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ABSTRACT
Plant cell walls are known as a highly complex and dynamic structure that encloses
each cell in a plant. As of now, most research on cell walls is performed using biochemical
analysis of fractionated walls and immunolabeling of fixed tissues. These techniques are
difficult to apply to the study of temporal and developmental changes in plant cell walls.
Antibodies that recognize plant cell wall polysaccharides have been developed as probes for
cell wall analysis in vitro because they are intrinsically specific toward polysaccharides
structures. If the genes encoding the antibodies can be obtained, they should be easy for

heterologous expression and simple for modification with fluorescent protein markers.

ScFvs are single polypeptide fragments of antibodies that are composed of the
variable regions of the heavy (V) chain and the light (V) chain with a flexible peptide linker
between. ScFvs may be more easily applied to the labeling of plant cell walls in vitro if they
are able to retain the binding specificity and affinity of their parent antibody. In the work
reported here, scFvs were generated from genes encoding several plant cell wall glycan-

directed monoclonal antibodies. Enzyme-linked immunosorbent assay, or ELISA showed



that twelve of the heterologously expressed scFvs have largely similar binding specificities,
although perhaps weaker binding affinity than their parent antibodies. One expressed scFv
had no activity at all. The expressed scFv genes also yielded proteins that could be used to
label cell walls in sectioned plant tissues. The immunolabeling results confirmed the weaker

binding affinity of scFvs.

Heterologous expression of scFvs in planta resulted in modulations of polysaccharide
functions in plant cell walls. The in vivo expression of scFv-M1:YFP in Arabidopsis plants
resulted in hypoplasia at the stages of seedling and/or vegetative growth, and withering in the
early stage of floral budding. Transgenic scFv-M140:YFP plants displayed a stem-lodging
phenotype, suggesting that although the scFv-M140:GFP displayed no activities in vitro it
still affected the plant cell wall polysaccharides network to effect plant growth and
developmental processes. These results indicate that expression of a specific scFv in
Arabidopsis may lead to changes in the composition and/or structure of the cell wall, which
consequently, may cause an impact on the development and/or morphological phenotype of

the plant.

INDEX WORDS: single-chain variable fragment (scFv), plant cell wall, in vitro

visualization tool, immunolabeling,
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CHAPTER |

INTRODUCTION

Plant Cell Wall

The plant cell wall is the extracellular matrix which surround plant cells. It is semi-rigid
and complex and largely composed of polysaccharides, many of which have complex structures
(Hayashi, Koyama et al. 1988). One of its known functions is to defines the shape and size of the
cell (McNeil, Darvill et al. 1984). It has different physical and chemical properties, which are
important in many plant developmental processes, such as growth, proliferation, and fruit and
vegetable ripening (Bauer, Talmadge et al. 1973, Keegstra, Talmadge et al. 1973, Talmadge,
Keegstra et al. 1973). It is also reliable sources for natural textile fibers, paper and wood
products, human nutrition, animal feedstock, and raw materials for biofuel production

(Somerville 2007).

Plant cell walls are typically classified into two types: primary cell walls and secondary
cell walls. Previous studies found that both primary and secondary cell walls are mainly
composed of cellulose, hemicelluloses and pectins, in different proportions. Secondary cell wall
also contains some lignin. They have different structures and functions. Primary cell walls
surround growing and expanding cells. Usually, the main components of primary cell walls in
plant tissues and cells are polysaccharides. In addition, there are some other components, such as
proteins (e.g. enzymes), glycoproteins (e.g. hydroxyproline-rich extensins), phenolic esters (e.g.
ferulic and coumaric acids),and ionically and covalently bound minerals (e.g. calcium and boron)

(Selvendran and O'Neill 1985). These minor components are important for cell functions. For
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example, protein expansins are supposed to regulate wall expansion (Cosgrove 2001). The main

functions of primary cell wall are: i) providing structural and mechanical support to the cell; ii)
defining and maintaining shape and size of cell; iii) resisting internal expanding pressure to cell;
iv) controlling rate and direction of growth; v) determination for plant architecture and form; vi)
regulation of material diffusion through apoplast; vii) storage for carbohydrate - walls of seeds
could be metabolized if necessary; viii) protection against pathogens, dehydration and other
environmental factors; ix) producing and transferring biologically active signals; and x) -
interaction between cells. It is also known that plant-derived foods contain much primary cell
walls, or the polysaccharides which are the major components of primary cell walls (Albersheim

1976).

Secondary cell walls are much stronger and thicker than primary cell walls. They are the
main constituent of plant biomass (Albersheim 1976). Their main function is to provide
mechanical support. Thus, secondary walls are usually found in specialized cells, such as
tracheary elements, fibers and other sclerenchymatous cells. Previous studies suggest lignin and
xylan are associated by different types of covalent bonds in the secondary cell wall. The formed
network eliminates water from the cell wall to make secondary cell wall hydrophobic (Niklas,
Cobb et al. 2017). These covalent bonds include ester linkages between glucuronoxylans and
lignin via benzyl ester bonds with the carboxylate group of 4-O-methylglucuronic acid. The
second-most reported type of covalent bonds between xylan and lignin are ether linkages that
involve L-arabinofuranose side chains or xylose units. Other covalent linkages likely to
interconnect xylan with lignin in the cell wall are oxygen-containing bonds, acetals, and

glycosides (Joseleau, Cartier et al. 1992).
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Figure 1.1 Plant cell wall structure.
Cartoon of plant cell wall structure. Adapted from

https://micro.magnet.fsu.edu/cells/plants/cellwall.html

The following sections provide a brief overview of the structural complexity of several
important classes of non-cellulosic plant cell wall polysaccharides that will be the focus of the

studies reported here.

Xyloglucan

Xyloglucans consist of a $-1,4-linked glucan backbone, with substitution of xylosyl
residues. In different plant families and specific tissues, the xylosyl residues can be further
substituted with different glycosyl and/or non-glycosyl substituents (Pauly and Keegstra 2016).
Xyloglucans compose approximately 20% of leaf cell walls in dicots, which makes it the most
abundant hemicellulosic polysaccharide in these plants (Zablackis, Huang et al. 1995). Previous
studies found xyloglucan works as a structurally important glycan (Carpita and Gibeaut 1993). It

is thought to cross-link and tether cellulose microfibrils. These features have led to the


https://micro.magnet.fsu.edu/cells/plants/cellwall.html

hypothesis that xyloglucans and cellulose form the basic load-bearing framework of type I cell
walls (Carpita 1996). Xyloglucan exists in different locations at different developmental stages,
such as cell plates in dividing cells (Moore and Staehelin 1988), the primary walls in growing

cells, and completely differentiated secondary walls.

Previous studies suggested that xyloglucan synthesis occurs in the Golgi apparatus
(Hayashi 1989, Zhang and Staehelin 1992, Perrin, DeRocher et al. 1999, Chevalier, Bernard et
al. 2010, Davis, Brandizzi et al. 2010, Chou, Pogorelko et al. 2012). However, the exact
locations of the several xyloglucan biosynthetic enzymes within the Golgi apparatus is still
vague. And there are different opinions about where the backbone synthesis occurs. Chou
suggested it occurs in the trans-Golgi compartment (Chou, Pogorelko et al. 2012), while some
other scientists indicated it begins in the cis-Golgi compartment (Brummell, Camirand et al.
1990, Davis, Brandizzi et al. 2010). After the synthesis in the Golgi apparatus, xyloglucan is
packaged into secretory vesicles and transported to the plasma membrane, where xyloglucan is

released into the extracellular matrix. (Figure 1.2)
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Figure 1.2 Overview of xyloglucan and pectin biosynthesis

Adapted from Figure 4 of (Mollet, Leroux et al. 2013)

Xylan

All land plant xylans are composed of a $-1,4-linked D-xylopyranosyl main chain with a
variable number of neutral or uronic monosaccharide substituents or short oligosaccharide side
chains (Bajpai 1997). Xylans of marine algae show different chemical structure based on a 3-1,3-
linked D-xylosyl backbone. The structure becomes more complex with increases in the number
of substituting mono- and oligosaccharides attached to the B-1,4-linked xylosyl main chain. The

substitutions of monosaccharide residues include a-1,2-linked glucuronic acid (GlcA), a-1,2-



linked 4-O-methylglucuronic acid (MeGlcA), and a-1,2 and/or a-1,3-linked arabinose (Ara)
(Ebringerova 2000). Unbranched linear xylan homopolysaccharides from land plants are very
rare to find. In the secondary cell wall of dicots, xylan is the predominant hemicellulose, but little
is found in primary cell walls. Dicot xylan molecules possess reducing-end sequences of the
tetrasaccharide 4-p-D-Xyl-(1-4)-p-D-Xyl-(1-3)-a-L-Rha-(1-2)-a-D-GalA-(1-4)-D-Xyl, which
is believed to act as either as an initiator or terminator of xylan backbone synthesis (York and

O'Neill 2008).

Figure 1.3 A hypothetical structure of plant xylan.

Adapted from Xylanolytic Enzymes (Bajpai 2014)

Synthesis of the xylan backbone requires Irregular Xylem (IRX) 9 and IRX14, both of
which belong to the Glycosyltransferase Family 43 (GT43), and IRX10, which is a member of
GT47 encoding putative xylosyltransferases. Some other genes IRX9-like (IRX9-L), IRX10-L,
and IRX14-L appear to encode functionally redundant paralogs (Brown, Goubet et al. 2007, Lee,
O'Neill et al. 2007, Wu, Hornblad et al. 2010). Previous studies suggested that IRX10 and IRX14
exist in the same xylan synthase complex (Zeng, Jiang et al. 2010). Two members of the GT8
family, Glucuronic Acid Substitution of Xylan (GUX) 1 and GUX2 are required for the GIcA

substitutions on xylans in the Arabidopsis secondary cell wall (Mortimer, Miles et al. 2010,



Oikawa, Joshi et al. 2010, Rennie, Hansen et al. 2012). GXMT1, a protein containing a Domain
of Unknown Function 579 (DUF579), transferred 4-O-Methyl groups from S-adenosyl-
methionine to GIcA residues (Lee, Teng et al. 2012, Urbanowicz, Pena et al. 2012). Previous
studies indicated GT61 family that are likely to add arabinosy! residues to the xylan backbone
(Anders, Wilkinson et al. 2012). Another GT61 enzyme, a xylosyltransferase is responsible for
xylose linked to O-2 of feruloylated arabinosyl residues (Chiniquy, Sharma et al. 2012), as well
as some acyltransferases of the BAHD family (Piston, Uauy et al. 2010, Bartley, Peck et al.
2013). A number of additional glycosyltransferases known as IRX7/FRA8 (and the homolog
IRX7L/F8H), IRX8/ GAUT12, and PARVUS/GATL1 may also be involved in synthesis of
xylan by synthesizing the reducing end which may function as a type of terminator (York and

O'Neill 2008).
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Figure 1.4 General view of xylan synthesis.

Adapted from Xylan Biosynthesis (Rennie and Scheller 2014).



Rhamnogalacturonan-I

Rhamnogalacturonan-1 (RG-1) comprises 20-35% of pectic polysaccharides. This term
refers to a group of closely related cell wall pectic polysaccharides that have a backbone
composed of the repeating disaccharide (1-2)-a-L-rhamnosyl-(1-4)-a-D-galacturonic acid
(GalA)(McNeil, Darvill et al. 1980, Lau, McNeil et al. 1985). Usually the O-2 and O-3 positions
of the GalA residue on the backbone are acetylated (Komalavilas and Mort 1989), while various
neutral sugars branches of mainly D-galactose and L-arabinose are attached to O-4 of rhamnose
(Lau, McNeil et al. 1985, Stevenson, Darvill et al. 1988). The nature of the sidechains depends
on the origin of the pectin (Buchanan, Gruissem et al. 2000), the stage of cell growth, and tissue
development (Oomen, Doeswijk-Voragen et al. 2002). The function of RG-I is still little known
and no RGI has been fully characterized (Ridley, O'Neill et al. 2001, Willats, McCartney et al.

