteins. In the
immunoblot, two very close bands were visible around 55 kDa which corresponds to the full-size
NtMMP1 (except signal peptide and transmembrane domain) and another double band was
visible below the 34 kDa protein marker (Figure III-3B).

A
1

M

kDa

M

B

1

72
55
43
34
26
17

Figure III-3: Transient expression of NtMMP1 in N. tabacum.
After purification via TALON resin, 4 µg of total soluble protein (TSP) was separated by 12% (w/v) SDSPAGE (II.2.4.2) and the protein bands were either detected by Coomassie staining (A) or by immunoblot
analysis (B). In the immunoblot, protein bands were detected by primary rabbit anti-LeMMP antiserum
(polyclonal antibodies specific to tomato MMP) diluted to 1:2000 followed by a secondary goat anti-
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rabbit Fc (IgG) conjugated to alkaline phosphatase; M: prestained protein marker; lane 1: elution fraction
containing transiently expressed NtMMP1 from N. tabacum.

The full-size NtMMP1 has a calculated mass of ~36 kDa excluding the signal peptide and the
transmembrane domain. The difference between observed and calculated mass of NtMMP1 is
explained by the presence of glycosylation, as NtMMP1 contains seven potential N-glycosylation
sites. Among the two distinct bands which were visible below 34 kDa, one might be mature
protease band after processing of the N-terminal propeptide which is a common mechanism for
animal and plant MMPs, whereas the smallest band might be the propeptide with five
glycosylation sites (it has been verified later on by N-terminal sequencing and N-glycosylation
predicted server that propeptide contains five N-glycosylation sites). If all the five sites are
glycosylated (plant specific: extracellular space), it will add up to ~12 kDa additional molecular
mass to the propeptide (14 kDa) to have the final molecular mass of ~26 kDa. Alternatively, the
smallest band (below 34 kDa) might be either the different mature forms of the protease due to
the processing of the propeptide at different location similar to At1-MMP (Maidment et al.,
1999) or it might be simply due to the different degree of glycosylation. The band patterns are
correlating with published report (Schiermeyer et al., 2009) and this partially purified protease
was used in preliminary screening of mouse hybridoma clones producing NtMMP1-specific
monoclonal antibodies (III.1.2.1).

III.1.1.2 Cloning of NtMMP1 in P. pastoris expression vector
As the expression level and purity of transiently expressed NtMMP1 in N. tabacum cv. Petite
Havana SR1 leaves was very low, the NtMMP1 was produced alternatively in P. pastoris which
is also a eukaryotic expression system. The cDNA insert for the truncated version of NtMMP1
called yNtMMP1 (to distinguish it from the plant version), was isolated from the pTRAktNtMMP1-apo vector using the restriction enzymes EcoRI and XbaI. It contains the endogenous
NtMMP1 signal peptide for secretion of the expressed protein into the culture medium of P.
pastoris and a C-terminal His6-tag followed by a stop codon. After isolation, the insert having a
size of 1044 bp was then cloned into the pPICZ B expression vector (II.1.8) at the vector’s unique
restriction sites EcoRI and XbaI (Figure III-4) to generate the pPICZ B-yNtMMP1 vector. As
because yNtMMP1 contains the endogenous signal peptide which should facilitate the secretion
of the expressed protein into the culture medium, the pPICZ B expression vector which lacks the
yeast specific α-factor secretion signal, was used for expression. The pPICZ B vector contains a
5’ region of methanol-inducible AOX1 promoter (responsible for the transcription of alcohol
oxidase gene). Cloning was confirmed by digesting the pPICZ B-yNtMMP1 plasmid (propagated
in E. coli strain XL1-blue) with EcoRI and XbaI restriction enzymes (data not shown). The
pPICZ B-yNtMMP1 vector was finally used to transform X-33 cells (II.1.9) by electroporation
(II.2.1.8).

-47-

Chapter III

Results
XbaI

pTRAkt-NtMMP1-apo
Pnos SAR P35S SP

nptII

LB SAR pAnos

NtMMP1

H6 pA35S SAR RB

1044 bp
EcoRI
EcoRI/XbaI
SP

yNtMMP1

H6
Ligation

XbaI

pPICZ B
5‘AOX1

MCS

AOX1
TT

pTEF1

pEM7

Sh ble

EcoRI

pPICZ B-yNtMMP1
5‘AOX1

SP

yNtMMP1

H6

AOX1
TT

pTEF1

pEM7

Sh ble

Figure III-4: Schematic diagram describing the cloning of yNtMMP1 into the pPICZ B vector.
Different components of the pTRAkt-NtMMP1-apo vector are described in figure III-2. yNtMMP1 is the
recombinantly expressed NtMMP1 in yeast; AOX1and AOX1TT: alcohol oxidase gene promoter and
terminator regions respectively; pTEF1: transcription elongation factor 1 gene promoter from
Saccharomyces cerevisiae that drives expression of the Sh ble gene in Pichia, conferring Zeocin
resistance; pEM7: Constitutive promoter that drives expression of the Sh ble gene in E. coli, conferring
Zeocin resistance; Sh ble: Streptoalloteichus hindustanus bleomycin resistance gene; MCS: multiple
cloning site.

III.1.1.3

Expression and purification of yNtMMP1

Expression and purification of yNtMMP1 was performed according to the method described
before (II.2.2.5). The expression of yNtMMP1 in P. pastoris was induced only for 72 h, because
in long time cultivation secreted protein may be degraded or inactivated by autocatalytic activity
or by other proteases produced by P. pastoris as proposed by Promdonkoy et al. (2009). The
protein yield was determined to be around 2 mg/L after affinity purification via Ni-NTA
(II.2.2.5). Purification of yNtMMP1 was performed preferably via Ni-NTA, as full-length
yNtMMP1 was found to bind to the Ni-NTA resin with more affinity than to the TALON resin
(data not shown). In a SDS-PAA gel electrophoresis (II.2.4.2) the purified protein shows one
fuzzy band between 72-130 kDa, another fuzzy band between 34-43 kDa and one band below
26 kDa (Figure III-5A). This result correlates with the result obtained from immunoblot analysis
(II.2.4.3) using NtMMP1-specific mAbs N-11.5.1.5 or C-6.3.2 (II.1.6). These two antibodies are
described in more detail in the following section (III.1.2). With the N-terminus specific antibody
N-11.5.1.5 the staining of the upper band was much stronger than the lower band (Figure III-5B)
whereas for the C-terminus specific antibody C-6.3.2 the band intensity was opposite to that of
N-11.5.1.5 (Figure III-5C). Three low-molecular weight bands (might be degradation product)
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below 17 kDa were detected in the immunoblot developed with the C-6.3.2 antibody (Figure III5C).
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Figure III-5: Production of yNtMMP1 in P. pastoris.
The yNtMMP1 protein was purified from the culture medium of P. pastoris (II.2.1.8) via Ni-NTA
chromatography (II.2.2.5). The purified protein was separated by 12% (w/v) SDS-PAGE and was detected
either by Coomassie staining (II.2.4.2) (A) or by immunoblot analysis (II.2.4.3) (B and C). Around 8 µg of
total protein was analyzed for Coomassie staining and for immunoblot ~2 µg of total protein was used. (B)
(C) protein bands were detected by primary mouse monoclonal antibodies N-11.5.1.5 and C-6.3.2 (final
concentration: 0.5 µg/ml) respectively followed by secondary goat anti-mouse Fc conjugated to alkaline
phosphatase (final concentration: 0.12 µg/ml). M: prestained protein marker; lane1: yNtMMP1.

The full-length NtMMP1 molecule comprises 365 amino acids and has a calculated theoretical
mass of ~40 kDa which decreases to ~36 kDa when the signal peptide and transmembrane
domain are removed. As the NtMMP1 enzyme contains seven potential N-glycosylation sites, the
observed fuzzy band between 72-130 kDa is indicative of a hyperglycosylation that is often
observed in recombinant proteins produced in P. pastoris (Hellwig et al., 1999; Promdonkoy et
al., 2009).
To proof this hypothesis, recombinantly produced yNtMMP1 was subjected to a deglycosylation
reaction (II.2.2.5) with N-glycosidase-F and the resulting product was analyzed by immunoblot
using both NtMMP1-specific antibodies N-11.5.1.5 and C-6.3.2. The N-terminus specific
antibody recognizes one prominent band between 34-43 kDa and an additional band with a
molecular weight below 17 kDa (Figure III-6A). The C-terminus specific antibody also
recognizes the same prominent band between 34-43 kDa as the N-terminus specific antibody and
another prominent band below 26 kDa (Figure III-6B). This clearly shows that yNtMMP1 was
hyperglycosylated by P. pastoris (mostly N-glycosylation) and was successfully deglycosylated.
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Figure III-6: Immunoblots analysis of deglycosylated yNtMMP1.
Around 10 µg of yNtMMP1 was first deglycosylated with 2U of N-Glycosidase-F (II.2.2.5) for overnight
at 37ºC and 2 µg of the deglycosylated protein was separated by 12% (w/v) SDS-PAGE (II.2.4.2)
followed by immunoblot (II.2.4.3) analysis. Protein bands were detected by the primary mouse
monoclonal antibodies N-11.5.1.5 (A) or C-6.3.2 (B), respectively, followed by the secondary goat antimouse Fc antibody conjugated to alkaline phosphatase. M: prestained protein marker. The two arrows are
indicating the bands which were later used for N-terminal sequencing (III.1.1.4).

The observed band pattern correlates with the established maturation processing of MMPs where
the upper band (Figure III-6A, B) represents the proprotein with an apparent molecular weight of
36 kDa (detected by N-11.5.1.5 and C-6.3.2) and the middle band (Figure III-6B) is the mature
enzyme with an apparent molecular weight of 22 kDa (detected by C-6.3.2). The lower band
(Figure III-6A) is the free propeptide with an apparent molecular weight of 14 kDa (detected by
N-11.5.1.5) (Figure III-7).
HFSPN----RPRCGNADVV----HTVAH
2 kDa
SP
2 kDa

Propeptide

Catalytic domain

14 kDa

TM

22 kDa

FSFFP------VHEIGHLLGLGHSS------PKFGS

Figure III-7: Schematic diagram describing different domains of NtMMP1.
The propeptide contains the cysteine switch (dark) and the catalytic domain contains the zinc binding
motif (dark and underlined). Other parts are SP: signal peptide and TM: transmembrane domain.
Calculated molecular weight of each part is mentioned beside every box.

III.1.1.4

N-terminal sequencing of yNtMMP1

The two prominent bands of the deglycosylated protein, with an apparent molecular weight of
36 kDa and 22 kDa (refer to Figure III-6) were isolated and subjected to N-terminal sequencing
by Edman degradation (II.2.5.3). The sequencing results confirmed that the larger band (i.e.
36 kDa) is the proprotein without signal peptide and the smaller band (i.e. 22 kDa) represents the
mature form of the protein without the propeptide (Figure III-7). It has been found from the N-50-
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terminal sequencing that the autocatalytic cleavage site is between His147 and Phe148 bond of the
consensus sequence (H F S/R F/S/T F P) which is also found in human stromelysin 1 (MMP-3), 2
(MMP-10) and to some extent in SMEP1 (MMP from soybean leaves). A multiple sequence
alignment of NtMMP1 with the two human stromelysins and SMEP1 is shown in Figure III-8.

SMEP1
NtMMP1
SL1
SL2

IMTPRCGVPDIIINTNKTTS---------FGMISDYTFFKDMPRW
LIRPRCGNADVVNGTSTMNSGKPPAGSQNMHTVAHFSFFPGRPRW
MRKPRCGVPDVG----------------------HFRTFPGIPKW
MRKPRCGVPDVG----------------------HFSSFPGMPKW

Figure III-8: Multiple sequence alignment of yNtMMP1 with human stromelysins and SMEP1.
The underlined portion is the consensus sequence where autocatalytic cleavage takes place. The cleaved
bond is indicated by an arrow. SL: Stromelysin, SMEP1: soybean metalloendoproteinase1.

III.1.2 Monoclonal antibodies against NtMMP1
Generation of the two monoclonal antibodies (mAbs) against two different regiones of protein
sequence of NtMMP1 has been described by Mandal, master thesis, (2006). Two different parts
of the NtMMP1 were chosen for immunization and antibody production, where the first part (21131 amino acid stretch) contains the propeptide (refer to the figure III-1) and the hybridoma
clones which were producing antibodies against this part were designated as N-terminus specific.
Whereas hybridoma clones producing the antibody against the second part (255-341 amino acid
stretch) which contains the catalytic domain, were designated as C-terminus specific.
III.1.2.1

Screening of inhibitory effect of mAbs produced by hybridoma clones

There were 13 hybridoma clones among which ten clones were producing N-terminus specific
mAbs and the remaining three clones C-terminus specific mAbs. Inhibitory effects of those mAbs
towards the enzymatic activity of NtMMP1 (plant produced; III.1.1.1) were determined by
performing an EnzChekTM protease assay using BODIPY® TR-X dye labeled casein as substrate
(II.2.3.2). The percentage of inhibition (normalized against amount of mAbs) by mAbs was
calculated with the help of the following equation (Eqn 1):
[(1-slope of activity curves /slope of negative control) ×100 /amount of mabs]. …………....Eqn 1
SP2/mJL6 hybridoma culture (spleen cells from non-immunized mouse fused with myeloma
cells) supernatant was used as a negative control (Figure III-9). The C-terminus specific mAbs
were showing more inhibition (up to 25%) towards caseinolytic activity of NtMMP1 than the Nterminus specific mAbs (up to 16%). One hybridoma clone (N-11.5.1.5) specific to N-terminus of
NtMMP1 and one clone (C-6.3.2) specific to C-terminus showing the highest inhibition were
selected for purification via protein G (III.1.2.2).
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Figure III-9: Inhibitory effect of mAbs against the enzymatic activity of NtMMP1.
Percentage of inhibition of different hybridoma supernatants against recombinant NtMMP1 (III.1.1.1) was
determined by EnzChekTM protease assay (II.2.3.2). The mAbs present in hybridoma supernatants were
captured by 400 ng/well of goat anti-mouse Fc antibody (coated on a 96 well high binding microtitre
plate). Then the EnzChekTM protease assay was performed by incubating ~20 ng of partially purified
recombinant NtMMP1 (transiently expressed in tobacco leaves) (II.2.2.3) together with 1 µg of casein
(labelled with red-fluorescent BODIPY® TR-X dyes). The emitted red fluorescence (due to protease
activity) was measured for 10 h at an interval of 10 min at an excitation /emission values of 590 nm/645
nm. Percentage of inhibition of negative control (SP2/mJL6) was set to zero. Standard deviation was
calculated from three biological replicates.

III.1.2.2

Purification of monoclonal antibodies

After screening all the 13 hybridoma clones by EnzChekTM protease assay, N-11.5.1.5 and C6.3.2 were selected for purification at larger scale via affinity chromatography (II.2.3.1). The
amount of purified N-11.5.1.5 and C-6.3.2 were 6.25 mg and 2.7 mg, respectively, after
purification from 500 ml of hybridoma culture supernatants. The quality of the purified
antibodies was analyzed by Coomassie stained gel as well as by immunoblot (Figure III-10). The
heavy chain of N-11.5.1.5 antibody consists of two closely spaced bands with slower migration
compared to the C-6.3.2 antibody, whereas light chains of all mAbs had equal migration in the
gel. This anomalous nature of N-11.5.1.5 antibody heavy chain might be due to different posttranslational modifications. The affinity purification results in highly pure (>95%) antibody
preparation.
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Figure III-10: Antibody heavy and light chain detection of N-11.5.1.5 and C-6.3.2.
After purification via protein G affinity chromatography (II.2.3.1), mAbs N-11.5.1.5 and C-6.3.2 were
separated by 12% (w/v) SDS-PAGE (II.2.4.2) and were detected either by Coomassie staining (II.2.4.2)
(A) or by immunoblot (II.2.4.3) analysis (B). In the immunoblot the mAbs were detected by goat antimouse (H+L) conjugated to alkaline phosphatase. Lane 1: C-6.3.2; lane 2: N-11.5.1.5; M: prestained
protein marker.

III.1.2.3

Analysis of inhibitory effect of purified mAbs

After purifying the mAbs, the inhibitory effect of the two purified antibodies were analyzed by
the EnzChekTM protease assay (II.2.3.2), where the fluorescent dye labeled casein (BODIPY®
TR-X casein) was used as protease substrate as well as with a MMP specific synthetic substrate
[DNP-Pro-β-cyclohexyl-Ala-Gly-Cys(Me)-His-Ala-Lys(NMA)-NH2] (II.2.5.4). In contrast to the
experiment described in III.1.2.1, highly pure (>90%) recombinant yNtMMP1 (produced in P.
pastoris; II.2.2.5) was used rather than plant produced and partly purified NtMMP1. In both
assays with the MMP specific synthetic substrate (Figure III-11A) and BODIPY® TR-X casein
(Figure III-11B) the percentage of inhibition for the N-11.5.1.5 antibody was 15-20% whereas
the C-6.3.2 antibody showed significantly more inhibition (46%) with casein as substrate than
with the synthetic substrate (27%). The combination of two antibodies (N-11.5.1.5 and C-6.3.2 in
equal molar ratio) did not have any significant change on the percentage of inhibition compared
to C-6.3.2 alone (Figure III-11). Moreover, the assays clearly indicate that the binding of the Cterminus specific antibody to the catalytic domain interferes with the binding of a bulky substrate
like BODIPY® TR-X casein in the active site of NtMMP1 more than it does for the small peptide
(MMP specific synthetic substrate). Although C-6.3.2 antibody was showing almost 50%
inhibitory efficiency in the EnzChekTM protease assay, it is far less compared to published reports
(Farady et al., 2007; Rezacova et al., 2001), where mAbs or ScFvs were used against other
proteases. Possible explanations might be that yNtMMP1 could have several active intermediate
forms (as discussed above) to which both mAbs (N-11.5.1.5 and C-6.3.2) could not bind with
equal efficiency. The percentage of inhibition of mAbs was calculated as mentioned before
(III.1.2.1) only in contrast purified mAb54 was used as negative control (Figure III-11). This
experiment was repeated twice with two replicates.
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Figure III-11: Inhibitory effect of purified mAbs on the enzymatic activity of yNtMMP1.
Percentage of inhibition of the two different mAbs N-11.5.1.5 and C-6.3.2 against yNtMMP1 (III.1.1.3)
was determined either by using the MMP specific synthetic fluorescent substrate (II.2.5.4) (A) or by the
EnzChekTM protease assay (B). In all the cases antibodies (1.33 µM) were incubated with 0.03 µM of
purified yNtMMP1 (containing 0.2% (w/v) BSA). (A) 10 µM of MMP specific synthetic substrate was
used, (B) 1 µg of BODIPY® TR-X labeled casein was used as substrate. Percentage of inhibition of
negative control (mAb54) was set to zero. Standard deviation was calculated from two biological
replicates.

III.1.2.4 Immunolocalization of endogenous NtMMP1 in BY-2 cells
It has been shown in the literature (Schiermeyer et al., 2009) that the recombinant modified
version of NtMMP1 (catalytic domain is replaced with GFP) is expressed as an integral cell
membrane protein after transport through endoplasmic reticulum and Golgi network. But it did
not give any idea about the expression level of the endogenous NtMMP1 by endogenous
promoter. So to get some information about the expression level of endogenous NtMMP1 and it’s
binding to two mAbs N-11.5.1.5 and C-6.3.2, immunolocalization experiment was performed. In
immunolocalization experiments (II.2.3.5) the green fluorescence (due to the FITC-labeled
secondary antibody) was detected on the BY-2 cell surface, after incubating the BY-2 cells with
either the N-11.5.1.5 (Figure III-12, C-H) or the C-6.3.2 antibody (Figure III-12, I-N).
Consequently both mAbs are binding specifically to the endogenous NtMMP1, because there was
no signal detected for the BY-2 cells incubated only with FITC-labeled secondary antibody
(Figure III-12, A-B). The low signal intensity and low abundance of the green fluorescence
reflects the fact that under normal growth conditions (without any stress), the amount of
endogenous NtMMP1 expression in wild type BY-2 cells is very low (Schiermeyer et al., 2009)
and not all the cells express this protein at the same rate. So the immunolocalization experiments
verify the fact that mAbs are binding specifically to the endogenous NtMMP1 which is present
on the cell membrane.
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Figure III-12: Immunolocalization of endogenous NtMMP1 using mAbs N-11.5.1.5 and C-6.3.2.
BY-2 cells were incubated with either N-terminus specific mAb N-11.5.1.5 or C-terminus specific mAb
C-6.3.2 (II.1.6) followed by incubation with goat anti-mouse FITC labeled antibody. A: No green
fluorescence due to the absence of N-11.5.1.5 and C-6.3.2 antibodies. C,F,I,L: Cells treated with N11.5.1.5 or C-6.3.2 antibodies are showing green fluorescence on cell surface. B,D,G,J,M: Images were
taken in white light transmission. E,H,K,N: Overlay of pictures from both white light transmission and
green fluorescence. In the negative control (A,B) only goat anti-mouse FITC labeled antibody was used.

III.1.3 Enzymatic activity of yNtMMP1
III.1.3.1

Degradation of DSPA-α1 by yNtMMP1

It has been suggested that the pharmaceutical protein DSPA-α1 might be a substrate for
metalloproteinases (Schiermeyer et al., 2005), so degradation of DSPA-α1 (recombinantly
produced and purified from CHO cells) by the proteolytic activity of purified recombinant
yNtMMP1 from P. pastoris (II.2.2.5) was studied. The reaction setup was as described in the
materials and methods section (II.2.5.5). Degradation of DSPA-α1 was monitored both by
immunoblot and the kinetic assay using a serine protease (DSPA-α1) specific chromogenic
substrate (Figure III-13A). From the immunoblot, it was observed that full-length DSPA-α1
(53 kDa) was almost completely degraded by yNtMMP1, producing products that tend to
precipitate and had the molecular weights of around 43 kDa and three closely spaced bands
around 17 kDa. As a negative control, 20 mM EDTA was added to the reaction mixture, where
no degradation was observed. The absence of any degradation products after the addition of
EDTA confirmed that the degradation of full-length DSPA-α1 was due to yNtMMP1 and not by
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autocatalytic degradation. The inhibitory effects (II.2.3.4) of mAbs N-11.5.1.5 and C-6.3.2
towards the enzymatic activity of yNtMMP1 on degradation of DSPA-α1 was analysed by
immunoblot (II.2.4.3). In the immunoblot, both the samples containing either N-11.5.1.5 (Figure
III-13B, lane 5) or C-6.3.2 (Figure III-13B, lane 6) showed the full-length DSPA-α1 band around
53 kDa together with fuzzy bands that might represent degradation products, whereas the
negative control (containing mAb54 antibody) had an almost undetectable amount of full-length
DSPA-α1 and mostly degradation products were visible (Figure III-13B, lane 7). For the C-6.3.2
antibody the amount of full-length DSPA-α1 band was higher (1.5 times as determined by AIDA
software) than for the N-11.5.1.5 antibody. This result also confirms that inhibitory activity of C6.3.2 antibody was higher than that of the N-11.5.1.5 antibody.
The proteolytic degradation of DSPA-α1 by yNtMMP1 was also analyzed by kinetic assay which
measured the activity of the residual intact DSPA-α1 using the serine protease specific
chromogenic substrate (S2288) (II.2.5.5). It was observed that DSPA-α1 was inactivated almost
completely by yNtMMP1 (Figure III-13C). Interestingly, the activity of DSPA-α1 increased with
the addition of EDTA (Figure III-13C), which might be due to the fact that free Zn2+ ions present
in the protease specific reaction buffer inhibited DSPA-α1 to some extent. As EDTA reduces the
amount of free Zn2+ ions in the reaction buffer, the activity of DSPA-α1 was increased. It was
observed that Zn2+ ions inhibit the activity of tissue plasminogen activator (tPA) (Siddiq and
Tsirka, 2004) which is 85% homologous to the primary structure of DSPA-α1 (Gardell et al.,
1989). It has also been observed that the activity of DSPA- α1 declines to 50% when the reaction
buffer contains 20 µM Zn2+ (data not shown). The same experiment was performed
independently two more times to confirm the degradation of DSPA-α1 by yNtMMP1 (data not
shown).
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Figure III-13: Degradation study of DSPA-α1.
Around 1µg of yNtMMP1 was incubated with 4 µg of DSPA-α1 in the reaction buffer (50 mM Tris-HCl
pH 7.5, 200 mM NaCl, 5 mM CaCl2 and 20 µM ZnCl2, 0.05% Brij35) for 20 h at 26°C. Degradation of
DSPA-α1 was visualized by immunoblot (A) including the inhibitory effect (II.2.3.4) of mAbs N-11.5.1.5
and C-6.3.2 on yNtMMP1 activity (B). Around 10 µl (40 ng/µl) of DSPA-α1 was separated by 12% (w/v)
SDS-PAGE (II.2.4.2) followed by immunobloting (II.2.4.3). In the immunoblot DSPA-α1 was detected by
rabbit anti-DSPA polyclonal antibody (0.5 µg/ml) followed by goat anti-rabbit Fc HRPO labeled antibody
(0.16 µg/ml). M: prestained protein marker; lane 1: DSPA-α1; lane 2: DSPA-α1 with yNtMMP1; lane 3:
DSPA-α1 with yNtMMP1 and 20 mM EDTA; lane 4: Precipitate containing degraded DSPA-α1 from lane
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2; lane 5: N-11.5.1.5 with DSPA-α1; lane 6: C-6.3.2 with DSPA-α1 and lane 7: mAb54 with DSPA-α1.
Lane 5-7 also contains yNtMMP1. (C) Activity of the undegraded DSPA-α1 was measured by performing
kinetic assay with 2 mM of serine protease (DSPA-α1) specific chromogenic substrate (S2288) for 10 min
at 30 sec of interval and OD405nm. Kinetic data are the means of triplicate (technical) measurement.

