Microbial starch-binding domainsasatool for
modifying starch biosynthesis



Promotor: Prof. Dr. R.G.F. Visser
Persoonlijk Hoogleraar
L aboratorium voor Plantenveredeling

Co-promotor:  Dr. Ir. J.-P. Vincken
Universitair docent
Laboratorium voor Plantenveredeling

Promotiecommissie:  Prof. Dr. Ir. E. Jacobsen, Wageningen Universiteit
Prof. Dr. Ir. A.G.J. Voragen, Wageningen Universiteit
Prof. Dr. L. Dijkhuizen, Rijks Universiteit, Groningen
Dr. N. de Vetten, Avebe, Foxhol

Dit onderzoek is uitgevoerd binnen de onderzoekschool Experimental Plant Sciences



Microbial starch-binding domainsasatool for

modifying starch biosynthesis

Qin Ji

Proefschrift
ter verkrijging van de graad van doctor
op gezag van de rector magnificus

van Wageningen Universiteit
Prof. Dr. Ir. L. Speelman

in het openbaar te verdedigen
op dinsdag 22 juni 2004

des namiddags te vier uur in de Aula



QinJi
Microbial starch-binding domains as atool for modifying starch biosynthesis

Thesis Wageningen University, the Netherlands-with references

ISBN 90-8504-022-1



Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6
Summary
Samenvatting
Acknowledgements

Curriculum vitae

CONTENTS

General introduction

Microbial starch-binding domains as atool for targeting
proteins to granules during starch biosynthesis

Microbia starch-binding domains are superior to
granule-bound starch synthase | for anchoring luciferase
to potato starch granules

Reduction of starch granule size by expression of an
engineered tandem starch-binding domain in potato
plants

Glucan polymerization and granule packing uncoupled
during starch biosynthesisin potato plants

General discussion

15

39

55

77

103

111

115

119

121






General introduction

Chapter 1

General Introduction
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Chapter 1

Starch structure

Starch is an important reserve carbohydrate foundnany plant species. It is deposited as
crystalline granules, which consist of two polydarides, amlyose and amylopectin. Amylose (20-
30%) is an essentially linear molecule, which isnposed ofa-1,4-linked glucose residues with
less than 1% of branch points. Amylopectin (70-80%)a highly branched molecule, mainly
composed of a collection of-1,4-linked glucan chains, which are connectediy,6-linkages (the
branch points). The distribution of the branch p®is notat random, enabling the unique, cluster-
based structure of amylopectin (Thompson, 200@)st€fing of the branch points in the amorphous
lamellae enables the polymer chains to line up jrai@llel fashion. The chains can associate with
each other to form double helices (Sméthal., 1997; Ballet al., 1998). This chain organization
forms the basis of the semi-crystalline structuréhe starch granule (Myeet al., 2000) (Figure
1). It is generally believed that amylopectin playsnajor role in establishing the semicrystalline
organization of starch, while amylose is generafipsidered as an amorphous polymer with little
or no impact on the overall crystalline organizatipNVattebledet al., 2002). The crystalline
granules can vary in size, shape, composition aghysicochemical properties between different
species.
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Figure 1. Overview of the various levels of polymer orgati@a within the starch granule, which is
composed of amylopectin and amylose molecules.
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Star ch biosynthesis

In plant storage organs, starch biosynthesis tpkese within the amyloplast and is the result of
different reactions such as synthesis (polymeomaif glucosyl residues), rearrangement and
degradation, in which various starch synthases .J4(.21), transferases (branching
(E.C.2.4.1.18) and disproportionating enzyme (E41225)), and hydrolytic enzymes
(debranching enzyme (E.C.3.2.1.41)), respectivalyy key roles. Sucrose is the starting point of
starch biosynthesis, which is converted into hexgsesphate sugars in the cytoplasm. In potato,
glucose-6-phosphate (Glc-6P) is transported ingoatmyloplast (Kammeret al., 1998). It is first
converted to glucose-1-phosphate (Glc-1P) by mledtphosphoglucomutase (PGM) (E.C.5.4.2.2)
and, subsequently, to ADP-glucose (ADP-GIc) by Af&cose pyrophosphorylase (AGPase,
E.C.2.7.7.27) (Taubergest al., 2000; Muller-Roberet al., 1992; Starket al., 1992). ADP-Glc
serves as a substrate for the different starchhagetisoforms, some of which are mainly present in
the soluble phase or stroma (SS-isoforms), andrstihich are associated with the granule. The
exclusively granule-bound starch synthase (GBS&HIlgzes the formation of amylose (Kuipets
al., 1994). Furthermore, it was shown that GBSSI @¢@l$o contribute to amylopectin synthesis in
potato, pea and the unicellular al@#lamydomonas reinhardtii (Babaet al., 1987; Denyeet al.,
1996; van de Watt al., 1998). All starch synthases elongate glucannshay transferring the
glucose moiety of ADP-GIc to the non-reducing erfdoel,4 linked glucans. The branching
enzymes (BE) cleava-1,4 linkages and formi-1,6 linkages. Schwakt al. (2000) showed that
antisensing these enzymes in potato led to lesgbirag of the starch. Additional enzymes such as
the disproportionating enzymes (D-enzyme) cleavkrajoina-1,4 linkages in starch polymers and
the debranching enzymes (DBE) hydrolyzedhg,6 linkage at branch points.

The starch biosynthesis process is summarized stieathy in Figure 2. The model shows
clearly that amylopectin is synthesized first, ahdt amylose is formed later. Two possible
mechanisms for amylose biosynthesis have been gedpdi) the amylopectin-primed pathway,
and (ii) the malto-oligosaccharides (MOS)-primethpay (Mouilleet al., 1996; Ballet al., 1998;
van de Walkt al., 1998, 2000; Denyeat al., 1999; 2001). First evidence for the first patiiwaas
provided by van de Wadt al. (1998), who showed that amylose could be syntbds$n vitro by
cleavage of amylopectin molecules in mut&amydomonas starches. It was postulated that
amylopectin is cleaved by the action of hydrolytinzymes asi-amylase (E.C.3.2.1.1). The
Arabidopsis genome sequence indicates that these enzymebexgaanule-bound, because they
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ADESk: DBE Figure 2. Schematic representation of the starch

A - biosynthesis pathway. The timing of the bio-
_' synthesis process is as follows: the darker the
A 4 background colour, the later the event takes place.
' The role of the various enzymes is described in
detail in the text.

can be equipped with a specialized region for httemt to starch granules (Coutinho and
Henrissat, 1999). An alternative explanation i GBBSI has a dual activity, initially working as a
polymerase, and at a particular time point as adigde. Also in higher plants, the amylopectin-
primed pathway seems to take place. However, & thse it is more difficult to demonstrate
amylopectin-priming, due to the much lower GBSSivéty in the granules (van de Wal, 2000).
For the second pathway, Denytal. (1999) showed that amylose could be synthesizedro in
pea granules by the processive elongation of ssoélble glucans or MOS, which can diffuse into
the granule. It is estimated that the MOS concénftrais sufficiently high in starch-producing
organs of plants, thereby providing enough accepibstrate for amylose synthesis (Densteal .,
2001). The MOS pool may be replenished continuohglyhe action of DBE and other hydrolytic
enzymes. Van de Wa al. (2000) have suggested that the two pathways ceur gide-by-side.
Depending on the conditions in the plant, amyloggsymthesis may switch between the two
mechanisms.