2001).
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Figure 1.5 Three types of rhamnogalacturonan | side chains.
Side groups attached to the C4 position of the rhamnopyranosyl residue: (1—5)-a-L-arabinans,

(1—4)-B-D-galactan, and arabinogalactan Type | (Wong 2008)

Homogalacturonan

Homogalacturonan is a linear chain composed of 85-320 a-1-4-D galactosyluronic acid
residues. Though it is simple and smooth, it is the most abundant pectic structural domain and
composes nearly 65% of the pectin in plant cell walls. Up to 80% of the carboxyl groups of the
GalA residues are esterified with methanol at C-6 while the O-2 and O-3 position of hydroxyl
groups could be acetylated (Ishii 1997, O'Neill, Albersheim et al. 1990, Pauly and Scheller

2000).
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Figure 1.6 Homogalacturonan with methyl esterification (Wong 2008)

Monoclonal Antibodies against Polysaccharides

The defense system of animals employs antibodies to identify and neutralize foreign
objects. The most significant feature of an antibody is the antigen-binding site, which recognizes
a specific structure unique to its target. The antigen-binding sites, also known as the paratope,
binds specifically to an epitope which is from the antigen (Ahmad, Yeap et al. 2012). The
immune system directs an antibody to tag a microbe or an infected cell and also to directly

neutralize its target (C. A. Janeway 2001).

In the past decades, the genetic manipulation of antibody fragments has advanced. The
development not only helps us understand the structure and functional organization of
immunoglobulins, but impels the technology of engineered antibody molecules for research,
diagnosis, and therapy. Having the immunoglobin gene sequence can also allow for the
improvement of the affinity and specificity of antigen binding by mimicking somatic

hypermutation (Gram, Marconi et al. 1992).

Previous studies found that monoclonal antibodies (mAbs) can be generated against
polysaccharides from multiple source, including bacteria capsular polysaccharides (Robbins,

Parke et al. 1973), plant polysaccharides such as starch and ulvan (Rydahl, Krac Un et al. 2017),

10



and fungal polysaccharides (Drouhet and Latge 1988). The most popular application is using the
antibodies as protections against detrimental bacteria, such as Haemophilus influenzae Type b
and Streptococcus pneumoniae (Mikolajczyk, Concepcion et al. 2004), Streptococcus

suis (Gottschalk, Xu et al. 2010). The efficacy of protection of the different immunoglobulin (Ig)
classes against bacterial infection is determined by the specificity and affinity with the targeted
antigen and on their biological functions. IgG2b, 1gG2c, and 1gG3 in mice are categorized as
“type 1 IgG subclasses” because they are associated with gamma interferon (IFN-y)-dominant
Th1 immune responses The type 1 1gG subclasses are particularly effective at mediating
bacterial lysis by triggering the complement cascade directly at the surface of the pathogen or by

activating bacterial opsonophagocytosis (Calzas, Lemire et al. 2015).

MADbs and scFvs as Tools for Cell Wall Characterization

Because of their high structural complexity, research on polysaccharides requires the
development of novel probes for further insight. There are two types of important molecular
probes to detect and dissect cell wall structures in plant material, mAbs (Pennell and Roberts
1995) and carbohydrate-binding modules (CBMs) (Hervé, Marcus et al. 2010). Previous research
in recent years revealed that mAbs against cell wall polysaccharides have become important
tools in the study of plant cell wall structure and function (Knox 2008, Pattathil, Avci et al.
2015). In 2010, the Hahn Lab reported the generation of ~170 plant cell wall glycan-directed
monoclonal antibodies to facilitate in-depth analysis of cell wall glycans (Pattathil, Avci et al.
2010). These mAbs were grouped based on the polysaccharide recognition patterns observed,
including arabinogalactans (both protein- and polysaccharide-linked), pectins

(homogalacturonan, rhamnogalacturonan I), xyloglucans, xylans, mannans, and glucans. Most of

11



these mAbs displayed epitope-specific binding patterns. Thus, the more than 200 glycan-directed
antibodies from various laboratories are able to serve as a large and diverse set of probes for
studies of plant cell wall structure, function, dynamics, and biosynthesis (Pattathil, Avci et al.
2015). Indeed, these tools have been used by many laboratories to monitor changes in primary
wall composition and organization at the cellular and sub-cellular level (Knox 1997, Bush and

McCann 2002, Freshour, Bonin et al. 2003).

ScFvs, single-chain variable fragments, are known as the smallest immunoglobulin
molecules having the ability of antigen-binding. They are made up of the variable regions of
heavy (V) chain and light (VL) chain, with a flexible peptide linker expressed between them to
link them together. The flexible peptide linker is quite important in determining the properties of
the scFv, e.g. affinity and binding specificity (Griffiths and Duncan 1998). Its length is critical in
correct folding of the mature peptide. Previous studies estimated that the length must be at least
3.5 nm in order for the heavy and light chains to form an intact binding site (Huston, Mudgett-
Hunter et al. 1991). The amino acid composition of peptide linker is also important because the
peptide linker must be hydrophilic to avoid intercalation during the protein folding process
(Argos 1990). Currently, the most common sequences used for peptide linkers mainly contains
Gly and Ser which are for flexibility (J. S. Huston 1988). The order of domain, which is V-
linker-Vu or Vu-linker-Vi, has been studied in both ways. The expression of ScFv in Pichia
pastoris has been found to prefer the V-linker-Vu configuration (Luo, Mah et al. 1995), while
other expression systems prefer Vu-linker-Vy, including mammalian and yeast cells (Ho, Nagata
et al. 2006), plant cells (Galeffi, Lombardi et al. 2006) and insect cells (Choo, Dunn et al. 2002).

Some scFv antibody can be expressed as correctly folded and directly active proteins while

12



others aggregate in cells, which requires refolding to become active. The most popular

expression system for scFvs is E. coli (Baneyx 1999).

Heavy chain Mab CDR NH;

Light chain Q_ Vi

Figure 1.7 The structure of antibody and scFv.
The scFv is generated of Vy and Vi with a linker between. Adapted from scFv Antibody:

Principles and Clinical Application (Ahmad, Yeap et al. 2012)

ScFv are generated from antibodies produced by hybridoma cells (J. S. Huston 1988,
Chaudhary, Batra et al. 1990, Deng, Nesbit et al. 2003, Galeffi, Lombardi et al. 2006), spleen
cells from immunized mice (Chaudhary, Queen et al. 1989, Clackson, Hoogenboom et al. 1991,
Finlay, Shaw et al. 2006), and B lymphocytes from human (Marks, Hoogenboom et al. 1991,
Shadidi and Sioud 2001, Zhang, Gou et al. 2006). Nowadays, scFvs are popular tools against
hapten (Kobayashi, Ohtoyo et al. 2005), protein (Dai, Zhu et al. 2003, Guo, You et al. 2003),
carbohydrate (Ravn, Danielczyk et al. 2004, Sakai, Shimizu et al. 2007), receptor (Galeffi,
Lombardi et al. 2006), tumor (Shadidi and Sioud 2001, He, Zhou et al. 2002) and virus (Hu,

O'Dwyer et al. 2005) antigens.
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The Hahn lab has generated a library of more than 170 monoclonal antibodies, using
plant polysaccharides as the immunogens. One disadvantage of the monoclonal antibodies is
their size, particularly for IgMs (which are frequently generated when using glycan
immunogens) that have a molecular mass of about 10° Daltons. In order to get a smaller
molecule while maintain the antigen-binding functions, we decided to generate scFvs for 49
antibodies that represent a broad cross-section of binding specificities across the entire antibody

toolkit that had been generated in the Hahn lab.

The basic strategy to produce scFvs from a given antibody is to clone the Vy and Vi
domains separately and then to generate a gene fusion using a sequence encoding a linker
peptide of 15 or 16 amino acids to connect the two immunoglobin domains. The linker of length
shorter than 12 amino acid would impact the Vi domain’s binding ability to its attached

VL domain in the Fv orientation (Atwell, Breheney et al. 1999).
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CHAPTER II
MATERIALS AND METHODS

pDONR221

pDONR221 is a commercial plasmid from Invitrogen. It is a highly efficient as a donor
plasmid for Gateway cloning technology. The map is available below, and the sequence is also
available online. It has a pUC origin for high plasmid yield, around 500~700 copies per cell
(Lin-Chao, Chen et al. 1992). pPDONR221 has a Kanamycin resistance gene for selection in E.
coli. For sequencing, it has universal M13 Forward and Reverse priming sites. The
recombination sites are attP1 and attP2. The ccdB locates between these two attP sites for
negative selection. The ccdB gene interferes with the activity of DNA gyrase by forming a
covalent GyrA-DNA complex that cannot be resolved, thus promoting breakage of plasmid and
chromosomal DNA. Thus, the ccdB gene is lethal to wild type E. coli (Bernard and Couturier
1992). As aresult, the pDONR221 cannot be propagated in standard E. coli which is widely

used for cloning, such as DH5c or TOP10. Instead, a special strain, such as DE3.1 or ccdB

Survival™ (Invitrogen) is used because it contains a mutant version of DNA gyrase (gyrA462)

which is resistant to the toxic effects of ccdB.
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rrnB T2
rrB T1 M13-40

pDONR221 | Pt cucs)

4762 bp

Smal (1419)

M13 rev
T7 BamHI (1833)

Sall (2749)

EcoRI (2289)

Figure 2.1 map of pPDONR221
Map of pPDONR221. Adapted from

https://cnrgv.toulouse.inra.fr/Media/lmages/images vecteurs/pDONR221.

pGECc2-DEST

pGEc2-DEST is a gift from Dr. Kelley Moremen, Carbohydrate Complex Research
Center, Department of Biochemistry and Molecular Biology, University of Georgia. It is a
mammalian expression vector with a CMV promoter and C-terminal Superfolder GFP, AviTag
and 10xHis tag. Its parent plasmid is pXKM, a derivative of pMA. The map is available below,
and the sequence is available online

(http://dnasu.org/DNASU/GetVectorDetail.do?vectorid=550). It has an Ampicillin resistance

gene for selection in E. coli. The recombination sites are attR1 and attR2. The ccdB locates
between these two attR sites for negative selection. So like pPDONR221, some special E. coli

strain such as DE3.1 is used for propagation.
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pGEc2-DEST

6852 bp

Figure 2.2 map of pGEc2-DEST
Map of pGEc2-DEST. Adapted from

http://dnasu.org/DNASU/GetCloneDetail.do?cloneid=534627.

Gateway Cloning Technology

The Gateway cloning technology was developed by Invitrogen in 1990s. Instead of using
restriction enzymes to integrate DNA of interest into expression plasmid, the Gateway cloning
technology employs and modifies integration and excision recombination reactions that take
place when lambda phage infects bacteria. The first step is the BP Reaction. In the recombination

reaction, the PCR product is flanked by attB1 and attB2, and there are attP attachment sites on
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the donor vector. With the catalysis of BP clonase enzyme mix, the Entry Clone is generated,
which contains the DNA of interest. However, the DNA of interest on the Entry Clone is flanked
by attL sites. The excision of ccdB gene is the byproduct of this reaction. The ccdB gene is a
lethal gene, which codes for ccdB protein. The ccdB protein is toxic through acting as DNA
gyrase poison. It causes cell death by locking up DNA gyrase. So the Donor Vector without
recombination is lethal for cells after transformation. It is an efficient selection method (Bernard
1996). The second step is LR Reaction. Catalyzed by LR Clonaser, the generated Entry Clone
integrates the DNA of interest into the Destination Vector, which will be used for expression
later. The product, Expression Clone has the DNA of interest flanked by attB sites, while the

byproduct is the Entry Clone carrying the ccdB gene which excised from the Destination Vector.