III.1.3.2

Zymography of yNtMMP1

Both casein and gelatin zymography assays (II.2.5.2) were performed with purified glycosylated
and deglycosylated protease (III.1.1.3) to get a qualitative measurement of yNtMMP1’s
enzymatic activity. In general yNtMMP1 proteolytic activity is higher towards casein compared
to gelatine (Figure III-14). In casein zymography for the glycosylated protein, three zones of
activity were observed, an upper fuzzy band (72-130 kDa), a middle fuzzy band (around 35 kDa)
and a band below 26 kDa. The deglycosylated yNtMMP1 enzyme shows one weak activity zone
between 55-43 kDa (might be partial deglycosylated protein), a second prominent activity zone
just above 34 kDa (expected full length protein, 36 kDa) and a third activity zone below 26 kDa
(mature protein 22 kDa) protein markers. In contrast, the gelatine zymography shows only one
activity zone of nearly the same intensity (lower band below 26 kDa) to that of casein
zymography for both glycosylated and deglycosylated protein, whereas the intensity was reduced
to a great extent for full-length yNtMMP1. The enzymatic activity was efficiently blocked by the
addition of 20 mM EDTA to the protease buffer (data not shown).
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Figure III-14: Zymography of yNtMMP1.
(A) and (B) casein and gelatine zymography (II.2.5.2), respectively. Around 2 µg of both glycosylated and
deglycosylated (III.1.1.3) yNtMMP1 was separated via 10% (w/v) SDS-PAGE (II.2.4.2) copolymerized
either with 0.1% (w/v) casein or gelatine. M: Prestained protein marker, Lane 1: purified deglycosylated
yNtMMP1; lane 2: purified glycosylated yNtMMP1.

III.1.3.3

Autocatalytic processing of yNtMMP1

Autocatalytic processing of yNtMMP1 was monitored according to the method section (II.2.5.1).
After incubating at 37°C for different time points (0-18h) yNtMMP1 was deglycosylated
(III.1.1.3.). With the anti-N-terminus specific antibody N-11.5.1.5, the deglycosylated proprotein
(36 kDa) and the propeptide bands (14 kDa) were detectable but no mature protease band
(22 kDa). Using the anti C- terminus specific antibody C-6.3.2, both proprotein (36 kDa) and
mature protease (22 kDa) bands was detectable (Figure III-15A, B). The intensity of the
deglycosylated proprotein band (36 kDa) was gradually diminished over time due to processing
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at the propeptide cleavage site and formation of the mature protease band (22 kDa). The
maturation process took place up to six hours of incubation whereas after 18 h of incubation the
band intensities of full-length and mature protease were diminished which might be due to further
autocatalytic degradation of the protease itself. Casein zymography also clearly shows that,
caseinolytic activity of the full-length protease was gradually diminished whereas caseinolytic
activity of the mature protein was almost constant with little increase from 4-6 h (Figure III-15C).
This data clearly shows the autocatalytic activity of yNtMMP1.
The NtMMP1 enzyme contains two cysteine residues (Cys50 and Cys118) that are both located in
the propeptide. According to the scratch protein predictor (http://scratch.proteomics.ics.uci.edu)
these cysteine residues form a disulfide bond. To obtain experimental evidence for the formation
of a disulfide bond, the deglycosylated enzyme was reduced by DTT and its electrophoretic
mobility was compared to the non-reduced enzyme (Figure III-15D). The electrophoretic
mobility of the pro-enzyme form of yNtMMP1 (open and closed circles) changed following DTT
treatment. Similarly, the treatment of the enzyme with iodoacetic acid resulted in a slightly lower
electrophoretic mobility only after a previous reduction with DTT. All other forms of the enzyme
visible on the immunoblot were not altered in their mobility reflecting the absence of cysteine
residues in those enzyme forms. These observations confirm that a disulfide bridge is formed
between the two cysteine residues (Cys50 and Cys118) of the yNtMMP1 propetide.
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Figure III-15: Autocatalytic activation of yNtMMP1.
Ten µg of purified yNtMMP1 was incubated with protease reaction buffer at 37°C (II.2.5.1) for different
time points (0 h, 1 h, 2 h, 4 h, 6 h and 18 h). After that the protein was deglycosylated (II.2.2.5) and 2 µg
of protein was separated via 12% (w/v) SDS-PAGE (II.2.4.2) for immunoblots (II.2.4.3) analysis and 10%
(w/v) SDS-PAGE (II.2.4.2) co-polymerized with 0.1% (w/v) casein for casein zymography (II.2.5.2). (A)
Immunoblot analysis of yNtMMP1 with primary N-terminus specific mAb N-11.5.1.5 clearly shows full
length proprotein and propeptide bands. (B) Immunoblot analysis with primary C-terminus specific mAb
C-6.3.2 clearly shows proprotein together with mature protein. (C) Casein zymography shows the
caseinolytic activity of both full-length as well as mature yNtMMP1. (D) Immunoblot analysis reveals
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disulfide bridge formation in yNtMMP1. Following the treatment as described in II.2.5.1, purified
yNtMMP1 was deglycosylated using N-glycosidase F and separated by denaturing 8% (w/v) PAA gel
(II.2.4.2) containing 8M urea but no SDS. After blotting to nitrocellulose membrane (II.1.4), NtMMP1
was detected using the C-terminal specific mAb C-6.3.2. Lane 1: untreated NtMMP1; lane 2: NtMMP1
treated with iodoacetic acid alone; lane 3: NtMMP1 treated with DTT alone; lane 4: NtMMP1 treated with
DTT and subsequently with iodoacetic acid. The open circle indicate the position of the pro-enzyme under
non-reducing conditions, the closed circle indicate the position of the pro-enzyme under reducing
conditions. For all immunoblots, goat anti-mouse Fc specific alkaline phosphatase labeled antibody was
used as secondary antibody.

III.1.3.4

Analysis of the kinetic properties of yNtMMP1

The enzymatic activity of purified yNtMMP1 was determined by using a MMP-specific synthetic
fluorescent
substrate
[DNP-Pro-β-cyclohexyl-Ala-Gly-Cys(Me)-His-Ala-Lys(NMA)-NH2]
(II.2.5.4). According to the product manual this substrate is compatible with most MMPs
(MMP1, 3, 7, 8, 9, 11, 12, 13, 14) from human origin. Under optimal steady-state reaction
conditions, initial rates (product formation per time after 20 min of reaction) of substrate
hydrolysis catalyzed by yNtMMP1 were determined at various substrate concentrations. Highest
activity of yNtMMP1 was found at pH 7.5 whereas 50% activity was found at the pH values of
6.0 and 9.0 (Figure III-16A). The initial rates were used to construct a Lineweaver-Burk plot
from which provisional values of Km and Vmax were calculated. Provisional values of Km and
Vmax calculated from two independent experiments were fitted to bilinear regression of v (initial
rate of the reaction) by the weighted least square method (Wilkinson, 1961) to find out finely
adjusted values of Km and Vmax together with their standard deviations. The values of Km, Vmax
and kcat were 10.55±0.9 µM, 1.09±0.02 µM/min and 0.6±0.01 s-1, respectively, for the above
mentioned fluorescent substrate (Figure III-16B). According to the manufacturer’s instruction
(Enzo Life Sciences) the value of kcat/Km (5.74×104±0.5×104 M-1s-1) was also in the range with
other MMPs for that specific substrate (Table III-2). Although this result is informative, the assay
does not distinguish between the activity of full-length NtMMP1 and its processed form.
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Figure III-16: Enzymatic properties of yNtMMP1.
(A) pH optimum of yNtMMP1. Around 0.03 µM of purified yNtMMP1 (II.2.2.5) was incubated
separately in MES buffer (pH 5.0-6.5) and Tris buffer (pH 7.0-10.0) together with the fluorescent
substrate (10 µM) [Dnp-Pro-ß-cyclohexyl-Ala-Gly-Cys(Me)-His-Ala-Lys(Nma)-NH2] and the
fluorescence was measured for 1 h at an interval of 1 min using excitation/emission values 340/440 nm
(II.2.5.4). The standard deviation was calculated from the triplicate data of a single experiment. (B)
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Lineweaver-Burk plot for determining the kinetic parameters of yNtMMP1 with the MMP specific
fluorescent substrate [Dnp-Pro-ß-cyclohexyl-Ala-Gly-Cys(Me)-His-Ala-Lys(Nma)-NH2]. Purified
yNtMMP1 (0.03 µM) in reaction buffer (50 mM Tris-HCl pH 7.5, 200 mM NaCl, 5 mM CaCl2 and 20 µM
ZnCl2, 0.05% Brij35) was mixed with different concentrations of (0.625 µM to35 µM) fluorogenic
substrate and the fluorescence was measured as mentioned above. Standard deviation was calculated
according to Wilkinson (1961).
Table III-2: kcat / Km values of human MMPs (mature) and yNtMMP1 for the synthetic substrate.

Name of protease

kcat / Km (M-1s-1)

MMP-1

1.3×10

MMP-3

5×10

MMP-7

1×10

MMP-9

8.7×10
5.74×104

4

2
4

yNtMMP1

4

III.2 Inhibition of endogenous proteases by antisense RNA
Inhibition of endogenous proteases in BY-2 cells by expressing antisense RNA was performed by
two different approaches. In the first approach, BY-2 cell lines transcribing antisense RNA
against any of the four endogenous proteases (NtAspP, NtCysP, NtMMP1 or NtSerP) were
generated (III.2.1.1). In the second approach, BY-2 cell lines transcribing antisense RNA
homologous to all the four endogenous proteases simultaneously were generated (III.2.2.1).
Finally those cell lines were used to study the cell growth characteristics and cell morphology.

III.2.1 Characterization of single antisense RNA expressing BY-2 cell lines
In this section, cloning and expression of antisense RNA homologous to any of the four
endogenous proteases separately in BY-2 cell lines are described. Those cell lines were used to
study the inhibition of endogenous proteases in comparison to wild type cells. Finally two cell
lines were selected for the production of the HIV-specific antibody 2F5.

III.2.1.1

Cloning of single antisense RNA expressing constructs

To express antisense RNA in BY-2 cells, specific DNA fragments in antisense orientation were
cloned into the pTRAhc vector (II.1.8). This vector contains the double enhanced CaMV 35S
promoter upstream of the cloning site and the hygromycin resistance gene (hpt) as selection
marker. The hygromycin resistance gene was used to facilitate transformation of any transgenic
plant cell lines already containing a kanamycin resistance gene. As the optimum length of
antisense RNA was not known precisely, two different constructs were generated to express two
different lengths (long form: more than 1000 bp except NtCysP (762 bp) and short form: less
than 1000 bp) of antisense RNA fragments for each of the four endogenous proteases. From the
full-length cDNA of each of the four endogenous proteases (kindly provided by Dr. Andreas
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Schiermeyer, Fraunhofer IME, Aachen), fragments of two different sizes (long form and short
form) of DNA were amplified by PCR (II.2.1.15) with the help of appropriate primer sets (II.1.7;
Table II-2). The primer sets introduced a BamHI restriction site at the 5’ end and an EcoRI at the
3’ end of the amplified fragments. The PCR amplified DNA fragments were first cloned either
into the pGEMTeasy vector or the pJET1.2 blunt vector systems (to generate
pGEMTeasy_Asp18,
pGEMTeasy_Asp23,
pGEMTeasy_Cys11,
pGEMTeasy_Cys25,
pGEMTeasy_Nt21, pJET1.2_Nt14, pGEMTeasy_Sp13 and pGEMTeasy_Sp24 vectors),
sequenced and finally were isolated from those vectors by restriction digestion with BamHI and
EcoRI. The fragments were then purified by agarose gel electrophoresis (II.2.1.14) and were
finally cloned in antisense orientation into the pTRAhc vector containing EcoRI at the 5’ end of
the cloning site and BamHI at the 3’ end to generate pTRAhc_Asp19, pTRAhc_Asp21,
pTRAhc_Cys13, pTRAhc_Cys24, pTRAhc_Nt12, pTRAhc_Nt21, pTRAhc_Sp13 and
pTRAhc_Sp21 vectors (Figure III-17). The nomenclature of all these vectors contains a two digit
code at the end, the first digit of which determines the length of the inserted DNA (greater than
1 kbp: 1; less than 1 kbp: 2; except matrix-metalloproteinase, where it is vice versa) and the
second digit denotes the clone number. The orientation and the sequence of the cloned DNA
fragments inside pTRAhc vector were confirmed by DNA sequencing (II.2.1.16).
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Figure III-17: Schematic diagram describing the cloning strategy for the antisense constructs.
Different components of the pTRAkt vector are described in figure III-2. Target sequence: one of the four
full-length cDNAs of the four proteases (aspartic, cysteine, matrix-metallo and serine). Amplified seq:
PCR amplified sequence from different portions of target sequence with the help of forward and reverse
primers specific to any of the four proteases. There were eight different amplified sequences (4 longer and
4 shorter) cloned into the pTRAhc vector containing the hygromycin resistance gene (hpt) as selection
marker. Asp1/Asp2: aspartic protease with PCR amplified longer / shorter DNA fragments; Cys1/Cys2:
cysteine protease longer / shorter; Nt1/Nt2: matrix-metalloproteinase shorter / longer and Sp1/Sp2: serine
protease longer / shorter DNA fragments. Length of longer / shorter DNA fragments is given below each
plasmid construct.

The pTRAhc vectors with different DNA fragments (in antisense orientation) were used to
transform A. tumefaciens (II.2.1.6) and positive clones were selected after digesting the isolated
plasmids from those agrobacterium cells by BamHI and EcoRI restriction enzymes and analyzing
them by agarose gel electrophoresis (data not shown). Finally the positive agrobacteria clones
were used to transform wild type BY-2 cells (II.2.6.1).
III.2.1.2 Expression and detection of antisense RNA in BY-2 cells
Wild type BY-2 cells were used to express antisense RNA targeting different endogenous
proteases (NtAspP, NtCysP, NtMMP1 and NtSerP) separately. At first wild type BY-2 cells were
stably transformed (II.2.6.1) with the agrobacteria strains harbouring different pTRAhc vectors
(pTRAhc_Asp19, pTRAhc_Asp21, pTRAhc_Cys13, pTRAhc_Cys24, pTRAhc_Nt12,
pTRAhc_Nt21, pTRAhc_Sp13, pTRAhc_Sp21) separately. After 3-4 weeks total RNA was
extracted (II.2.6.4) from different transgenic BY-2 calli expressing different antisense RNA as
well as from wild type BY-2 cells. Total RNA was separated in formaldehyde containing 1%
(w/v) agarose gels and Northern blots were performed as described (II.2.6.5 and II.2.6.6). For
hybridization reaction (II.2.6.6) [α-P32]-dATP labelled dsDNA fragments specific to any of the
four endogenous proteases were used because it can detect both sense and antisense RNA
simultaneously. The hybridization probes were prepared by digesting dsDNA fragments from
different plasmids, using different restriction enzymes (Table III-3) followed by labelling
reaction with [α-P32]-dATP.
Table III-3: dsDNA probes used for hybridization.

Name of proteases

Vector

Restriction sites

Fragment
size (bp)

Aspartic protease

pGEMTeasy_Asp18

EcoRI /BglII

894

Cysteine protease

pGEMTeasy_Cys11

BamHI /EcoRI

762

Matrix-metalloproteinase

pGEMTeasy_Nt21

BglII /HindIII

765

Serine protease

pGEMTeasy_Sp13

NcoI /ClaI

585

According to the Northern blot results (data not shown), those BY-2 calli which had high levels
of antisense RNA expression and low levels of targeted endogenous mRNA compared to the wild
-62-

Chapter III

Results

type BY-2 cells, were selected for the generation of suspension cultures (II.2.6.2). Three
antisense RNA expressing BY-2 cell lines were selected for each of the four proteases to generate
suspension cultures. Total RNA was extracted at different time points of post subculture (3, 5, 7
and 10 days) from different antisense RNA expressing BY-2 cell suspension cells as well as from
wild type BY-2 cells. After separating total RNA via formaldehyde containing agarose gel,
Northern blots were performed. For hybridization purpose [α-P32]-dATP labeled dsDNA
fragments (Table III-3) were used specific to aspartic, cysteine and serine proteases (Figure III18). In all the Northern blots, lanes containing total RNA from wild type BY-2 cells showed only
one band that corresponds to the endogenous mRNA whereas all the other lanes displayed two
bands, the upper band representing the wild type endogenous mRNA and the lower strong band
(absent in wild type line) represents the antisense RNA (Figure III-18A, C, E).
Northern blots containing total RNA samples from BY-2 cells expressing antisense RNA against
aspartic protease, show inhibition of endogenous RNA expression to some extent starting from 3
days of post subculture and finally leads to approximately 90% inhibition (ratio of signal
intensity of wild type to the antisense cells was measured by AIDA software) at day 10 compared
to the wild type cells (Figure III-18A). For RNA samples from BY-2 cells expressing antisense
RNA against the cysteine protease, no inhibition of endogenous RNA expression was observed
up to day 5, whereas at day 7 more than 50% inhibition and almost 100% inhibition at day 10
were observed (Figure III-18C). Northern blots containing total RNA samples from BY-2 cells
expressing antisense RNA against the serine protease, showed more than 50% of inhibition of
endogenous RNA expression starting at day 5 and the percentage of inhibition did not vary
significantly up to day 10 (Figure III-18E). At day 10, almost no endogenous signal was observed
from the clones containing antisense RNA that might be due to the low expression level of
endogenous serine protease gene which can be observed from the lane containing the wild type
sample (Figure III-18E). In all the above cases the amount of antisense RNA was almost constant
for particular type of antisense cell lines at a particular time point. In general the amount of
antisense RNA of any cell line was increased from day 3 to day 5 and then remained constant. In
all the Northern blots, 28S and 18S rRNA were considered as internal loading standard as
indicated in the ethidium bromide stained agarose gels below.

-63-

Chapter III

Results
3 dps

Wt

A1_1 A1_8 A1_9

5 dps
Wt

7 dps

A1_1 A1_8 A1_9

Wt

A1_1 A1_8 A1_9

10 dps
Wt

A1_1 A1_8 A1_9

A
NtAspP
28S rRNA

B

18S rRNA
Wt C1_14 C2_9 C2_11

Wt C1_14 C2_9 C2_11

Wt C1_14 C2_9 C2_11

Wt C1_14 C2_9 C2_11

C
NtCysP
28S rRNA

D

18S rRNA
Wt

S2_18 S2_38 S2_40

Wt S2_18 S2_38 S2_40

Wt

S2_18 S2_38 S2_40 Wt

S2_18 S2_38 S2_40

E
NtSerP
28S rRNA

F

18S rRNA

Figure III-18: Northern blot analysis of different BY-2 cell lines expressing antisense RNA
homologous to different endogenous proteases (aspartic, cysteine and serine).
(A) (C) (E) Phosphorimager (II.1.11) scanned plates. (B) (D) (F) Ethidium bromide stained agarose gels
(II.2.1.13). Equal amount (12 µg) of total RNA was loaded in each lane. For hybridization purpose [αP32]-dATP labelled dsDNA fragments were used specific to aspartic (NtAspP), cysteine (NtCysP) and
serine (NtSerP) proteases (Table III-3); as a result two bands are visible, the endogenous mRNA (upper
band) and the antisense RNA (lower band). Wt: wild type; A1: aspartic protease (longer DNA fragment);
C1: cysteine protease (longer DNA fragment); C2: cysteine protease (shorter DNA fragment); S2: serine
protease (shorter DNA fragment); dps: days of post subculture.

As it has been recognized from the previous Northern blots (with RNA from BY-2 calli, data not
shown), that due to very little size difference the endogenous and antisense RNA for the matrixmetalloproteinase have almost overlapping bands in Northern blot (data not shown). This leads to
the difficulty of detecting both the sense and antisense RNA levels simultaneously. To solve this
problem, [α-P32]-UTP labelled RNA probes specific to either endogenous mRNA or antisense
RNA of the matrix-metalloproteinase were designed by in vitro transcription method (II.2.6.6)
and were used for the hybridization reaction to detect the endogenous mRNA and antisense RNA
separately (Figure III-19).
The antisense RNA expression level increased at day 5 for N2_6 and N2_10 cell lines, whereas in
case of N2_18 no significant change was observed at any time point of post subculture (Figure
III-19A). The level of antisense RNA was constant for N2_6 at day 5-7 with a slight reduction at
day 10, but for N2_10, reduction was observed at day 7 and then remain constant up to day 10
(Figure III-19A). No inhibition of endogenous matrix-metalloprotease expression up to day 5 was
observed in antisense RNA expressing cell lines but around 25% inhibition at day 7 and around
70% inhibition at day 10 were observed in one antisense cell line (N2_10) compared to wild type
BY-2 cells (Figure III-19B).
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Figure III-19: Northern blot analysis of BY-2 cell lines expressing antisense RNA against the
matrix-metalloproteinase (NtMMP1).
(A) (B) Phosphorimager (II.1.11) scanned plates. (C) Ethidium bromide stained agarose gels (II.2.1.13).
Around 12 µg of total RNA was loaded in each lane. In vitro transcribed RNA probes ([α-P32]-UTP
labelled) (II.2.6.6) were used to detect antisense RNA (A) and endogenous mRNA (B) separately. Wt:
wild type; N2: matrix-metallo proteinase (longer DNA fragment); dps: days of post subculture.

The table below (Table III-4) shows a comparison of different antisense RNA expressing
constructs with their length and effectiveness in inhibition of different endogenous proteases. The
data presented in the table below for effective inhibition, were obtained from the Northern blots
of total RNA extracted from BY-2 suspension cells (Figure III-18 and 19). DNA fragments
between 500-1000 bp were proving to be more effective in inhibition than the fragment size
above 1000 bp, although for two DNA fragments (612 and 805 bp) inhibition of endogenous
RNA was low (might be due to low expression of antisense RNA) as observed from the Northern
blots of total RNA extracted from BY-2 calli (data not shown). This data correlates with
published reports (see Discussion, IV.2).
Table III-4: Comparison of different DNA fragment lengths in inhibition of proteases.