Partitioning of starch synthases during starch biosynthesis

It has been observed by many investigators thabib®ynthetic enzymes are partitioned between
the soluble phase or stroma and the growing ciystafjranule during the biosynthesis process.
This partitioning process is illustrated in Figue For clarity, the number of enzymes is kept
constant during granule growth, which is most pbdpa simplification of the reality. Three types
of enzymes are distinguished: (i) exclusively stdulenzymes, (ii) partially granule-bound
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enzymes, and (iii) exclusively granule-bound enzymkhe partially granule-bound enzymes are
sometimes referred to as dual-location enzymes éCalo, 1999). To this end, it is unknown which
factors determine granule-boundness. At the origgaule formation, the surface area is small, and
the number of binding sites for exclusively grarbt@ind enzymes may be so limited that not all the
enzyme molecules can attach to the granule. Thiatgin gradually changes as the granule grows
larger, and eventually all exclusively granule-bduenzymes will be incorporated in the starch
granule. It is possible that these enzymes possémgh-affinity starch-binding region, which locks
them into place. The partially granule-bound enzymmey also operate at the granule surface, but
with a lower affinity for the starch granule thaxckisively granule-bound enzymes. Occasionally,
they may be entrapped inside the granule, wheahstaslymers crystallize around them before they
had a chance to dissociate from the granule. Thiigixely soluble enzymes may be envisaged as a
swarm of enzymes around a granule, displaying & &hd run” strategy. The enzyme-substrate
complex dissociates after each encounter of enaymdeubstrate.

| o

A ® oA N
|:|]:| o O
O ~a ® o

@ _)

A O
° , ]
(m] (m]
B 4 ® ® °
o o

Figure 3. Schematic illustration of the partitioning of starbiosynthetic enzymes between the granule and
the soluble phase (stroma) during the biosynth@sisess|[ ] soluble enzymed@: partially granule-bound
or entrapped enzyme&s: exclusively granule-bound enzymes. For detadls,text.

Starch synthases are present within each of tlesedadescribed above. In potato, GBSSI and
SSIII belong to the exclusively granule-bound enegnand the exclusively soluble enzymes,
respectively, whereas SSll is a representativén@fpiartially granule-bound enzymes (Edwaeds
al., 1995). There is some evidence that starch sgatisforms in other plants partition between
stroma and granule in a similar fashion (Edwaetdal., 1996; Cacet al., 1999). However, a good
comparison is hampered by the fact that the vaisaf®rms are not expressed in similar amounts
in the starch-accumulating compartments of diffe@ants. For instance, SSI is an abundant dual-
location enzyme in maize kernels (Mu-Forsteal., 1996), whereas the potato orthologue of this
enzyme is hardly expressed in tubers (Kossmeira., 1999). Examples of other dual-location
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enzymes that have been described to date are Rlafoh excess 1 [SEX1]) (Riteeal., 2000; Yu

et al., 2001), and maize BEIl (Mu-Forsteral., 1996). R1 is involved in controlling the phosggha
content of starch, which seems to be importanstarch mobilization (Yt al., 2001). Recently,
phosphoserine/threonine-binding 14-3-3 proteins ewdentified in the starch granules of
Arabidopsis leaves and maize kernels (Sehekal., 2001). The 14-3-3 proteins seem to control the
rate of synthesis of starch that is produced, siandsense suppression of these genes in
Arabidopsis gives a two-fold increase in starch content. Iditah, the polymers of the transgenic
starch were more heavily branched. There is sorteeee that 14-3-3 proteins can bind to SSIII.
This suggests that the granule-bound 14-3-3 protatermine the partitioning of the soluble SSil|
between stroma and granule. Thus, granule-boundnagsbe imparted indirectly to proteins. Of
particular interest is the granule-boundness dhaewheat BEs (Peng al., 2000). These BEs are
mainly found in A-type starch granules, and in maofaller amounts in B-type granules. Possibly,
these enzymes determine the type of crystalliteishi@mrmed during biosynthesis.

Starch binding domain

The ability to bind to starch granules is not fiettd to its biosynthetic machinery. Also, micrdbia
starch-degrading enzymes can attach to starch lgearularge number of these enzymes have been
studied extensively, and they are often composevofor more domains (Svensseinal., 1989).
Figuer 4A Iillustrates the modular structure of fatarch-degrading enzymes. Attachment of these
enzymes to (raw) starch granules is mediated y@aked starch-binding domain (SBD) or domain
E. Without a SBD, these enzymes show little agtioih insoluble substrates (such as the crystalline
granule), whereas the activity on soluble substrst@ot affected substantially (Souttetlbl., 1999).

It has also been suggested that SBD plays a mtive #out non-hydrolytic) role in starch degradatio
by disrupting the granule surface (Soutletlial., 1999). Besides their affinity for starch gramsule
SBDs can bind malto- and cyclodextrins (Svensgtaal., 1989). In their natural setting, SBDs are
combined with catalytic domains belonging to défer protein families (domain A/B is a GH13
member, whereas domain J belongs to GH15). Theiduneof domains C and D is still unclear. The
SBD can be present on the N-terminus or on ther@iteis of a protein. SBD can be embedded in a
multi-domain structure as in the cyclodextrin glggitransferase (CGTase) froBacillus circulans
(see Figure 4B; Lawsod al., 1994), or it can be spatially separated fromdd@lytic domain by a
heavily glycosylated linker peptide (the glucoarsgs ofAspergillus niger andRhizopus oryzae).



General introduction

0 domain C @
domain A
@
o} .,,.,.‘;.'.’.. Aspsrgr'ﬂ'u;i niger
4 —u
(E [T | S — T ([ (8o
cyclodextrin glycosyltransferase glucoamylase Xy :
Bacillus circulans Rhizopus oryzae o -
B domain B
> o @ ®
==SGDOVSVRFVVNNATTALGONVYLTGSVSEL P CGT-B. clrculans C604
[drTPTAVAVTEDLT- ATTTHGENI YLVGS I SQLI T GA-d. niger
--TGHQICVREVVNNASTVYGENVYLTGNVAEL T 67 T thermosuffurigenas ;
~-TNDQVSVREVVNNATTNLGONIY¥ IVGNVYEL T CGT- B. stearathermophilus

=3b — p—, ] §
AKAIGPMYNQVVYQYPNWYYDVSVPAGKTIEFKFLKKQ co7- 5. cicutans
SDGIALSADKTSSDPLWYVTVTLEAGESFEYKFIRIE GA- A niger
SKAIGPMFNQVVYQYPTWYYDVSVEAGTTIQFKFIKEN CGT- T thermosutiuriganes
SKAIGPMFNQVVYSYPTWY IDVSVPEGKTIEFKFIKKD CGT- 8 stearothermophiius

6 -7 — ] —
G-s GGSNHTFTAB---SSGTATINVNWQ-P cG7-a. circutans
SDDSVEQESDPNREYTVEQACGTSTATVTDTHR GA- A. niger

G-NTI GGSNHTYTVP---SSSTGTVIVNWQQ CGT - T. thermosulfurigenes
5Q

SGSNHVYTTE---THNTTGEKIIVDWON CGT - B. stearothermaphilus

Figure 4. Overview of the domain structure of various migabtstarch-degrading enzymes, and some
structural features of starch-binding domasDomain organization of selected starch-degradimgymes.
Domain A and J represent the catalytic domainsrggtg to two different enzyme families, GH13 and
GHA15, respectively. Domain E represents the sthicting domain. The exact function of the domains B
C, and D is not known. In glucoamylases, SBD isnemted to the catalytic domain by a glycosylatakldr
peptide.B: Ribbon diagram of the structure of the cyclodiexglycosyltransferase fromBacillus circulans,
showing that the SBD is an integral part of a rattmmpact 5-domain structure. Maltose-binding sitesd

2 of domain E are indicated by the arro@s.Alignment of the amino acid sequences of 4 déiferSBDs.
Numbered arrows illustrate th&strand structural elememm residues represent the highly conserved
maltose-binding site 1§ residues indicate the less conserved maltosedgndite 2. Boxed cysteine
residues participate in the formation of a disdflatidge D: Ribbon diagram of the structure of the separate
SBD of glucoamylase fromispergillus niger. The exposed aromatic amino acids, belonging ttiose
binding sites 1 and 2, are indicated in black.