BP Reaction
atirR1 attR2
atPt a2 T
ccdB

Byproduct
attB1 attB2 BP Clonase
| Gene BN Dornor Vector — aii P s
attB flanked PCR product
or atB expression clone m

Entry Clone
LR Reaction pe el

cedB

Toxic Byproduct

ypr
attB1 o atB82
Gene

attL1 attL2 attR1 attR2

Enlry o +

Figure 2.3 The two-step process of Gateway cloning technology.

LR Clonase
I ——

Expression Clone

The two-step process of Gateway cloning technology. Adapted from

https://blog.addgene.org/plasmids-101-gateway-cloning.
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scFv expression and purification

We chose 49 parent antibodies from the antibody library generated in the Hahn
laboratory; these antibodies were representative of the broad diversity of binding specificities
against plant polysaccharide structures. They are listed in table 2.1. In order to get the scFvs of
these antibodies, fusion PCR was performed to obtain the scFv DNA fragments. The template
was cDNA which was reverse-transcribed from mRNA extracted from hybridoma cells. The first
round of fusion PCR was used to amplify Vy and Vi, separately. For the Vy fragment, the
forward primer is composed of 3 parts: 5° - attB1 site - signal peptide sequence — pair region to
5" end of Vy, and the reverse primer is composed of 2 parts: 5° - linker peptide DNA sequence —
pair region to 3" end of V. The signal peptide sequence used is the secretion signal from the V-
J2-C region of the mouse Ig kappa-chain for efficient secretion of recombinant proteins (Coloma,
Hastings et al. 1992). The peptide sequence of the linker is GGGGSGGGGSGGGGS. For the Vi
fragment, the forward primer is composed of 2 parts: 5° - linker peptide DNA sequence — pair
region to 5" end of V, and the reverse primer is composed of 2 parts: 5° - attB2 site — pair region
to 3" end of VL. There is no stop codon at the 3" end of V. because there is Superfold GFP,
AviTag and 10x histidine after. The second round of fusion PCR was assembling the two
fragments of first round PCR products (Figure 2.4).

Table 2.1 List of expressed antibodies

CCRC-M1 IgGl(x) | Fuc XG
CCRC-M5 IgGl(x) | RG-la
CCRC-M14 IgM(x) RG-I Backbone
CCRC-M17 IgGl(x) | RG-Ic
CCRC-M21 IgG3(x) | RG-I/AG
CCRC-M23 IgGl(x) | RG-Ic
CCRC-M30 IgM(x) RG-Ib
CCRC-M33 IgM(x) RG-I/AG
CCRC-M35 IgM(x) RG-I Backbone
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CCRC-M38 IgGl(x) | HG Backbone-1
CCRC-M48 | IgG1(x) | Non-Fuc XG-5
CCRC-M52 | IgGI(A) | Non-Fuc XG-4

CCRC-M55 IgG1(A) | Non-Fuc XG-4
CCRC-M58 1gG1(x) Non-Fuc XG-4
CCRC-M70 IgM(k) Galactomannan-1
CCRC-M75 IgM(x) Galactomannan-1
CCRC-MT78 IgM(x) AG-4
CCRC-M80 IgGl(x) | RG-I/AG
CCRC-M85 IgM(x) AG-3
CCRC-M87 1gG1(A) Non-Fuc XG-2
CCRC-M90 IgM(}) Non-Fuc XG-6
CCRC-M92 IgM(k) AG-4
CCRC-M95 IgGl(A) | Non-Fuc XG-1
CCRC-M96 IgG3(A) | Non-Fuc XG-5
CCRC-M98 IgG1(k) Physcomitrella Pectin
CCRC-M102 |IgM(x) | Fuc XG
CCRC-M103 | IgM(x) Non-Fuc XG-3

CCRC-M104 |IeG1()) | Non-Fuc XG-2
CCRC-M106 | IgGl(x) | Fuc XG

CCRC-M108 | IgGl1(n) Xylan-1/XG
CCRC-M113 | IgGl(x) Xylan-3

CCRC-M116 | IgM(x) | Xylan-3

CCRC-M126 | IgG3(x) RG-I/AG
CCRC-M131 | IgGl(x) | HG Backbone-1
CCRC-M133 | IgM(x) | AG-2

CCRC-M134 | 1gG3(x) RG-I/AG
CCRC-M137 |IgM(x) | Xylan-7

CCRC-M140 |IgGl(x) | Xylan-6

CCRC-M141 | IgGa(x) | Linseed Mucilage RG-I
CCRC-M144 | IgGl(x) | Xylan-5

CCRC-M147 | IgM(x) | Xylan-6

CCRC-M150 | IgG3(x) | Xylan-4

CCRC-M152 | IgM(x) | Xylan-7

CCRC-M156 | IgM(x) Xylan-6

CCRC-M160 | IgGl(x) | Xylan-7

CCRC-M165 | IgM(k) Linseed Mucilage RG-I
CCRC-M169 | IgM(x) Acetyl Mannan
CCRC-M174 | IgM(x) Galactomannan-2
CCRC-M175 | IgM(x) Galactomannan-2
Abbreviations: HG - homogalacturonan; Fuc XG - fucosylated xyloglucan; AG -

arabinogalactan; RG-I - rhamnogalacturonan-1.
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Table 2.2 Sequences of primers.

5 primer sequences 3" primer sequences

5' GGGG
ATGGAGACA 5" AGAACCACCACCACCGGA
GACACACTCCTGCTATGGGTACTG GCCGCCGCCGCCAGAACCACC
CTGCTCTGGGTTCCAGGTTCCACTGGTT | ACCACCCTTGAAGCTTGCTGCA
TATTGCTAGCGGCTCAGCCTTATTGCTA | GAGAC 3°

GCGGCTCAGCC 3

5 GGTGGTGGTGGTTCTGGCGG 5'
Vi CGGCGGCTCCGGTGGTGGTGGTTCT

CCGGCCATGGCGGATATT 3° TGGTGCGGCCGCAGTAC 3°

T

Figure 2.4 Structure of DNA fragment for donor plasmid.
Figure 2.4 displayed the fusion PCR process. The first step was cloning V1 with part of the
signal peptide at the 5" end and linker at the 3" end. The second step was adding attB1 site, ATG
and the rest of the signal peptide at the 5° end. Meanwhile, the V. with linker at the 5° end and
attB2 site at the 3" end was also cloned. The third step was fusing the two products of the second
step. Table 2.2 listed the sequences of the primers used for amplifying the DNA fragment for
pDONR221. The colors used in the Table are the same as in Figure 2.4. The sequence in orange
is from attB1/attB2; the green is from signal peptide; the dark green is from Vu/V.; the blue is

ATG/linker.
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The BP and LR reactions were performed to obtain the pGEc2-DEST with scFv gene
carried. The sequences of correct recombinants were confirmed (Macrogen, USA). The

recombinant plasmids were propagated by DH5a and extracted using MaxiPrep Kit (PureLink™

HiPure Plasmid Filter Maxiprep Kit, Thermo Fisher, Waltham, Massachusetts). With the
assistance of Dr. Jeong-Yeh Yang, a post-doc research scientist of Dr. Kelley Moremen’s lab, the
recombinants of pGEc2-DEST were transformed into HEK293-6E for expression. After 4~5
days, the cells with medium were collected. The expression and secretion was confirmed by
fluorescence strength measurement using Gemini Fluorescence Microplate Readers from

Molecular Devices LLC.

In order to purify the expressed scFvs, we centrifuged the cell and medium three times
using Coulter Allegra X-22R Centrifuge of Beckerman Coulter, at temperature of 4°C and speed
of 1000RPM, 2000RPM and 3000RPM, separately. The supernatant was collected and
concentrated by using ultrafiltration (Vivaspin 20, 50000 MWCO PES, Sartorius, Gottingen,
Germany). The concentrated supernatant was applied to nickel column for purification. The
nickel column was pre-washed and washed by washing buffer (50 mM NaH2POs, 300 mM NacCl,
20 mM imidazole, pH=8.0). The scFvs which bound to the nickel beads were eluted using
elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH=8.0). The elution

process was performed at 4°C. The eluted scFvs were dialyzed using 0.1X Tris-Buffered Saline
(TBS) buffer (5 mM Tris-Cl, 15 mM NaCl, pH 7.6) overnight and stored at 4°C for further use.

The final concentration of scFvs was ~0.5mg/ml.
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Preparation of Polysaccharides

Our polysaccharide samples from various plant sources were obtained from commercial
sources (Megazyme, Sigma, and Sunkist) and the lab stocks. Detailed information about these
polysaccharides is available in Table 2.3. Polysaccharides were dissolved at Img/mL in
deionized water to make 100X stock solutions. Stock solutions were stored at -20°C for further

use.

Enzyme-Linked Immunosorbent Assay (ELISA)

We coated 96-well plates by applying polysaccharides (50 ul of 10 ug/ml in deionized
water per well) and dried the plates by evaporation overnight at 37°C. Control wells were coated
with D.I. water. In the next morning the plates were blocked with 200 ul of TBS with 3% (w/v)
non-fat dry milk for 1 h. Then the blocking agent was removed by aspiration. Next, we added 50
ul of hybridoma supernatant or fluorescent protein tagged scFv proteins (~50ug/ml) to each well
and incubated for 1 hour. Then the wells were washed three times with 300 ul of TBS with 0.1%
(w/v) non-fat dry milk. Then we added 50 ul of peroxidase-conjugated goat anti-mouse
antibodies to CCRC antibodies or mouse anti-his antibodies (Sigma-Aldrich, diluted in TBS by
1:3000) to scFvs and incubated for 1 hour. Before we added substrate, the wells were washed
five times with 300 ul of TBS with 0.1% (w/v) non-fat dry milk. 50 ul fresh TMB (3,3°,5,5°-
Tetramethylbenzidine, Sigma-Aldrich) as substrate solution was added to each well. After 15
minutes, we stopped the reactions by adding 50 ul of 1 N sulfuric acid to each well. The OD was
read from each well in A450 and A655 using a model 680 microplate reader (Bio-Rad). All the
aspiration and washing steps were performed using an ELx405 Microplate Washer (Bio-Tek

Instruments).
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Plasmid Construction and Plant Transformation

The scFv DNA fragments were amplified using iProof Polymerase. The forward primer
contained Xmal restriction enzyme site and the reverse primer contained Xhol restriction
enzyme site. PCR products were digested by the Xmal and Xhol (FastDigest, Thermo) and
ligated into the modified pB1121-YFP vector (Clontech). The modified pBI121-YFP carried the
AtExpansinl0 signal peptide (At1g26770) (Cho and Cosgrove 2000) All constructs were
confirmed by sequencing (Macrogen, USA) and individually transformed into Agrobacterium
tumefaciens GVV3101 competent cells by electroporation. Transformation of Arabidopsis was
conducted by floral dipping (Bent 2006). First the transformed Agrobacterium tumefaciens were
inoculated into LB medium with Kanamycin (50ug/ml) and Rifampicin (25ug/ml), and shaken at

28°C for 72 hours. Then medium was centrifuged at 4000 RPM (Coulter Allegra X-22R,

Beckerman Coulter) and the pellet was resuspended in transformation solution (1/2 MS, 5%
(w/v) Sucrose, 0.02% Silwet L-77). Inflorescences of 6-8 weeks old Arabidopsis were dipped
into transformation solution with transformed Agrobacterium tumefaciens. Then the Arabidopsis
were covered by clear plastic dome for 48 hours to maintain the humidity, followed by returned

to normal growth chamber. Seeds were harvested when they were brown.

Growth of Plant

Both Arabidopsis wild type and transgenic plant lines generated were in the ecotype
Columbia (Col-0) background. For sterilization, seeds of Arabidopsis were washed by 95% (v/v)
ethanol for 5 minutes and rinsed by D.I. water for 5 times. Then seeds were cold treated at 4°C
for 48 hours and germinated on 1/2 MS medium in a growth chamber (light intensity 120

umol/m?*s, relative humidity 70%.) under a cycle of 16-h-light 19°C /8-h-dark 15°C. For screen
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of individual with T-DNA insertion, the G2 seeds were germinated on 1/2 MS medium with
50ug/ml Kanamycin. Two-week-old seedlings were transferred to soil and grown in growth

chambers under the same conditions.