Prom- DNA fragment Cell lines with inhibition / total no.
size (bp)
oter
of cell lines (observed inhibition)
used Longer Shorter
[only suspension cultures]
3 /3 (starting from 3 dps)
612
35S
1015
Effective inhibition
*

Name of
catalytic
classes

Express
-ion
host

Aspartic

BY-2

Cysteine

BY-2

35S

762

Matrix-Metallo

BY-2

35S

1101

Serine

BY-2

35S

507

1167

*

Effective inhibition

805

1 /3 (starting from 7 dps)

*

Non-effective inhibition

768

*

3 /3 (starting from 7 dps)

3 /3 (starting from 5 dps)
Effective inhibition

No suspension cultures were generated from the BY-2 calli which were transformed with DNA
fragments, due to low level of antisense RNA and low inhibition of endogenous RNA expression.
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The inhibition of the expression of endogenous matrix-metalloproteinase and cysteine protease in
wild type as well as antisense RNA expressing BY-2 cell lines were analyzed at the protein level;
as specific antibodies are available only for these two proteases. Total soluble protein was
extracted (II.2.6.7) from different BY-2 suspension cells (expressing antisense RNA targeted to
either matrix-metalloproteinase or cysteine protease) at different time points of post subculture.
After extraction, equal amounts of total soluble protein were separated by SDS-PAA gel
electrophoresis (II.2.4.2) followed by immunoblot analysis (II.2.4.3) with antibodies specific for
those two proteases (rabbit anti-cysteine polyclonal antibody for cysteine and N-11.5.1.5 for
matrix-metalloproteinase). Only one prominent band around 34 kDa was observed in immunoblot
analysis showing accumulation of endogenous matrix-metalloproteinase (Figure III-20A, B).
That prominent band is the mature matrix-metalloproteinase after the propeptide was cleaved off
from full-length protease/proprotein. Beside that band there is a low intensity band visible around
55 kDa which might be the proprotein (Schiermeyer et al., 2009) together with some other low
intensity bands, which either might be the degradation products or due to prolonged staining. As
it has been observed (Schiermeyer et al., 2009) that NtMMP1 expression is low under normal
cultivation condition the detection of the enzyme is quite difficult in BY-2 cells. Wild type as
well as antisense RNA expressing BY-2 cell lines from day 5 showed almost equal amount of the
34 kDa protein band except one cell line (N2_18) which showed a higher accumulation level
(Figure III-20A). The N2_10 cell line was showing low accumulation level of the 34 kDa protein
band, starting from day 7 till day 10 (Figure III-20B). The accumulation level in N2_10 was also
reflected in the Northern blot (Figure III-19B) and thus verifies the inhibition of NtMMP1 in this
cell line.
The immunoblot for the cysteine protease was performed in a similar way as for the matrixmetalloproteinase. The full-length cysteine protease has a calculated molecular weight of 37 kDa
without signal peptide and 23 kDa without propeptide, whereas in the immunoblot two very
closely migrating bands were visible around 45 kDa which might be due to the differences in
glycosylation pattern (Figure III-20C, D). There are other low molecular weight bands (between
34 to 17 kDa) which might be the degradation products or some other members of cysteine
protease family (Beyene et al., 2006; Ueda et al., 2000; Zhang et al., 2009). Above the full length
protease band one or two high molecular weight bands were also visible; those bands might be
either the multimeric form or other members of cysteine protease family with high glycosylation
or having high molecular weight (due to longer amino acid sequence). Up to day 5, no significant
difference was observed in the accumulation level of the endogenous cysteine protease between
antisense RNA expressing BY-2 cell lines and wild type cells, except the absence of low
molecular weight bands (between 26 to 17 kDa) which were present at day 3 (Figure III-20C).
But the lower accumulation level in all the antisense RNA expressing cell lines (C1_14, C2_9
and C2-11) starting from day 7 till day 10 verifies the inhibition of endogenous cysteine protease
expression (Figure III-20D).
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Figure III-20: Accumulation of endogenous matrix-metallo and cysteine proteases in BY-2 cells.
Immunoblots (II.2.4.3) are showing accumulation of endogenous matrix-metalloproteinase (A, B) and
cysteine protease (C, D), respectively. N-11.5.1.5 mAb (II.1.6) followed by goat anti-mouse Fc HRPO
labelled antibody or rabbit anti-cysteine polyclonal antibody followed by goat anti-rabbit Fc HRPO
labelled antibody were used to detect matrix-metallo and cysteine protease, respectively. Finally blots
were developed using ECL Western blot detection system (GE Healthcare) (II.1.6). Wt: wild type; N2:
matrix-metallo protease (longer DNA fragment); C1: cysteine protease (longer DNA fragment); C2:
cysteine protease (shorter DNA fragment); dps: days of post subculture.

III.2.1.3 Spiking of BY-2 culture supernatant with DSPA-α1
It has been found that recombinant DSPA-α1 (a pharmaceutical protein) when produced in BY-2
cells was degraded in the BY-2 culture supernatant (Schiermeyer et al., 2005); so DSPA-α1 was
used as model substrate for the endogenous proteases present in the BY-2 culture supernatant. At
first, degradation of DSPA-α1 (produced and purified from CHO cells) was studied in wild type
BY-2 culture supernatant (5 days of post subculture) with different inhibitors to determine the
protease classes involved in the degradation process (II.2.6.9). In the immunoblot analysis,
(Figure III-21) the full-length DSPA-α1 band was visible around 55 kDa after incubation with
fresh MS medium (negative control), whereas a very weak signal for the full-length DSPA-α1
band was visible in spent medium of wild type culture including three prominent degradation
products, which were observed in all the samples excluding sample in lane 1 (Figure III-21). The
first prominent degradation band (red arrow) was between 43-34 kDa, the second prominent band
(green arrow) was around 26 kDa and the third one (yellow arrow) around 17 kDa. With the
metalloproteinase inhibitor EDTA and serine protease inhibitor Pefabloc SC/AEBSF higher
amount of full-length DSPA-α1 (around 55 kDa) was observed (lane 3 and 6) whereas with the
cysteine and aspartic protease inhibitors (E-64 and pepstatin, respectively), very weak full-length
bands were visible (lane 4 and 5). Except lane 3 and 6, where either metalloproteinase or serine
protease inhibitors are present including sample in lane 1 (negative control); all other samples
had high amount of the 26 kDa degradation band. The sample with metalloproteinase inhibitor
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(lane 3) had very low amount of third degradation band (around 17 kDa) whereas that
degradation product was prominent in other samples. There was also another less prominent band
visible just above the 17 kDa band in all the lanes except lane 1 and lane 6 and with different
molecular weight in lane 3. The sample incubated with Pefabloc SC had a different degradation
pattern, it had very low amount of first degradation product (between 43-34 kDa) together with
another degradation product around 43 kDa (black arrow). There were also other degradation
bands which were very weak and closely spaced.
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Figure III-21: Degradation of DSPA-α1 in spent BY-2 culture supernatant (in the presence of
protease inhibitors).
Equal amount (4 µg) of pure DSPA-α1 (produced and purified from CHO cells) (II.1.5) was incubated
with 100 µl of wild type BY-2 culture supernatant (5 days of post subculture) (II.2.6.9) and different
protease inhibitors for 20 h at 26°C. After incubation, 10 µl (40 ng/µl) of DSPA-α1 was separated by 12%
(w/v) SDS-PAGE (II.2.4.2) and detected by rabbit anti-DSPA-α1 polyclonal antibody (0.5 µg/ml)
followed by goat anti-rabbit Fc HRPO labeled antibody (0.16 µg/ml). The blot was developed by ECL
reagent (II.1.6). M: prestained protein marker; lane1: DSPA-α1 in fresh MS medium; lane 2-6: DSPA-α1
in 5 days old wild type BY-2 culture supernatant. Lane 2: DSPA-α1; Lane 3: DSPA-α1 with 20 mM
EDTA; Lane 4: DSPA-α1 with 0.1 mM E64; Lane 5: DSPA-α1 with 4 µM pepstatin and Lane 6: DSPAα1 with 1.04 mM Pefabloc SC. Arrows are indicating some of the prominent degradation bands.

From the above results it was concluded that, metallo and serine proteases were mainly
responsible for the degradation of DSPA-α1 in BY-2 culture supernatant. Inhibition of those two
proteases by inhibitors resulted in partial accumulation of intact DSPA-α1 protein. So it is
possible that proteases from different classes (see discussion, IV.2.3) might be involved in this
degradation process and thus it is reasonable to inhibit simultaneously as many proteases from
different classes as possible to improve the accumulation of intact DSPA-α1.

III.2.1.4 Spiking of BY-2 culture supernatant with 2F5 antibody
The HIV-specific 2F5 antibody (produced and purified from CHO cells) was used as a model
substrate for the endogenous proteases present in BY-2 cell culture supernatant as it was found to
be degraded in the BY-2 culture supernatant. At first, degradation of 2F5 antibody was studied in
wild type BY-2 culture supernatant (5 and 7 days of post subculture) together with different
protease inhibitors to determine which protease classes are involved in the degradation process
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(II.2.6.10). In the immunoblot analysis, both the antibody heavy chain (HC) at 55 kDa and the
light chain (LC) at 26 kDa were visible in all the lanes (Figure III-22, lane 1-6). Sample in lane 1
did not show any degradation of either antibody HC or LC after the incubation in MS medium
(used as negative control). Samples in the lanes from 3-5, containing different protease inhibitors
except the serine protease inhibitor (Pefabloc SC/AEBSF) showed a detectable amount of HC
degradation (around 43 kDa) from day 5 supernatant whereas at day 7 the degradation was very
high. In lane 6, where serine protease inhibitor was present showed almost undetectable HC
degradation around 43 kDa from day 5 sample and no degradation from day 7 sample. This result
clearly indicates that serine proteases are mostly responsible for the degradation of the 2F5
antibody HC in the BY-2 culture supernatant with a pH around 5.8.
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Figure III-22: Degradation of 2F5 antibody in BY-2 culture supernatant.
Immunoblots are showing degradation of 2F5 heavy chain in wild type BY-2 culture supernatant
(II.2.6.10) from 5 and 7 days of post subculture (dps). After incubating 2 µg of pure 2F5 antibody
(produced and purified from CHO cells) (II.1.6) in 75 µl of culture supernatant (containing 12 mM
methyl-β-cyclodextrin to keep the antibody soluble) with different protease inhibitors for 20 h at 26°C,
10 µl of antibody solution (40 ng/µl) was separated by 12% (w/v) SDS-PAGE (II.2.4.2) followed by
immunoblots (II.2.4.3). The 2F5 antibody was detected by HRPO labelled rabbit anti-human IgG (H+L)
antibody followed by ECL detection system. M: prestained protein marker; lane 1: 2F5 in MS medium;
lane 2-6: 2F5 in BY-2 culture supernatant. Lane 3: 2F5 with 0.1 mM GM6001; lane 4: 2F5 with 0.1 mM
E-64; lane 5: 2F5 with 4 µM pepstatin and lane 6: 2F5 with 1.04 mM Pefabloc.

The influence of other proteases (cysteine and aspartic) in pH 5.8 was not clear from the
immunoblot analysis (Figure III-22). As certain aspartic and few cysteine proteases are active at
lower pH (D'Hondt et al., 1993; Guevara et al., 2001; Koehler and Ho, 1990), two reactions were
performed, where purified 2F5 antibody was incubated with BY-2 spent culture supernatant (5
days of post subculture) after changing the pH of the culture supernatant to 4.5 (for cysteine
protease activity: Cys) or 3.0 (for aspartic protease activity: Asp). Degradation bands of low
intensity were visible with BY-2 culture supernatants adjusted to different pH values of 4.5 or 3.0
(Figure III-23) and no inhibition was observed in the lanes containing serine protease inhibitor
(Figure III-23, lane 2, 4). The band patterns of the degradation products are different at different
pH and the degradation is not inhibited by Pefabloc SC, suggesting the involvement of different
proteases rather than serine protease in these two cases.
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Figure III-23: Degradation of 2F5 antibody in BY-2 spent culture supernatant at different pH.
Immunoblots (II.2.4.3) showing degradation of 2F5 heavy chain in wild type BY-2 spent culture
supernatant (II.2.6.10) (containing 12 mM methyl β-cyclodextrin) from 5 days of post subculture (dps) at
different pH (3.0 and 4.5, respectively). The reaction setup was the same as above (Figure III-22). M:
prestained protein marker; lane 1-2: 2F5 in BY-2 culture supernatant at pH 4.5; lane 3-4: 2F5 in BY-2
culture supernatant at pH 3.0. Lane 2 and 4: 2F5 with 1.04 mM Pefabloc. Around 10 µl (40 ng/µl) of
antibody was analysed. Detection of 2F5 was performed as described before (Figure III-22).

It was concluded from the above result, that serine proteases are mainly responsible for the
degradation of the 2F5 antibody in BY-2 culture supernatant at regular pH of the culture medium
(around pH 5.8). So another spiking experiment was performed by incubating the 2F5 antibody in
different culture supernatants of BY-2 cells expressing antisense RNA specific to the serine
protease NtSerP. Culture supernatants of wild type BY-2 cells and BY-2 cells expressing
antisense RNA targeting matrix-metalloproteinase NtMMP1 were used as negative controls for
the spiking experiment. The culture supernatant of wild type BY-2 cells from day 3 showed low
proteolytic activity towards 2F5 compared to the culture supernatant from day 5 to day 10, as
indicated by the amount of 2F5 HC degradation (degradation band around 43 kDa) (Figure III-24,
lane 2). Although the amount of antibody HC degradation in all the cell lines was similar on day
3, from day 5 onwards almost undetectable amount of HC degradation was observed in the
culture supernatants of BY-2 cells expressing antisense RNA against the serine protease NtSerP
(S2_18, S2_38 and S2_40) (Figure III-24, lane 6-8). Whereas culture supernatants of wild type as
well as matrix-metalloproteinase specific antisense RNA expressing BY-2 cell lines, showed
detectable amount of HC degradation from day 5 to 10 (Figure III-24, lane 3-5). But surprisingly
the amount of HC degradation in N2_10 cell line (see discussion for explanation; IV.2.3) was less
than in N2_6 and N2_18 cell lines (Figure III-24, lane 4). This result confirms the involvement of
serine protease(s) in the degradation of 2F5 HC. The cell lines S2_40 and N2_6 (it is showing
comparable serine protease activity as Wt) were used for overexpression of 2F5 antibody.
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Figure III-24: Spiking experiments of 2F5 antibody with BY-2 culture supernatant.
Around 2 µg of pure 2F5 antibody (II.1.6) was incubated with 75 µl (after adjusting the TSP of all the
samples relatively equal to each other) of wild type (Wt) as well as antisense RNA (NtMMP1 and NtSerP)
expressing BY-2 culture supernatants (II.2.6.10) collected from different days of post subculture (dps),
together with 12 mM methyl β-cyclodextrin. (A), (B), (C) and (D) BY-2 culture supernatants from 3, 5, 7
and 10 dps, respectively. Around 10 µl of antibody solution (40 ng/µl) was analysed by immunoblot
(II.2.4.3). M: prestained protein marker; lane 1: 2F5 in MS medium; lane 2: 2F5 in wild type BY-2 culture
supernatant; lane 3-5: 2F5 in N2_6, N2_10 and N2_18 culture supernatants respectively; lane 6-8: 2F5 in
S2_18, S2_38 and S2_40 culture supernatants respectively; lane 9: 2F5 in wild type BY-2 culture
supernatant with Pefabloc. Detection of 2F5 was performed as described before (Figure III-22). NtMMP1as and NtSerP-as: NtMMP1 and serine protease specific antisense cell lines, respectively.

III.2.1.5

Overexpression of 2F5 antibody in antisense RNA expressing BY-2 cell lines

As evident from the above results, the HC of the 2F5 antibody was degraded in the BY-2 cell
culture supernatant mostly due to the proteolytic activity of serine protease(s); the 2F5 antibody
was overexpressed in the BY-2 cell line expressing antisense RNA against serine protease
(S2_40). Overexpression of 2F5 antibody was also performed in wild type (Wt) BY-2 cells as
well as MMP specific antisense RNA expressing cell line (N2_6), which were used as negative
controls. The binary vector pTRAk-2F5-Ds which contains the expression cassettes for HC and
LC of the 2F5 antibody followed by a third expression cassette for DsRed (Jach et al., 2001)
fused to a plastid transit peptide, was kindly provided by Dr. Thomas Rademacher (Fraunhofer
IME, Aachen). In the expression cassette, HC and LC were present in head to tail orientation,
each of them containing a separate CaMV 35S promoter, endogenous signal peptide, 5’
untranslated region of Tobacco etch virus (TEV) and the CaMV 35S transcriptional terminator.
Wild type, N2_6 and S2_40 BY-2 cell lines were stably transformed by A. tumefaciens
harbouring the pTRAk-2F5-Ds vector (II.2.6.1). After stable transformation, around 30-45 calli
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were recovered for each of the BY-2 cell lines. The calli were screened using DsRed fluorescence
as a scoreable marker. For each of the cell line, 9 calli exhibiting relatively high DsRed
fluorescence in comparison to others were selected and screened for production of HC and LC of
the 2F5 antibody via immunoblot analysis (II.2.4.3). Total soluble protein (TSP) was extracted
from all the BY-2 calli after 3-4 weeks. Equal amount of TSP was separated via SDS-PAA gel
electrophoresis (II.2.4.2) and the recombinantly produced 2F5 antibody was detected by HRPO
labelled rabbit anti-human IgG (H+L) antibody. It was clearly observed from all the
immunoblots, that the amount of HC (~55 kDa) and LC (~26 kDa) in the “wild type” BY-2 calli
were generally higher than that of N2_6 and S2_40 BY-2 calli (Figure III-25). Six N2_6 BY-2
calli (Nt2, Nt4, Nt9, Nt18, Nt24 and Nt51) were showing comparable amount of LC to that of
“wild type” BY-2 calli and detectable amount of HC was observed only for four calli (Nt2, Nt4,
Nt9 and Nt46) (Figure III-25A, B). Whereas all of the S2_40 BY-2 calli showed comparatively
low amount of both HC and LC than that of “wild type” and N2_6 BY-2 calli (Figure III-25C,
D). The “wild type” BY-2 calli showed more degradation products of the 2F5 antibody than the
other antisense RNA expressing calli (N2_6 and S2_40). This discrepancy might be due to the
low expression of HC and LC in antisense RNA expressing calli when compared to the “wild
type” BY-2 calli.
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Figure III-25: Overexpression of 2F5 antibody in “wild type” and antisense BY-2 calli.
Immunoblots (II.2.4.3) are showing overexpression of 2F5 antibody in different BY-2 calli (antisense
RNA expressing as well as “wild type”). (A, B) Overexpression of 2F5 antibody in “wild type” (Wt) as
well as N2_6 antisense BY-2 cell lines. (C, D) Overexpression of 2F5 antibody in “wild type” as well as
S2_40 antisense BY-2 cell lines. Around 30-40 µl of BY-2 cell extract (II.2.6.7) having equal amount of
TSP (after adjusting the TSP of all the samples relatively equal to each other) was analysed. Detection of
2F5 was performed as described before (Figure III-22). M: prestained protein marker; W: wild type BY-2
cells, N: N2_6 and S: S2_40 overexpressing 2F5 antibody.

As the suspension cultures are more uniform than individual callus, nine calli were selected for
the establishment of suspension cultures and to observe the accumulation and stability of the 2F5
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antibody in different BY-2 cell lines (Wt, N2_6 and S2_40). TSP was extracted from different
suspension cells at day 7 and immunoblots were performed with equal amounts of TSP (from cell
extract as well as cell supernatant). The amount of full-length (55 kDa) and degraded (around
43 kDa) heavy chain of the 2F5 antibody in the “wild type” BY-2 cell extracts (except W54) was
higher than in the antisense BY-2 cell extracts (N2_6 and S2_40) (Figure III-26A). In the “wild
type” BY-2 culture supernatant also the HC, LC and the degradation bands are detectable but not
in the antisense BY-2 culture supernatants (N2_6 and S2_40) (Figure III-26B). Only in the cell
line S32, more accumulation of full-length HC and comparatively less degradation are observed
(Figure III-26A). Clearly, the amount of 2F5 antibody produced by the antisense cell lines was
low when compared to “wild type” cells; although the growth rate of these cell lines were
comparable to each other (data not shown). Low expression level of 2F5 antibody in the antisense
BY-2 cell lines might be due to the transcriptional gene silencing (TGS) which generally takes
place in plant cells overtransformed with DNA constructs having promoter homology (Buchmann
et al., 2009; Mette et al., 1999; Park et al., 1996; Vaucheret, 1993; Waterhouse et al., 2001).
Cell extracts
Wt

A

kDa

M

W23 W41 W54 N2

N2_6
N4

Spent culture media
S2_40

N9

S30

S32 S39

B

kDa

55
43

55
43

26

26

17

17

M

W23 W41 W54 N2

N4

N9

S30

S32 S39

Figure III-26: Overexpression of 2F5 antibody in BY-2 suspension cultures.
(A) (B) Immunoblots (II.2.4.3) showing overexpression of 2F5 antibody in 7 days old BY-2 cell extracts
(II.2.6.7) and in spent culture media, respectively. Around 30-40 µl of BY-2 cell extract (II.2.6.7) having
equal amount of TSP (after adjusting the TSP of all the samples relatively equal to each other) was
analysed. Detection of 2F5 was performed as described before (Figure III-22). M: prestained protein
marker; W: wild type BY-2 cells, N: N2_6 and S: S2_40 antisense cell lines overexpressing 2F5 antibody.

To verify the possibility of the above mentioned TGS effect caused by the use of the same
promoter (CaMV 35S), an additional overtransformation experiment was performed. Transgenic
BY-2 cell line expressing inactive NtMMP1 (due to removal of catalytic domain) fused with GFP
was overtransformed with agrobacteria harboring either pTRAhc_Nt21 or pTRAhc_Sp13 vectors
(III.2.1.2) to express antisense RNA against endogenous matrix-metalloproteinase (NtMMP1) or
serine protease, respectively. All expression cassettes were under the control of CaMV 35S
promoter. Following transformation, BY-2 cells were grown on MS agar plate containing
hygromycin and kanamycin as selection markers. After 3-4 weeks the expression of GFP in BY-2
calli was observed by Schott cold light source (KL 2500) in combination with filters (blue filter
for excitation and yellow for emission). It was observed that about 77% of cases, expression of
GFP was inhibited for the BY-2 calli overexpressing antisense RNA against NtMMP1 and about
15% of cases inhibition of GFP expression was observed for the cells overexpressing antisense
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RNA against endogenous serine protease (Figure III-27). So the antisense RNA specific to
NtMMP1 efficiently inhibits its expression in vivo. Moreover, the result also suggests the
involvement of TGS as well as PTGS in these cases, as described below (Figure III-27E). Total
RNA was extracted (II.2.6.4) from different BY-2 calli expressing different antisense RNA
(NtMMP1 or NtSerP) together with GFP as well as calli where GFP expression was inhibited.
Total RNA from wild type BY-2 cells was used as negative control. Northern blots were
performed with the total RNA as described (II.2.6.5). For hybridization (II.2.6.6), [α-P32]-dATP
labelled dsDNA fragments specific to any of the two endogenous proteases were used. In
addition, a GFP specific probe was prepared by digesting dsDNA fragments from pTRAkc_CYGFP by HindIII and NotI whereas other probes were prepared by digesting pGEMTeasy_Nt21
(specific to NtMMP1) and pGEMTeasy_Sp13 (specific to serine protease) using different
restriction enzymes as described in Table III-3, followed by labelling reaction with [α-P32]-dATP.
According to Northern blot analysis, the BY-2 calli which showed low or no expression of GFP
were showing very weak signal for GFP mRNA compared to the calli expressing higher levels of
GFP, when using [α-P32]-dATP labelled probe specific to GFP mRNA (Figure III-28A, D).
Antisense RNA specific to either matrix-metallo or serine protease was giving a lower signal in
the cell lines where less or no expression of GFP was observed, compared to higher signal in high
GFP expressing cell lines (Figure III-28B, E). So with respect to GFP expression level, it is
reasonable to say that, both TGS and PTGS are taking place in NtMMP1 specific antisense cell
lines whereas only TGS effect is taking place in NtSerP specific antisense cell lines. The extent
of DNA methylation (higher in antisense cells compared to “wild type” cells overexpressing 2F5
antibody) on the CaMV 35S promoter situated in front of DNA insert transcribed for 2F5 heavy
chain mRNA, was also analyzed according to the published method (Buchmann et al., 2009).
This study also confirmed the TGS effect observed in the overtransformed single antisense cell
lines producing 2F5 antibody (data not shown).
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Figure III-27: Effect of antisense RNA on GFP expressing BY-2 calli.
Transgenic BY-2 calli expressing inactive NtMMP1 fused with GFP was overtransformed with either
pTRAhc_Nt21 (A, B) or pTRAhc_Sp13 (C, D) plasmids. The expression of GFP was observed by Schott
cold light source (KL 2500) (II.1.11) in combination with filters (blue filter for excitation and yellow for
emission). (E) Schematic diagram showing different constructs used in this experiment with possible TGS
and PTGS.
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Figure III-28: Northern blots showing the effect of antisense RNA on GFP expression.
Total RNA was extracted (II.2.6.4) from GFP expressing BY-2 calli (Wt) as well as calli overexpressing
antisense RNA (NtMMP1 and NtSerP) together with GFP as mentioned before (Figure III-27). Equal
amount (12 µg) of total RNA was analyzed in the blots. (A, B, D, E) Phosphorimager (II.1.11) scanned
plates. (C, F) Ethidium bromide stained agarose gels (II.2.1.13). (A, B, C) Calli overexpressing matrixmetalloproteinase antisense RNA. (D, E, F) Calli overexpressing serine protease antisense RNA. (A, D)
32
P-dATP labelled GFP specific probe was used for hybridization. (B) and (E) 32P-dATP labelled matrixmetallo and serine protease specific probes were used, respectively. Red bars indicate the calli where GFP
expression was inhibited completely or partially (as observed visually). Green bars indicate the calli
showing high intensity of GFP fluorescence.