Compared to the catalytic domains (> 200 aminosacithe SBDs are usually relatively small
(approximately 100 amino acids) (Svenssbal., 1989; Jangek and Setik, 1999). Their amino acid
sequences seem very well conserved among differayimes ¢-amylase 3-amylase, glucoamylase,
CGTase,etc.), as well as among different microbial specidspérgillus niger, Bacillus circulans,
Sreptomyces limosus, Clostridium thermosul furogenes, Pseudomonas stutzeri, Klebsiella pneumoniae,
etc.) (Svenssomt al., 1989; Jantek and Sesik, 1999; Linet al., 2003; Paldgt al., 2003). Figure 4C
shows amino acid alignments of four SBDs. The dviglentity of the domains is approximately 25%.
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In particular, a number of aromatic amino acid(@&nd Tyr) are highly conserved. Some of these
play a pivotal role in binding carbohydrate struetu(see below; Penninggal., 1996; Williamsoret

al., 1997). Crystallographic studies revealed thatDS&Bare rather rigid structures, which are
predominantly composed Bfstrands (Lawsost al., 1994; Sorimachet al., 1996). Both the SBDs of
Bacillus circulans CGTase andispergillus niger glucoamylase contain two separate sugar-binding
sites (see Figure 4D), a finding confirming earbdservations by Belshaw and Williamson (1993).
Each site contains two or three exposed aromatincamacids. The structure of site 1 is better
conserved among the different SBDs than that ef Zi{see also Figure 4C). It contains two easily
accessible Trp residues, which more or less kesp ahentation upon ligand binding (Sorimaehi

al., 1996). Site 2 is much longer than site 1 andatos two or three Tyr residues, which are located
on a rather flexible loop of the SBD. Upon bindisge 2 undergoes significant structural changes,
which may allow the SBD to interact with starchvarious orientations (Sorimachi al., 1996). In
CGTase, site 1 is on the outside of the proteirereds site 2 is more buried in the protein strectur
forming part of a channel (between domain D ande&fling to the catalytic site of the enzyme (see
Figure 4B). Site-directed mutagenesis of a numbaramatic amino acid residues belonging to both
site 1 and 2 have shown that site 1 is the actaal)(starch-binding site (Penninghal., 1996;
Williamsonet al., 1997), whereas site 2 is involved in guidingéinstarch chains to the active site of
the CGTase (Penning al., 1996). To this end, it is unclear whether sitef 2he Aspergillus niger
glucoamylase SBD has a particular function. Sev&tadies show that SBDs retain their affinity for
starch, even when they are separated from the cthestituent domains of the natural proteins
(Belshaw and Williamson, 1993; Dalmeh al., 1995; Williamsonet al., 1997; Linet al., 2003).
Further, it has been shown that enzymes that nbrmalnot bind to starch can acquire affinity for
starch granules by fusion of an SBD to their cditalgjomain (Dalmiaet al., 1995; Ohdaret al.,
2000). These results suggest that SBDs can be aseghiversal tools to target an attached
biosynthetic enzyme to starch granules during tbsyimthesis process.

Starch modification

Starch is an important raw material for industaipplications, such as in the paper, textile, ptasti
food and pharmaceutical industry. It is currentsiny used in the production of biodegradable
packing materials (Riaz, 1999) and the developnanbiodegradable plastics is becoming an
increasingly attractive alternative to petroleunsdzh products (Davigt al., 2003). There is
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considerable interest from the industry in the pem$ of diversifying the structure of starch
polymers. Improvement of starch properties for stdal uses can be achieved by chemical or
physical modification after isolation, but alsodhgh thein planta modification of starch. Over the
years, the recombinant DNA technology has providemhy examples of this. A number of
modified starches have been tailorgdplanta. In most cases certain endogenous genes were
inhibited. For instance, an amylose-free potatochtavas obtained by the introduction of an
antisense GBSS | construct, showing an increasegelatinisation temperature of granules,
compared to the control, and absence of retrogmadah starch solution after gelatinisation
(Kuiperset al., 1994). The amylose-free starches can be usiedzen foods to improve the freeze-
thaw character of the products. In paper manufexguit is used to enhance paper strength and
printing properties (Slattemst al., 2000). Another example is that a very-high-arsglpotato starch
(60-89%) was generated by inhibition of SBE A and$hwall et al., 2000). High amylose
starches also have numerous industrial applicatibhey can be used in fried snack products to
create crisp, and in the production of gum candigs to their rapid setting properties (Slattety
al., 2000). However, there are also examples in wiieterologous genes were added to the
biosynthetic machinery. For instance, introductdriescherichia coli glycogen-branching enzyme
(GLGB) in an amylose-free potato mutant backgroleadto a more heavily branched amylopectin
structure than the control (Kortste# al., 1996). The examples mentioned above show that
modification of the biosynthetic pathway have amremus potential to produce novel or tailor-
made starches.

Aim and outline of thisthesis

The aim of this thesis research was to explorgdssibility of engineering artificial granule-bound
proteins by using microbial SBDs, which might bearporated into granules during starch
biosynthesis. In this way, starches with new orrionpd functionalities may be generated, which
cannot be obtained by conventional breeding. #xigected that this new technology has a much
wider range of applicability. A number of importagpects were studied in this thesis research: (i)
can SBDs be accumulated in starch granules?;afi)active enzymes be targeted to starch granules
by fusion to SBD?; (iii) can potato GBSSI be usedia alternative for SBD?; (iv) is it possible to
engineer a higher affinity SBD with which more @iot can be accumulated in granules, and (v)
does the anchor’s position (C- or N-terminal) isiéun proteins influence the activity of the effecto
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and binding affinity of the anchor? Normal amylose-containing wild-type (WT) potato plants, as
well as an amylose-free (amf) mutant plant were chosen for these studies, because potato is one of
the crop plants amenable to genetic transformation, and therefore very well suited for the
production of modified starch polymers. In addition, the starch of potato has a number of
characteristics, which make it very suitable for various industrial applications, such as high
molecular weight, high phosphate content, and alow level of contaminants (such as protein and fat).
It is expected that the genetically modified starches can combine the advantageous potato starch
characteristics with the newly acquired functionalities, which will open new applications for these
starches. For example, introduction of more charge, such as phosphate groups, to starch can alter
the rheological properties of the transgenic starch, and introduction of reactive groups might reduce
or eliminate the need for some chemical modifications, such as the addition of crosslinkers (Slattery
et al., 2000).

A family 20 SBD derived from Bacillus circulans CGTase was used as an anchor for making
granule-bound proteins. To investigate whether the microbial SBD can be targeted to granules
during starch biosynthesis, a separated SBD was expressed in the tubers of two potato cultivars (cv.
Kardal and cv. Karnico) and the amf potato mutant under the control of the potato GBSSI promoter.
Amyloplast entry of SBD was mediated by the potato GBSSI transit peptide (Chapter 2). The
possibility of incorporating active proteins (SBD/luciferase fusion) in starch granules using SBD
technology was also investigated in Chapter 2.

The efficiency of two granule targeting sequences, SBD and GBSSI, as well as the effect of
their position (C- or N-terminal) in luciferase-containing fusion proteins on the activity of luciferase
and the binding affinity of the targeting sequences, are described in Chapter 3.

To investigate whether SBD2 (an artificial tandem-repeat of afamily 20 starch-binding domain)
is a higher-affinity anchor than SBD, a comparison of affinity of the SBD and SBD2 for starch
(granules) in vitro and in planta is described in Chapter 4. Chapter 5 describes the introduction of
SBD2 into an amylose-containing potato background. It was investigate whether SBD2 could
displace GBSSI from the granules to generate an amylose-free starch.

The implications of this research are given in Chapter 6.

10
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Chapter 2

Summary

Modification of starch biosynthesis pathways haaisenormous potential for tailoring granules or
polymers with new functionalities. In this studyewave explored the possibility of engineering
artificial granule-bound proteins, which can beoirporated in the granule during biosynthesis. The
starch-binding domain (SBD)-encoding region of ogextrin glycosyltransferase fromacillus
circulans was fused to the sequence encoding the transiideefamyloplast entry) of potato
granule-bound starch synthase | (GBSS I). The sjiatlyene was expressed in the tubers of two
potato cultivars (cv. Kardal and cv. Karnico) antecamylose-freea(nf) potato mutant. SBDs
accumulated inside starch granules, not at theuggasurface. Amylose-free granules contained 8
times more SBD (estimated at approximately 1.6%wieyght) than the amylose-containing ones.
No consistent differences in physicochemical propgibetween transgenic SBD starches and their
corresponding controls were found, suggesting 8BID can be used as an anchor for effector
proteins without having side-effects. To test thigonstruct harbouring the GBSS 1 transit peptide,
the luciferase reporter gene, a PT-linker, andBB (in frame), and a similar construct without the
linker and the SBD, were introduced in cv. Kardghe fusion protein accumulated in starch
granules (with retainment of luciferase activityhereas the luciferase alone did not. Our results
demonstrate that SBD technology can be develogeditrue platform technology, in which SBDs
can be fused to a large choice of effector prot@ngenerate potato starches with new or improved
functionalities.