DNA Confirmation of Homozygous Plants

To identify homozygous plants with T-DNA insertions in the G2 Arabidopsis, genomic DNA
was extracted using DNeasy Plant Mini Kit (Qiagen). T-DNA insertions were confirmed using the
flanking primers of scFvs. The primers are generated using the T-DNA verification primer design

website: http://signal.salk.edu/tdnaprimers.2.html. The sequences are below:

LP: TTATTGCTAGCGGCTCAGCC

RP: TGGTGCGGCCGCAGTAC.

RNA Isolation and Reverse Transcript (RT)-PCR

Fresh plant stems were frozen immediately in liquid nitrogen and RNA was isolated using
RNeasy plant mini kit (Qiagen) and treated with RNase-free DNase (Qiagen) to remove
contaminating genomic DNA. Total RNA (500 ng) was reverse-transcribed using Superscripte Il1
Reverse Transcriptase (Invitrogen). PCR was performed using Taq DNA Polymerase (Thermo).

Actin2 (At3g18780) was used as internal control.

Tissue Fixation

Arabidopsis was planted for 4 days. For the dehydration, roots were cut and washed in
D.I. water for 2 hours, followed by 15% (v/v) ethanol for 2 hours, 30% (v/v) ethanol for 3 hours,
50% (v/v) ethanol for 3 hours, 70% (v/v) ethanol for overnight, 80% (v/v) ethanol for 2 hours,

95% (v/v) ethanol for 1.5 hours and 100% ethanol for 40 minutes, 100% ethanol:
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dimethylbenzene =3:1 for 1.5 hours, 100% ethanol: dimethylbenzene =1:1 for 1 hour and
dimethylbenzene for 0.5 hour twice. The dehydrated tissue was moved to 4°C and gradually
infiltrated with cold LR White embedding resin (Ted Pella) using 33% (v/v) and 66% (v/v) resin
in 100% dimethylbenzene for 4 hours and 12 hours separately, followed by 24-hour infiltration
in 100% resin for three times. The infiltrated tissue was transferred to gelatin capsules containing
100% resin for embedding, and the resin was exposed to 365-nm UV light at 4°C for 48 hours

for polymerization. The plant growing, tissue harvesting, fixation, embedding and sectioning

were performed by Stefan Eberhard of Carbohydrate Complex Research Center of University of

Georgia.

Direct fluorescence labeling by fluorescent protein tagged scFvs

Thick sections (250nm) were prepared using a Leica EM UC6 ultramicrotome (Leica
Microsystems) and mounted on glass slides (Fisher Scientific). Sections were blocked with PBS
with 3% (w/v) non-fat dry milk for 20 minutes and washed with PBS for 5 minutes. 20 ul
fluorescent protein-tagged scFv proteins (~0.5 mg/ml) were applied and incubated for 1 hour.
Sections were washed with PBS three times for 5 minutes and D.I. water for 5 minutes. Before
covering a coverslip, Citifluor antifade mounting medium AF1 (Electron Microscopy Sciences)
was applied to the sections. The whole process of labeling was performed at room temperature.
The immunolabeling images were captured by microscopy on an Eclipse 80i microscope (Nikon)
equipped with epifluorescence optics. Images were captured with a Nikon DS-Ril camera lens using

NIS-Element Basic Research software.
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Table 2.3 List of 55 plant polysaccharides

Heat Source and L
Antigens Name | Map Group Reference(s)/Website for (S,\l;l%?ro /C)Omposmon
Name Structural Studies °
CCRC, UGA,; (York,
Tamarind Harvey et al. 1993); Hahn Glc (43), Xyl (37), Gal
A0L Xyloglucan Tam XG | Xyloglucans lab data (Pattathil, Avci et (17) and Ara (3)
al. 2010)
CCRC, UGA; (Jia, Qin
Tomato Tom et al. 2003); Hahn lab Glc (44), Xyl (32), Gal
A2 Xyloglucan XG Xyloglucans data (Pattathil, Avci et (14) and Ara (10)
al. 2010)
Sycamore E/I%EIZI gtif\;lgsgg\)/?as;hnﬁ Glc (42), Xyl (31), Gal
AO03 | Maple Syc XG | Xyloglucans lab data (P : hil A - (10), Man (9), Fuc (4) and
Xyloglucan ab data (Pattathil, Avci et Ara (4)
al. 2010)
Megazyme, Bray, Ireland;
Hahn lab data (Pattathil,
A04 Wheat Wh Xvlans Avci et al. Ara (37), Xyl (61) and
Arabinoxylan Araxyl y 2010),http://secure.megazy | traces of other sugars
me.com/Arabinoxylan-
Wheat-Flour-Insoluble
Sigma-Aldrich, St. Louis,
nos | SOMYID- | egLa | MO; Hahn lab data Xyl (82.8) and Methyl
g o Xy y (Pattathil, Avci et al. GIcA (17.2)
Y 2010)
Sigma-Aldrich, St. Louis,
Birch Wood MO; Hahn lab data
A0B 1 eylan BW Xyl | Xylans (Pattathil, Avci et al. Xyl (100)
2010)
Phormium tenax PT Xl IRL, New Zealand; Hahn
AQ7 | Partially PH y Xylans lab data (Pattathil, Avci Xyl (94) and Gluc (6)
Hydrolysed et al. 2010)
Phormium tenax IRL, New Zealand; Hahn
A08 Low Arabinose IELXVI Xylans lab data (Pattathil, Avci Q)/I (87), Ara (8) and Glc
Xylan et al. 2010)
Phormium tenax
. . IRL, New Zealand; Hahn
A09 cookl_anum High PC Xyl Xylans lab data (Pattathil, Avci Xyl (70), Ara (27) and Gl
Arabionose etal. 2010) ®3)
Xylan )
National Renewable
Corn Energy Lab, Golden, CO;
AL0 | Corn Xylan Xyl Xylans Hahn lab data (Pattathil, | ' (100)
Avci et al. 2010)
CCRC, UGA; Hahn lab
Tomato Tom ' s .
All Glucomannan GlucM Mannans czigtlaogPattathll, Avci et al. Glc (61) and Man (39)
Megazyme, Bray, Ireland;
Hahn lab data (Pattathil,
Guar Guar Auvci et al. 2010),
BO1 Galactomannan | GalM Mannans http://secure.megazyme.co Man (62) and Gal (38)
m/Galactomannan-Guar-
Medium-Viscosity
Sigma-Aldrich, St. Louis,
Gum MO; Hahn lab data Man (63), Gal (36) and
BOZ | Gum Guar Guar Mannans (Pattathil, Avci et al. Ara (1)
2010)
Locust Bean Loc Sigma-Aldrich, St. Louis,
B03 Mannans MO; Hahn lab data Man (81) and Gal (19)
Gum Bean G

(Pattathil, Avci et al.
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http://secure.megazy/
http://secure.megazyme.co/

2010)

B04

(1.3)(1.4)-p-

Glucan

1314
Gluc

B-Glucans

Megazyme, Bray, Ireland,;
Hahn lab data (Pattathil,
Avci et al. 2010)

Glc (97), Man (2) and Ara
@

B05

(1.3)(1.6)-p-

Glucan

1315
Gluc

B-Glucans

CCRC, UGA; (Hahn,
Darvill et al. 1992); Hahn
lab data
(Pattathil,
2010)

Avci et al.

Glc (91), Man (7) and Ara
&)

B06

Pachyman

Pachym
an

B-Glucans

Megazyme, Bray, Ireland;
Hahn lab data (Pattathil,
Avci et al. 2010),
http://secure.megazyme.c
0 m/Pachyman

D-glucose essentially all of
which is 1,3-R-linked (>98)

BO7

Lichenan

Lichenan

B-Glucans

Megazyme, Bray, Ireland;
Hahn lab data (Pattathil,
Avci et al. 2010),
http://secure.megazyme.c
o m/Lichenan-Icelandic-
Moss

Glc (98) and Ara (2)

BO8

Lupin Galactan

Lup Gal

Galactans

Megazyme, Bray, Ireland;
Hahn lab data (Pattathil,
Avci et al. 2010),
http://secure.megazyme.c
o]

m/Galactan-Lupin

Gal (83), GalA (5), Rha
(5), Ara (3), Xyl (2) and
traces of Glc

B09

Potato Galactan

Pot Gal

Galactans

Megazyme, Bray, Ireland,;
Hahn lab data (Pattathil,
Avci et al. 2010),
http://secure.megazyme.c
0 m/Galactan-Potato

Gal (88), GalA (6), Ara (3)
and Rha (3)

B10

Larch
Arabinogalactan

Lar Ara
Gal

Arabinogalactans

Megazyme, Bray, Ireland,;
Hahn lab data (Pattathil,
Avci et al. 2010),
http://secure.megazyme.c
[o] m/Arabinogalactan-
Larch- Wood

Gal (81), Ara (14) and
traces of other sugars

B11

Gum Arabic

Gum
Arabic

Arabinogalactans

Sigma-Aldrich, St. Louis,
MO (Stephen, Phillips et
al. 2006); Hahn lab data
(Pattathil, Awvci et al.
2010)

Avra (37), Gal (40), Rha
(20) and traces of Glc

Co1

Gum Ghatti

Gum
Ghatti

Arabinogalactans

Sigma-Aldrich, St. Louis,
MO(Stephen, Phillips et
al. 2006); Hahn lab data
(Pattathil, Awvci et al.
2010)

Ara (49), Gal (31), Man
(10), GIcA (8) and Xyl (2)
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Sigma-Aldrich, St. Louis,
MO (Stephen, Phillips et

Gal (32.3), Ara (31.7), Xyl

C02 | Gum Tragacanth _IC_sruam Arabinogalactans | al. 2006); Hahn lab data | (12), Glc (12.3), Fuc (8.4)
g (Pattathil, Avci et al. | and Rha(3.3)
2010)
Megazyme, Bray, Ireland;
Hahn lab data (Pattathil,
. . . Avci et al. 2010), Ara (88), Gal (3), Rha (2)
C03 | Arabinan Arabina n| Arabinogalactans hitp://secure.megazyme.c and GalA (7)
o
m/Arabinan-Sugar-Beet
Megazyme, Bray, Ireland;
Hahn lab data (Pattathil,
. . Linear . Avci et al. 2010), Ara (97.5), GalA (2), Gal
C04 | Linear Arabinan Arabinan Arabinogalactans http://secure.megazyme.c (0.4) and Rha (0.1)
o m/Linear-1-5-alpha-L-
Arabinan-Sugar-Beet
CCRC, UGA, (Stevenson, | Gal (52.4), GIcA (15),
o5 ﬁé’gﬁ?ore Maple Sve Pech | RG.I McNeil et al. 1986); Hahn | GalA (11), Xyl (7.9), Ara
bolvsaccharides | lab data (Pattathil, Avci et | (7.5), Glc (2.6), Rha (2),
y al. 2010) Man (1.3) and traces of Fuc
CCRC, UGA,; (Jia, Qin et
Tomato Pectic Tom al. 2003); Hahn lab data Gal (57.4), Ara (25.2),
Co06 : RG-I - - GalA (6.5), Rha (4.4), Xyl
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Abbreviations: HG - homogalacturonan; RG-1 - rhamnogalacturonan-1; Me — methoxyl; BE -

base extract (taken from the Supplemental Materials attached to Pattathil, Avci et al. 2010).
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CHAPTER I1I

RESULTS

Fluorescent protein tagged scFvs expression and purification

The 49 scFvs (Table 2.1) were expressed as fusion proteins joined to fluorescent protein
Superfold GFP at the C-terminus of the scFvs. At the C-terminus of Superfold GFP domain,
there is an Avi-Tag and a 10x histidine tag. The recombinant proteins were expressed in
HEK293-6E and purified by immobilized Ni-column affinity chromatography. It was expected
that the molecular weight of these 49 GFP tagged scFvs would be between 50 KD and 55 KD,
based on their amino acid sequences. However, only 13 of the 49 scFvs could be obtained as
secreted proteins from the HEK expression system. The other scFv fusion proteins were either
not well expressed or failed to be secreted from the HEK cells (see Discussion Chapter). SDS-
PAGE electrophoresis was performed to confirm if the purified GFP tagged scFvs were
homogenous (Figure 3.1). The purified proteins electrophoresed as single bands with the
expected sizes under typical SDS-PAGE conditions. The binding of expressed scFv fusion

proteins to cell wall polysaccharides was explored in more detail as follows.
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Figure 3.1 SDS-PAGE of purified GFP tagged scFvs

(A) From left to right: purified scFv-M1:GFP, purified scFv-M58:GFP, purified scFv-
M98:GFP, purified scFv-M104:GFP, purified scFv-M106:GFP, purified scFv-
M116:GFP, MW - protein marker (PageRuler Prestained Protein Ladder, purchased from
Thermo Fisher).