III.2.2 Characterization of multi-antisense RNA expressing BY-2 cell lines
In this section, cloning and expression of antisense RNA specific to all the four endogenous
proteases simultaneously in BY-2 cell lines are described. Those cell lines were used to study the
cell growth characteristics, cell morphology and inhibition of endogenous proteases as a
comparison to wild type cells. Finally two cell lines were selected to overexpress the 2F5
antibody.

III.2.2.1 Cloning of multi-antisense RNA expressing constructs in pTRAhcOcsm vector
To generate a multi-antisense RNA expressing construct, approximately 200 bp DNA fragments
(see Figure III-29) were amplified by PCR from full-length cDNA of each of the four cloned
endogenous proteases (NtAspP, NtCysP, NtMMP1 or NtSerP), with the help of SOE-PCR primer
sets (II.1.7; Table II-3). The primer sets for one protease construct contain an overlapping region
of the next one in such a way that after SOE-PCR (II.2.1.15), the arrangement of the amplified
protease constructs would be 5’-NtSerP-NtMMP1-NtCysP-NtAspP-3’ (Figure III-29). The DNA
fragment produced by SOE-PCR was used as template for regular PCR amplification, using a
terminal primer pair, which introduced an XbaI restriction site at the 5’ end (NtSerP) and EcoRI
at the 3’ end (NtAspP) of the amplified fragment (Figure III-29). The PCR amplified DNA
fragment was first cloned into pGEMTeasy vector and was isolated from that vector by
restriction enzyme digestion with XbaI and EcoRI. The fragment was then purified by agarose gel
electrophoresis and was finally cloned in antisense orientation into the pTRAhcOcsm vector
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containing EcoRI at the 5’ end of the cloning site and XbaI at the 3’ end to generate the
pTRAhcOcsm-ACMS3 vector where the insert would be arranged in 5’-NtAspP-NtCysPNtMMP1-NtSerP-3’ order (Figure III-29).
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Figure III-29: Schematic diagram describing the cloning strategy for multi-antisense construct.
A, C, M and S: abbreviation for aspartic, cysteine, matrix-metallo and serine protease, respectively.
Around 200 bp were PCR amplified from the full-length cDNA of all the four proteases with the help of
gene specific primers containing overlapping regions of one another. All the four PCR amplified
fragments contain overlapping regions. After joining the PCR amplified fragments by SOE-PCR
(II.2.1.15), it was first cloned into the pGEMTeasy vector (II.1.8) and finally into the pTRAhcOcsm
vector (II.1.8) to generate the final vector pTRAhcOcsm-ACMS3. pOcsm: octopine synthase promoter
(super promoter). Other features of the vector are same as the pTRAhc vector (II.1.8).

Cloning was confirmed by digesting the pTRAhcOcsm-ACMS3 plasmid by XbaI and EcoRI
restriction enzymes after separating them by agarose gel electrophoresis (data not shown).
Orientation of the cloned DNA fragments inside the pTRAhcOcsm-ACMS3 vector was verified
by DNA sequencing. The pTRAhcOcsm-ACMS3 vector was used to transform A. tumefaciens
and positive clones were selected after restriction enzyme digestion analysis. Finally one positive
agrobacterium clone was used to transform wild type BY-2 cells. The multi-antisense RNA
expressing construct was under the control of octopine synthase promoter (super promoter)
instead of CaMV 35S promoter to minimize the TGS effect as mentioned above.
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Expression and detection of multi-antisense RNA in BY-2 cells

Wild type BY-2 cells were used to express the multi-antisense RNA targeting different
endogenous proteases (NtAspP, NtCysP, NtMMP1 and NtSerP) simultaneously. Wild type BY-2
cells were stably transformed with the Agrobacterium strain harbouring the pTRAhcOcsmACMS3 vector. After 3-4 weeks total RNA was extracted from different BY-2 calli expressing
multi-antisense RNA as well as from wild type BY-2 cells. Northern blots were performed with
the total RNA as described (II.2.6.5 and II.2.6.6). The [α-P32]-dATP labelled dsDNA fragments
specific to any of the four endogenous proteases were used for the hybridization reaction.
According to the Northern blot results, those BY-2 calli which had high levels of antisense RNA
expression and low level of endogenous mRNA compared to the wild type BY-2 cells, were
selected for the generation of suspension cultures (data not shown). Three antisense-RNA
expressing BY-2 calli (ACMS6, ACMS22 and ACMS32) were selected to generate suspension
cultures. Total RNA was extracted at different time points of post subculture (3, 5, 7 and 10 days)
from multi-antisense RNA expressing BY-2 suspension cells as well as from wild type BY-2
cells. After separating total RNA via denaturing agarose gel electrophoresis, Northern blots were
performed as mentioned above. For hybridization, [α-P32]-dATP labelled dsDNA fragments were
used specific to NtAspP and NtSerP.
In NtAspP specific Northern blots, lanes containing total RNA from wild type BY-2 cells have
only one band which represents endogenous mRNA whereas all the other samples have two
bands (Figure III-30). The upper band is the endogenous mRNA and the lower strong band
(absent in wild type) corresponds to the antisense RNA. The Northern blot specific for serine
protease showed only signal for the endogenous serine protease but not for the antisense RNA.
This was due to the hybridization probe (the same probe used before, Table III-3), as because the
DNA fragment did not contain the 200 bp of NtSerP specific segment used for the designing of
multi-antisense construct. But, it is reasonable to assume that the signal pattern for serine
protease specific antisense RNA would be same as others (because they belong to same antisense
constructs). Significant inhibition of endogenous protease expression was only observed in the
Northern blots specific to aspartic (up to 80%) and serine (up to 90%) proteases at day 10 (Figure
III-30, NtAspP and NtSerP).
Due to the small size difference between sense and antisense RNA of NtCysP and NtMMP1,
discrimination between endogenous and antisense signals was difficult to determine (data not
shown). To solve the problem of endogenous RNA detection, [α-P32]-UTP labeled RNA probes
specific to the endogenous RNA of cysteine protease as well as matrix-metalloproteinase were
designed by in-vitro transcription method and were used for the hybridization reaction to detect
endogenous RNA (Figure III-30; NtCysP and NtMMP1). No significant inhibition of endogenous
cysteine and matrix-metalloproteinase expression up to day 7 was observed in the multi-antisense
RNA expressing cell lines but at day 10 around 30% inhibition (only in ACMS6) was observed in
cysteine protease specific Northern blots and up to 90% in metalloproteinase specific blots
compared to wild type BY-2 cells (Figure III-30; NtCysP and NtMMP1). The signal pattern for
antisense RNA, detected by [α-P32]-UTP labelled RNA probes specific to matrix-77-
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metalloproteinase antisense RNA (data not shown) was same as that of aspartic protease specific
Northern blots (Figure III-30, NtAspP). All multi-antisense cell lines had similar endogenous
protease expression level compared to wild type BY-2 cells at day 3, whereas at day 5 and day 7
some cell lines showed more endogenous protease expression level compared to wild type BY-2
cells (Figure III-30). As day 5 to day 7 belongs to the exponential growth phase of the BY-2
cells, inhibition of different proteases simultaneously may affect the growth. So for certain cell
lines, higher expression of certain protease classes is necessary to compensate the inhibition of
others. These Northern blots confirmed the inhibition of endogenous expression of targeted
proteases in the multi-antisense BY-2 cell lines.
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Figure III-30: Northern blot analysis of different multi-antisense RNA expressing BY-2 cell lines.
Northern blot showing expression and inhibition levels of different endogenous proteases in the multiantisense RNA expressing BY-2 cell lines (ACMS6, ACMS22 and ACMS32). (NtAspP) (NtMMP1)
(NtCysP) (NtSerP): Phosphorimager (II.1.11) scanned plates. EtBr: Ethidium bromide stained agarose
gels (II.2.1.13). (NtAspP) and (NtSerP): [α-P32]-dATP labelled aspartic and serine protease specific probes
were used respectively for hybridization. (NtCysP) and (NtMMP1): [α-P32]-UTP labelled in vitro
transcribed probes specific to endogenous RNA of cysteine and matrix-metalloproteinase respectively
were used for hybridization. The red arrow indicates the position of endogenous RNA band. Lane 1: wild
type; lane 2: ACMS6; lane 3: ACMS22; lane 4: ACMS32.

III.2.2.3 Total protease activity in culture supernatants of multi-antisense BY-2 cell lines
Culture supernatants from the three multi-antisense RNA expressing BY-2 cell lines (ACMS6,
ACMS22 and ACMS32) were collected at different time points of post subculture (3, 5, 7 and 10
days). Culture supernatants, after adjusting to equal amount of TSP, were used for measuring
total protease activity (II.2.6.8). Total protease activity in those multi-antisense cell lines
(ACMS6, ACMS22 and ACMS32) were compared with the wild type BY-2 cells by EnzChekTM
protease assay using red fluorescent BODIPY® TR-X dye labeled casein as substrate for
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endogenous proteases. Total protease activity in the ACMS6, ACMS22 and ACMS32 cell lines
were more or similar to that of wild type BY-2 cells at day 5, but significantly reduced (50-90%)
compared to wild type BY-2 cells at day 7 and at day 10 (Figure III-31A). The TSP in multiantisense cell culture supernatants was normalised against wild type culture and found to be
comparable to that of wild type culture (Figure III-31B). Interestingly, the biomass accumulation
in multi-antisense cell lines is higher than that of wild type cells (Figure III-31C), yet there is no
significant difference in TSP level between these cell lines. So the reduction in total protease
activity in multi-antisense cell lines is not due to the reduction in gross protein production but due
to the reduction in protease level.
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Figure III-31: Protease activity in culture supernatants of multi-antisense BY-2 cell lines.
(A) The figure illustrates the comparison of total protease activity in culture supernatants of multiantisense BY-2 cell lines (ACMS6, ACMS22 and ACMS32) with that of wild type BY-2 cells. Culture
supernatants collected from different days of post subculture were adjusted to have TSP in all the samples
relatively equal to each other, in a final volume of 180 µl (II.2.6.8). One microgram of BODIPY® TR-X
dye labeled casein was mixed with the culture supernatant to a final reaction volume of 200 µl and the
emitted fluorescence was measured using excitation / emission values of 595/645 nm (II.2.3.2). Standard
deviations were measured from two replicates of one experiment, which was repeated two more times. (B)
TSP present in multi-antisense cell culture supernatants relative to Wt. Standard deviations corresponds to
triplicate (technical) measurements. (C) Biomass concentration (g of fresh cell weights / ml of culture) of
different cell lines. For measuring biomass concentrations Wt (n=6) and ACMS (n=3 for each); where n=
number of cultures.

III.2.2.4 Stability of DSPA-α1 in culture supernatants of multi-antisense BY-2 cell lines
As DSPA-α1 was found to be a substrate for metallo and serine proteases, it was used for a
spiking experiment as described before (III.2.1.3) to analyze it’s stability in culture supernatants
of multi-antisense RNA expressing BY-2 cell lines (ACMS6, ACMS22 and ACMS32). DSPA-α1
was incubated with different culture supernatants of multi-antisense lines (ACMS6, ACMS22
and ACMS32) collected at different timepoints of post subculture and then degradation of DSPAα1 was analysed by immunoblot. In the immunoblot, full-length DSPA-α1 (lane 1) was visible at
around 55 kDa after incubation with fresh MS medium (negative control), whereas in other lanes
(except lane 6) reduction in the full-length protein amount together with the appearance of
degradation products were also visible (Figure III-32). Although the amount of full-length protein
was almost equal in all cell culture supernatants (wild type as well as multi-antisense) at day 3
(Figure III-32A), multi-antisense cell culture supernatants had lower amount of intact protein
than wild-type cells at day 5 (Figure III-32B). However, at day 7, the amount of intact protein in
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two multi-antisense culture supernatants (ACMS6 and ACMS32) was slightly increased
compared to wild type cells and at day 10, the amount was even 2-3 fold higher than in wild type
culture supernatant (Figure III-32C, D). The degradation products were similar as described
before (III.2.1.3). The first prominent degradation band (red arrow) was between 43-34 kDa in all
multi-antisense and wild type cell lines at day 5 and 10, whereas samples containing wild type
culture supernatant showed one extra band (black arrow) around 43 kDa at day 3 and 7 (Figure
III-32). The second prominent band (green arrow) was around 26 kDa and the third one (yellow
arrow) around 17 kDa. There were also other degradation bands present between 26-17 kDa. The
amount of 26 kDa band was more in the samples containing multi-antisense culture supernatants
compared to wild-type culture at day 7. At day 10, samples from wild type, ACMS22 and
ACMS32 cultures were showing detectable amount of 26 kDa band, whereas in ACMS6 culture
supernatant that band was almost undetectable. The degradation pattern of DSPA-α1 was
correlating with that of the previous result (III.2.2.3) confirming the fact that total protease
activity in the multi-antisense cell lines was decreased after day 7. With a protease inhibitor
cocktail (Halt from Thermo Scientific), a fuzzy band pattern was observed for the full-length
protein (Figure III-32, lane 6). The fuzziness was probably either due to incomplete inhibition of
the endogenous proteases or due to interaction of different protease inhibitors with the DSPA-α1
resulting in interference with the electrophoretic mobility. Conclusively, the stability of DSPA-α1
in the multi-antisense cell lines is higher than in wild type cells at day 10.
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Figure III-32: Degradation of DSPA-α1 in culture supernatants of multi-antisense BY-2 lines.
Immunoblots (II.2.4.3) are showing degradation of DSPA-α1 in culture supernatants of wild type as well
as multi-antisense RNA expressing BY-2 cell lines (ACMS6, ACMS22 and ACMS32). Around 4 µg of
DSPA-α1 (produced and purified from CHO cells) (II.1.5) was incubated with 100 µl (after adjusting the
TSP of all the samples relatively equal to each other) of culture supernatants for 20 h at 26°C and 10 µl
(40 ng/µl) of DSPA-α1 was analysed. Detection of DSPA-α1 was performed as described before (Figure
III-21). (A) (B) (C) and (D): BY-2 culture supernatants from 3, 5, 7 and 10 days of post subculture. M:
Prestained protein marker; lane 1: DSPA-α1 in fresh MS medium; lane 2-6: DSPA-α1 in BY-2 culture
supernatants. Lane 2: wild type; lane 3: ACMS6; lane 4: ACMS22; lane 5: ACMS32 and lane 6: wild type
with protease inhibitor cocktail (PI).
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Stability of 2F5 antibody in culture supernatants of multi-antisense BY-2 lines

As shown in the previous experiments (III.2.1.4), 2F5 antibody was degraded mostly by serine
protease(s) in MS medium at pH 5.8. Here degradation of the purified antibody in culture
supernatants of multi-antisense (ACMS6, ACMS22 and ACMS32) cell lines was studied. The
2F5 antibody was incubated with different culture supernatants (multi-antisense and wild type)
collected at different time points of post subculture (3, 5, 7 and 10 days) and then degradation of
the antibody was analysed by immunoblot analysis. It was observed from the immunoblots that,
at day 3, multi-antisense culture supernatants showed more degradation of HC of 2F5 antibody (a
degradation band around 43 kDa) than wild type cell culture supernatant (Figure III-33A),
whereas at day 5, ACMS6 and ACMS22 showed little increase in the amount of degraded HC
band (Figure III-33B). But at day 7, degradation of antibody heavy chain was lower in ACMS32
culture supernatant than that of wild type and other multi-antisense culture supernatants (Figure
III-33C) and at day 10, low degradation was also observed in ACMS6 culture supernatant
together with ACMS32 (Figure III-33D). With protease inhibitor cocktail there was no detectable
amount of antibody HC degradation visible (Figure III-33, lane 6). Conclusively, the stability of
2F5 antibody in the multi-antisense cell lines is higher than in wild type cells at day 10.
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Figure III-33: Degradation of 2F5 antibody in culture supernatants multi-antisense BY-2 lines.
Immunoblots (II.2.4.3) are showing degradation of 2F5 heavy chain in culture supernatants of wild type as
well as multi-antisense RNA expressing BY-2 cell lines (ACMS6, ACMS22 and ACMS32). Around 2 µg
of pure 2F5 antibody (produced and purified from CHO cells) (II.1.6) was incubated with 75 µl (after
adjusting the TSP of all the samples relatively equal to each other) of culture supernatants together with
12 mM methyl β-cyclodextrin for 20 h at 26°C and 10 µl (40 ng/µl) of 2F5 antibody was analysed.
Detection of antibody was performed as described before (Figure III-22). (A) (B) (C) and (D): BY-2
culture supernatants from 3, 5, 7 and 10 days of post subculture. M: Prestained protein marker; lane 1:
antibody in MS medium; lane 2-6: antibody in BY-2 culture supernatants. Lane 2: wild type; lane 3:
ACMS6; lane 4: ACMS22; lane 5: ACMS32 and lane 6: wild type with protease inhibitor cocktail (PI).
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III.2.2.6 Overexpression of the 2F5 antibody in multi-antisense BY-2 cell lines
As a model protein, the 2F5 antibody was overexpressed in the multi-antisense BY-2 cell line
ACMS6 (it was showing higher reduction in the targeted proteases level in Northern blots). One
BY-2 cell line expressing antisense RNA against NtMMP1 (N2_10) as well as wild type cells
were used as negative control. The Agrobacterium strain harbouring pTRAk-2F5-Ds vector was
used to stably transform the BY-2 cells for the overexpression of 2F5 antibody as mentioned
before (III.2.1.5). After 3-4 weeks, TSP was extracted from different BY-2 calli and immunoblot
analysis was performed using normalised TSP. Multi-antisense BY-2 calli (ACMS6 overtransformed cells) had equal or even more amount of intact antibody HC than “wild type” calli,
whereas calli from N2_10 cell line had almost undetectable amount of intact antibody HC
(probably TGS effect) (Figure III-34). “Wild type” calli overtransformed with pTRAk-2F5-Ds
vector showed higher amount of 2F5 HC degradation (red arrow) around 43 kDa compared to the
calli derived from ACMS6 cells. In “wild type” BY-2 calli, together with the degradation of
antibody HC band other low molecular weight bands (black arrows) were also observed below
26 kDa which were not detectable in calli from ACMS6 cells and almost undetectable in calli
from N2_10 cells. So the degradation of antibody HC was reduced in multi-antisense cells
compared to others (Wt and N2_10).
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Figure III-34: Overexpression of 2F5 antibody in multi-antisense RNA expressing BY-2 calli.
Immunoblots (II.2.4.3) are illustrating the overexpression of 2F5 antibody in wild type (W), multiantisense (M) as well as single-antisense (N) RNA expressing BY-2 calli overtransformed with pTRAk2F5-Ds vector. Around 30-40 µl of BY-2 calli extract (II.2.6.7) having equal amount of TSP (after
adjusting the TSP of all the samples relatively equal to each other) was analysed. 2F5 antibody in the blots
was detected as described before (Figure III-22). W, M and N: wild type, ACMS6 and N2_10 BY-2 cells,
respectively, overtransformed with pTRAk-2F5-Ds vector.

Three calli from “wild type” cells (W4, W12, and W14) and three calli from ACMS6 cells (M15,
M16 and M17) were selected for the generation of suspension cultures, as they have more
amount of intact antibody HC compared to others. The expression and degradation of 2F5
-82-

Chapter III

Results

antibody in the three existing suspension cultures of “wild type” suspension cells overexpressing
2F5 antibody (W23, W41 and W54) from the previous experiments (III.2.1.5) were also
compared with the current cell lines. TSP was extracted from suspension cells at different time
points of post subculture (3, 5, 7 and 10 days). Three sets of immunoblots were performed, where
the first set contains equal amount of TSP from suspension cell extracts, the second set contains
TSP from spent culture media and the third set contains dissolved precipitate (obtain from spent
culture media) in urea containing buffer (II.2.4.2). As multi-antisense lines showed low
proteolytic activity at the later days of cultivation, expression of 2F5 antibody in theses cell lines
were analyzed at different time points of the cultures. The cell extracts from day 7 had a
prominent 2F5 HC degradation band around 43 kDa, but the ratio of intact to degraded HC signal
intensity was 2 to 1 in case of M16 (the signal intensity was measured by AIDA software)
whereas for others (W4, W12, W14 W23, W41, W54, M15 and M17) it was 1 to 1 (Figure III35). The M16 sample at day 10 had similar or more amount of intact HC to that of other cell lines
but comparatively lower amount of HC degradation around 43 kDa to that of other cell lines
(Figure III-35). The ratio of intact to degraded antibody HC signal intensity was 2 to 1 in case of
M16 whereas for others it was varying from 1 to 1 up to 1 to 3.
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Figure III-35: Overexpression of 2F5 antibody in multi-antisense RNA expressing BY-2 suspension
cell extract.
Immunoblots (II.2.4.3) showing the overexpression of 2F5 antibody in wild type (W) as well as multiantisense (M) RNA expressing BY-2 suspension cultures overtransformed with pTRAk-2F5-Ds vector.
Around 30-40 µl of BY-2 cell extract (II.2.6.7) having equal amount of TSP (after adjusting the TSP of all
the samples relatively equal to each other) was analysed. 2F5 antibody in the blots was detected as
described before (Figure III-22). M: Prestained protein marker; W23, W41 and W54 are suspension
cultures from III.2.1.5.

TSP of different spent culture media after removal of the cells (W4, W12, W14, W23, W41,
W54, M15, M16 and M17) were also analysed by immunoblots. The stability of 2F5 antibody
was analyzed in the spent culture media from different time points of cultivation cycles. The
result from day 9 and day 10 cultures were shown here, as the samples from those two days
exhibit significant difference between degradation and accumulation of intact 2F5 HC in multiantisense cell culture supernatants compared to the “wild type” cells. Before day 9, the spent
culture media of multi-antisense cell lines showed degradation of 2F5 HC almost comparable to
“wild type” cells (data not shown). In 9 days old culture media, M16 showed relatively lower
amount of 2F5 HC degradation (mainly 43 kDa band) and higher accumulation of intact HC
-83-

Chapter III

Results

compared to W23 and W41 (Figure III-36). The ratio of intact to degraded HC was more than 1
in case of M16 cell line whereas it was less than 1 for others (“wild type”). The spent culture
medium of M16 line showed highest accumulation of intact 2F5 HC and lowest accumulation of
degraded HC band in comparison to other cell lines (“wild type”, M15 and M17) at day 10
(Figure III-36). In the M16 line, the ratio of intact to degraded HC was 4 to 1, whereas it was less
than 1 in other cell lines (mainly W23 and W41). The antibody in other overtransformed “wild
type” cell culture supernatants (W4, W12, W14 and W54) was mostly degraded.
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Figure III-36: Detection of 2F5 antibody in the spent culture media of multi-antisense BY-2 lines.
Figure illustrating immunoblot (II.2.4.3) analysis of 2F5 antibody secretion in the spent culture media of
“wild type” (W) as well as mult-antisense (M) RNA expressing BY-2 lines. Around 30-40 µl of spent
culture media with equal amount of TSP (after adjusting the TSP of all the samples relatively equal to
each other) were analysed. 2F5 antibody in the blots was detected as described before (Figure III-22). M:
Prestained protein marker; W23, W41 and W54 are suspension cultures from III.2.1.5.