Key words: luciferase, starch-binding domain, starch biosgsith transgenic potato
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Introduction

Starch is an important storage material in mangtplasuch as cassava, maize, rice, pea and pibtato.
is deposited as crystalline granules, which gelyerahsist of two polysaccharides, amylose (20-30%)
and amylopectin (70-80%). Amylose is an essentlalar molecule, which is composed of(14)-
linked a-D-glucopyranosyl ¢-D-Glcp) residues. Amylopectin is a highly branched mdkecu
composed of a collection of(1- 4)-glucan chains, which are connectedobfd — 6)-linkages (the
branch points) (Kossmann and Lloyd, 2000). Manyyeres are involved in assembling the starch
granule. During the biosynthesis of the starch gerthese enzymes are partitioned over the soluble
phase (or stroma) and the crystalline granule. Mbgite enzymes occur in the stroma, whereas one
enzyme, the granule-bound starch synthase | (GBSS found exclusively attached to the starch
granule. The presence of GBSS | determines whetingtose is synthesized (Kuipesisal., 1994).
Other examples of biosynthetic enzymes that adsowidh starch granules include particular starch
synthases other than GBSS | (@Ghal., 1999), a protein involved in starch phosphoigta(Ritte et

al., 2000), and particular wheat branching enzymead#g al., 2000).

Granule-boundness is also encountered in staraladieg enzymes. Many of these enzymes
have a modular structurieg. they are composed of a number of domains (Svergsbn 1989). The
composition and arrangement of domains varies lgreatween enzymes. Besides a catalytic domain
(domain A and B), and domains of unknown functi@onfains C and D), the cyclodextrin
glycosyltransferase (CGTase) frd®acillus circulans (Lawsonet al., 1994) contains a starch-binding
domain (SBD; domain E). SBDs are approximately a@ino acids long. Their amino acid sequences
seem very well conserved among different enzyraesnfylase 3-amylase, glucoamylase, CGTase,
etc.), as well as among different speci@spérgillus niger, Bacillus circulans, Sreptomyces limosus,
Clostridium thermosulfurogenes, Pseudomonas stutzeri, Klebsiella pneumoniae, etc.) (Svenssomt al.,
1989; Jangek and Sesik, 1999). One of the functions of SBD is to attéio amylolytic enzyme to
the insoluble starch granule. Several studies Iswsvn that these enzymes lose (most of) their
activity towards raw starch granules upon remov#h® SBDs, whereas their activity towards soluble
substrates remains unaltered. It has also beerstegithat (next to a passive attachment) SBDsaplay
more active (but non-hydrolytic) role in starch detation by disrupting the granule surface (Southal
et al., 1996). Besides their affinity for starch grasuléSBDs can also bind maltodextrins and
cyclodextrins (Svenssa al., 1989).

There is considerable interest from industry in phespect of diversifying in the structure of
starch polymers. On the one hand this is done weititous chemical derivatization procedures, on the
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other hand recombinant DNA technology offers mappartunities to do this. Over the years, a
number of potato starches with new or improved tionelities have been tailored planta. In most
cases certain biosynthetic enzymes were inhibied.instance, an amylose-free starch was obtained
by the introduction of an antisense GBSS | consffiKiniperset al., 1994). However, there are also
examples in which heterologous enzymes were aduéhlet biosynthetic machinery. For instance,
introduction of Escherichia coli glycogen-branching enzyme (GLGB) in an amylose-fpotato
background led to a more heavily branched amylapsttucture (Kortsteet al., 1996). In this paper
we describe a platform technology, which is wid@gplicable in starch bioengineering. The
technology applies SBDs in a different contéx, in starch biosynthesis instead of degradation. By
fusing a SBD to an enzyme of interest (the effgctbe partitioning of an enzyme over the crystalli
granule phase and the stroma can be determinpdntiple, granule-boundness of any effector can be
engineered.

Results

Preparation of constructs

The pTrcHisB/SBD vector was constructed by clontihg SBD gene into the pTrcHisB. coli
expression vector (Figure 1A). The purified SBDtpno from E. coli lysates was used to raise
polyclonal antibodies against SBD. The amino aeiquence of SBD and that preceding SBD in
pTrcHisB is shown in Figure 1B. To investigate wiestSBD can be targeted to starch granules in
potato tubers, the pBIN19/SBD (Figure 1A) vectoiswmaade for SBD expression in potato plants.
The SBD gene was cloned into the plant expressemtoy pBIN19 under control of tuber-specific
potato GBSS | promoter. Amyloplast entry of SBDniediated by the potato GBSS | transit
peptide. The splice site for amyloplast entry ighgly different fromATIVC | GK in the original
potato GBSS | transit peptide (see Figure 1C).oAdsluciferase-SBD fusion protein was included
in this study. The pBIN19/Luc-SBD (Figure 1A) vectfor the expression of Luciferase-SBD
fusion proteins in potato plants was used to ingast whether an enzyme connected to a SBD
could be incorporated in starch granules with t&enof the enzyme’s activity. Because the SBD
in its natural setting is present at C-terminusC&Tase, the SBD was fused to the C-terminus of
luciferase. The fusion was made by an artificiatri€h linker, normally found in the exoglucanase
from Cellulomonas fimi (Gilkes et al., 1991; Tommeet al., 1995). The linker has a function in
spatially separating the luciferase and the SB®,theat both domains can operate independently.
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VGG R as GVASMT GGQQVIGRDL YDDDDK t DPL SGDQVSVREVVNNATTAL GONVYL TG
SVSEL GNVWDPAKAI GPMYNQVVYQYPNWYYDVSVPAGKT | EFKFL KKOGSTVTWEGGSNHT

FTAPSSGTATI NVNVORS

C pBIN19/SBD sequence

MYNOVVYQYPNWYYDVSVPAGKTI EFKFL KKOGSTVTWEGGSNHTFTAPSSGTATI NVNWO
P

Figure 1. Overview of SBD, luciferase, and luciferase-SBpression vectors used in this stut\anel A:
Schematic representation of pTrcHisB/SBD vectordufee SBD expression ik. coli. The pBIN19/SBD,
pBIN19/Luc, and pBIN19/Luc-SBD binary vectors warsed for SBD, luciferase, and Luc-SBD fusion
protein expression in potato plants. In these cathes genes are under the control of a potato GBSS
promoter. Amyloplast entry is mediated by the pot&BSS | transit peptidd?anel B: The amino acid
sequence of SBD and that preceding SBD in pTrcHsBhown. Underlined amino acids (thick line)
represent the SBD sequence, which is identicdiabdf the SBD of th8acillus circulans CGTase. A black
box with white characters shows the affinity tag jpootein purification. A gray box indicates antibégs
antibody epitope. Italic characters in as gray bepresent the enterokinase recognition site. Anaugsv
arrow shows enterokinase cleavage site. Other a@niigs are not present in the bacterial gene, aad a
either part of the vector sequence or introduced @esult of the cloning strategyanel C: The amino acid
sequence of SBD and that preceding SBD in pBINEh@vn. Underlined amino acids (thick line) represe
the sequence, which is identical to that of the SBDRhe Bacillus circulans CGTase. Underlined amino
acids (dotted line) represent the sequence ofdle@GBSS | transit peptide. A downwards arrowdates
the splice site for amyloplast entry.
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The splice site for amyloplast entry of the Luc-SB@nstruct is the same as the one in SBD (see
Figure 1C). The pBIN19/Luc vector for the expreasid the luciferase gene in potato plants served
as a control to demonstrate that an enzyme witB& (but with amyloplast-targeting) was not
incorporated in starch granules.

Characterization of SBD transformants

Potato cv. Kardal (KD) and cv. Karnico (KN), ancetamylose-freeafnf) potato mutant (often
referred to as 1029-31; Jacobsanal., 1989) were transformed with the pBIN19/SBD. The
transgenic potato plants are referred to as KD8XNGxx, andamfSxx, respectively (S represents
the SBD gene and xx refers to the clone in thatiquaar series of transformants). Untransformed
control plants are referred to as KD-UT, KN-UT, amdf-UT, respectively. Thirty-two kanamycin-
resistant, transformed lines from each genotypeswgeown in the greenhouse to generate tubers.
The morphology of plants and tubers, as well as ttheer-yield of all transgenic plants was
comparable to that of the control plants (resutissmown).