(B) From left to right: MW - protein marker, unpurified scFv-M14:GFP, purified scFv-
M35:GFP, purified scFv-M70:GFP, purified scFv-M131:GFP, purified scFv-M134:GFP,
purified scFv-M141:GFP, purified scFv-M144:GFP, MW - protein marker

Secretion of ScFvs

Because of the secretion signal from the V-J2-C region of the mouse Ig kappa-chain at N-
terminus, the GFP tagged scFvs were supposed to be secreted into the culture medium after
appropriate post-translational modifications in HEK293-6E cells. However, the fluorescence
signal strengths of GFP from cell+medium were stronger than those from medium-only after
centrifugation. 13 of the expressed GFP tagged scFvs showed signal from the medium-only. The

other ones did not have any signal from medium-only while the fluorescence signals were only
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found in the cell pellets (Table 3.1 and Table 3.2). The 13 successfully secreted GFP tagged
scFvs are listed below. The secretion efficiency of these 13 GFP tagged scFvs varied from 21%-
100%.

Table 3.1 List of secreted GFP tagged scFvs and their corresponding fluorescence

strengths.
Fluorescence Strength
Fluorescence Strength Secretion
scFv Medium-only after
Cell & Medium* Efficiency
Centrifuge*

scFv-M1:GFP 570 580 102%
scFv-M14:GFP 380 200 49%
scFv-M35:GFP 440 190 39%
scFv-M58:GFP 460 180 35%
scFv-M98:GFP 340 170 45%
scFv-M104:GFP 560 380 66%
scFv-M106:GFP 160 130 1%
scFv-M116:GFP 540 600 112%
scFv-M131:GFP 410 190 42%
scFv-M134:GFP 540 310 55%
scFv-M140:GFP 380 100 20%
scFv-M141:GFP 500 240 47%
scFv-M144:GFP 500 270 51%

*The medium itself has a signal with strength of ~30. So the formula of Secretion Efficiency is

(Fluorescence strength of medium only-30)/(Fluorescence strength of cell&medium-30)*100%
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Table 3.2 Examples of non-secreted GFP tagged scFvs.

Fluorescence Strength

Fluorescence Strength Secretion
sCFv Medium-only after
Cell & Medium* Efficiency
centrifuge*

scFv-M5:GFP 180 30 0%
scFv-M21:GFP 340 30 0%
scFv-M87:GFP 180 30 0%
scFv-M147:GFP 450 40 2%
scFv-M152:GFP 380 40 3%

*The medium itself has a signal with strength of ~30. So the formula of Secretion Efficiency is

(Fluorescence strength of medium only-30)/(Fluorescence strength of cell&medium-30)*100%

Binding of fluorescent protein tagged scFvs to a diverse panel of 55 plant polysaccharides

ELISAs were performed to identify the binding characteristics of all the secretable
fluorescent protein GFP tagged scFvs against 55 diverse plant polysaccharide preparations,
whose detailed chemical compositions have been previously studied (Pattathil, Avci et al. 2010).
Based on their compositions and structures, the 55 plant polysaccharide preparations were
categorized into groups of Xyloglucans, Xylans, Mannans, B-Glucans, Galactans,

Arabinogalactans, Rhamnogalacturonans, Mucilages, and Homogalacturonans.
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Xyloglucan-binding Group (scFv-M1:GFP, scFv-M58:GFP, scFv-M104:GFP, scFv-
M106:GFP)

The ELISA results showed that the fluorescent protein GFP tagged scFv-M1:GFP had
similar specific binding activity for xyloglucan compared with its parent antibody, CCRC-ML1.
First, scFv-M1:GFP, as well as CCRC-M1, could not effectively bind to most samples of
hemicellulose or pectin in this polysaccharide panel (Figure 3.2, 3.3). Second, scFv-M1:GFP
displayed binding capacity to Sycamore Xyloglucan and Sycamore Maple (Acer pseudoplatanus)
Pectic Polysaccharides as did CCRC-M1. However, scFv-M1:GFP was able to bind to Poplar
Xylan to which CCRC-M1 did not show significant binding ability. Additionally, the signal
strength of scFv-M1:GFP was lower than CCRC-M1. It has been suggested that scFvs, being the
shorter fragment of antibodies, have weaker affinity than the whole antibody molecules (Cai, Fu

et al. 2013).
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Figure 3.2 Binding specificity of scFv-M1:GFP toward 55 plant polysaccharides.
The specificity of scFv-M1:GFP is revealed by its polysaccharide recognition pattern in the
ELISA. Each column reflects the binding strength of scFv-M1:GFP against an immobilized
polysaccharide in the corresponding well. ELISA of each scFv was performed in triplicate and

the values are the mean.
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Figure 3.3 Binding specificity of CCRC-M1 toward 55 plant polysaccharides.
The specificity of CCRC-M1 is revealed by its polysaccharide recognition pattern in the ELISA.
Each column reflects the binding strength of CCRC-M1 against an immobilized polysaccharide

in the corresponding well. The ELISA of each CCRC parental antibody was performed once.

The ELISA results showed that the fluorescent protein GFP tagged scFv-M106:GFP had
similar specific binding activities of CCRC-M106 for xyloglucan. First, scFv-M106:GFP, as well
as CCRC-M106 , could not effectively bind to most samples of hemicellulose or pectin in this
panel (Figure 3.4, 3.5). Second, like CCRC-M106, scFv-M106:GFP displayed binding capacity

to Sycamore Xyloglucan. Different from CCRC-M106, scFv-M106:GFP showed low binding
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ability to Lupin Galactan and Larch Arabinogalactan, although it is not certain that these signal
are significantly above background. Additional testing would be required to determine if these
latter binding results are significant. Noticeably, the signal strength of scFv-M106:GFP was

lower than CCRC-M106.
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Figure 3.4 Binding specificity of scFv-M106:GFP toward 55 plant polysaccharides.
The specificity of scFv-M106:GFP is revealed by its polysaccharide recognition pattern in the
ELISA. Each column reflects the binding strength of scFv-M106:GFP against an immobilized
polysaccharide in the corresponding well. Each ELISA of scFv was performed in triplicate and

the values were the mean.
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Figure 3.5 Binding specificity of CCRC-M106 toward 55 plant polysaccharides.
The specificity of CCRC-M106 is revealed by its polysaccharide recognition pattern through
ELISA. Each column reflects the binding strength of CCRC-M106 against an immobilized
polysaccharide in the corresponding well. ELISA of each CCRC parental antibody was

performed once.

Xyloglucan has a -1-4 glucan backbone. Up to 75% of the backbone could be
substituted with xylose units, which also could be decorated with galactose and fucose units. The
xyloglucans without any fucose on side chains is defined as non-fucosylated xyloglucan. The

ELISA results showed that the fluorescent protein GFP tagged scFv-M58:GFP had similar
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specific binding activities of CCRC-M58 for non-fucosylated xyloglucan. First, scFv-M58:GFP,
as well as CCRC-M58, could not effectively bind to most samples of hemicellulose or pectin in
this panel (Figure 3.6, 3.7). Second, like CCRC-M58, scFv-M58:GFP displayed binding capacity
to Tamarind Xyloglucan, Tomato Xyloglucan, Sycamore Xyloglucan and Sycamore Pectic
Polysaccharides, which are rich in non-fucosylated xyloglucans (Buckeridge 2010).

Additionally, the signal strength of scFv-M58:GFP was lower than CCRC-M58.
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Figure 3.6 Binding specificity of scFv-M58:GFP toward 55 plant polysaccharides.
The specificity of scFv-M58:GFP is revealed by its polysaccharide recognition pattern in the
ELISA. Each column reflects the binding strength of scFv-M58:GFP against an immobilized
polysaccharide in the corresponding well. ELISA of each scFv was performed in triplicate and

the values are the mean.
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Figure 3.7 Binding specificity of CCRC-M58 toward 55 plant polysaccharides.

The specificity of CCRC-M58 is revealed by its polysaccharide recognition pattern through

ELISA. Each column reflects the binding strength of CCRC-M58 against an immobilized

polysaccharide in the corresponding well. ELISA of each CCRC parental antibody was

performed once.

The ELISA results showed that the fluorescent protein GFP tagged scFv-M104:GFP had

similar specific binding activities of CCRC-M104 for non-fucosylated xyloglucan. First, scFv-

M104:GFP as well as CCRC-M104, could not effectively bind to most samples of hemicellulose

or pectin in this panel (Figure 3.8, 3.9). Second, like CCRC-M104, scFv-M104:GFP displayed

binding capacity to Tamarind Xyloglucan, Tomato Xyloglucan, Sycamore Xyloglucan,
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Sycamore Pectic Polysaccharides and Green Tomato Fruit RG-I. Noticeably, the signal strength

of scFv-M104:GFP was lower than CCRC-M104.
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Figure 3.8 Binding specificity of scFv-M104:GFP toward 55 plant polysaccharides.
The specificity of scFv-M104:GFP is revealed by its polysaccharide recognition pattern in the
ELISA. Each column reflects the binding strength of scFv-M104:GFP against an immobilized
polysaccharide in the corresponding well. ELISA of each scFv was performed in triplicate and

the values are the mean.

44



Left to right on graph:
mTamarind Xyloglucan
CCRC_ M 104 Tomato Xyloghucan
mSycamore Xyloghucan
‘Wheat Arabinoxylan
14-O-Methyiglucuronoxylan
Birch Wood Xylan
1 Poplar Xylan
Eucalyptus KOHss
Sorghum BE1

O 9 - tenax (p: ﬂ”‘fﬂml
0.8
H
E -|]{\I]B-g\u<a
(1,316 Gluca
g 0.7 .lfziﬂymalﬂ
on
$ Lupin Galactar
[ W Polato Galactas
£ 0.6 Larch Arabinogalact
c WPotato Arabinogalactan
o Arabinogalactan 2
n ur
= 0.5 .
< Jifusb' - "
w ineas inan
é 0.4 v Asonan g
.
> ] ctic Polysaccharides
) rella patens Pectic Polysaccharides
o 03 oo RG
Soybean RG-|
.RG | from Okra
WArabidopsis RG-|
0‘2 W Green Tomato Fruit RGI
MLettuce RGI
8 Sesd Muckige
0.1 s Seodbictage
ge
0 S ——— _M - | S
o o ~ W30% Me Pectin
’b(‘ ’b(\ ¥a (5 & MHigh-acetyl Sugarbeet B-Pectin
S lb{@ &
(SRR BN &
AR &~ &
0.0 & Ny &
L7 o O &
O q
L& . A9
SEE > o
A2 N & <
Q &
@ o
o
&
&
o\

Figure 3.9 Binding specificity of CCRC-M104 toward 55 plant polysaccharides.
The specificity of CCRC-M104 is revealed by its polysaccharide recognition pattern through
ELISA. Each column reflects the binding strength of CCRC-M104 against an immobilized
polysaccharide in the corresponding well. ELISA of each CCRC parental antibody was

performed once.