By centrifuging cell free spent culture media detectable amount of precipitation was obtained for
all cell lines. Those precipitates were dissolved in urea containing buffer and equal amount of
soluble protein was analyzed by immunoblots to detect the 2F5 antibody. Both intact and
degraded 2F5 antibody HC was detected in the precipitate at day 9 and 10. The ratio of intact to
degraded antibody HC in the precipitate was more or equal to 1 in case of the M16 cell line
whereas it was less than 1 for others, indicating more accumulation of intact HC in the spent
culture media of M16 line (data not shown).
The recombinant 2F5 antibody was purified from 10 days old spent culture medium of W23 and
M16 suspension cultures by protein A matrix (II.2.3.1). Higher (4-fold) accumulation of intact
2F5 HC was observed (by measuring the signal intensity of the band by AIDA software) for
purified samples obtained from the medium of the M16 cell line whereas the samples of W23 cell
line had higher (3-fold) accumulation of degraded 2F5 HC around 43 kDa (red arrow) and some
more degradation products around 17 kDa (yellow arrow) (Figure III-37). Denatured samples
containing 2 µg of purified 2F5 antibody from M16 culture supernatant showed a weak
degradation signal around 43 kDa and one additional weak degradation signal around 34 kDa
(red arrow) together with the sample from W23 culture supernatant (Figure III-37B). The nondenatured sample from M16 culture supernatant showed a strong assembled full-length 2F5
antibody signal as the same size to that of CHO cell produced 2F5 antibody, whereas a weak
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signal of that size was detected together with an additional strong signal of slightly lower
molecular weight from the samples of the W23 culture supernatant (Figure III-37A).
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Figure III-37: Detection of purified 2F5 antibody from 10 days old spent culture media of multiantisense BY-2 lines.
(A) Coomassie stained SDS-PAGE (II.2.4.2) with equal amount of purified 2F5 antibody (II.2.3.1) (0.5 µg
for denatured and 1 µg for non-denatured samples). (B) Same as (A) but with 2 µg of denatured antibody.
Purified 2F5 antibody from the spent culture media of W23, M16 and CHO cells were analyzed. The
arrows indicate prominent degradation bands.

After combining all the results, it is clear that the amount of degradation of HC in comparison to
the accumulation of intact HC was low in multi-antisense cell line (M16) at day 10 compared to
other cell lines. So the recombinant protein (2F5 antibody) exhibits more stability in the multiantisense cell lines. It also appears from the immunoblot analysis that changing of CaMV 35S
promoter (used in single antisense construct) to super promoter (used in multi-antisense
construct) might have reduced the effect of TGS to some extent but not completely.

III.2.2.7 Growth characteristics and morphology of BY-2 cells
Growth characteristics and morphology of different antisense RNA expressing BY-2 cells were
studied to analyze the effect of endogenous protease expression on cell growth and development.
Fresh weight of different BY-2 cells (all the available antisense RNA expressing cell suspension
cultures, wild type cells and transgenic cells expressing other recombinant proteins such as M12
antibody and DsRed) was measured (II.2.6.3) at different time points of post subculture (3, 5, 7
and 10 days) and the cell growth together with cell morphology were compared between them.
Cell growth rate was calculated by two different equations. The first equation (Eqn2) was used to
measure the specific growth rate (µ) during the exponential growth phase, similar to that used for
microbial growth curves (Massot et al., 2000; Terrier et al., 2007).
µ =ln(X2/X1) / (t2-t1)………………………………………………………..Eqn2
Where X2 and X1 are cell fresh weights at time t2 and t1, respectively. The above equation can be
applied for BY-2 suspension cultures with some approximation up to 5 days of post subculture,
as because at the later time period the culture did not follow exponential growth. In another
approach growth rate and growth index (GI) were calculated as described in the literature
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(Charlet et al., 2000; Chattopadhyay et al., 2002) by the following equations 3 and 4,
respectively:
Growth rate =(X2/X1) / (t2-t1)…………………………………………........Eqn3
Growth index (GI) =(X2-X1) / X1 ………………………………………….Eqn4
Where X2 and X1 are cell fresh weights at time t2 and t1, respectively. From the table (Table III-5)
below it was surprising to observe that both specific growth rate (µ) and growth index (GI) of
NtCysP cell lines were almost double to that of other cell lines except NtSerP and ACMS (multiantisense) cell lines up to day 3. NtCysP, NtSerP and ACMS cell lines had close values for both
growth rate and GI up to day 3. Although NtCysP, NtSerP and ACMS cell lines had higher GI
values than other cell lines from 0-5 days, the value of GI from 3-5 days was lower than Tapo26
(BY-2 cells expressing M12 antibody under the control of CaMV 35S promoter), NtAspP and
NtMMP1 cell lines. This means, NtCysP, NtSerP and ACMS cell lines grew at slower rate than
Tapo26, NtAspP and NtMMP1 cell lines during a 3-5 days period. As other cell lines except Wt
and 3mas8 (BY-2 cells expressing DsRed under the control of super promoter), having either
negative or highly variable values of µ and GI after day 5, those values were not presented in the
table. Tapo26 and 3mas8 cell lines were used for negative control.
Table III-5: Comparison of growth rate and growth index of different BY-2 cell lines.

BY-2 cell
lines

Wt (n=6)

Samples collected from different days of post subculture
µ (h-1)
GI
Mean ± SD
Mean ± SD
(t1-t2) 0-3d
0-5d
3-5d
0-3d
0-5d

3-5d

0.0146±0.002 0.0187±0.001 0.0248±0.004 1.89±0.43 8.46±1.09 2.33±0.62

Tapo26
0.0149±0.007
(n=6)
3mas8
0.0135±0.003
(n=6)
NtAspP
0.0155±0.006
(n=9)
NtCysP
0.0245±0.005
(n=9)
NtMMP1
0.0112±0.006
(n=9)
NtSerP
0.0202±0.002
(n=9)
ACMS
0.0217±0.003
(n=9)
n: biological replicates.

0.0216±0.003 0.0317±0.004 2.22±1.45 12.99±4.27 3.65±0.90
0.0177±0.002 0.0239±0.003 1.69±0.51 7.55±1.95 2.18±0.47
0.0222±0.003 0.0323±0.004 2.29±1.35 14.28±4.86 3.78±0.83
0.0248±0.001 0.0253±0.006 5.18±2.03 18.78±1.67 2.52±1.14
0.0196±0.003 0.0323±0.005 1.41±0.91 10.16±3.57 3.83±1.19
0.0243±0.001 0.0303±0.003 3.35±0.70 17.44±1.25 3.33±0.63
0.0239±0.001 0.0275±0.002 3.84±0.90 16.91±2.05 2.76±0.44

The pattern of growth rate (as derived by Eqn 3) in the bar graph below (Figure III-38) was also
correlating with µ and GI values (Table III-5). Growth rate of NtCysP cell lines was more than
rest of the cell lines up to day 3. NtCysP, NtSerP and ACMS cell lines were showing almost
similar growth pattern.
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Figure III-38: Comparison of growth rate of different transgenic BY-2 lines with wild type cells.
Comparison of growth rate (II.2.6.3) of different transgenic BY-2 cell lines (II.2.6.1) with that of wild
type at different days of post subcultures (3, 5, 7 and 10). The growth rate was calculated by the Eqn3. For
antisense RNA expressing cell lines, data represent the average of three independent cell lines. Wt: wild
type; 3mas8: BY-2 cells expressing DsRed under the control of super promoter; Tapo26: BY-2 cells
expressing M12 antibody under the control of CaMV 35S promoter; NtAspP: BY-2 cells expressing
antisense RNA specific to aspartate protease (A1_1, A1_8, A1_9); NtCysP: BY-2 cells expressing
antisense RNA specific to cysteine protease (C1_14, C2_9, C2_11); NtMMP1: BY-2 cells expressing
antisense RNA specific to matrix-metallo protease (N2_6, N2_10, N2_18); NtSerP: BY-2 cells expressing
antisense RNA specific to serine protease (S2_18, S2_38, S2_40) and ACMS: BY-2 cells expressing
multi-antisense RNA specific to all the four proteases (ACMS6, ACMS22, ACMS32). Data representing
mean ±S.D, where n (biological replicates) =6 for Wt, Tapo26, 3mas8 and n=9 for the rest.

Together with the growth rate, cell morphology was also analyzed. Cells from different time
points of post subculture (3, 5, 7 and 10) were observed under light microscope with 200X
magnification. Cell morphology was determined by two parameters, length and breadth. At first
the median of each parameter of each cell line was calculated by the average of smallest and
largest values to get lower range and upper range of all the values. No fixed margin was
annotated for either “lower” or “upper range” as they vary according to the variations in cell
dimensions. It was observed that multi-antisense cell lines (ACMS) were slightly longer than any
other cell lines at day 3 but surprisingly at day 5 it’s average cell length was 3 times more than
wild type and 3mas8 cells, whereas it was 1.7 times more than rest of the cells in both “lower”
(Figure III-39A) and “upper” range (Figure III-39B). There was no significant difference in
average breadth (data not shown). The table (Table III-6) below shows percentage of cells within
a cell population analyzed, fall either in “lower” or “upper range”. This table also shows the
percentage of cells in those two categories (“lower range” or “upper range”) having certain range
of length (either 100-150 µm or 150-250 µm). It was interesting to observe that at day 5, 50% of
analyzed cell population in multi-antisense cell line (ACMS) comprised “upper range” and they
all (100%) fall in the range between 150-250 µm. No other cell line showed length between 150250 µm at day 5. But at day 7 only 44% of all NtMMP1 cells analyzed comprised “upper range”
and 63% of them have the length between 150-250 µM. At day 10, 67% of all Tapo26 cells, 57%
of NtCysP, 27% of NtMMP1 and 25% of NtSerP together with 55% of all ACMS cells fall in the
“upper range”, among which 63 % of Tapo26 cells, 13% of NtCysP, 50% of both NtMMP1 and
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NtSerP and 64% of ACMS cells have the length between 150-250 µM. So it is intriguing that at
day 10, there are more cells within the length 150-250 µm in Tapo26 line than ACMS lines. As
there were no significant differences in cell breadth between different cell lines, it was omitted
from the table. These data clearly shows that at early cultivation period, multi-antisense cells
elongate more than other cell lines.
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Figure III-39: Comparison of cell size of different transgenic BY-2 cell lines with wild type.
Comparison of length (A, B) of different transgenic BY-2 cells with that of wild type at different days of
post subcultures (II.2.6.3). Length of the cells was divided into “lower range” (A) and “upper range” (B)
by calculating the median of each parameter of each cell line. Name of the cell lines are same as figure III38. Wt (n=8-10); 3mas8 (n=7-12); Tapo26 (n=7-12); NtAspP (n=10-12); NtCysP (n=10-14); NtMMP1
(n=11-18); NtSerP (n=11-16) and ACMS (n=18-20), where n is the number of cells used for the
calculation of S.D. Due to technical difficulties, the number of cells analyzed was limited (up to 20).
Table III-6: Percentage of cells from different BY-2 cells having different range of length.

BY-2
cell line

% of cell in the
“lower range”
3d

5d

% of cell in the
“upper range”

7d 10d 3d

5d

% of cell in the
% of cell in the
“lower range”
“upper range”
having 100-150 µm having 150-250 µm
length
length

7d 10d 3d

5d

7d 10d 3d

5d
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Wt

50

50

50

63

50

50

50

37

0

0

0

0

0

0

0

0

3mas8

63

70

57

50

37

30

43

50

0

0

0

0

0

0

0

0

Tapo26 67

58

50

33

33

42

50

67

0

0

50

25

0

0

0

63

NtAspP 42

58

58

58

58

42

42

42

0

0

0

0

0

0

0

0
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64

54

43

50
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46
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0

0
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0

0

0

13
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IV Discussion
The aim of this thesis was the characterization of an endogenous matrix-metalloproteinase
(NtMMP1) from BY-2 cells as well as the expression of antisense RNA targeted to the mRNA of
different endogenous proteases (aspartic, cysteine, matrix-metallo and serine protease) in BY-2
cells. Finally those cells were used for production of a recombinant protein demonstrating that the
inhibition of endogenous proteases is a promising approach to enhance the quality and the
productivity of the pharmaceutical proteins in BY-2 cells.
BY-2 cell suspension cell are a good alternative for recombinant protein production to that of
other eukaryotic (yeast or mammalian) or prokaryotic systems (bacteria). Although the protein
yields are currently low (0.01-0.2 g/L) compared to other cell systems (1-3 g/L in mammalian
and 0.5-5 g/L in other eukaryotic systems) (Huang et al., 2009), there are many advantages like
the capacity for protein post-translation modifications, lower production cost and the absence of
animal viruses, pathogens and bacterial toxins may lead to lower downstream cost (Boehm, 2007;
Hellwig et al., 2004; Ma et al., 2003; Streatfield, 2007; Twyman et al., 2003; Yin et al., 2007). In
the plant systems, yields are mainly affected by protein stability, as there is significant
degradation of proteins secreted into the plant suspension culture medium because of proteolysis,
aggregation and further unknown factors (Doran, 2006; Kwon et al., 2003; Streatfield, 2007). It
has been proposed that, metalloproteinases might be involved in the degradation of recombinant
DSPA-α1 secreted into the culture medium of transgenic BY-2 cells (Schiermeyer et al., 2005)
and thus a candidate gene of a matrix-metalloproteinase (NtMMP1) has been cloned. Therefore,
characterization of NtMMP1 was of primary interest over other three endogenous proteases (i.e.,
aspartic, cysteine and serine protease) from BY-2 cells. It was observed that recombinantly
produced and purified NtMMP1 could degrade DSPA-α1 quite efficiently in vitro (Mandal et al.,
2010). This enzyme can also degrade a synthetic substrate specific for matrix-metalloproteinases
from animal origin (Mandal et al., 2010). These data strengthen the speculation of DSPA-α1
degradation by matrix-metalloproteinase in BY-2 cell suspension culture medium and also opens
possibilities of identifying other endogenous proteases involved in the degradation of DSPA-α1
or other recombinant protein. A direct correlation can be found between proteolytic degradation
of recombinant protein in vivo to that of the in vitro assay. NtMMP1 is interesting for not only
being the first documented matrix-metalloproteinase from BY-2 cells (Schiermeyer et al., 2009),
it also shows some novel characteristics like autocatalytic activation, degradation of a serine
protease (DSPA-α1) etc.

IV.1 Characterization of NtMMP1 from BY-2 cells
IV.1.1 Structural properties of recombinantly produced NtMMP1
Full-length NtMMP1 contains all the characteristic features of matrix-metalloproteinases found
either from animal or plant origins; those are signal peptide, propeptide domain containing a
conserved cysteine switch motif, a methionine turn motif, a catalytic domain and/or a
hydrophobic transmembrane domain. Beside these, all the plant MMPs contain a unique
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relatively conserved motif (D L/V E/Q S/T V/A) of unknown function at the N-terminal portion
of the zinc binding motif (Flinn, 2008). It was reported that the prodomain of all MT-MMPs from
animal origin contains a highly conserved YGYLP motif, which is essential for proper
conformation and function of the enzyme on the cell membrane (Cao et al., 1998; Cao et al.,
2000). Among plant MMPs (reported till today) only At4-MMP contains the same YGYLP motif
in the prodomain, whereas in other plant MMPs (including NtMMP1) only the dipeptide GY part
is present. In case of NtMMP1, the motif contains the sequence FGYIP. The C-terminal
hydrophobic transmembrane domain of any protein integrates into the cell membrane (Lemmon
et al., 1994) and thus makes it difficult to isolate and analyze the protein. So it was removed from
the final expression construct of NtMMP1. As it was reported that deletion of transmembrane
domain did not affect the activity of different proteases (Bravo et al., 1994; Brenner and Fuller,
1992; Ohuchi et al., 1997; Will et al., 1996), NtMMP1 was also expressed in different expression
systems (plant and yeast) without the transmembrane domain.
As the expression in E. coli BL21codon plus cells led to the production of inactive inclusion
bodies (personal communication, Dr. Andreas Schiermeyer, Fraunhofer IME, Aachen, Germany),
NtMMP1 was subsequently expressed in N. tabacum SR1 leaves and in P. pastoris (X-33) cells.
Some researchers used the bacterial expression system for the production of MMPs, in spite of
the fact that most of the time proteins form inclusion bodies which after denaturation and
refolding becomes soluble (Delorme et al., 2000; Hardern et al., 2000; Kooi et al., 2005; Liu et
al., 2001; Maidment et al., 1999; Pendas et al., 1997; Stracke et al., 2000). But it was also
observed that sometimes denatured proteins undergo misfolding but still remain in soluble form
with low or no activity (Velasco et al., 1999). The recombinant expression of NtMMP1 in the
apoplast of N. tabacum SR1 leaves resulted in significantly low yield (0.01 µg/g, equivalent to
0.001% of TSP) and purity (Figure III-3). Low expression level of NtMMP1 can be explained in
different ways. First, it has been observed that recombinant protein production by transient
expression in leaves vary from protein to protein and also for different cultivars. For example, the
expression level of human protein C in transgenic tobacco plant was about 0.002% of TSP
(Cramer et al., 1996) and in another case the expression of hepatitis B surface antigen was around
0.01% of TSP (Mason et al., 1992), whereas expression level for DSPA-α1 goes up to 0.4% of
TSP (Schiermeyer et al., 2005). In all the above examples Cauliflower mosaic virus (CaMV) 35S
promoter was used for the expression. It was frequently observed that overexpression of plant
proteins in a plant system leads to gene silencing and hence the expression level of the
recombinant proteins goes to a minimum. For example overproduction of chalcone synthase
(CHS), which is the key enzyme for the biosynthesis of flavonols, flavones, isoflavonoids and
anthocyanins, in petunia plant (Napoli et al., 1990; van der Krol et al., 1990) leads to the
blockage of anthocyanin biosynthesis by co-supressing both endogenous and transgene CHS
expression. As the NtMMP1 is a matrix-metalloproteinase isolated from tobacco BY-2 cells, it is
possible that overexpression of this protein is inhibited to some extent in tobacco leaves. Another
explanation might be that, as basal expression level of NtMMP1 is very low and the expression
level can induce up to 5 fold by pathogen interaction (Schiermeyer et al., 2009), the
overproduction of this protein might have induced hypersensitive response (Chichkova et al.,
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2004; Coffeen and Wolpert, 2004; Gilroy et al., 2007; McLellan et al., 2009; Rojo et al., 2004)
leading to the production of other proteases which are degrading the recombinant NtMMP1.
Due to low yield and low purity of the recombinantly expressed NtMMP1 in N. tabacum, another
eukaryotic expression system (P. pastoris) was used. Till today, P. pastoris was used for
successful production of many proteins including an aspartic protease (Yoshimasu et al., 2004),
cysteine protease (Nagler et al., 1999; Trejo et al., 2009), serine protease (Tang et al., 2005) and
also MMPs (Rosenfeld et al., 1996; Roy et al., 1999; Rozanov and Strongin, 2003). To express
NtMMP1 in P. pastoris, the same cDNA sequence was used as in N. tabacum but the
corresponding protein was called yNtMMP1 to distinguish from its plant expressed counterpart.
The recombinant protein did not contain any C-terminal transmembrane domain but it has the
endogenous NtMMP1 signal peptide which allowed its secretion into the culture medium.
Therefore the cDNA was cloned into pPicz B vector which is free of any internal signal peptide.
In the Coomassie stained gel (Figure III-5A), no other contaminating protein bands from yeast
were detected except the desired signal of the purified yNtMMP1, suggesting its purity more than
the NtMMP1, produced and purified from tobacco leaves. In SDS-PAGE, purified yNtMMP1
showed a fuzzy/diffuse band pattern, which is characteristic for hyperglycosylated proteins (Han
and Lei, 1999; Hellwig et al., 1999). Obviously, the fuzziness is due to the different degree of
glycosylation which resulted in the variation of molecular weight of the full-length protein
(proprotein) together with the poor mobility of the protein due to sugar molecules. This result is
in accordance to the fact that there are seven potential N-glycosylation sites in the full-length
yNtMMP1 as predicted by the NetNGlyc 1.0 Server (Mandal et al., 2010). Both from the
Coomassie stained gel and the immunoblots (Figure III-5) it was observed that full-length
yNtMMP1 was heavily glycosylated whereas the band at 22 kDa (representing the mature
protease) was more distinct, which might be due to the lower degree of glycosylation as only 2
out of 7 potential N-glycosylation sites are present in the catalytic domain. The propeptide
specific mAb N-11.5.1.5 did not recognize the deglycosylated band at 22 kDa, which was only
detectable by the C-terminal specific mAb C-6.3.2 (Figure III-6A). This suggests that the 22 kDa
band is the mature form of the yNtMMP1 proprotein. In addition, the deletion of the propeptide
was also confirmed by N-terminal sequencing. According to the immunoblots (Figure III-5B, C),
it is quite clear that N-11.5.1.5 can bind to the higher molecular form of yNtMMP1 (72-130 kDa)
with more affinity than C-6.3.2 antibody, whereas C-6.3.2 antibody can bind the mature form (at
22 kDa) of the enzyme with more affinity than the other mAb. Difference in binding affinity of
antibodies arises either due to glycosylation (as the mAbs were generated against nonglycosylated version of NtMMP1) or conformational change or both on the enzyme, results in the
non-availability or partial availability of the epitopes.

IV.1.2 Functional properties of recombinantly produced NtMMP1
Both NtMMP1 (produced in plant) and yNtMMP1 (produced in yeast) were found to be active
after purification. In this thesis, the activity of yNtMMP1 was analyzed using several substrates
including casein, gelatin, a MMP specific synthetic substrate and DSPA-α1 whereas the activity
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of NtMMP1 was analyzed only with BODIPY® TR-X casein (II.2.3.2) as it was reported
(Schiermeyer et al., 2009) to degrade casein in casein zymography.