The expression of SBD in the KDS series of tramatorts was analyzed by Northern blot and
Western dot blot analyses. With both methods pasittansformants were found. However, the
RNA level of the transformants did not always clate with the amount of SBD protein
accumulated. Figure 2A shows the results of NontHdot and Western dot blot analyses from
three selected transformants. Transformant KDSdi®aming the highest level of SBD protein had
a low level of SBD mRNA. Probably, the lower amouwft transcript helps to avoid post-
transcriptional silencing, consequently leading thee higher protein amount (Elmayan and
Vaucheret, 1996). The other two series of transéonts) were scored by Western dot blot analysis,
because this procedure is simpler, and the reandtsdirectly related to the amount of protein
accumulated in granules. The potato plants awhetransgenic line were divided into 4 classe
Based on the amount of SBD that was aswatiwith the starch granules:+, ++ and +++
represent no, low, intermediate and high levelSBD accumulation, respectively (see Figure 2B).
SBD accumulation in the three genotypes is summdrin Figure 2C. The figure clearly shows
that transformants with high levels of SBD are matmindant in themfS series than in the
amylose-containing KDS and KNS series. The latter gave similar results with respect to SBD
accumulation levels. Based on the Western dotreltlts,amfS51 ¢), amfS45 (+),amfS36 (++),
and amfS48 (+++) were further investigated by SDS gel tetgghoresis combined with Western
blot analysis. These results, which are shawrFigure 2D, demonstrate that the accumulation
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Western dot blot
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Figure 2. Different levels of SBD accumulation in potatorstagranulesPanel A shows the results of
Northern blot and Western dot blot analyses fronedhselected transformanfanel B shows that four
categories of SBD-expression were defined, basdti@nesults with Western dot blot analysis, where,

++ and +++ stand for no, low, intermediate, andhh&3D expression, respectivelyanel C shows the
distribution of the individual transformants ovemet four categories for the three different potato
backgrounds. The white, hatched, and black banesept the KDS, KNS andnfS transformant series,
respectivelyPanel D shows that an appropriately sized SBD proteiretected by Western blot analysis in
three different transformants of tleenfS series. Thee. coli-produced SBD protein serves as a positive
control.
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levels of these transformants were consistenthat determined with the dot blot analysisisT
confirmed that Western dot blot analysis is a ragnd reliable method for the screening of SBD
accumulation levels in starch granules. The bamdsansgenicamfS starches on the Western blot
have a strange appearance, contrary to transgdd® &hd KNS starches (see Figure 3). To this
end, we do not have an explanation for this phemome

In order to estimate the amount of SBD protein audated in the starch granules, a dot blot
was made with gelatinized starch from KDS49, KNS40d amfS48 (showing the highest SBD
accumulation in granules of that genotype). Onghme blot, different amounts of purified SBD
(produced irk. coli) were applied for calibration (data not shown)e fnotein concentration of the
E. coli SBD solution was determined spectrophotometricall280 nm on the basis of Lambert-
Beer's law (see Experimental Protocol for calcolatiof the molar extinction coefficient). The
densities of the dots of the SBD starches were epatpwith those of the calibration samples. The
amount of SBD in KDS49, KNS10 arainfS48 was estimated to be 2 mg, 2 mg and 16 mg per
gram of dried starch, respectively. The SBD proteiaumulation iramfS48 is about 8 times higher
than that in the best of the KDS and KNS series.

The amount of SBD was also compared to the amduwmadogenous proteins, notably GBSS |,
in potato starch granules. For this purpose, tbeeprs present in KDS49 starch (having the highest
SBD accumulation in a amylose-containing backgrdumwdere separated by SDS gel
electrophoresis. After Coomassie staining, it wettv@ated that GBSS | was at least 3 times more
abundant in the granule than SBD (data not shown).

Is SBD present in soluble phase or granule-bound?

In order to determine whether SBD is also preseié soluble phase of the potato tuber, 10 times
concentrated potato juices of KDS29 amaifS48 were subjected to Western blot analysis. No SBD
protein was found in the potato tuber juices (dad& shown). This showed that SBD occurred
exclusively in the granule fraction, and that SB&¥e efficient tools for targeting to the starch
granule.

Is BD present inside starch granules or at their surface?

We also addressed the question whether the SBDsnatated inside the starch granule or at the
granule surface. To investigate this, starch gesm@itom transformants KDS29 (+) aadifS48
(+++) were treated with a protease (trypsin). Tésutting digests were analyzed by Western blot
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analysis with antiSBD as a probe. Samples withotrypsin treatment served as a control. The
results are shown in Figure 3. The SBD bands omlittehad a similar intensity and size with and
without trypsin treatment of the granules (Fey3A lanes 3-4, and 3B lanes 3-4). To exclude the
possibility that granule-bound SBD was not degrallgdrypsin, the following experiment was
done. KD-UT andamf-UT starches were incubated with the purified,vea®BD protein, produced

in E. coli. The SBDs will bind the surface of the granule dhd following complexes were
obtained: [KD-UT/SBD] and gmf-UT/SBD]. Subsequently, these samples were digested
withtrypsin to investigate whether the surface-lb@BD proteins could be digested. The same
complexes without trypsin treatment served as otmtFigure 3 clearly shows that the SBD band
disappears upon protease-treatment of the grafebespare lanes 1 and 2 in Figure 3A and 3B).
These results show that trypsin is able to digestge surface-bound SBD. The observation that
SBDs, associated with the transgenic granulespeotected from the protease demonstrates that
here SBD is present inside the granules.

A
S & 2 & &
53 N £ V.S &2
& & & &8
—— = Figure 3. Western blot analysis of transgenic
starches KDS29 (+) andmfS48 (+++) with and
B without trypsin treatment. The complexes [KD-
& s A s . UT/SBD] and pmf-UT/SBD] were obtained by
& & P ®o & incubating the KD-UT andmf-UT starches with the
S &8 DA aﬁ‘fcf? £ purified (native) SBD protein, produced B coli.
These complexes served as a control, in which SBD
— — is bound to the surface of the granules.

Granule morphology

Granules from transgenic Kardal and Karnico plasitined blue when treated with an iodine
solution, similar to the granules of their untramefed controls. Contrary to the controls, a high
proportion of the transgenic starches (35% and 88%DS29 and KNS10, respectively) showed a
more pronounced staining in the hilum of these gies(arrows in Figure 4B and 4D). Analysis of
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Figure 4. Micrographs showing the morphology
of untransformed (KD-UT, KN-UT) and
transgenic (KDS29, KNS10) starch granules. The
granules were stained with a>2@liluted Lugol
solution. (A) KD-UT (20%). (B) KDS29 (806).

(C) KN-UT (200x). (D) KNS10 (80&). The
white arrows (in B and D) indicate a more
pronounced staining in the hilum of the granules.

these granules by scanning electron microscopy (Sifdwed that their surface was smooth (data
not shown), indicating that the pronounced stairdogs not represent cracks on the surface, but
rather a slightly altered internal organizationeTdranule morphology of transgerigiS starches
was similar to that of untransformed controls ataining with an iodine solution.

One transformant in the KDS and KNS series, KDSB2KNS22 showed a typical phenotype
when stained with iodine: red granules with blueesoof varying size (data not shown). This
phenotype was comparable to that of granules fraiisense GBSS | potato transformants (Kuipers
et al., 1994; Flipsest al., 1996). Since these transformants accumulateat tittle SBD, the “blue
core” phenotype does not seem to be related tprimence of SBD. These observations might be
explained by co-suppression, a phenomenon ofterurioeg in transgenic plants in which
endogenous genes or parts thereof are presenteininthoduced construct (Flipset al.,
1996). In our case, co-suppression might be cabgethe choice for the promoter and transit
peptide sequence, both derived from the (endogémmigto GBSS I.

Granule size distribution, gelatinization behaviour, and amylose content

The impact of SBD accumulation in granules on thgspcochemical properties of starch was also
investigated. Within each genetic background, omrol, and one expresser of each class+(

++, +++) were selected for further study. Table Ummarizes the results on granule size
distribution (dg), granule-melting behaviouif{ andAH), and apparent amylose content (AM%).
As can be seen from the table, no consistent difiees were observed between starches from the
three series of transgenic plants and their cooredipg controls.

24



SB&sa tool for granule targeting

Table 1. Gelatinization characteristic3o AH), apparent amylose content (AM%) and starch geanizle
(dsp) measuments of starches from transgenic linescamtrols. Data (+ SD) are the average of three
independent measurements.