Xylan-binding Group (scFv-M116:GFP, scFv-M140:GFP, scFv-M144:GFP)

The ELISA results showed that the fluorescent protein GFP tagged scFv-M116:GFP had
similar specific binding activities of CCRC-M116 for xylans. Like CCRC-M116, scFv-
M116:GFP displayed binding capacity to several xylan preparations (Sorghum BE1, Corn BEL,
Phormium tenax (Low arab), Phormium cookianum) (Figure 3.10, 3.11). In addition, scFv-
M116:GFP showed cross-reactivity with a broad range of other arabinans and galactans; these
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cross-reactivities were similar, but not identical to those exhibited by the parent antibody,

CCRC-M116. Noticeably, the signal strength of scFv-M116:GFP was lower than CCRC-M116.
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Figure 3.10 Binding specificity of scFv-M116:GFP toward 55 plant polysaccharides.
The specificity of scFv-M116:GFP is revealed by its polysaccharide recognition pattern in the
ELISA. Each column reflects the binding strength of scFv-M116:GFP against an immobilized
polysaccharide in the corresponding well. ELISA of each scFv was performed in triplicate and

the values are the mean.
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Figure 3.11 Binding specificity of CCRC-M116 toward 55 plant polysaccharides.

The specificity of CCRC-M116 is revealed by its polysaccharide recognition pattern through

ELISA. Each column reflects the binding strength of CCRC-M116 against an immobilized

polysaccharide in the corresponding well. ELISA of each CCRC parental antibody was

performed once.

Previous study displayed that CCRC-M140 bound effectively to xylan preparations

including wheat Arabinoxylan, 4-O-Methyl-D-glucurono-D-xylan, Birch Wood xylan, Poplar

xylan and Eucalyptus KOH extract which is largely xylan (Pattathil, Avci et al. 2010) (Figure

3.13). However, the ELISA test showed that scFv-M140:GFP did not recognize any xylan

preparation included in the panel, nor to any other polysaccharide (Figure 3.12). The inability of
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scFv-M140:GFP to recognize polysaccharides most probably reflects variations in the structural

differences between antibody and scFv, or an inherent instability of the scFv.
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Figure 3.12 Binding specificity of scFv-M140:GFP toward 55 plant polysaccharides.
The specificity of scFv-M140:GFP is revealed by its polysaccharide recognition pattern in the
ELISA. Each column reflects the binding strength of scFv-M140:GFP against an immobilized
polysaccharide in the corresponding well. ELISA of each scFv was performed in triplicate and

the values are the mean.
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Figure 3.13 Binding specificity of CCRC-M140 toward 55 plant polysaccharides.
The specificity of CCRC-M140 is revealed by its polysaccharide recognition pattern through
ELISA. Each column reflects the binding strength of CCRC-M140 against an immobilized
polysaccharide in the corresponding well. ELISA of each CCRC parental antibody was

performed once.

The ELISA results showed that the fluorescent protein GFP tagged scFv-M144:GFP had
different specific binding partners of CCRC-M144 for xylans. Unlike CCRC-M144 which bound
to Wheat Arabinoxylan, 4-O-Methylglucuronoxylan, Birch Wood Xylan, Poplar Xylan,
Eucalyptus KOHSss, Sorghum BE1 and Corn BE1(Figure 3.15), scFv-M144:GFP displayed
binding capacity to 4-O-Methylglucuronoxylan, Birch Wood Xylan, Arabidopsis Seed Mucilage

and Citrus Pectin (Figure 3.14). Noticeably, the signal strength of scFv-M144.GFP was lower
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than CCRC-M144,
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Figure 3.14 Binding specificity of scFv-M144:GFP toward 55 plant polysaccharides.
The specificity of scFv-M144:GFP is revealed by its polysaccharide recognition pattern in the
ELISA. Each column reflects the binding strength of scFv-M144:GFP against an immobilized
polysaccharide in the corresponding well. ELISA of each scFv was performed in triplicate and

the values are the mean.
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Figure 3.15 Binding specificity of CCRC-M144 toward 55 plant polysaccharides.
The specificity of CCRC-M144 is revealed by its polysaccharide recognition pattern through
ELISA. Each column reflects the binding strength of CCRC-M144 against an immobilized
polysaccharide in the corresponding well. ELISA of each CCRC parental antibody was

performed once.

RG-I-binding Group (scFv-M14:GFP, scFv-M35:GFP, scFv-M134:GFP)

The ELISA results showed that scFv-M14:GFP had subtle differences in its binding
activities from its parent antibody, CCRC-M14. Previous study showed that CCRC-M14
recognizes the backbone of RG-I (Ruprecht, Bartetzko et al. 2017), and will bind to a broad
diversity of plant RG-1I and mucilage preparations (Figures 3.17). The scFv-M14:GFP showed

binding capacity to RG-I and seed mucilage from different species (Figures 3.16). Different from
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CCRC-M14, the scFv-M14:GFP bound effectively to Citrus Pectin, 30% Me Pectin, High-acetyl
Sugarbeet B-Pectin and Jatoba Xyloglucan of Hymenaea courbaril. Both scFv-M14:GFP and its
parent antibody, CCRC-M14 bound to a broad range of arabinogalactan-containing
polysaccharides. However, the specific binding intensities and patterns among the
polysaccharides tested are not identical for scFv-M14:GFP and CCRC-M14. Additional testing

would be required to resolve and understand these differences.
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Figure 3.16 Binding specificity of scFv-M14:GFP toward 55 plant polysaccharides.
The specificity of scFv-M14:GFP is revealed by its polysaccharide recognition pattern in the

ELISA. Each column reflects the binding strength of scFv-M14:GFP against an immobilized
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polysaccharide in the corresponding well. ELISA of each scFv was performed in triplicate and

the values are the mean.
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Figure 3.17 Binding specificity of CCRC-M14 toward 55 plant polysaccharides.
The specificity of CCRC-M14 is revealed by its polysaccharide recognition pattern through
ELISA. Each column reflects the binding strength of CCRC-M14 against an immobilized
polysaccharide in the corresponding well. ELISA of each CCRC parental antibody was

performed once.

The ELISA results showed that the fluorescent protein GFP tagged scFv-M35:GFP had very low
binding activity and very different binding activities from its parent antibody, CCRC-M35.
Previous study showed that CCRC-M35 is specific for the backbone of RG-1 (Ruprecht,

Bartetzko et al. 2017) and binds to RG-I and seed mucilages from different species (Figures
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3.19). However, scFv-M35:GFP showed binding capacity to RG-I and seed mucilage from
different species, but did not bind to pectin preparations (e.g. sugar beet pectin) recognized by
the parent antibody (Figures 3.18). Besides Soybean RG-I, Arabidopsis RG-I and Lettuce RG-I,
it also bound effectively to Gum Ghatti. Unlike CCRC-M35 which bound to a broad range of
arabinogalactan-containing polysaccharides, scFv-M35:GFP did not bind to these
polysaccharides. One possible reason is that scFv-M35:GFP showed very weak signals
compared to CCRC-M35, raising the possibility that scFv-M35:GFP is not active at all.

Additional testing would be required to resolve and understand these differences.
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Figure 3.18 Binding specificity of scFv-M35:GFP toward 55 plant polysaccharides.
The specificity of scFv-M35:GFP is revealed by its polysaccharide recognition pattern in the

ELISA. Each column reflects the binding strength of scFv-M35:GFP against an immobilized
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polysaccharide in the corresponding well. ELISA of each scFv was performed in triplicate and

the values are the mean.
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Figure 3.19 Binding specificity of CCRC-M35 toward 55 plant polysaccharides.
The specificity of CCRC-M35 is revealed by its polysaccharide recognition pattern through
ELISA. Each column reflects the binding strength of CCRC-M35 against an immobilized
polysaccharide in the corresponding well. ELISA of each CCRC parental antibody was

performed once.

The ELISA results showed that the fluorescent protein GFP tagged scFv-M134:GFP had

different binding activities from its parent antibody, CCRC-M134. Previous study showed that
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CCRC-M134 bound to RG-1 and seed mucilage from different species. The CCRC-M134
showed significant binding to Sycamore Maple Pectic Polysaccharides and Tomato Pectic
Polysaccharides, which is mostly RG-I (Figures 3.21). It also bound effectively to Tomato
Xyloglucan, Tomato Glucomannan, Larch Arabinogalactan, Gum Ghatti, Gum Tragacanth,
Linear Arabinan, Lettuce RG-I and Sinapus Seed Mucilage. The binding pattern was probably
because the structure of the RG-1 side chain varies greatly among plants (Harholt, Suttangkakul
et al. 2010). Compared to CCRC-M134, scFv-M134:GFP showed binding capacity to 4-O-
Methyl-D-glucurono-D-xylan, Corn Xylan, Gum Guar, Branched Arabinan, Physcomitrella
patens Pectic Polysaccharides, Soybean RG-I and Okra RG-I (Figure 3.20). Both scFv-
M134:GFP and its parent antibody, CCRC-M134 bind to a broad range of arabinogalactan-
containing polysaccharides. However, the specific binding intensities and patterns among the
polysaccharides tested are not identical for scFv-134:GFP and CCRC-M134. Additional testing

would be required to resolve and understand these differences.
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Figure 3.20 Binding specificity of scFv-M134:GFP toward 55 plant polysaccharides.

The specificity of scFv-M134:GFP is revealed by its polysaccharide recognition pattern in the

ELISA. Each column reflects the binding strength of scFv-M134:GFP against an immobilized

polysaccharide in the corresponding well. ELISA of each scFv was performed in triplicate and

the values are the mean.
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Figure 3.21 Binding specificity of CCRC-M134 toward 55 plant polysaccharides.
The specificity of CCRC-M134 is revealed by its polysaccharide recognition pattern through
ELISA. Each column reflects the binding strength of CCRC-M134 against an immobilized
polysaccharide in the corresponding well. ELISA of each CCRC parental antibody was

performed once.

Linseed mucilage-binding Group (scFv-M141:GFP)

The ELISA results showed that the fluorescent protein GFP tagged scFv-M141:GFP had
cross-reactivities not observed with its parent antibody, CCRC-M141. Previous study showed
that CCRC-M141 bound exclusively to Linseed Mucilage (Figure 3.23). Compared to CCRC-

M141, scFv-M141:GFP showed additional binding capacity to Corn BE1 and (1,3)(1,6)-p-
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Glucan (Figure 3.22). At present, we cannot explain the additional cross-reactivity of scFv-

M141:GFP with other polysaccharides besides the Linseed mucilage.
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Figure 3.22 Binding specificity of scFv-M141:GFP toward 55 plant polysaccharides.
The specificity of scFv-M141:GFP is revealed by its polysaccharide recognition pattern in the
ELISA. Each column reflects the binding strength of scFv-M141:GFP against an immobilized
polysaccharide in the corresponding well. ELISA of each scFv was performed in triplicate and

the values are the mean.

59



Left to right on graph:
W Tamarind Xyloglucan
CC RC M 1 4 1 Tomato Xyloglucan
= mSycamore Xyloglucan
Wheat Arabinoxylan
14-0-Methylglucuronoxylan
Birch Wood Xylan
1 Poplar Xylan
Eucalyptus KOHss.
Sorghum BE1
Com BE1
0.9 mPhormium tenax (part hydro)
N WPhormium tenax (Low arab)

. Locust Bean Gum
c (1,31 4)}§-Glucan
j = 0.7 W(1,3)(1,6)-p-Glucan
o
n
w
£ 06
=
o
n
< 0.5
<
w inan
Arabinan (sugarbeet)
3 0.4 ®Branched Arabinan (sugarbeet)
= mSycamore Pectc Polysaccnanides
s 1 Tomato Pectic Polysaccharides.
tens Pectic
a 1 pat
Gum Karaya
o 0.3 Potato RG-1
WSoybean RG-I
RG- from Okra
0 2 uit RGI
Mucilage
. cilage
o Seed Mucilage
01 b eed Mucilage
Linseed Mucilage
Citrus Pectin
m75% Me Pectin
0 WMo - ——— e — [ m55% Me Pectin
m30% Me Pectin
@ng WHigh-acetyl Sugarbeet B-Pectin
&
&
&
2
3
N

Figure 3.23 Binding specificity of CCRC-M141 toward 55 plant polysaccharides.
The specificity of CCRC-M141 is revealed by its polysaccharide recognition pattern through
ELISA. Each column reflects the binding strength of CCRC-M141 against an immobilized

polysaccharide in the corresponding well. ELISA of each CCRC parental antibody was

performed once.