IV.1.2.1 The NtMMP1 is prone to be autocatalytically processed
In this thesis, partially purified NtMMP1 (produced in plant) had shown activity by degrading the
BODIPY® TR-X casein, without being activated by organomercurial compound like APMA or
disulfide activator like oxidized glutathione. However, it was not clear from that experiment
whether both the full-length (around 55 kDa) and reduced size (around 30 kDa) NtMMP1 are
degrading red fluorescent labeled casein in the EnzChekTM protease assay or if only one of them
is active. As it has been already reported (Schiermeyer et al., 2009) that both the full-length
(around 55 kDa) and mature form (around 30 kDa) of NtMMP1 (produced in plant) are showing
caseinolytic activity in zymography, it can be assumed that both forms are responsible for the
degradation of BODIPY® TR-X casein. It is also known that zymogens can be activated during
zymography (Kleiner and Stetler-Stevenson, 1994; Le et al., 1999) but Schiermeyer et al. (2009)
showed that APMA treatment did not make any difference in the activity or band pattern of the
full-length NtMMP1. Therefore, it was proposed that both forms of the enzyme are active in the
plant cell. But it was not clear if the mature form of NtMMP1 (around 30 kDa) was the result of
autocatalytic activity or if it was produced after cleavage of the propeptide by other protease(s),
as it happens quite frequently in animal cells. For example, MT1-MMP activates pro-gelatinase A
by cleaving its propeptide upstream of cysteine switch (Cao et al., 1996; Cao et al., 1995; Pei and
Weiss, 1996; Sato et al., 1994; Zucker et al., 2002). This is similar to another mechanism where
active MMP-19 cleaves the Lys73-Ala74 bond upstream of the cysteine switch within the
propeptide region of MMP-9 (Stracke et al., 2000) followed by a second cleavage downstream of
cysteine switch by other proteases results in MMP-9 activation (Sang et al., 1995). It was always
observed that, recombinantly produced NtMMP1 in tobacco leaves always had two bands around
30 kDa (Figure III-3B). So it can be assumed that among the two bands, the first one might be the
cleavage product of one protease and the second one was due to further cleavage of the first
product by another protease or generated by autocatalytic activity.
The autocatalytic processing (III.1.3.3) of purified yNtMMP1 (recombinantly produced in
P.pastoris) was analyzed in vitro to figure out whether the endogenous NtMMP1 has
autocatalytic activity. It was clearly observed that intensity of a 22 kDa protein band (proposed to
be the mature form of yNtMMP1 in the previous discussion) was increasing gradually over time,
whereas the intensity of the full-length protein (36 kDa) was decreasing in both immunoblots and
casein zymography (Figure III-15). This further supports the fact that the mature 22 kDa protein
was produced from the full-length protein by autocatalytic processing. The control reaction
mixture (for autocatalytic processing experiment) contained highly pure preparation of
yNtMMP1 in the presence of 20 mM EDTA, where no processing of the enzyme could be
detected over the whole time course (data not shown). This further supports an autocatalytic
mechanism rather than the involvement of any other proteases for the production of 22 kDa band.
It is interesting to observe that up to 6 h of incubation most of the proprotein was converted to the
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mature form, but after 18 h the amount of the mature form was decreased and more diffused than
at other time points. It can be speculated that during a prolonged incubation period the mature
protein was degrading itself further to low molecular weight fragments which were not visible on
the immunoblots or zymograms. Another interesting observation in the autocatalytic processing
experiment is that, there were some extra bands visible in between full-length and mature form of
the enzyme on the immunoblots (Figure III-15). Intensity of those bands was higher at 0 h and
decreased mostly after 6 h. So it can be speculated that those bands were the intermediate forms
of the enzyme before processing to the mature form or otherwise degradation products. As in
vitro experiment did not contain any other protease except yNtMMP1, only one band is visible at
22 kDa (produced by autocatalytic processing) unlike plant produced NtMMP1, where two
closely spaced bands around 30 kDa are present (Figure III-3B). The other supporting data for
autocatalytc activity of yNtMMP1 comes from the presence of an unusual cysteine switch motif
in yNtMMP1 structure (see below).
The cysteine switch motif acts as a switch between the inactive pro-enzyme and active/mature
form of the MMPs. Strikingly, the yNtMMP1 contains an alanine (A) residue (PRCGVAD)
instead of proline (P) residue in the cysteine switch motif (PRCGVPD), which is conserved
among most of the MMPs found till today (Maskos and Bode, 2003; Tallant et al., 2010; Van
Wart and Birkedal-Hansen, 1990) except few cases (Gururajan et al., 1998; Pei et al., 2000;
Velasco et al., 1999). Within the cysteine switch motif both the proline residues are highly
conserved among most of the animal MMPs except MMP-21, 22 as well as 23 (Gururajan et al.,
1998; Velasco et al., 1999) and with slight modification in MMP-19, where the sequence is
PRCGLEDP (Stracke et al., 2000). In plant MMPs, except few cases in Arabidopsis thaliana
(Genebank accession no. NM_105685, NM_102260, NM_130068, NM_104689), Glycine max
(Genebank accession no. U63725) and Vitis vinifera (Genebank accession no. AM449782),
where two proline residues are present, all other MMPs recognized so far contain only one
proline residue (Flinn, 2008) including NtMMP1 (Schiermeyer et al., 2009). Due to unique
structure of proline residues, its presence imposes significant effects on the protein structure. So
absence of one proline residue from the cysteine switch may render so called “cysteine switch”
inactive. This explains the presence of autocatalytic activation mechanism in those MMPs. Plant
MMPs, like AT1-MMP (Maidment et al., 1999), Cs1-MMP (Delorme et al., 2000), Pta1-MMP
(Ratnaparkhe et al., 2009) and GmMMP2 (Liu et al., 2001) contain only one proline residue in
the cysteine switch and all of them except AT1-MMP contain a second cysteine residue in the
propeptide domain. It was reported that, all the above mentioned plant MMPs (probably
GmMMP2 too) showed autocatalytic activation as yNtMMP1. So it can be speculated that the
replacement of one proline residue makes the cysteine switch partially or fully inactive and leads
to the activation of the pro-enzyme. As a result, the pro-enzyme shows some activity and cleaves
the propeptide itself to generate the highly active mature form. It has been observed that both the
pro and mature form of GmMMP2 can degrade myelin basic protein but the mature enzyme can
degrade it faster than the pro-enzyme (Liu et al., 2001). The presence of both proline residues in
the cysteine switch is not sufficient to stop the autocatalytic activation of the pro-enzyme. Despite
having both proline residues (PRCGLEDP), pro-MMP19 is still prone to autoactivation due to
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the different location (after the aspartic residue) of second proline residue. In case of MMP-26,
replacement of arginine with histidine (PHCGVPD) also makes the cysteine switch inactive
(Marchenko et al., 2002).
It was also proposed that, the presence of another cysteine residue in the prodomain can build
disulfide linkage with the cysteine residue in the “cysteine switch”. As a result the cysteine
residue of the “cysteine switch” is unable to form a linkage with the Zn2+ ion of the catalytic
domain and thus the disruption of the Cys-Zn linkage makes the Zn2+ ion of the catalytic domain
free for activation (Schiermeyer et al., 2009). This is further supported by the finding that the
additional cysteine residue in the N-terminal portion of NtMMP1 (Cys50) allows the formation of
a disulfide bridge with the cysteine residue in the cysteine switch motif (Figure III-15D). Due to
the presence of a second cysteine residue in the prodomain of Cs1-MMP, Pta1-MMP GmMMP2
and yNtMMP1, the chance of intrachain disulfide bond formation is high and all of these MMPs
(probably GmMMP2 too) have a high tendency for autoactivation. In contrast, the absence of
extra cysteine residue in the prodomain of AT1-MMP slows down its autoactivation. Although in
some cases disruption of the Cys-Zn linkage is not sufficient to activate the pro-enzyme and a
time dependent conformational change prior to the activation is required (Chen et al., 1993;
Galazka et al., 1996). However, it has been reported that a prior conformational change (caused
by mercurial compounds, chaotropic agents, oxidants, disulfide compounds, alkylating agents,
and several proteinases) disrupts the Cys-Zn linkage and finally autocatalytically activates the
pro-enzyme (Tallant et al., 2010). N-terminal sequencing confirmed that yNtMMP1 is processed
by autocatalytic cleavage between His147 and Phe148 at a similar site like the soybean SMEP1
matrix-metalloproteinase. The actual cleavage site is closely related to those sites found in the
human MMPs stromelysin-1/MMP-3 and stromelysin-2/MMP-10 (Birkedal-Hansen et al., 1993;
Nakamura et al., 1998). All these data confirmed the autocatalytic activation mechanism of
yNtMMP1.

IV.1.2.2 The yNtMMP1 shows broad substrate specificity in vitro
Both proprotein and mature form of yNtMMP1 showed variations in proteolytic activity against
different substrates as it was observed in casein and gelatin zymography (III.1.3.2). In both
glycosylated and deglycosylated protein fractions, the full-length (proprotein) yNtMMP1 has
significantly less gelatinase activity than the processed enzyme, but both the full-length and
processed forms had similar caseinolytic activity, suggesting that the propeptide plays a role in
substrate recognition and/or discrimination. In addition to yNtMMP1, only the recombinant
cucumber enzyme Cs1-MMP has been shown to degrade gelatin when expressed in E. coli
without its propeptide (Delorme et al., 2000). As stated above, plant membrane type MMPs do
not possess a fibronectin-type II like domain, although this domain is necessary for gelatinase
activity in vertebrate MMPs (Murphy et al., 1994). At1-MMP neither degrades casein nor gelatin
but accepts the myelin basic protein (MBP) as substrate. Proteolytic activity against MBP has
also been demonstrated for recombinant mature and proGmMMP2 (Liu et al., 2001) as well as
recombinant Pta1-MMP with a truncated N-terminus (Ratnaparkhe et al., 2009). However it is
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not clear whether the Cs1-MMP and yNtMMP1 can degrade native collagen. It was reported
(Murphy et al., 1994) that the deletion mutant (removal of fibronectin type II domain) of human
gelatinase A also showed gelatinase activity which was 10% of the activity of the wild type
enzyme. The cleavage pattern for gelatin (hydrolyzed form of collagen) was similar for both
enzymes (deletion mutant and wild type gelatinase A) but differed for type IV collagen. So it is
not surprising that some plant MMPs posses some gelatinase activity too.
It was always observed that in case of zymography the mature form of yNtMMP1 showed more
diffused appearance than the proprotein form which showed a sharp band. There might be three
possibilities explaining the diffused appearance of the mature form of yNtMMP1 in zymography.
First, the high concentration of the proprotein form compared to the mature form of yNtMMP1
resulted in a more intense band but this does not explain the diffused band pattern. The second
possibility is protein diffusion (in small amount) inside the gel due to the prolonged incubation
during zymography. So it can be assumed that the mature form is more active than proprotein
form, as because diffusion of small amount of mature form can cause detectable amount of casein
degradation compared to the proprotein form. Third possibility is that the mature protein has
multiple active forms, which have different migration in the non-denaturing gel during
zymography as it was reported (Hahn-Dantona et al., 2000) that, secreted form of the 75 kDa
gelatinase has multiple active forms which produce diffuse proteolytic zone in the gelatine
zymography and the multiple active forms disappear in reducing gel. The existence of multiple
active forms of gelatinase was explained by the heterogeneity in intrachain disulfide bond
formation, which cannot be the case for the mature yNtMMP1 due to lack of cysteine residues.
However, it is not known whether mature yNtMMP1 can have multiple active forms without
intrachain disulfide bond formation. In autocatalytic activation experiment, samples from 1 h to
18 h have one distinct band around 22 kDa in the immunoblot (samples were reduced and
denatured by heat) but in the casein zymography (samples were non-reduced and non-denatured)
one diffuse proteolytic zone was observed around that molecular weight giving a clear indication
of the presence of multiple active forms of the protein.
DSPA-α1 was used as a model substrate for yNtMMP1, as it was reported previously that MMPs
were most probably involved in the degradation of DSPA-α1 in the BY-2 cell culture medium
(Schiermeyer et al., 2005). It was observed that yNtMMP1 can degrade the full-length DSPA-α1
(around 53 kDa) to low molecular weight major (around 43 kDa) and minor (around 17 kDa)
fragments almost completely within 20 h (Figure III-13A). Interestingly, the degradation
fragments were not visible in the soluble fraction of the reaction mixture but in the precipitate,
which was developed during incubation. The formation of a precipitate can be explained in two
ways: one is the exposure of hydrophobic residue due to the cleavage of DSPA-α1, as a result
degradation fragments precipitated due to hydrophobic interaction. The other possibility was the
interaction of full-length yNtMMP1 with DSPA-α1 and precipitation of both proteins by complex
formation. It was observed that full-length yNtMMP1 precipitates during prolonged incubation in
the MMP specific reaction buffer and no precipitation was observed after addition of 20 mM
EDTA (data not shown). It is a well known fact that when protein molecules form large
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molecular weight aggregates, they precipitate. So it can be speculated that in the reaction buffer
pro-yNtMMP1 gets activated and few protein molecules interact with each other to produce
mature form. As a result high molecular weight complex (due to hyperglycosylation) formation
takes place and/or exposure of hydrophobic residue due to conformational change (as it happens
during autocatalytic activation mechanism) probably contributes in the precipitation of high
molecular weight pro-yNtMMP1. But the remaining free pro-yNtMMP1 molecules do not form
big complex as they can autocatalytically cleave themselves to produce soluble mature form.

IV.1.3 Putative function of NtMMP1 in vivo
Recombinantly produced NtMMP1 from N. tabacum or P. pastoris can degrade a wide range of
substrates in vitro (like casein, gelatin, DSPA-α1 and MMP specific synthetic substrate), but the
actual role of NtMMP1 in vivo is still unknown. This is true for all other plant MMPs reported
until today. Although there are some proposed functions of different plant MMPs based on gene
expression studies, no in vivo protein-protein interaction studies are available. MMPs are
proposed to be involved in extracellular tissue remodeling during leaf expansion or contributing
to cell defenses against pathogen attack (Graham et al., 1991; Pak et al., 1997), in programmed
cell death (Delorme et al., 2000), in releasing pathogen growth inhibiting substances (Liu et al.,
2001) and in plant growth and development (Golldack et al., 2002). It has been reported that
NtMMP1 mRNA level increased up to 5 fold, when BY-2 cells were incubated with bacterial
pathogens like Pseudomonas syringae (Schiermeyer et al., 2009). So NtMMP1 may have a role
in plant-pathogen interactions as it was proposed for some other plant MMPs. For example,
transcript level of GmMMP2 in soybean tissue rapidly increased after compatible and
incompatible interactions with the oomycete pathogen Phytophthora sojae or the bacterial
pathogen Pseudomonas syringae pv. glycinea (Liu et al., 2001), whereas in another case, At3MMP (from Arabidopsis thaliana) was rapidly induced after treatment of Arabidopsis seedlings
with a 22-amino-acid long peptide (flg22) derived from P. syringae flagellin (Zipfel et al., 2004).
NtMMP1 may be involved in the first defense either by degrading proteins of invading pathogens
or by inhibiting proteases released by pathogens, as it was proposed for GmMMP2. NtMMP1
may also activate other plant proteases, which are participating in the defence mechanism. In
tomato, the subtilisin-like serine protease family P69 is induced when the plant is invaded by
different pathogens including citrus exocortis viroid and P. syringae (Jorda et al., 1999; Jorda and
Vera, 2000; Tornero et al., 1996a). These proteases are produced as prepro-enzyme form
(78.9 kDa) and after removal of the propeptide they become mature proteases of 69 kDa (Tornero
et al., 1996a). Subtilisin like serine proteases are found to process systemin, the peptide hormone
mediating signaling processes during wound response in plants (Schaller and Ryan, 1994) and
also in the processing of an ECM related leucine-rich protein (LRP) which is involved in
molecular recognition and/or protein interaction processes (Tornero et al., 1996b). So NtMMP1
might be involved in the activation procedure of that kind of subtilisin like proteases, as it has
been observed that NtMMP1 can degrade a diverse array of substrates in vitro including DSPAα1, which is itself a serine protease of the chymotrypsin family. Some researchers suggested that
due to the presence of gelatinase activity, Cs1-MMP may act in plant extracellular matrix to
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eliminate cell remnants from dead plant organs or to generate signalling molecules (Delorme et
al., 2000). As NtMMP1 localizes on the plasma membrane of BY-2 cells and the mature enzyme
has some gelatinase activity, it may also act like Cs1-MMP. During pathogen interaction, the
NtMMP1 protein level was not monitored but it has been observed that the mRNA level
increased 30 min after pathogen attack and remains stable up to 2 h (personal communication Dr.
Andreas Schiermeyer, Fraunhofer IME, Aachen, Germany). So NtMMP1 might be involved in
the activation of other defense related protease(s). It is known that the pH in the apoplast is acidic
under physiological conditions. But the NtMMP1 has a broad activity range with an optimum in
the alkaline milieu. So NtMMP1 activity should be limited under acidic conditions. However, an
alkalinization of the extracellular pH can be induced by endogenous plant hormones like RALF
(rapid alkalinization factor) or by exogenous elicitors released by pathogens (Felix et al., 1993;
Pearce et al., 2001) and thus strengthens the idea of involvement of NtMMP1 in pathogen
defense.

IV.2 Inhibition of endogenous proteases by antisense RNA
One promising approach for knocking down of proteases was the expression of antisense RNA in
BY-2 cells. Transgenic BY-2 cells expressing antisense RNA against each of the four cloned
endogenous proteases (aspartic, cysteine, MMP and serine protease) separately (single-antisense)
as well as antisense RNA specific to all four proteases simultaneously (multi-antisense) were
developed (III.2).
There is very little information available on the correlation between the length and effectiveness
of the antisense RNA in inhibiting sense transgenes or endogenous genes. In most of the cases,
length of antisense RNA expressed in plant is between 500-1000 bp (Bhalla and Singh, 2004;
Rothstein et al., 1987; Smith et al., 1988; Tada et al., 1996). Some researchers observed that the
gene silencing effect (PTGS), is more effective with dsRNA of 500-1000 bp in length than
having a length <200 bp in Drosophila cells and also in trypanosomes (Hammond et al., 2000;
Ngo et al., 1998; Tuschl et al., 1999). In another report, constitutive expression of
chloramphenicol acetyltransferase (CAT) in tobacco plants was inhibited completely as well as
partially (40%) by expressing full-length antisense RNA (800 bp) against CAT, whereas
expression of smaller antisense RNA (<200 bp) shows only 40% inhibition (Delauney et al.,
1988). By considering above findings, two sets of DNA constructs were used to generate
antisense RNA of two different lengths, called as longer (1.1-1.2 kbp) and shorter fragments (0.51.0 kbp). The DNA inserts were cloned under the control of the CaMV 35S promoter for
constitutive expression of antisense RNA and the hygromycin resistance gene was used as
selection marker. All DNA constructs used contain the coding region of the catalytic domains
which are conserved to some extent between proteases of the same family. For example, the
catalytic Zn2+ binding motif of all MMPs known today has the same consensus sequence
HEXGHXXGXXH (Maskos and Bode, 2003). As a result the antisense RNA which was
expressed against one specific MMP (in this case NtMMP1) may also inhibit other related MMPs
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in BY-2 cells as only 21-24 nt similarity is enough to trigger endogenous RNA degradation by
PTGS effect (Eamens et al., 2008).

IV.2.1 Inhibition of different endogenous proteases in single-antisense cell lines
Inhibition of different endogenous proteases by the production of sequence specific antisense
RNA relies on the PTGS phenomenon, which is based on the production and degradation of
dsRNA by a Dicer like mechanism initially reported in Drosophila (Elbashir et al., 2001). So the
binding of antisense RNA to the endogenous RNA will produce dsRNA which after degradation
by a Dicer like mechanism will generate small interfering RNA (siRNA) of 20-25 nt in length.
Those siRNAs will again bind to other molecules of the endogenous RNA and will continue the
degradation process (Eamens et al., 2008; Kooter et al., 1999; Mette et al., 2000; Park et al.,
1996; Waterhouse et al., 2001). The efficiency and the amount of inhibition of different antisense
RNA used in this work varied for different proteases (Table III-4).
The differences in time and amount of inhibition may arise due to several factors. One of the
most important factors is the sequence of the antisense RNA, because some sequences can make
intramolecular secondary structures or intermolecular structures with some other RNA molecules
and as a result are not available for the binding to target sequence (Delauney et al., 1988). This
phenomenon might be responsible for the low frequency of antisense RNA mediated inhibition
(inhibition in one out of three antisense RNA expressing BY-2 cell lines) of NtMMP1 in BY-2
cells (Figure III-19). Another factor affecting the time and amount of inhibition deals with the
fact that, the BY-2 cells are trying to escape the inhibition effect by overproducing the proteases
(target or similar) which might be important for cell growth and development. As a consequence,
both the time and amount of inhibition is delayed. This might explain the fact that the expression
of endogenous NtCysP was effectively inhibited only at the late cultivation stage (10 dps) of BY2 cells, instead of having very low level of NtCysP mRNA compared to high level of antisense
RNA at the early cultivation stage (3 dps) (Figure III-18). Unlike other proteases, the inhibition
of endogenous NtAspP expression was initiated at day 3 of BY-2 cell culture, despite the
presence of high amount of NtAspP mRNA, which results in a smaller ratio of antisense to
NtAspP mRNA level in contrast to NtCysP (Figure III-18). This observation can be explained on
the assumption that, some proteases (may be NtAspP) are not involved directly in cell growth and
development and only small amount of basal expression is enough for cell survival. So the
antisense RNA expressing BY-2 cells can inhibit the expression of those proteases at early stage
of cultivation cycle, without having significant impact on cell growth and development. As the
antisense RNA sequences are quiet long (500-1000 bp) and may have “off target” gene silencing
effects (Xu et al., 2006), they can bind to other homologous protease sequences in parallel with
the target sequence and thus diluting the inhibitory effect of antisense RNA to the target
sequence.
Inhibition study of endogenous protease genes at the protein level also correlates to the Northern
blot analysis. The N2_10 cell line showed NtMMP1 gene silencing from 7 dps onwards both in
Northern blot and immunoblot (Figure III-20A). In the immunoblot N2_6 cell line showed
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reduced level of NtMMP1 protein levels from 8 dps onwards. So it might be possible that in case
of N2_6 cell line the gene silencing effect started from 8 dps onwards, although it was not
verified by Northern blot. The NtCysP specific antisense cell lines (C1_14, C2_9 and C2_11)
also showed good correlation between RNA and protein levels, as it was observed in both
Northern blot as well as in immunoblot (Figure III-20C, D). The target cysteine protease (papain
like) has a calculated molecular weight of 40 kDa but in the immunoblot it was showing a
molecular weight of 43 kDa which might be due to glycosylation, as this protein contains two
potential N-glycosylation sites. There are also other bands of higher and lower molecular weight
with respect to 43 kDa protein marker, visible in the cysteine protease specific immunoblots. One
possibility is that the higher molecular weight bands are multimeric forms of the cysteine
protease whereas the lower molecular weight bands arise due to degradation or maturation of the
protein by other proteases. Alternatively, cysteine proteases of a multigene family (Yamada et al.
(2005) reported different papain homologues in BY-2 cells) were detected by the cysteine
protease specific polyclonal antibody; as it was reported that polyclonal antibodies can detect
subtilases of multigene family from Arabidopsis (Li et al., 2009). Interestingly, protein samples
from the C1_14 cell line contain lower amounts of the 26 kDa protein in comparison to other cell
lines (C2_9, C2_11 and Wt) (Figure III-20C,D). So it can be speculated that, C1_14 cell line
expresses antisense RNA fragment which is bigger (762 bp) than the other two cell lines (C2_9,
C2_11: 507 bp) and thus has “off target” gene silencing effect to silence other closely related
cysteine proteases or this length of antisense RNA fragment is simply more efficient in this case.

IV.2.2 Inhibition of different endogenous proteases in multi-antisense cell lines
The expression of multi-antisense RNA was performed under the control of the super promoter to
minimize the TGS effect (induced by identical promoters) which was observed in case of singleantisense cell lines (expressing antisense RNA under the control of 35S promoter) following the
overtransformation with the pTRAk-2F5-Ds vector (containing 35S promoter) to produce the 2F5
antibody (Figure III-25, 26). In this way, the cells constitutively expressing antisense RNA under
the control of the super promoter can be overtransformed with other T-DNAs containing
desirable inserts under the control of 35S promoter.
Similar to single antisense RNA construct, the inhibitory effect of multi-antisense construct also
relies on the PTGS phenomenon. Similar to single-antisense RNA, multi-antisense RNA
constructs can also inhibit other members of the same family having homologous DNA
sequences by PTGS mechanism. As a result co-suppression of proteases from the same family as
target protease is possible with the multi-antisense RNA construct. Due to some unknown
factor(s) the expression level of antisense RNA was lower in ACMS32 cell line than the other
two cell lines ACMS6 and ACMS22 (Figure III-30). One possibility might be the so called
“position effect” (proximity of the transgene to the inactive or heterochromatic region of the
genome affects its expression) observed in some cases (Peach and Velten, 1991; Singh et al.,
2008). It is interesting to observe that the inhibition of endogenous aspartic protease took place at
10 dps, in contrast to single antisense RNA where the inhibition of endogenous aspartic protease
occurred at 3 dps (Figure III-19). This evidence supports the idea that certain amount of antisense
-99-

Chapter IV

Discussion

RNA is required to induce the gene silencing machinery as also proposed earlier (Delauney et al.,
1988). Unlike the single antisense RNA construct, the expression level of multi-antisense RNA
was very low in the early culture days (3-7 dps) due to which the inhibition of endogenous
aspartic protease was not effectively induced. Like the aspartic protease, inhibition of all other
endogenous proteases was observed in mRNA level around 10 dps (Figure III-30). Although the
RNA samples from 10 days old multi-antisense suspension cells are showing efficient silencing
effect, which could start just after 7 dps and will continue afterwards. It is intriguing to observe
that the inhibition level of endogenous NtAspP, NtMMP1 and NtSerP expression compared to
wild type cells is more than that of NtCysP. In case of single-antisense RNA construct, the
inhibition of NtCysP expression was not effective until 7 dps and was almost complete at 10 dps
(Figure III-19). So it is reasonable to assume that the effective inhibition of NtCysP expression in
multi-antisense cell lines needs longer than 10 dps.
The inhibitory effect of the multi-antisense RNA construct was also analyzed at protein level by
performing EnzChekTM protease assay (Figure III-31). The total protease activity in multiantisense cell lines started to decrease from 7 dps onwards and showing significant reduction at
10 dps. Interestingly there is no correlation between the transcript level in Northern blots (Figure
III-30) and protease activity in the EnzChekTM protease assay at 7 dps, as the mRNA expression
level of endogenous target sequences in antisense cell lines is equivalent to wild type cells. This
might be explained by the fact that the occurrence of “off target silencing” mechanism of the
multi-antisense RNA construct results in the inhibition of other protease(s) in the cells. As casein
is a common substrate for most of the proteases, it is difficult to propose the existence of specific
proteases in the BY-2 cell culture medium at any given time.