Clone To(°C)? AH (kJ/g)° AM (%) 56l (Lm)°
KD-UT 68.6 (+0.2) 10.8 (+ 0.7) 199@.4) 33
KDS36 67.9 (+0.1) 11.5 (+ 0.5) 18+90(6) 30
KDS29 67.1 (+0.2) 11.2 (+ 0.4) 0.2(+0.3) 30
KDS49 69.4 (+0.1) 11.4 (+ 1.0) 9.4 (+ 0.4) 31
KN-UT 71.3 (£ 0.2) 11.6 (+ 1.1) 18.6(5) 23
KNS5 68.9 (+0.1) 14.0 (+ 1.8) 18460(4) 27
KNS20 68.0 (+0.2) 11.6 (+ 2.0) 21+ 0.3) 18
KNS10 70.7 (+0.4) 11.1 (+ 1.1) 20+ 0.1) 16
amf -UT 74.6 (+0.4) 12.6 (+ 0.7) 3.8 (+0.2) 20
amfS51 75.0 (£0.2) 11.8 (+ 0.4) 3#70.2) 19
amfS45 74.9 (+0.1) 12.0 (+ 0.2) 390.1) 21
amfS36 75.2 (£0.2) 11.9 (+ 0.3) 3#70.2) 19
amfS48 75.1 (£0.1) 11.9 (+ 0.1) 3290.3) 18

& Temperature of onset of starch gelatinization.
® Enthalpy released.
¢ Median value of the granule size distribution.

The two “blue core” transformants mentioned abolewsed a reduced amount of amylose

compared to their controls. Amylose content wa$e4.8imilar to the amylose content of téef

control (see Table 1).
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Characterization of starch containing Luc and Luc-SBD fusion proteins

After transforming cv. Kardal with pBIN19/Luc andBIN19/Luc-SBD, 45 kanamycin-resistant
transformed lines were obtained for both seriesclvivere grown in the greenhouse to generate
tubers. Luciferase expression in the KDL (L ref@rduciferase) and KDLS (LS refers to the Luc-
SBD fusion) transformants was first determined lBasuring the luciferase activity in tuber slices
with a luminometer (data not shown). A number o$ipee transformants were found of which
KDL17 and KDLS16 were the most positive ones ofrthespective series. Based on these results,
the starches of these tubers were isolated, anddHerase activity of the granules was determined
Figure 5 shows the total light emission and ligiission images of KD-UT, KDL17 and KDLS16
tuber slices and starches after incubating the kmmwith the luciferase substrate. It can be seen
that the KDLS16 granules have a 10 times higheifdiase activity than those of KDL17
(luciferase activity of KDL17 starch granules isngmarable to that of the control), although the
luciferase activity of the KDL17 slices was highban that of the KDLS16 slices. This result
clearly demonstrates that Luc-SBD fusion protein aacumulate in starch granules with retention
of activity of the luciferase, and that the presené SBD as an integral part of the protein is a
prerequisite for anchoring the luciferase to treddt granule. The higher activity observed in the
KDL17 slices compared to the KDLS16 ones might xy@aned by a higher level of expression in
the former. However, it is also possible that theeninal presence of the SBD reduces the activity
of the luciferase, or that the luciferase activ#ylower because the luciferin needs to diffuse int
the starch granule.

Figure 5. Luciferase activities in tuber slices
KDLA17 KDLS16 (upper panel) and starch granules (lower panel) of
T KD-UT, KDL17, and KDLS16. The images of the
slices (as well as total light emission (counts))
were recorded by a luminometer, 20 s after
spraying the luciferin substrate (without ATP)
onto the tuber slice (9 mm diameter, 2 mm
thickness). For the granules, 10 mg of dried starch
was mixed with 30ul of Bright-Glo Luciferase
Assay Substrate. The images of the starch
granules (as well as total light emission (counts))
was recorded by a luminometer, 5 min after the
481 (£5.7) 530 (+ 28.0) 4401 (+11.7) substrate had been added. DataSD) are the
average of three independent measurements.

tuber slice

45 (£1.7) 6306 (+46.6) 3723 (£19.1)
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KDLS16 starch was also subjected to dot blot amaiysorder to estimate the amount of Luc-
SBD fusion protein that accumulated in the granulesppeared that the intensity of the dot in
KDLS16 starch was comparable to that of KDS49 (daitshown). This indicates that the N-
terminal presence of luciferase in the fusion prowoes not affect the affinity for the starch
granule of SBD to a large extent.

In order to investigate whether the SBD fusion @iroaccumulated inside starch granules or at
granule surface, transgenic starch from KDLS16 ireeted with trypsin. The resultant digest was
dried, and luciferase activity was measured byluh@nometer. Starch from the same transformant
without a trypsin treatment served as a contrarcdes with and without trypsin treatment gave
similar results with respect to total light emigsi@ata not shown). This demonstrates that the Luc-
SBD fusion protein is present inside the granules.

Discussion

It was tested whether microbial SBDs can be useanasniversal tool for starch modification in
plant biotechnology. In their natural setting, SB&re part of enzymes that play a role in starch
degradation (Svenssaa al., 1989; Jangek and Seik, 1999). The function of the SBD is to
concentrate the amylolytic enzyme on the granuléase, and possibly to open up the granular
structure by a poorly understood non-hydrolytidac{Southallet al., 1996). The enzymes remain
mainly on the outside (close to the surface) ofgtanule, because they are too large to penetrate.
In this study, separate SBDs were targeted to thaule during the starch biosynthesis process.
After isolation of the transgenic starch from potdtibers, it appeared that SBD protein was
associated with the granules. The SBDs could noteb@oved with a protease treatment. This
demonstrates that SBDs must be present inside rdneulg, and that they are protected from
protease action by the starch crystallite. ThusDSBan be incorporated in the starch granule
during the biosynthesis process. The physico-chanpioperties of the starch are not affected by
the presence of SBDs (Table 1). The melting temperaf the granules was unaltered, as was their
granule size distribution and their apparent ang/lmmtent. lodine-staining of the granules with the
highest SBD content of the KDS and KNS series detesome minor differences with granules
from the untransformed controls (see Figure 4). dignificance of this is presently unclear.
Luc-SBD fusion genes were successfully expressqmbiato tubers. The fusion proteins were
present inside the starch granules, and the lasiéewas still active. When the luciferase withaut a
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attached SBD was expressed in potato tubers, aarly httle luciferase activity appeared to be
associated with the starch granules. This demdastthat SBDs can be used as tools to anchor
effector proteins (without affinity for starch graas) inside starch granules during biosynthesis. |
may be anticipated that catalytic domains othen ttee luciferase reporter can be fused to SBD.
Dalmiaet al. (1994) expressed/agalactosidase-SBD fusion proteinkincoli; the SBD was used

as an affinity purification tag. The purified fusigrotein still hags-galactosidase activity. These
results provide a second example that the actofity catalytic domain is retained after fusion to
SBD, but it does not necessarily mean that allcéfis are compatible with SBD. It is not known
whether the PT-linker is an absolute requiremenetain the activity of an effector, and whether
another linker peptide would have been more effecti

SBD accumulation in starch granules appeared tgenetype-dependent. Up to 8 times more
SBD could be incorporated in tlanf background than in the amylose-containing backgeu
Kardaland Karnico (KDS and KNS series gave comparablgltsds The main difference between
theamf and KDS or KNS series is the presence of anotrerule-bound protein (GBSS 1), which
is not present in the former series, contrary el#tter two. The higher level of SBD accumulation
in theamf granules may be explained in different ways. Fitss possible that GBSS | has a higher
affinity for starch granules than SBD, and that the proteins bind similar sites in the granule.
Consequently, SBDs can be out-competed by the GBf&ein in amylose-containing genotypes.
Second, the presence of amylose may block the rgndf SBD to the granule. However, the
generally accepted view that amylose is synthegitmeehstream of amylopectin argues against this
explanation (Ballet al., 1998); it is likely that the SBD is already bduto the granule before
amylose is formed. Third, the amylopectin structoframf potato starch may be different from that
of wild type potato starch, although experimentsstfar do not provide evidence for this (Viseer
al., 1997). However, it cannot be excluded that tlaeeedifferences in the longer amylopectin side
chains, which may favour the binding of SBDetof potato starch.