Physcomitrella patens pectic polysaccharides-binding Group (scFv-M98:GFP)

The ELISA results showed that the fluorescent protein GFP tagged scFv-M98:GFP had
similar binding activities compared to its parent, CCRC-M98. Like CCRC-M98, scFv-M98:GFP
bound to Physcomitrella patens Pectic Polysaccharides (Figure 3.24, 3.25). Noticeably, the

signal strength of scFv-M98:GFP was lower than CCRC-M98.
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Figure 3.24 Binding specificity of scFv-M98 toward 55 plant polysaccharides.
The specificity of scFv-M98:GFP is revealed by its polysaccharide recognition pattern in the
ELISA. Each column reflects the binding strength of scFv-M98:GFP against an immobilized
polysaccharide in the corresponding well. ELISA of each scFv was performed in triplicate and

the values are the mean.
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Figure 3.25 Binding specificity of CCRC-M98 toward 55 plant polysaccharides.
The specificity of CCRC-M98 is revealed by its polysaccharide recognition pattern through
ELISA. Each column reflects the binding strength of CCRC-M98 against an immobilized

polysaccharide in the corresponding well. ELISA of each CCRC parental antibody was

The ELISA results showed that the fluorescent protein GFP tagged scFv-M131:GFP was
actually more selective than its parent, CCRC-M131. Like CCRC-M131, scFv-M131:GFP bound

to Soybean RG-I, Green Tomato Fruit RG-I, Peppergrass Seed Mucilage, 75% Me Pectin and



High-acetyl Sugarbeet -Pectin (Figure 3.26, 3.27). However, CCRC-M131 also binds to
several other pectic polysaccharide preparations that are not recognized by scFv-M131.
Noticeably, the signal strength of scFv-M131:GFP was lower than CCRC-M131, and perhaps
this explains why no signal was observed for several polysaccharides recognized by the parent

antibody.
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Figure 3.26 Binding specificity of scFv-M131:GFP toward 55 plant polysaccharides.
The specificity of scFv-M131:GFP is revealed by its polysaccharide recognition pattern in the
ELISA. Each column reflects the binding strength of scFv-M131:GFP against an immobilized
polysaccharide in the corresponding well. ELISA of each scFv was performed in triplicate and

the values are the mean.
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Figure 3.27 Binding specificity of CCRC-M131 toward 55 plant polysaccharides.
The specificity of CCRC-M131 is revealed by its polysaccharide recognition pattern through
ELISA. Each column reflects the binding strength of CCRC-M131 against an immobilized
polysaccharide in the corresponding well. ELISA of each CCRC parental antibody was

performed once.

Direct labeling of fixed Arabidopsis root sections using tagged scFvs

Arabidopsis root sections were immunolabeled to measure the abilities of the twelve
fluorescent protein-tagged scFvs (scFv-M1:GFP, scFv-M14:GFP, scFv-M35:GFP, scFv-

M58:GFP, scFv-M98:GFP, scFv-M104:GFP, scFv-M106:GFP, scFv-M116:GFP, scFv-
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M131:GFP, scFv-M134:GFP, scFv-M141:GFP, scFv-M144.GFP) to label plant cell walls
(Figure 3.28). The four xyloglucan-binding scFv-M1:GFP, scFv-M58:GFP, scFv-M104:GFP and
scFv-M106:GFP displayed binding mainly to cell walls of the epidermis and with root hairs.
They also showed weaker binding to cell walls of cortex, endodermis, pericycle, parenchyme,
phloem and xylem. The two xylan-binding scFv-M116:GFP and scFv-M144:GFP did not appear
to label root sections and neither did their parent antibodies. The RG-I-binding scFv-M14:GFP,
scFv-M35:GFP and scFv-M134:GFP appeared to label the cell walls of every tissue in the
Arabidopsis root. The HG backbone-binding scFv-M131:GFP also displayed weak binding to the
cell walls of every tissue in the Arabidopsis root. The Physcomitrella patens pectic
polysaccharides-binding scFv-M98:GFP and the linseed mucilage-binding scFv-M141:GFP do
not label any cell walls in the Arabidopsis root. Thus, results from labeling of fixed Arabidopsis
root sections with GFP fusion scFvs confirmed that the xyloglucan-binding,RG-I-binding, and
HG backbone-binding could recognize Arabidopsis cell walls when applied to tissue sections in
vitro, and display labeling patterns very similar to those of their parent antibodies, although the

labeling was weaker for the scFvs.
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Figure 3.28 Labeling of Arabidopsis root sections in vitro with tagged scFv fusion proteins.

(A) Fucosylated xyloglucan binding group: scFv-M1:GFP, scfv-M106:GFP and their parent
antibodies. Exposure time = 5s. Scale bar = 50um.

(B) Non-fucosylated xyloglucan binding group: scFv-M58:GFP, scfv-M104:GFP and their
parent antibodies. Exposure time: scFv-M58:GFP = 20s, others = 5s. Scale bar = 50um.

(C) Xylan binding group: scFv-M116:GFP, scFv-M144:GFP and their parent antibodies.
Exposure time = 10s. Scale bar = 50um.

(D) RG-I binding group: scFv-M14:GFP, scFv-M35:GFP and scFv-M134:GFP and their
parent antibodies. Exposure time: scFv-M35:GFP = 10s, others = 5s. Scale bar = 50um.

(E) Physcomitrella patens pectic polysaccharides-binding scFv-M98:GFP, HG backbone-
binding scFv-M131:GFP, Linseed mucilage-binding scFv-M141:GFP and their parent
antibodies. Exposure time: CCRC-M141 and scFv-M141:GFP = 10s, others = 5s. Scale

bar = 50um.

Heterologous Expression of scFvs: YFP in Arabidopsis

The experimental design for the heterologous expression of fluorescent protein-tagged
scFvs in Arabidopsis is outlined in Figure 3.15. In the pB1121 vector (Clontech), a fluorescent
protein-tagged form of the xyloglucan-binding scFv-M1 and xylan-binding scFv-M140 was
generated by fusing the gene encoding the yellow fluorescent protein (Nagai, Ibata et al. 2002).
The full-length scFv-M1:YFP or scFv-M140:YFP gene was fused in frame with the
AtExpansinl0 signal peptide (SP) coding sequence (Cho and Cosgrove 2000) at the 5’-end in
order to target the translated fusion protein to the cell wall through the secretory pathway in

Arabidopsis. The empty vector containing the AtExpansinl10 signal peptide coding sequence
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directly fused with YFP was produced as a negative control to verify that expression of the YFP
protein itself does not bind to or affect the plant cell wall. After transformation, kanamycin
antibiotic-resistant transgenic plants were selected and the expression of introduced genes was
confirmed by Reverse Transcript (RT)-PCR analysis using total RNA harvested from stems. For
each construct, three independent lines were isolated and selfed. T2 generations of these
transgenic plants were screened for kanamycin resistance and examined by RT-PCR and
fluorescence microscopy. Among the T2 plants, the introduced scFv-M1:YFP or scFv-
M140:YFP or SP:YFP genes were stably inherited by confirmation of semi RT-PCR (Figure
3.29E). In our imaging analysis, transgenic plants were grown from seeds of one line of each

transgenic plant expressing scFv-M1:YFP or scFv-M140:YFP or SP:YFP.

A

SP scFv YFP
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E WT SP:YFP scFv- scFv-
M1  M140

Stem

Leaf

Actin2

Figure 3.29 Outline of heterologous expression of scFv:YFP in transgenic plants

[Figure is modified from Figure 1 of (Abramson, Shoseyov et al. 2010)]

(A)

Gene constructs consisting of a constitutive promoter (Cauliflower Mosaic Virus 35S

promoter (red)), a cell wall targeting signal peptide (dark yellow), scFv gene (green), and yellow

fluorescent protein (light yellow).

(B)
(©)
(D)
(E)

Transformation of scFv:YFP gene into the plant genome.
ScFv:YFP protein is then expressed and possibly secreted into the cell wall.
Transgenic scFv:YFP plant is generated and expression of scFv:YFP protein is examined.

Results of semi RT-PCR on t-DNA from T2.

Developmental Effects of Expressed scFv-M1:YFP in Transgenic Plants

Heterologous expression of scFv-M1:YFP yielded phenotypes different than wild type

throughout plant growth and development. At week 2, the scFv-M1:YFP plants displayed

hypoplasia, which showed an underdevelopment phenotype. The rosette leaves were smaller and
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shorter compared to the control, average of which were approximately 37% in width and 49% in
length. (Figure 3.30A, D, E). The rosette leaves eventually developed to a size of approximately
23% in width and 31% in length (Figures 3.30B, D, E). They began to wither when the scFv-
M1:YFP plants started bolting. The bolting time of scFv-M1:YFP was 1 week earlier than wild
type plants. The average height of the mature stem was 4.7cm, which was approximately 10.2%
of the average height of wild type plants (Figures 3.30B). 2 weeks after bolting the scFv-

M1:YFP died without any seed yielded. (Figures 3.30C).
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Figure 3.30 Phenotypic characterization of transgenic scFv-M1:YFP plants

(A)  Growth of SP:YFP (left) and scFv-M1:YFP (right) at week 2.

(B)  Growth of scFv-M1:YFP at 3-days after bolting.

(C)  Growth of scFv-M1:YFP at 2 weeks after bolting.

(D)  Average width of the rosettes + error (n=3 for wild type, n=3 for transgenic scFv-
M1:YFP plants).

(E)  Average length of the rosettes + error (n=3 for wild type, n=3 for transgenic scFv-

M1:YFP plants).

Heterologous Expression and Developmental Effects of Expressed scFv-M140:YFP in

Transgenic Plants

Weekly measurements of the growth of rosettes and inflorescence stems were conducted
for transgenic scFv-M140:YFP plants to observe the developmental effects of the expressed
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scFv-M140:YFP along with wild type plants. Heterologous expression of scFv-M140:YFP
yielded phenotypes different than wild type in plant cotyledon shape and size, rosette size and
standing of stem. Cotyledon in the transgenic plants was developed at the same time, while the
size was only 34% of wild type individuals when fully open at week 1 (Figure 3.31A, F, G).
Between the week 2 and 3, the first pair of rosette leaves emerged at the same time as wild type.
However, the shape of rosette leaves was only half as the part from tip to the middle of lamina
was missing. (Figure 3.31B). The rosette leaves eventually developed to a smaller size, which
was 31~73% of the wild type plants at week 6 (Figure 3.31C, F, G). scFv-M140:YFP plants
started bolting at the same time as wild type plants at week 4/5. When reaching ~20cm at week
6, the inflorescence stems started to show a small degree from vertical (Figure 3.31C). The
degree increased with the development of the inflorescence stem. When the inflorescence stem
height reached ~25 cm, the degree was 30~45° (Figures 3.31D). After the inflorescence stem

height was over 30cm, the degree was ~90°, which means the stem was lodging (Figures 3.31E).
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Figure 3.31 Phenotypic characterization of transgenic scFv-M140:YFP plants

(A)  Growth of SP:YFP (left) and scFv-M140:YFP (right) at week 1.

(B)  The first pair of rosette leaves of scFv-M140:YFP.