IV.2.3 Stability of DSPA-α1 and 2F5 antibody in BY-2 spent culture medium
The stability of DSPA-α1 and 2F5 antibody in BY-2 spent culture media was analyzed to
characterize the effectiveness of antisense RNA expressing cell lines. From the immunoblot
analysis (Figure III-21) it was quite clear that the degradation of DSPA-α1 in cell culture medium
was accomplished by both MMP(s) and serine protease(s); as because the use of either MMP
specific or serine protease specific inhibitors increased the accumulation of intact full-length
DSPA-α1. In the immunoblot a clear difference is visible in the DSPA-α1 degradation patterns
produced by MMP and serine protease. Interestingly, a significant degradation band of around
26 kDa is visible in the samples without any inhibitor as well as samples containing either E-64
(cysteine protease inhibitor) or pepstatin (aspartic protease inhibitor), respectively (Figure III-21).
But the intensity of this band is very weak in the samples containing either MMP specific
inhibitor (EDTA) or serine protease specific inhibitor (Pefabloc). So it is apparent that MMPs and
serine proteases are active in those samples and they are acting together to generate this 26 kDa
degradation band. This means either certain serine protease(s) is activating certain MMP(s) or
vice versa to further degrade DSPA-α1 producing the 26 kDa degradation band. Besides MMP
and serine protease, other proteases from caspase family (cysteine protease) might be involved
directly or indirectly in the degradation of DSPA-α1. As because some caspases (like saspase
found in Avena sativa) are not inhibited by E-64 (Coffeen and Wolpert, 2004) and also stem
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bromelain (from Ananas comosus) like cysteine protease from papain family (as listed by
MEROPS database) is scarcely inhibited by E-64 (Harrach et al., 1998).
It was clearly observed that serine protease(s) is mostly involved in the degradation of 2F5 heavy
chain (HC), because Pefabloc SC/AEBSF (serine protease inhibitor) almost completely inhibited
the degradation (Figure III-22). Although a Pefabloc sensitive protease activity is involved in the
degradation of HC at pH around 5.5-6.0, cysteine and aspartic proteases also had some
contribution in the degradation of the antibody HC at lower pH range 3.0-4.5 (Figure III-23).
Spiking the spent culture media from different antisense RNA expressing (MMP and serine
protease specific) BY-2 cell lines with the CHO cell produced 2F5 antibody (Figure III-24) also
correlates with the previous result (Figure III-22): the serine protease(s) is mainly involved in the
degradation of the antibody HC. Interestingly, in parallel with the serine protease specific
antisense cell line, one MMP specific antisense cell line (N2_10: which showed good silencing of
endogenous NtMMP1) also showed less degradation of HC; strengthening the fact that the
activity of certain MMP and serine protease is interdependent as mentioned before.
In the spent culture media of multi-antisense cell lines, the extent of degradation of DSPA-α1 and
2F5 antibody was correlating with the total protease activity determined by the EnzChekTM
protease assay (Figure III-31). As visible from the immunoblots (Figure III-32, 33), the inhibitory
effect on DSPA-α1 and 2F5 antibody degradation was different in multi-antisense cell lines
compared to wild type cells. The difference in inhibitory activity strongly suggests different
substrate specificity of different proteases secreted in the BY-2 cell culture media. In multiantisense cell lines the degradation band patterns for DSPA-α1 were similar to wild type BY-2
cells with or without different inhibitors; but the intensity of different degraded bands varied in
different cell lines. This is also true for the degradation pattern of 2F5 antibody. It suggests that
all of these cell lines are secreting similar kinds of proteases in the culture media but the amount
of active proteases was different in different cell lines and at different time points. Higher
accumulation of intact DSPA-α1 in 10 days old culture media of multi-antisense cell lines
compared to other cell lines strengthens the hypothesis of involvement of more than one protease
in the degradation of DSPA-α1. The intact full-length DSPA-α1 band showed some fuzziness in
the presence of protease cocktail inhibitor. This fuzziness might be either due to some
degradation of full-length band by residual activity of any protease or due to the interaction of the
full-length band with some compounds present in the cocktail resulting in impaired mobility of
the band in SDS-PAGE. In contrast to DSPA-α1, the 2F5 antibody is more resistant to
degradation by proteases present in BY-2 cell culture medium and mostly serine proteases are
responsible for its degradation (as discussed above). As a result its degradation is completely
inhibited by a protease cocktail inhibitor.

IV.2.4 Recombinant production of 2F5 antibody in antisense RNA expressing cells
The 2F5 antibody was overexpressed in the serine protease specific antisense BY-2 cell line
S2_40, as this antibody seems to be a good substrate for serine proteases. Overexpression of the
2F5 antibody was also performed in wild type BY-2 cells as well as the MMP specific antisense
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RNA expressing cell line N2_6, which were used as negative controls. Surprisingly, in
comparison to transgenic “wild type” BY-2 cells overexpressing 2F5 antibody, calli and
suspension cultures derived from S2_40 showed very little or no accumulation of the antibody
HC and LC (Figure III-25, 26). As there was no prominent degradation bands present in the
immunoblots, it can be assumed that the low amount of intact antibody HC and LC correspond to
low transcript levels in the transgenic antisense cell lines (N2_6 and S2_40) overexpressing 2F5
antibody. One obvious reason for the low transcript level is the transcriptional gene silencing
effect (TGS), which mainly occurres due to promoter DNA methylation. It has been observed
that repeat sequences (tandem and inverted) are good source for the production of 24 nt long
siRNAs which can cause DNA methylation and thus transcriptionally silenced repetitive DNA
sequences in the plant genome (Chan et al., 2005). The binary vector pTRA (used in this project)
for the production of 2F5 antibody contains expression cassettes for the antibody HC, LC and
DsRed, each of which were driven by the CaMV 35S promoter. The antisense constructs too
were under the control of 35S promoter. The expression cassettes for the production of 2F5
antibody and the antisense constructs are present on separate T-DNAs, so it can be assumed that
the low expression level of HC and LC (observed mostly in N2_6 and S2_40 derived calli and
suspension cells) was due to the promoter methylation (trans-TGS). High amount of promoter
DNA methylation was also observed in the suspension cells derived from N2_6 and S2_40 cell
lines (data not shown). Whether the silencing effect was established via DNA-DNA pairing or
dsRNA intermediates is not known. Strikingly, the production of HC and LC in S2_40 derived
calli and suspension cells was more affected than N2_6 cell line. One possibility is the formation
of secondary RNA structure in N2_6 cells; as a result it was not so effective in generation of
silencing effect as discussed before.
To prove the occurrence of the gene silencing effect, antisense RNA constructs (either NtMMP1
specific or NtSerP specific) were overexpressed in the BY-2 cell line, expressing inactive
NtMMP1 fused with GFP under the control of the 35S promoter. The gene silencing effect was
clearly visible in vivo (Figure III-27) as well as in Northern blots (Figure III-28). Cells
overexpressing NtMMP1 specific antisense RNA as well as GFP might suffer from both PTGS
and TGS. NtMMP1 specific antisense RNA can bind to both endogenous sense NtMMP1 RNA
as well as sense NtMMP1_GFP RNA and thus leads to the PTGS effect as it is a posttranscriptional event (existence of siRNA was not checked). As the amount of antisense RNA
(NtMMP1 specific) is very low in the cells where very little or no GFP specific RNA was visible
compared to the amount present in high GFP expressing cells (Figure III-28A, B), a gene
silencing effect by TGS which is a pre-transcriptional phenomenon, cannot be excluded.
Similarly, the amount of serine protease specific antisense RNA is very low in the cells where
very little or no GFP specific RNA was detected compared to the amount present in high GFP
expressed cells. This strengthens the speculation that TGS is responsible for the lower
accumulation of the 2F5 HC and LC in the antisense cell lines as discussed above (Figure III28D, E).
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Some of the multi-antisense calli overexpressing the 2F5 antibody produced comparable amount
of both antibody HC and LC to that of “wild type” cells overexpressing the same antibody,
whereas most of the multi-antisense calli produced comparable amount of antibody LC only
(Figure III-34). This leads to the conclusion that the use of different promoters for the expression
of multi-antisense RNA as well as 2F5 antibody minimized the TGS effect, which otherwise was
observed mostly in single-antisense BY-2 calli. It is interesting to observe that although the
antibody HC accumulation level was lower in multi-antisense calli, they showed a low
degradation rate compared to “wild type” cells producing the 2F5 antibody. When different calli
(“wild type” and antisense) overexpressing 2F5 antibody were selected to generate suspension
cultures, the production level of antibody HC and LC in both the cell extracts and spent culture
media of the suspension cells differed to the cell extracts of corresponding callus on agar plates.
From the immunoblots (Figure III-35, 36) it is apparent that the cell extracts and spent culture
media of the suspension cells (M15, M17) showed little or no detectable amount of HC and LC
compared to the corresponding calli on solid media (Figure III-34). There are two probable
explanations to these contradictory observations; one of them is related to the existence of intraclonal variations up to 3-4 fold, result from localized (within the callus) differences in
transcription, mRNA stability, translation and protein stability (Peach and Velten, 1991). As part
of the callus was used to generate suspension cultures, low expression due to intra-clonal
variations is highly plausible. Second possibility might be due to the cells suffering from
overexpression burden, as a result the cells having high production of 2F5 HC and LC were
outgrown by the cells with low production level. Only one multi-antisense cell line (M16)
showed a detectable amount of both intact HC and LC with reduced degradation of HC. As the
silencing in multi-antisense cell lines occurs at the later stage of cell growth, the degradation of
HC was reduced around 10 dps. It is known that salt concentration is greatly reduced in BY-2 cell
culture medium after 7 dps and antibodies generally precipitate in low salt medium and thus
explains the precipitation of 2F5 antibody from 10 days old culture medium (data not shown).
The level of degradation of 2F5 HC in different “wild type” BY-2 cells (overexpressing 2F5
antibody) showed variations, which most probably arise due to inter-clonal variation generally
occurs in callus cultures.

IV.2.5 Variations in cell growth and morphology of antisense RNA expressing cells
It is intriguing to observe that different antisense cell lines have variations in their growth
behavior as well as in morphology. Cysteine protease antisense cell lines have the fastest growth
rate at the early days of cell culture (3 dps) followed by serine protease antisense cell lines
together with multi-antisense cell lines (Figure III-38). Interestingly, the cells which have a low
growth rate at day 3 show higher growth rate at day 7. This might be due to differences in
expression profiles of proteases responsible for cell growth and development at different
developmental stages of the cells. It has been observed that the PTGS mechanism does not work
in the young proliferating cells (Mitsuhara et al., 2002). Several possibilities were proposed by
Mitsuhara et al., (2002) for this phenomenon. Proteins such as SGS3 or SDE3 (Dalmay et al.,
2001; Mourrain et al., 2000), which are responsible for PTGS were assumed to be downregulated in young proliferating tissue. Another possibility might be the up-regulation of anti-103-
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silencing protein rgs-CaM (Anandalakshmi et al., 2000) in proliferating cells and/or the induction
of putative anti-dsRNA activity (like dsRNA-specific RNase). It was observed in this work, that
none of the antisense cell lines showed a silencing effect (most probably PTGS) at the early days
of cultivation (for example at day 3), whereas the silencing effect was mostly observed at later
days (for example at day 7-10). So combining the fact that antisense cells (cysteine, serine and
multi-antisense) showed a fast growth rate as well as no silencing effect at the early stage led to
the conclusion that those cells were trying to overcome the silencing effect by growing faster at
the early stage and thus diluting the factors inducing silencing (for example, accumulation of a
certain level of antisense RNA in the cytoplasm is needed to induce the silencing machinery). It
can equally be possible that the fast growth rate is the result of the above mentioned antisilencing phenomenon. It is observed that not all antisense cell lines are growing faster at the
early days of culture. This might be due to the fact that the protease (most probably cysteine)
which is involved in cell growth and development is mostly affected and displayed different
growth characteristics as well as cell morphology to that of wild type. So it is reasonable to
assume that the proteases which are not involved directly in cell growth and development did not
affect the cell growth behavior due to antisense RNA expression and thus the cell lines
expressing antisense RNA against those proteases grow similar to the negative controls (wild
type, Tapo26 and 3mas8). Inhibition of proteases also has an impact on cell morphology (Figure
III-39; Table III-6); as a result multi-antisense cell lines are highly elongated at day 5 when all
other antisense cell lines are similar in length to that of negative controls (wild type, Tapo26 and
3mas8). This suggests that, elongation of cells is a cumulative effect of different proteases.

IV.2.6 Conclusions and future prospects
In this study, expression and characterization of a matrix-metalloproteinase named NtMMP1
from BY-2 cells was performed. NtMMP1 was recombinantly produced in P. pastoris as soluble
and active enzyme. It showed autocatalytic processing which was independent of disulfidecontaining agents like oxidized glutathione. It can exist in different intermediate forms and can
also degrade a broad range of substrates including the CHO cell produced DSPA-α1 in vitro.
NtMMP1 was shown to be inhibited to some extent by specific monoclonal antibodies.
Although this enzyme has broad substrate specificity in vitro, it is necessary to know its function
in vivo. Till today only speculations and suggested mechanisms for plant MMPs are available
instead of direct identification of substrates in vivo. The NtMMP1 was proposed to be involved in
pathogen defense, as its transcript level was increased after pathogen attack (Schiermeyer et al.,
2009). It was observed that NtMMP1 has maximum activity at alkaline pH which is only
reachable after pathogen attack results in alkalinization of the BY-2 cell apoplast. So NtMMP1
may be responsible for pathogen defense. Gelatinolytic activity of processed form of NtMMP1
suggests possible ECM related function in BY-2 cells. The broad specificity of NtMMP1
suggests that it may be involved directly or indirectly in the degradation of ECM components,
generating signaling molecules, activation and degradation of endogenous as well as exogenous
proteases. Purified NtMMP1 degrades DSPA-α1 and with the help of inhibitors it was concluded
that matrix-metalloproteinases together with serine proteases are mostly involved in the
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degradation of DSPA-α1 in BY-2 culture medium. This clearly shows the importance of isolating
and characterizing these kinds of proteases as they have great impact on production of
recombinant proteins in BY-2 cells. As proteases work in a network, it will be intriguing to
identify critical intersections of different proteases. Different proteomic approaches can be
applied to find out the effect of NtMMP1 expression on the expression level of other proteases
including aspartic, cysteine and serine. One of the best approaches might be degradomics, where
purified protease (e.g. NtMMP1) will be used to degrade different protein substrates in the
complex cellular milieus (Overall and Blobel, 2007). In this case, the substrates will be in their
native forms and thus will suppose to provide a more accurate picture on the protease-substrate
degradome. Different proteomic tools have been adopted for degradomics. Fluorescent 2D
difference in gel electrophoresis (DIGE) is a good tool and better than normal 2D PAGE gels
because of possible internal standardization. Control wild type BY-2 cell culture medium (or cell
extract) and NtMMP1 treated samples will be labeled with either Cy3 or Cy5, pooled and
electrophoretically separated together. After merging the Cy3/Cy5 images, different coloured
spots will give the information about the cleavage products and thus the substrates for NtMMP1.
Selected protein spots will be trypsinized and sequenced by tandem mass spectroscopy (MS/MS).
Isotope coded affinity tag (ICAT) labeling is another approach and more sensitive than DIGE in a
sense to overcome undersampling problems (technical inability to identify every peptide in a
complex mixture). In this technique, wild type BY-2 cell culture medium (or cell extract) with
and without NtMMP1 treatment will be labeled with biotinylated isotopically heavy or light tag
([13C] or deuterium tags). Those samples, after trypsinization and MuDPIT (multidimensional
protein-identification technology) will be further characterized by MS/MS. Another more
sensitive method similar to ICAT is isotope tags for relative and absolute quantification
(iTRAQ), where all the amines in trypsinized proteome will be tagged. As a result, many more
peptides per protein will be identified than by ICAT.
Neo-N-terminal isotope (N-terminope) labeling of protein substrates is another promising
technique, which is proved to be more sensitive than DIGE in a sense that N-terminope is not
limited by gel resolution like DIGE. Similar to the above methods, BY-2 cell culture media or
cell extract will be treated with purified protease (e.g. NtMMP1) and all the primary amines will
be acetylated and trypsinized. The N-termini of all the proteins and protease-cleaved products are
blocked, whereas N-termini of tryptic peptides have a free amino group, which after reacting with
a highly hydrophobic reagent such as TNBS, will be separated from other acetylated peptides by
COFRADIC (combinational fractional diagonal chromatography). The remaining acetylated
peptides will be subsequently applied for MuDPIT and MS/MS. From all the above methods it
will be possible to generate good amount of data about the proteins which serve as substrates for
NtMMP1 in the cell culture medium. Information on the cross-reacting proteases working in a
network will help to generate transgenic BY-2 cell lines in which inhibition of few proteases will
have inhibitory effect equivalent to higher number of proteases in that network. To further
characterize, these cross-reacting proteases can be expressed in yeast or bacteria to produce
active enzymes. After purification, these proteases can be directly used to study their interaction
with NtMMP1 as well as between themselves in vitro and thus will provide information
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regarding substrate specificities. This kind of information will help to identify certain kind of
plant-produced biopharmaceuticals or recombinant proteins, which will be the target of certain
plant proteases. This will finally help to optimize the target pharmaceuticals by modifying their
cleavage site(s).
Generation of antisense RNA expressing BY-2 cell lines is another approach to inhibit different
plant proteases, as performed in the present work. These cell lines were used to study the cell
growth characteristics and morphology as well as the effect of different proteases on recombinant
proteins like the DSPA-α1 and the 2F5 antibody. Although these cell lines are able to inhibit
different proteases to some extent, it will be interesting to observe the difference between dsRNA
as well as ssRNA on the effectiveness of the inhibitory activity. From different results presented
in this work, it is clear that in most of the ssRNA expressing cell lines, effective inhibition of
endogenous proteases was occurring at the later stages of cell culture. As it would be desirable
from an economic point of view to induce the inhibition of endogenous proteases at the early
days of cell culture for the sake of recombinant protein production in BY-2 cells, different
strategies should be applied. One well known method is the expression of dsRNA specific to
different endogenous proteases instead of ssRNA, as it is a well established fact that the
frequency and uniformity of the gene silencing effect is higher in case of dsRNA (due to high
abundance of dsRNA) than ssRNA. Expression of dsRNA or intron-containing selfcomplementary hairpin RNA (ihpRNA) specific to cysteine protease improved recombinant
hGM-CSF production in transgenic rice culture by two-fold (Kim et al., 2008a). The frequency of
occurrence of the gene silencing effect at an early cultivation stage (3-5 dps) will be increased
due to the high abundance of dsRNA from the beginning of the cell growth. It is also reasonable
to establish and study the growth characteristics as well as morphology of multi-antisense BY-2
cell line which will express dsRNA specific to all the four endogenous proteases (all four
endogenous proteases used in this study) simultaneously. This will help to minimize the risk of
affecting the cell growth, as it was observed in case of RNAi mediated downregulation of
cysteine protease (OsCP) resulted in slower growth of rice suspension cultured cells (Tian et al.,
2009). In this kind of situation, expression of dsRNA specific to two or three endogenous
proteases might help to overcome the cell growth problem instead of inhibiting all the four
proteases simultaneously.
Another promising approach to inhibit the degradation of plant made biopharmaceuticals or
technical proteins by proteases is the co-expression of different protease inhibitors. There are
several reports pointing to the success of this approach in different plant species. Co-expression
of sPI-II, which contains chymotrypsin and trypsin inhibitor domains of the Nicotiana alata
serine protease inhibitor, enhanced recombinant human granulocyte-macrophage colony
stimulating factor production in transgenic rice cell suspension culture by two fold (Kim et al.,
2008b). In another report co-secretion of Bowman-Birk serine protease inhibitor inhibited
degradation of the antibodies recombinantly produced by plant (N. tabacum) roots (Komarnytsky
et al., 2006). It has been also observed that expression of trypsin protease inhibitor confered
multiple stress tolerance in tobacco (Srinivasan et al., 2009). So for production of recombinant
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protein(s) in BY-2 suspension culture, co-expression of protease inhibitor(s) might be an
alternative strategy to the RNA silencing approach. Although in all the above cases serine
protease specific inhibitors were used, it is also possible to use the cysteine protease specific
inhibitor cystatin (from potato) together with serine protease inhibitors (Bowman-Birk or Kazal
type). There are no known TIMPs (tissue inhibitors of metalloproteinases) or other kind of
metalloproteinase inhibitors found in plant species till now, but it has been observed that some
mammalian TIMPs (mostly TIMP1 and in few cases TIMP2) can also inhibit matrixmetalloproteinases from plants (Delorme et al., 2000; Maidment et al., 1999). So it is also
possible to co-express different mammalian TIMPs (1, 2, 3 and 4) in plants to inhibit plant
metalloproteinases. As it was observed that NtMMP1 can degrade recombinant DSPA-α1
efficiently, it is necessary to inhibit plant metalloproteinase besides serine proteases. Few aspartic
protease inhibitors have been isolated from organisms other than plant; one of them is PI-3, a
149-residue protein inhibitor, which was shown to be specific for pepsin and gastricsin (Ng et al.,
2000; Valler et al., 1985). It is not known whether PI-3 can inhibit aspartic proteases from plant
origin, but due to the fact that protease inhibitors from different species (animal, plant and
bacteria) are generally broad range inhibitors (they can act on different members of the same
protease family from different species) it is worth to express them in plant cells to inhibit
endogenous proteases. Similar to multi-antisense RNA expressing BY-2 cell lines, different
protease inhibitors can also be co-expressed simultaneously together with the desired
recombinant protein. One disadvantage might be related to the vector construction for multiple
genes and repeated transformation events for the expression of several protease inhibitors in
single BY-2 cell. This problem can be overcome by the use of special inhibitors which can inhibit
more than one class of proteases at the same time. One of this kind of inhibitors is Equistatin - a
protein of 21.755 kDa size, that was isolated from the sea anemone Actinia equine and can inhibit
both cysteine and aspartic proteases (Lenarcic et al., 1997). Another promising approach might
be the knock out of plant proteases by homologous recombination. Limitation of this technique is
the low efficiency of homologous recombination events in plant cells (Iida et al., 2004;
Schuermann et al., 2005). As 100% inhibition can be achieved by this technique, complete
inhibition of proteases might have adverse effect on cell growth and development. Multiple
integration of transgene occurs more often than the single integration event in the plant genome,
resulting in the silencing of transgene by TGS and/or PTGS (Muskens et al., 2000; Tang et al.,
2007). So, it will be useful to determine the transgene copy number after each transformation
events.
All the above techniques can be used to generate BY-2 cell lines with reduced protease activity.
These antisense RNA expressing BY-2 cell lines can be used to study the peptidomics also
known as in vivo degradomics. This proteomic tool is better than other degradomics approaches
(DIGE, ICAT and iTRAQ) for direct in vivo identification of naturally present protease-generated
peptides. It is difficult to interpret the result of direct or indirect effects of proteolysis, but if
applied successfully, peptidomics is a good alternative to the other degradomics approaches in
vitro. This method is based on the difference between protease-generated peptides present in
control cells to that of the transgenic cells where high, low or no protease expression is observed.
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For example, neuropeptides generated by prohormone convertase-2 have been identified by
comparing convertase-2 knockout with wild type mice (Pan et al., 2006). In parallel with
peptidomics, normal degradomics approaches (DIGE, ICAT and iTRAQ) can also be performed
with antisense RNA expressing BY-2 cell lines to identify the natural substrate(s) for these
proteases. All these techniques discussed above, in combination can give a clear picture about the
behavior of different proteases in vivo and thus will help to understand the effect of protease
degradation pattern during recombinant protein production in plant cells.
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The work presented in this thesis was based on two objectives. The first objective was to
characterize the endogenous matrix-metalloproteinase NtMMP1 isolated from tobacco BY-2
suspension cells. Recombinant NtMMP1 was successfully produced as soluble and highly active
protease in Pichia pastoris. Affinity purified yNtMMP1 was highly glycosylated, but the hyperglycosylation did not affect its activity. The purified yNtMMP1 showed all the properties of a
matrix-metalloproteinase. It was autocatalytically processed by the removal of its propeptide at
the cleavage site between His147 and Phe148 within the consensus sequence H F S F F P similar to
the human MMPs stromelysin1 and stromelysin2. Both the processed and full-length unprocessed
form of yNtMMP1 displayed caseinolytic activity whereas only the processed form exhibited
weak gelatinolytic activity. This enzyme showed maximum activity at pH 7.5 by degrading
synthetic fluorogenic substrate with a Km of 10.55±0.9 µM, Vmax of 1.09±0.02 µM/min and kcat
of 0.6±0.01 s-1. Recombinantly expressed yNtMMP1 was able to degrade recombinant DSPA-α1
almost completely. Monoclonal antibodies specific to yNtMMP1 were able to reduce the activity
of yNtMMP1 to some extent. Unlike all other MMPs investigated so far, yNtMMP1 contains a
disulfide bond within its propeptide thus rendering the pro-enzyme catalytically active.
The second objective was to inhibit endogenous proteases in BY-2 cells by expressing antisense
RNA specific to the endogenous mRNAs of aspartic, cysteine, MMP or serine proteases. Protease
specific DNA fragments in antisense orientation were cloned either separately or together into a
plant expression vector and by transforming wild type BY-2 cells either single or multi-antisense
cell lines were generated. Suspension cultures of BY-2 cell lines expressing each of the four
antisense-RNA constructs (aspartic, cysteine, MMP or serine proteases) as well as multiantisense construct were characterised and compared to wild type BY-2 cells. Cysteine protease
specific antisense BY-2 cell lines exhibited the highest growth rate whereas multi-antisense cell
lines showed an elongated phenotype at early days of cell culture (3-5 dps). All the antisense cell
lines showed reduced levels of endogenous protease expression mostly at the later days of cell
culture (after 7 dps). In spiking experiments, serine protease antisense BY-2 cell lines and multiantisense cell lines showed reduced degradation of the 2F5 antibody heavy chain compared to
other cell lines. In addition, multi-antisense cell lines showed significant reduction of DSPA-α1
degradation in comparison to other cell lines. Overexpression of 2F5 antibody in single antisense
cell lines was affected by TGS effect due to the use of same promoter (CaMV 35S) for the
expression of antisense RNA as well as 2F5 antibody; whereas this effect was greatly reduced in
multi-antisense cell lines where super promoter was used to drive the expression of the antisense
RNA. Out of three, one multi-antisense cell line showed significant reduction in the degradation
of 2F5 heavy chain at the later cultivation stage (10 dps), resulting in a four-fold accumulation of
intact 2F5 heavy chain in the culture medium.
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VII Appendices
VII.1 Abbreviations
2,4-D

2,4-Dichlorophenoxyacetic acid

Ab

Antibody

ABTS

2,2’-Azino-di-(3-ethylbenzthiazoline sulphonate)

Amp

Ampicillin

AP

Alkaline phosphatase

BCIP

5-bromo-4-chloro-3-indolyl phosphate

bp

Base pair

BSA

Bovine serum albumin

CaCl2

Calcium chloride

CaMV

Cauliflower mosaic virus

CAPS

N-cyclohexyl-3-aminopropanesulfonic acid

Carb

Carbenicillin

cDNA

Complementary DNA

cfu

Colony-forming units

CTAB

Cetyltrimethylammonium bromide

Cys

Cysteine

cv.