It may be argued that particular starch biosynthetizymes such as GBSS | would provide a
better alternative for targeting of effectors ti&BD. Although some of our data may suggest that
GBSS | has a higher affinity for starch than SBDsiimportant to point out that GBSS | has an
approximately 5 times higher molecular weight tH8BD. It is not unlikely that such a large
“binding domain” can seriously compromise the dttiof the effector. For this reason, we believe
that SBD is, so far, the better alternative of te. In addition to this, GBSS | has an activity
(amylose synthesis) of its own.

This study demonstrates that SBDs can be useakssttoanchor effector proteins inside starch

28



SB&sa tool for granule targeting

granules, providing good perspectives for the appility of SBD technology for starch
bioengineering. Since the presence of SBD doesaftet the properties of starch, it may be
expected that any change in starch properties eatitbbuted solely to the effector. This is clgarl
an advantage, because it makes the impact of fibet@f more predictable. Preferably, the effector-
SBD fusions are introduced in (potato) genotypekitey the GBSS | proteira(nf potato mutant),
because more SBD can be accumulated in such aroack It is expected that the presented
technology is widely applicable in starch bioengimeg. Future research will focus on developing
a number of applications in which SBDs are usetht¢orporate effector proteins in granules. By
equipping (heterologous) biosynthetic enzymes wit8BD, one might influence the partitioning of
these enzymes over the soluble and insoluble plasles amyloplast. In this way it may be possible
to concentrate previously soluble enzymes insidegtianule or at the granule surface. The impact of
known enzymes on starch structure/functionality nhay altered in this way. Perhaps the most
charming feature of SBD technology is the idea tl&tain post-harvest applications come within
reach. Enzymes introduced in the starch granulebeaactivated during processing. The advantage
of this is that reactions can be catalyzed whichmadly do not occur in amyloplasts, for instance
because the appropriate reactants are lacking,ecause the enzyme requires more extreme
reaction conditions. This strategy may be usednaaltarnative for certain chemical derivatisation
procedures. Also, SBD technology provides the ojppitly to make starch-based protein carriers.
Either enzymes or receptors can be immobilizedis way, for catalyzing particular reactions, or
for affinity-purification of certain compounds, pEstively.

Experimental procedures

Preparation of constructs

Four constructs were made, one for SBD expressida. icoli (pTrcHisB/SBD), one for SBD
expression in potato plants (pBIN19/SBD), one foe £xpression of a luciferase-SBD fusion
protein (pBIN19/Luc-SBD) in potato plants, and doethe expression of a luciferase without an
attached SBD (pBIN19/Luc) in potato plants. All stmcts were sequenced to verify their
correctness.

The pTrcHisB/SBD construct was assembled aegr to the following procedure. A
SBD-encoding fragment was obtained by PCR amptibocawith the primers STGACAACTT
GGATCCATTGTC-3 and 5-GGTACCTTAAGATCTCTGCCAATTCACG-3 with CGTase
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gene fromBacillus circulans strain 251 as a template (Lawsaral., 1994). Primers were designed
such that the amplified fragment containeBaanH| restriction site at the' ®nd, and &pnl site at
the 3 end. The amplied fragment was subcloned into aNdGEasy vector (Promega, USA).
Plasmid DNA was propagated i coli DH5a and purified from the cells with the WizaRlus
Minipreps DNA Purification System (Promega, USAJtek digestion of this plasmid, tHgamHI-
Kpnl fragment was inserted into the corresponding sittgshe pTrcHisB expression vector
(Invitrogen, The Netherlands) to give the pTrcHISBD vector (see Figure 1A). Amino acids of
the original SBD, which were altered as a resulien§ineering this construct, are indicated in
Figure 1B. The predicted molecular mass of the $Biluced irk. coli is 15 251 Da.

The pBIN19/SBD construct was assembled from fourADiagments: (i) a tuber-specific
GBSS | promoterHindllI-Ncol) (van der Leijet al., 1991), (ii) a sequence encoding the GBSS |
transit peptideNcol-Ncol) (van der Leijet al., 1991), (iii) a SBD fragmentNcol-Sall), and (iv) the
NOS terminator sequencga€l-EcoRl) (Bevan, 1984). The first two fragments were sabet into
pMTL23. The orientation of thBlcol-Ncol fragment was verified by sequencing. Subsequetfty,
Ncol site connecting the promoter region and trangitige-encoding sequence was destroyed by
mutagenesis with a QuickChange site-directed muaegjs kit (Stratagene, UK) according to the
manufactures instructions. Th&lcol-Sall fragment was amplified from the pTrcHisB/SBD vecto
by PCR with 5-CCATGG CCGGAGATCAG-3 and 5-GTCGACTTATGGCTGCCAATTCAC
-3 as primers. The combined fragments (i)-(ii) analgient (iii) were cloned into a pBIN19
vector, which already contained the NOS terminatequence. The plasmid is referred to as
pBIN19/SBD (see Figure 1A). Amino acids of the orad SBD, which were altered as a result of
the cloning strategy, are indicated in figure I8e plant SBD has a predicted molecular mass of
19 899 Da. After cleavage of the transit peptidephedicted molecular mass is 11 567 Da.

Standard cloning procedures were used to assembl@BIN19/Luc-SBD construct (Figure
1A) from four DNA fragments: (i) a luciferase fragnt (Ncol-Bglll), (i) a SBD fragmentEcoRI-
BamHI), (iii) an artificial PT-linker Bglll-EcoRl), and (iv) a pBIN19 plasmid, which already
contained the potato GBSS | promoter, the potat&&Btransit peptide and the NOS terminator
sequence. The linker was similar to the sequenoegthe catalytic and cellulose-binding domain
of aCelulomonas fimi exoglucanase (Cex). The DNA sequences used taecbtire luciferase and
the SBD corresponded to!-BS8ATCT CCGACGCCGACGCCCACCACGCCGACCCCGACGCC
CACGACGCCGACGCCGACCCCGTCGAQE-3 and 3-AGGCTGCGGCTGCGGGTGGTGC
GGCTGGGGCTGCGGGTGCTGCGGCTGCGGCTGGGGCAGCTEQAA -5'. The Luc-SBD
fusion protein accumulated in potato tubers hagsealipted molecular mass of 74 847 Da. For
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making the pBIN19/Luc construct,Hypal-Kpnl fragment (corresponding to part of the transi
peptide-coding sequence and the full-lengttifdvase gene) was obtained by PCR amplification
from the pBIN19/Luc-SBD vector with "5SAGGTATGTTAAC AAGCTTGATGGG-3 and
5-GGTACCTTACAATTTGGACTTTCCGG-3 as primers. The second primer contained an
appropriately positioned stop codon. This fragmeas cloned in a pBIN19 vector after digesting
pBIN19/Luc-SBD withHpal andKpnl. The plasmid is referred to as pBIN19/Luc (seaufgglLA).
The luciferase protein accumulated in potato tubassa predicted molecular mass of 60 845 Da.

Production of SBD in E. coli and its purification

RecombinantE. coli Top 10 cells (Invitrogen, The Netherlands), camtag the pTrcHisB/SBD
construct, were grown in LB with 5@g/ml ampicillin at 30°C for 4 h. Expression of SBD protein
was induced by adding of IPTG to a final concerdrabf 1 mM; subsequently, the cells were
grown at 30°C for 2 h. Cells were harvested by centrifugatid®00x g, 10 min, 4°C), frozen in
liquid nitrogen, and stored aB0 °C. The proteins were purified under both denatuand native
conditions. Under denaturing conditions, one voluwheells was lysed with 3 volumes of a 8 M
urea solution (containing 0.1 M sodium phosphat@l M Tris-HCI, pH 8.0). Lysis was started
with a 30 s sonification pulse. After 3 h at rooemperature (with thorough mixing at 30 min
intervals), the lysate was centrifuged at 1309 for 10 min. The supernatant, containing the His-
tagged SBDs, was applied onto a ProBond Resin GQolginvitrogen, The Netherlands). The SBD
proteins were eluted from the column using buffefsdecreasing pH as described by the
manufacturer (Invitrogen, The Netherlands). Finalhe fractions containing SBD were pooled and
desalted on a NAP-25 column (Pharmacia, Swedemydiog to the manufacturarinstructions.