(C)  The rosette leaves of scFv-M140:YFP at week 6.

(D)  The inflorescence stem of scFv-M140:YFP reached ~25 cm tall. Red arrows point to
the inclined stem.

(E)  The inflorescence stem of scFv-M140:YFP reached ~30 cm tall. Red arrows point to
the inclined stem.

(F)  Average width of the rosettes + error (n=3 for wild type, n=3 for transgenic scFv-
M140 :YFP plants).

(G)  Average width of the rosettes + error (n=3 for wild type, n=3 for transgenic scFv-

M140 :YFP plants).
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CHAPTER IV
DISCUSSION
ScFvs have been proven to be a powerful tool in both scientific and medical areas.

However, previous studies have found that the solubility of ScFvs varied based on the expression
systems and the amino acid sequence (Ahmad, Yeap et al. 2012). Currently, there are three main
expression systems for scFvs: E. coli, Pichia pastoris (Ahmad, Hirz et al. 2014) and mammalian
cells. Since E. coli is a well-established expression system, there are many molecular tools and
protocols developed for the high-level production of heterologous proteins (Baneyx 1999).
However, there are reports that E. coli is not a good expression host for scFvs. The expression of
scFv antibodies in bacterial hosts sometimes causes the aggregation of recombinant proteins due
to inappropriate folding. These aggregates, which are named inclusion bodies, need to refold into
their proper structure to obtain a functional protein. This refolding process is costly, laborious
and time-consuming (Guo, You et al. 2003, Baneyx and Mujacic 2004, Guo, Li et al. 2006). Dr.
Fangfang Fu from Hahn Lab had tried to express several scFvs using E. coli (BL21). Different
conditions were tested, including IPTG, incubation time, temperature, shaking protocol, medium
additives (Mg?*, sucrose) and pH. While Dr. Fu was successful with a few scFvs, most
expressed recombinant scFvs were insoluble (personal communication), even under conditions

that were deemed helpful in previous reports (Sina, Farajzadeh et al. 2015).

We also tried Pichia pastoris as expression system for scFvs (data not shown). P.
pastoris, currently reclassified as Komagataella pastoris, is a methylotrophic yeast widely used

for expressing heterologous proteins since the 1980°s (Cregg, Vedvick et al. 1993). Compared to
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E. coli, it has the capabilities of eukaryotic post-translational modifications. Previous study
revealed that because of correct proteolytic processing, folding, disulfide bond formation and
glycosylation, some protein which were expressed as inactive inclusion bodies in bacterial
expression systems could be expressed as biologically functional molecules in P. pastoris
(Higgins 2001). We utilized pPICZa A vector (purchased from Thermo), which carries AOX1
gene for controlling expression of GOI relying on methanol (Ellis, Brust et al. 1985, Tschopp,
Brust et al. 1987, Koutz, Davis et al. 1989) and a-factor signal from Saccharomyces cerevisiae.
It has been claimed that P. pastoris is more suitable for expression of antibodies such as 1gG than
mammalian cells because of the mannose-rich glycan glycosylation and amino acid residue from
a-factor pre-pro sequence left at the N-termini of both chains (Schaefer and Pluckthun 2012). We
tried different conditions, including temperature, shaking RPM, incubation span, and methanol
concentration. However, we did not detect any signal of recombinant scFv in Western Blotting

tests for any scFv construct that we tested.

HEK?293 is another popular expression system for over 25 years. It is able to carry out
most of the post-translational folding and processing required to generate active protein because
of its biochemical machinery (Thomas and Smart 2005). We tried to express the scFvs using
HEK293 and pSecTag2A expression vector, which was also purchased from Thermo. The
pSecTag2A carries the N-terminal \VV-J2-C region of the mouse Ig kappa-chain for efficient
secretion of recombinant proteins, and C-terminal 6x polyhistidine for rapid purification with
nickel-chelating resin. However, we did not detect any his-tag signal from Western Blotting on
the medium. Then we switched to pGEc2-DEST and collected the expressed scFvs successfully

from the medium. We compared the sequences between pSecTag2A and pGEc2-DEST. The
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pSecTag2A contains an amino acid sequence of DAAQPARRAVR, which pGEc2-DEST does
not carry. From our data this region of DAAQPARRAVR possibly affects the solubility and/or
secretion. There was no previous study on this amino acid or the sequence between signal

peptide and gene of interest, so it needs further investigation.

Figure 4.1 Example of insecretable scFvs.

(A) before centrifuge and (B) after centrifuge. It is clear that the cell+medium of scFv-
M147:GFP and scFv-M152:GFP (pointed by the red arrows in A) looked green but the
medium-only of scFv-M147:GFP and scFv-M152:GFP (pointed by the red arrows in B)

looked less green. As a matter of fact, neither of them had fluorescence signal (Table 3.2)

Antibodies are composed of Fab and Fc domains. The Fab has Vy and CH; together with
the V| and CL4, while Fc has the CH; and CHz domains. ScFv is either Vu-linker-V or V-
linker-VH. ScFvs are believed to have the same affinity and specificity for antigens as their full-
size parent mADbs, and they are preferred for molecular research due to their much smaller size
(Bird, Hardman et al. 1988, McCafferty, Griffiths et al. 1990, Hoogenboom, Griffiths et al.
1991). However, previous research also reported that since scFvs have weaker affinity than the
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whole antibody molecules because they are the ‘shorter version of antibodies’ (Cai, Fu et al.
2013). In our project, the scFvs demonstrated differences in binding specificity and/or affinity in
vitro compared to the parent antibodies. The most different one is scFv-M140:GFP, which did
not bind to any polysaccharides in the ELISA test, while its parent antibody is highly selective
for xylans. We proposed two possible reasons. The first possible reason is that the scFv is
unstable in free solution and either denatures or is degraded. | will discuss this possibility below.
The second possible reason is multivalency vs monovalency. The parent antibodies have two
recognition sites in the case of an IgG or five recognition sites in the case of an IgM, while the
scFvs only have one. So it is common that antibodies usually have higher avidity (also known as
functional affinity) compared to the scFvs (Rudnick and Adams 2009). Thus, for the same

amount of antigen, antibody could yield much stronger signal than scFv.

In our previous ELISAs, we added 10X the amount of scFvs compared to their parent
antibodies in order to get similar signal strength. In the latest ELISA test, we added the same
amount of scFvs. After comparison, we noticed that some binding peaks observed with the 10X
amount of scFvs were not present in the 1X ELISAs. For example, Figure 4.2 shows the results
with scFv-M58:GFP and scFv-M106:GFP. Compared with Figures 3.4 and 3.6, it is clear that
the 10X ELISAs gave additional peaks compared with the 1X ELISA. So the greater amount of
scFvs could cause non-specific reactions. However, there are still some scFvs displaying
unexpected binding compared with their parent antibodies even at 1X, such as scFv-M1:GFP and
scFv-M141:GFP. Since we are the pioneer in this area, there were few publications on the
specificity or affinity of scFv on polysaccharides. There was one report pointing out that an scFv

did not have specificity on binding to DNA (Kim, Kim et al. 2006). So we think that the binding
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pattern of scFv to carbohydrate needs further investigation. The amount of scFv raised another
question. The 1X amount of scFvs yields signals, some of which were only a little stronger than
background. In order to make results more convincing, it needs more work to find the balance
point between yielding strong signal and not producing non-specific binding activities, which we

believe has significance for future research on scFv.
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Figure 4.2 Binding specificity of scFv-M58:GFP and scFv-M106:GFP toward 55 plant
polysaccharides.

The added scFv amount was 10X compared to their parent antibodies.

ScFv is known for its low stability (Glockshuber, Malia et al. 1990). Previous studies
have revealed that there are many methods to make it more stable (Chowdhury and Vasmatzis
2003, Reiter, Brinkmann et al. 1996). In our experiments, we found the solution buffer of scFv
played significant role in keeping it stable. The TBS is able to keep scFv-M58:GFP active for
over several months, while PBS could only keep the activity for ~3 days (Figure 4.3). However,
scFv-M70:GFP was a special case. We could not detect its activity when it was in PBS (data not
shown). In TBS its activity could be detected within only ~2 days. It was not surprising to us

because previous study found the half-life of scFvs could be as low as 0.6 h (Zhang 2013). Like
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other scFvs, the scFv-M70:GFP has four cysteines forming two disulfide bonds, one of which is
in Vy domain and the other is in V.. domain. And its length of 789 bp makes it not special
compared to other scFvs (714 bp ~ 864 bp). Thus, there is no obvious reason for its instability.
We did not investigate this instability further in this report. The reason causing its super

instability requires further investigation.

scFv-M58 in PBS scFv-M58 in TBS
0.8 0.8
0.7 0.7
< 0.6 < 0.6
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Figure 4.3 Binding activity of scFv-M58 toward Tamarind Xyloglucan. Added amount =

50ul, ~0.5mg/ml.

The transgenic scFv-M1:YFP plants was unable to develop to maturity and set seed, and
exhibited altered growth even during seedling and vegetative growth. The plants died right after
the inflorescence emerged. So we still have question brought by this abnormal process: how did
it happen? This is more challenging to find out because there is no chance to do the sectioning to
observe the binding distribution of scFv-M1:YFP in vivo. And we did not get a chance to collect
the seeds for G3 because no seed was produced. Thus, further detailed investigation will be

needed to get a further understanding of how scFv-M1:YFP works in vivo.
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The transgenic scFv-M140:YFP displayed traits of lodging. It is still unclear why the
scFv-M140:GFP could not bind to any polysaccharides in vitro while it impacted the growth of
plant. One possible explanation is that the plant cell processed the scFv-M140:YFP on its post-
translation modification in a correct way, leading to an active scFv in planta, while the HEK293-
6E cells did not process and fold the protein correctly. Isolation and structure study of scFv-
M140:YFP could help us get a deeper understanding. Another possible explanation is that the
YFP affected the folding of scFv-M140 less that GFP, although there is no evidence to support
this idea. Previous study showed that the reduced xylan in plant could lead to smaller leaves and
lower stem (Lao, Long et al. 2003). From the data that have been obtained to date, it is not
possible to conclude whether or not binding of scFv-M140:YFP to xylan, if it occurs in the
transgenic plants, is responsible for the observed phenotypes. The third possible explanation is
the instability mentioned above. Given ELISA was tested on scFv-M140:GFP about one week

after purification, there is a chance that scFv-M140:GFP lost its activities before we observed it.

There is large desire for tools to document cell wall structure in relation to plant
development, and to reveal further understanding of polysaccharide functions. Currently,
the main method is to employ immunohistochemical techniques in vitro on fixed tissues in
order to discern cell wall structures and to locate polysaccharides in plant cells, tissues and
organs. However, the native configurations of polysaccharides in vivo are still largely
unknown, and substantial effort is required to demonstrate that in vitro characteristics of
polysaccharides are precise reflections of the structures and behaviors in vivo. In the Hahn
Lab, we have created new methods and obtained results which show that there is hope to

assay the effects of genetic, developmental, and environmental variation on polysaccharides

86



biosynthesis by tagging the polysaccharides in vivo. Several antibodies of CCRC series of
antibodies have been expressed in vivo, including those described here. Furthermore, Dr.
Tiantian Zhang in the Hahn lab was able to demonstrate that heterologous expression of a
tagged xylan-binding CBM, CBM2b-1-2:mCherry, could be used for in vivo tracking of
xylans (Zhang et al., in preparation). In addition, Dr. Zhang also showed that expression of
the cellulose-directed CBM, CBM3a:mCherry, in planta provided some insight into the
negative impact of this CBM on cell wall integrity and plant fitness (Zhang et al., in
preparation). Thus, there is hope that a broad collection of Arabidopsis plants expressing
diverse microbial CBMs, antibodies and/or single-chain antibody fragments (scFvs) that
target plant cell wall polysaccharide structures may serve as polysaccharide-selective agents

to learn about and alter cell wall structure for the future.
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