Cultivar

DEPC

Diethylpyrocarbonate

DMSO

Dimethyl sulfoxide

DNA

Deoxyribonucleic acid

dNTP

Deoxyribonucleoside triphosphate

DTT

1,4-dithiothreitol

E. coli

Escherichia coli

EDTA

Ethylenediamine tetraacetic acid

ELISA

Enzyme-linked immunosorbent assay

ER

Endoplasmatic reticulum

EtOH

Ethanol

Fab

Fragment antigen binding

Fc

Fragment crystalline

g

Relative centrifugal force (RCF)

GSM

(Agrobacteria) glycerol stock media

h

Hour(s)
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HCl

Hydrochloride

His

Histidine

IMAC

Immobilized metal ion affinity chromatography

IPTG

Isopropyl B-D-thiogalactopyranoside

kbp

Kilobase pair

kDa

Kilodalton

KH2PO4

Potassium dihydrogen phosphate

Km

Kanamycin

M

Molarity

MES

2-(N-morpholino)-ethanesulphonic acid

min

Minute(s)

MgSO4

Magnesium sulfate

MnCl2

Manganese(II) chloride

MOPS

3-(morpholino) propanesulfonic acid)

mRNA

Messenger RNA

NaAc

Sodium acetate

NaCl

Sodium chloride

NaH2PO4

Sodium dihydrogen phosphate

Na2HPO4

Disodium monohydrogen phosphate

OD

Optical density

o/n

Overnight

ORF

Open reading frame

Ori

Origin of replication

PBS

Phosphate buffered saline

PBST

0.1% (v/v) Tween-20 in PBS

PCR

Polymerase chain reaction

pH

A negative logarithmic measure of hydrogen ion concentration

pNPP

p-nitrophenyl phosphate

PVDF

Polyvinylidene fluoride

PVPP

Polyvinyl polypyrrolidone

RbCl

Rubidium chloride

Rif

Rifampicin

RNA

Ribonucleic acid

RNase

Ribonuclease

rpm

Revolutions per minute
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RT

Room temperature

scFv

Single-chain variable fragment

SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
Sh ble

Streptoalloteichus hindustanus bleomycin resistance gene

TBE

Tris- buffered saline electrophoresis buffer

TEMED

N,N,N′, N′-tetramethylene-ethylenediamine

UTR

untranslated region

V

Volt

v/v

Volume per volume

w/v
w/w
YNB
ZnCl2

Weight per volume
Weight per weight
Yeast nitrogen base
Zinc Chloride

VII.2 Multiple sequence alignment of NtMMP1 with plant MMPs
AT1-MMP
AT4-MMP
AT2-MMP
AT3-MMP
NTMMP1
AT5-MMP
Pta1-MMP
SMEP1
Cs1-MMP
GmMMP2
MtMMPL1

MSRNLIYRRNRALCFVLILFCFPYRFGARITPEAEQSTAKATQIIHVSNS----------MHHHHHPCNRKPFTTIFSFFLLYLN------------LHNQQIIEARNP----------MRFCVFGFLSLFLIVSPASAWFF----------PNSTAVPPS-LRNTTR---------MVRICVFMVFLLFFAPSPVSAGFY----------TNSSAIPPQLLRNATG----------MRIPLFIAIVLVLSLSPASAHFS----------PNISSIPPSLLKPNN-----------MRTLLLTILIFFFTVNPISAKFY----------TNVSSIPPLQFLNATQ---------MARREMILIIVAAYCFSVIMSGAYGFQPKTI---PNIYYPAPGFMNSNSAVAA-------MTLRNHQELLVALATLYFLATSL----------PSVSAHGPYAWDGEAT----------MASPKALQIIFPFTLLFLSLFPN----------PNTSSPIILKHSSQNMNSS------MMKSSSHLSAIFLLFFLLTALSPSDG--------VSFSSFLKQLKQKLEKSPTLKDFLKP
-----MNMMKLYQFELLLSLLFIIVN--------TTLSGYIPQLSPSLGK----------

50
37
38
40
38
39
50
39
42
52
37

AT1-MMP
AT4-MMP
AT2-MMP
AT3-MMP
NTMMP1
AT5-MMP
Pta1-MMP
SMEP1
Cs1-MMP
GmMMP2
MtMMPL1

------TWHDFSRLVDVQIGSHVSGVSELKRYLHRFGYVNDG-----SEIFSDVFDGPLE
------SQFTTNPSPDVSIP-------EIKRHLQQYGYLPQN-----KESD----DVSFE
-----VFWDAFSNFTGCHHGQNVDGLYRIKKYFQRFGYIPET----FSGNFTDDFDDILK
-----NPWNSFLNFTGCHAGKKYDGLYMLKQYFQHFGYITETN---LSGNFTDDFDDILK
-----TAWDAFHKLLGCHAGQKVDGLAKIKKYFYNFGYIPSL------SNFTDDFDDALE
-----NAWETFSKLAGCHIGENINGLSKLKQYFRRFGYITTT------GNCTDDFDDVLQ
-----GAWEGFRNLTNACKGDRMQGLPDLKRYFRRFGYLSAQ------NNVTEDFDEAVE
-----------YKFTTYHPGQNYKGLSNVKNYFHHLGYIPNA------PHFDDNFDDTLV
-----NSLMFLKNLQGCHLGDTKQGIHQIKKYLQRFGYITTNIQKHSNPIFDDTFDHILE
TTIGDIYYTLNFTEIFSSEERSAPPVSLIKDYLSNYGYIE-----SSGPLSNSMDQETII
----------------QTEEIQG--LSKIKQHLYHFKYLQGL---YLVGFDDYLDNKT-I
:* :: . *:
:

99
75
89
92
87
88
99
82
97
107
75

AT1-MMP
AT4-MMP
AT2-MMP
AT3-MMP
NTMMP1
AT5-MMP
Pta1-MMP
SMEP1
Cs1-MMP
GmMMP2
MtMMPL1

SAISLYQENLGLPITGRLDTSTVTLMSLPRCGVSDTHMTINNDFLHTTA----------QALVRYQKNLGLPITGKPDSDTLSQILLPRCGFPD-DVEPKTAPFHTGK----------AAVELYQTNFNLNVTGELDALTIQHIVIPRCGNPD--VVNGTSLMHGGRRKTFEVNFSRNAVEMYQRNFQLNVTGVLDELTLKHVVIPRCGNPD--VVNGTSTMHSGR-KTFEVSFAGR
SALKTYQQNFNLNTTGVLDAPTIQHLIRPRCGNAD--VVNGTSTMNSGK------PPAGSAINTYQKNFNLKVTGKLDSSTLRQIVKPRCGNPD--LIDGVSEMNGGK----------SAVRTYQKNFGLNVTGVLDEATISQLMVPRCGRED--IINGSSAMRGRG----------SAIKTYQKNYNLNVTGKFDINTLKQIMTPRCGVPD--IIINTNKTTSFG----------SALKTYQTNHNLAPSGILDSNTIAQIAMPRCGVQD--VIKNKKTKKRNQ-----NFTNNG
SAIKTYQQYYCLQPTGKLNNETLQQMSFLRCGVPDINIDYNFTDDNMSY----------SAIKAYQQFFNLQVTGHLDTETLQQIMLPRCGVPDINPDIN---PDFGF----------*: **
* :* : *: :
*** *

148
123
146
149
138
135
146
129
150
156
121
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AT1-MMP
AT4-MMP
AT2-MMP
AT3-MMP
NTMMP1
AT5-MMP
Pta1-MMP
SMEP1
Cs1-MMP
GmMMP2
MtMMPL1

--------HYTYFNGKPKWNRDT---LTYAISKTHKLDYLTS-EDVKTVFRRAFSQWSSV
--------KYVYFPGRPRWTRDVPLKLTYAFSQENLTPYLAP-TDIRRVFRRAFGKWASV
-THLHAVKRYTLFPGEPRWPRNRR-DLTYAFDPKNPLT-----EEVKSVFSRAFGRWSDV
GQRFHAVKHYSFFPGEPRWPRNRR-DLTYAFDPRNALT-----EEVKSVFSRAFTRWEEV
SQNMHTVAHFSFFPGRPRWPDSKT-DLTYAFLPQNGLT-----DNIKSVFSRAFDRWSEV
--ILRTTEKYSFFPGKPRWPKRKR-DLTYAFAPQNNLT-----DEVKRVFSRAFTRWAEV
--------LFPFFPGSPRWGPDKR-VLSYAFSPDHEVLSEISLAELSTVVGRAFKRWADV
-----MISDYTFFKDMPRWQAGTT-QLTYAFSPEPRLD-----DTFKSAIARAFSKWTPV
HTHFHKVSHFTFFEGNLKWPSSKL-HLSYGFLPNYPID-------AIKPVSRAFSKWSLN
-----------PKA-GHRWFPH--TNLTYGFLPENQIP-----ANMTKVFRDSFARWAQA
-----------ARAQGNKWFPKGTKELTYGFLPESKIS-----IDKVNVFRNAFTRWSQT
:*
*:*.:
. :* :*

196
174
199
203
192
187
197
178
202
197
165

AT1-MMP
AT4-MMP
AT2-MMP
AT3-MMP
NTMMP1
AT5-MMP
Pta1-MMP
SMEP1
Cs1-MMP
GmMMP2
MtMMPL1

I-PVSFEEVDDFTTADLKIGFYAGDHGD-GLPFDGVLGTLAHAFAPENGRLHLDAAETWI
I-PVSFIETEDYVIADIKIGFFNGDHGD-GEPFDGVLGVLAHTFSPENGRLHLDKAETWA
T-ALNFTLSESFSTSDITIGFYTGDHGD-GEPFDGVLGTLAHAFSPPSGKFHLDADENWV
T-PLTFTRVERFSTSDISIGFYSGEHGD-GEPFDGPMRTLAHAFSPPTGHFHLDGEENWI
T-PLSFTETASFQSADIKIGFFAGDHND-GEPFDGPMGTLAHAFSPPGGHFHLDGDENWV
T-PLNFTRSESILRADIVIGFFSGEHGD-GEPFDGAMGTLAHASSPPTGMLHLDGDEDWL
I-PITFTESSDYSSADIKVGFYSGDHGD-GHPFDGPLGTLAHSFSPPDGRFHLDAAESWT
V-NIAFQETTSYETANIKILFASKNHGD-PYPFDGPGGILGHAFAPTDGRCHFDADEYWV
T-HFKFSHVADYRKADIKISFERGEHGD-NAPFDGVGGVLAHAYAPTDGRLHFDGDDAWS
SGVLNLTETT-YDNADIQVGFYNFTYLGIDIEVYGGSLIFLQPDSTKKGVILLDGTNKLW
TRVLKFSEATSYDDADIKIGFYNISYN-------------------SKEVIDVVVSDFFI
. :
::: : *
:
.
:

254
232
257
261
250
245
255
236
260
256
206

AT1-MMP
AT4-MMP
AT2-MMP
AT3-MMP
NTMMP1
AT5-MMP
Pta1-MMP
SMEP1
Cs1-MMP
GmMMP2
MtMMPL1

VDDDL-----KGSSEVAVDLESVATHEIGHLLGLGHSSQESAVMYPSLRP-RTKKVDLTV
VDFDE-----EKSS-VAVDLESVAVHEIGHVLGLGHSSVKDAAMYPTLKP-RSKKVNLNM
VSG---DLDSFLSVTAAVDLESVAVHEIGHLLGLGHSSVEESIMYPTITT-GKRKVDLTN
VSGE--GGDGFISVSEAVDLESVAVHEIGHLLGLGHSSVEGSIMYPTIRT-GRRKVDLTT
IDGVPIVEGNFFSILSAVDLESVAVHEIGHLLGLGHSSVEDSIMFPSLAA-GTRRVELAN
ISNGE-ISRRILPVTTVVDLESVAVHEIGHLLGLGHSSVEDAIMFPAISG-GDRKVELAK
VDLSS------DSAATAIDLESIATHEIGHLLGLGHTTEKAAVMYPSIAP-RTRKVDLVL
ASGDV----TKSPVTSAFDLESVAVHEIGHLLGLGHSSDLRAIMYPSIPP-RTRKVNLAQ
VGAIS----------GYFDVETVALHEIGHILGLQHSTIEEAIMFPSIPE-GVTKG-LHG
ALPSE--NGRLSWEEGVLDLESAAMHEIGHLLGLDHSNKEDSVMYPCILPSHQRKVQLSK
NLRSF--TIRLEASK-VWDLETVAMHQIGHLLGLDHSSDVESIMYPTIVPLHQKKVQITV
*:*: * *:***:*** *:.
: *:* :
: :

308
285
313
318
309
303
308
291
308
314
263

AT1-MMP
AT4-MMP
AT2-MMP
AT3-MMP
NTMMP1
AT5-MMP
Pta1-MMP
SMEP1
Cs1-MMP
GmMMP2
MtMMPL1

DDVAGVLKLYGPNPKLR----LDSLTQSEDSIKNGTVSHRFLSGNFIGYVLLVVG----DDVVGVQSLYGTNPNFT----LNSLLASETSTNLADGS-RIRSQGMIYSTLSTVI----DDVEGIQYLYGANPNFNGTTSPPSTTKHQRDTGGFSAAWRIDGSSRSTIVSLLLS----T
DDVEGVQYLYGANPNFNGSRSPPPSTQ-QRDTGDSGAPGRSDGS-RSVLTNLLQYYFWII
DDIQGVQVLYGSNPNFTGPNTVLNPTQ-ENDTN--GAP-KFGSLWVHVVFAFFLS----DDIEGIQHLYGGNPNGDGGGSKPSRES--QSTG--GDSVRRWRGWMISLSSIATC----DDVDGVQYVYGANPNYN-----ASAVLAQNETSSATAIQLPPGARLLPILFFISS----DDIDGIRKLYGINP---------------------------------------------DDIAGIKALYRV-----------------------------------------------SDKTNVQHQFANVEDSAG-HVGRLGVS---------LITTLSLVFAYLLLLLY------SDNQAIQQLYTKQTNQDRDELGFFDYSGDFFESSSGLLNSLSLGFAFVALMNLAF----.*
:
:

359
335
369
376
360
354
358
305
320
357
318

AT1-MMP
AT4-MMP
AT2-MMP
AT3-MMP
NTMMP1
AT5-MMP
Pta1-MMP
SMEP1
Cs1-MMP
GmMMP2
MtMMPL1

---LILFL----ALCFLNW
VGLVLWFLPFGLFLYLV----FLHLI---IFLISV----LLPLIL-------------------------------------

364
342
378
384
365
360
364

Figure VII-1: Multiple sequence alignment of NtMMP1 with plant MMPs investigated so far.
The alignment was performed using Clustal 2.0.12 algorithm. “*” = the residues in that column are
identical in all sequences in the alignment. “:” = conserved substitutions. “.” = semi-conserved
substitutions. “-” = no match. AT-MMP: Arabidopsis thaliana-MMPs; NtMMP1: Nicotiana tabacum-
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MMP. Pta1-MMP: Pinus taeda-MMP; SMEP1 and GmMMP2: Glycine max-MMPs; Cs1-MMP:
Cucumis sativus-MMP; MtMMPL1: Medicago truncatula-MMP.

VII.3 Multiple sequence alignment of NtMMP1 with human MMPs
MMP7
MMP28
NTMMP1
MMP26

-----MRLTVLCAVCLLPGSLALPLPQEA------------------------GGMSELQ
---MVARVGLLLRALQLLLWGHLDAQPAE------------------------RGGQELR
-----MRIPLFIAIVLVLSLSPASAHFSPNISSIPPSLLKPNNTAWDAFHKLLGCHAGQK
MQLVILRVTIFLPWCFAVPVPPAADHK--------------------------------*: ::

31
33
55
27

MMP7
MMP28
NTMMP1
MMP26

WEQAQDYLKRFYLYDSETKN-------ANSLEAKLKEMQKFFGLPITGMLNSRVIEIMQK
KEAEAFLEKYGYLNEQVPKAPT-----STRFSDAIRAFQWVSQLPVSGVLDRATLRQMTR
VDGLAKIKKYFYNFGYIPSLSNFTDDFDDALESALKTYQQNFNLNTTGVLDAPTIQHLIR
--GWDFVEGYFHQFFLTKKES------PLLTQETQTQLLQQFHRNGTDLLDMQMHALLHQ
:
.
.
:.:*:
: :

84
88
115
79

MMP7
MMP28
NTMMP1
MMP26

PRCGVPDVAEYSLFPN----------------------SPKWTSKVVTYRIVSYTRDLPH
PRCGVTDTNSYAAWAERISDLFARHRTKMRRKKRFAKQGNKWYKQHLSYRLVNWPEHLPE
PRCGNADVVNGTSTMNSGKPPAGSQNMHTVAHFSFFPGRPRWPDSKTDLTYAFLPQNGLT
PHCG---VPDGSDTSIS-------------------PGRCKWNKHTLTYRIINYPHDMKP
*:**
. . :
:* .
...

122
148
175
117

MMP7
MMP28
NTMMP1
MMP26

ITVDRLVSKALNMWGKEIPLHFRKVVWG-TADIMIGFARGAHGDSYP--FDGPGNTLAHA
PAVRGAVRAAFQLWSNVSALEFWEAPATGPADIRLTFFQGDHNDGLGNAFDGPGGALAHA
DNIKSVFSRAFDRWSEVTPLSFTETASFQSADIKIGFFAGDHNDGEP--FDGPMGTLAHA
SAVKDSIYNAVSIWSNVTPLIFQQVQNGD-ADIKVSFWQWAHEDGWP--FDGPGGILGHA
:
. *.. *.: .* * :.
*** : *
* *.
**** . *.**

179
208
233
174

MMP7
MMP28
NTMMP1
MMP26

FAPGTGLGGDAHFDEDERWTDGS-----------SLGINFLYAATHELGHSLGMGHSSDP
FLPRR---GEAHFDQDERWSLSR-----------RRGRNLFVVLAHEIGHTLGLTHSPAP
FSPPGG---HFHLDGDENWVIDGVPIVEGNFFSILSAVDLESVAVHEIGHLLGLGHSSVE
FLPNSGNPGVVHFDKNEHWSAS------------DTGYNLFLVATHEIGHSLGLQHSGNQ
* *
*:* :*.* .
. :: . .**:** **: **

228
254
290
222

MMP7
MMP28
NTMMP1
MMP26

NAVMYPTYGNGDPQNFKLSQDDIKGIQKLYGKRSNSRKK--------------------RALMAPYYKRLG-RDALLSWDDVLAVQSLYGKPLGGSVAVQLPGKLFTDFETWDSYSPQG
DSIMFPS-LAAGTRRVELANDDIQGVQVLYGSNPNFTGPNTVLN-------------PTQ
SSIMYPTYWYHDPRTFQLSADDIQRIQHLYGEKCSSDIP--------------------::* *
. :
*: **: :* ***. .

267
313
336
261

MMP7
MMP28
NTMMP1
MMP26

-----------------------------------------------------------RRPETQGPKYCHSSFDAITVDRQQQLYIFKGSHFWEVAADGNVSEPRPLQERWVGLPPNI 373
ENDTNGAPKFGSLWVHVVFAFFLSFLHLI------------------------------- 365
------------------------------------------------------------

MMP7
MMP28
NTMMP1
MMP26

-------------------EAAAVSLNDGDFYFFKVQSV 393
---------------------------------------

Figure VII-2: Multiple sequence alignment of NtMMP1 with most closely related human MMPs.
The alignment was performed using Clustal 2.0.12 algorithm. “*” = the residues in that column are
identical in all sequences in the alignment. “:” = conserved substitutions. “.” = semi-conserved
substitutions. “-” = no match. MMP7, 26 and 28: MMPs from Homo sapiens; NtMMP1: Nicotiana
tabacum-MMP.
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VII.4 Schematic presentation of plant expression vectors
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Figure VII-3: Schematic presentation of the plant expression vectors used in this thesis.
LB and RB are left and right border of the T-DNA; Pnos and pAnos: promoter and terminator of the
nopaline synthase gene, respectively; nptII: coding sequence of the neomycin phosphotransferase gene;
hygR: coding sequence of the hygromycin resistance gene; bla: coding sequence of the beta-lactamase
gene SAR: scaffold attachment region; P35S and pA35S: 35S promoter with doubled enhancer and
terminator of the Cauliflower mosaic virus (CaMV) 35S gene, respectively; RK2 ori and ColE1 ori:
plasmid origin of replication; Asp1/Asp2: aspartic protease with PCR amplified longer / shorter DNA
fragments; Cys1/Cys2: cysteine protease longer / shorter; Nt1/Nt2: matrix-metalloproteinase shorter /
longer and Sp1/Sp2: serine protease longer / shorter DNA fragments; ACMS: multi-antisense construct;
2F5HC and 2F5LC: coding sequence of the heavy and light chain of the 2F5 antibody; DsRed: red
fluorescent protein from Discosoma sp. reef coral. TL: 5’-UTR of the Tobacco etch virus (TEV); SP:
signal peptide; TP: transit peptide.
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