For protein purification under native conditionsml of the frozen cells was added to 1 ml of
100 mM sodium phosphate buffer pH 7.0, containialj & tablet of protease inhibitor (Complete
EDTA-free, Boehringer Mannheim, Germany). The celire lysed in a French Press. The lysate
was centrifuged for 10 min at 1380y at 4°C. Protein was purified as described above.

Preparation of a polyclonal antibody against SBD

Polyclonal antibodies against SBD producedtimroli were raised by injecting a mixture of 0.5 ml
purified (denaturing conditions) SBD (0.g/ul) and 0.5 ml SPECOL into a rabbit. This procedure
was repeated twice, after 30 and 45 days afterfitee immunization. The antibody titer was
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analyzed by Western blot analysis. Sera were delileand stored at20 °C. This antiserum is
referred to as antiSBD.

Plant transformation and regeneration

Plasmid pBIN19/SBD was transformed imgrobacterium tumefaciens according to the three-way
mating protocol described by Vissearal. (1991). The acceptor strafgrobacterium tumefaciens
LBA 4404 with pAL4404 (rifampicine), the conjugatiproficient strainE. coli HB101 with
pRK2013 (kanamycin) and donor strdncoli DH5a with pBIN19/SBD (kanamycin) were used
for the conjugation. Internodal stem segments ftemm tetraploid potato cultivars (cv. Kardal and
cv. Karnico), and one diploid amylose-fre@f) potato mutant were used fégrobacterium-
mediated transformation (Visser, 1991) with pBINEBD. More than 50 independent shoots were
harvested for each genotype. Shoots were testedbrgrowth on a kanamycin-containing (100
mg/l) MS30 medium (Murashige and Skoog, 1962).darh genotype, 32 transgenic, root-forming
shoots were multiplied and transferred to the dnease for tuber development. In addition, 10
untransformed controls of each background were grow the greenhouse. The plant
transformation with pBIN19/Luc and pBIN19/Luc-SBDasw/ conducted in the same way as
described for pBIN19/SBD. In this case, 45 posit®ots from each series were multiplied and
transferred to the greenhouse for tuber development

RNA analysis

Total RNA extraction was performed according top@rset al. (1994). Total RNA extracted from
5 g (fresh weight) of potato tuber material wasugd in liquid nitrogen and suspended in a
mixture of 3 ml RNA extraction buffer (2% SDS, 10MnEDTA, 50 mM Tris, pH 9.0) and 3 ml
phenol. After centrifugation (130& g, 10 min), the supernatant was extracted with 3 ml
phenol/CHCYisoamyl alcohol (25:24:1). Subsequently, RNA warecppitated with 3 ml
isopropanol. The pellet was re-suspended in Jd2&ater. RNA was precipitated by the addition of
375 pul 8 M LIiCl and incubation at OC overnight. After centrifugation (7500 g, 10 min), the
pellet was dissolved in 4Qd water and reprecipitated with 40 3 M sodium acetate and 1 ml ice-
cold ethanol. The final pellet was dissolved inb@vater.

Based on a spectrophotometric RNA determinatioimjlas amounts of total RNA were
fractionated on a 1.5 w/v agarose-formaldehyde ayel transferred onto a Hybond" Nylon
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membrane (Amersham, UK). The membrane was hybddiziéh a f°P]-labelledNcol-Sall DNA
fragment of SBD as a probe; labelling was perfornvéd arediprimell kit (Amersham) according
to the manufacturer’s instructions.

| solation of tuber starch

Tuber tissue was homogenized in a Sanamat Rotoan@femberg, The Netherlands). The
homogenate was filtered through a sieve to remawgcplate material. The resulting homogenate
was allowed to settle for 20 min af@, and the tuber juice was decanted, concentradidumks in

a freeze-drier (LABCONCO, The Netherlands), andestoat—20 °C for later use. The starch
sediment was washed three times with water, amdlyiair-dried at room temperature.

Determination of SBD content of transgenic starches by dot blot analysis

A 12.5% sodium dodecyl sulfate-polyacrylamide (SBSSE) gel (50 mmx 50 mmx 3 mm) with

9 equally spaced holes (9 mm diameter) was platembmtact with a similar-sized Hybond ECL
nitrocellulose membrane (Amersham Pharmacia Bioteltf). (Transgenic) starch (20 mg) was
boiled for 5 min with 20Qul of a 2x SDS sample buffer (Laemmli, 1970). After coolimgroom
temperature, the starch gel was transferred in® afnthe holes. SBD proteins from transgenic
starch gels were blotted onto the membrane witlstSlyatem (Pharmacia, Sweden; 20 V, 25 mA,
15°C, 45 min).

The blot was incubated overnight in a 1% blockinguson (10 ml 1& Western blocking
reagent; Roche, Germany) in 90 ml TBS (TBS is 20 M4, 500 mM NaCl pH 7.5) at room
temperature. Subsequently, the blot was washedBIST(0.05% Tween-20 in 1 liter TBS) for 5
min, and incubated for 2 h at room temperature \ith:500 dilution of the primary antibody
(antiSBD) in a 0.96% blocking solution in TTBS. éftthis the blot was washed twice in TTBS for
5 min, and incubated for 1 h at room temperatuté @il1:2000 dilution of Goat Anti-Rabbit IgG
(H+L) Alkaline Phosphatase Conjugate (Bio-Rad, USA\)a 0.64% blocking solution in TTBS.
The blot was washed twice in TTBS, and once in T®@3% min. Finally, the blot was stained with
a 0.1 M NaHCQ solutionpH 9.8 containing 1% NBT/BCIP (Roche Molecular Biemicals,
Germany), and 0.01 M Mggl
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Western blot analysis

A 20 mg portion of starch was boiled for 5 min 01l of 2x SDS sample buffer. After cooling to
room temperature, the starch gel was loaded od@.%%6 SDS-PAGE gel (145 mm95 mmx 3
mm), and the proteins were separated by electregisorSBD protein bands were transferred onto a
membrane and stained as described above for tHa#atqirocedure.

For the potato juice fraction, 0 of a 10< concentrated juice was boiled for 3 min with 80
of 2x SDS sample buffer. The rest of the procedure waducted in the same way as described for
starch analysis.

Analysis of SBD location: inside the granule, or at its surface

In order to investigate whether SBD (or Luc-SBD)svpaiesent inside transgenic starch granules or
at their granule surface. A 20 mg portion of stan@s suspended in 1 ml 50 mM Tris buffer pH
8.2, containing 20 mM Cagland treated for 2.5 h with 20 of trypsin (3260 U/ml) (Sigma, The
Netherlands) at room temperature with continuousngi Samples without trypsin added served as
a control. The samples were centrifuged (7506, 5 min), the supernatants discarded, and the
pellets re-suspended in 1 ml water. This proceduass repeated three times. The pellets were
boiled for 5 min with 20Qul of 2x SDS sample buffer. The result of trypsin digesti@s evaluated
by Western blot analysis.

Control samples with SBD bound to the granule sefavere prepared as follows. A 20 mg
portion of KD-UT oramf-UT potato starch was first incubated for 30 mimogn temperature) with
4 pl of purified (under native conditions) SBD protéRi9 ug/ml), produced irkE. coli, in 1 ml 50
mM Tris buffer pH 8.2, containing 20 mM CaCThe resulting starch-SBD complexes were treated
with trypsin as described above.

Determination of SBD protein concentration

The protein concentration of a SBD solution wasrined spectrophotometrically at 280 nm on
the basis of Lamber-Beer’s law 4 = eCL). The molar extinction coefficieng, was calculated
with the following formula:gzgg = (57001, + 1300R”y,)/M, where M is the molecular weightrp
the number of tryptophan residues, arg the number of tyrosine residues of the proteinafl&ls
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and Paul, 1980). Thesgo of the E. coli-produced SBD is 2.092 (ml mgem), that of the plant-
produced one after truncation is 2.646.

Analysis of physicochemical properties of starch granules

Average granule size and granule size distributibthe starches were determined with a Coulter
Multisizer Il, equipped with an orifice tube of 2@dn (Beckman-Coulter, UK). Approximately 10
mg of starch was dispersed in 160 ml of IsotorTHe granule size distribution was recorded by
counting about 50 000 particles. The coincidenice ftequency of two granules entering the tube at
the same time, and consequently being countedegsaas set at 10%.

Starch granule morphology was investigated by ligintroscopy (LM, Axiophot, Germany)
and SEM (JEOL 6300F, Japan). For LM, starch granulere stained with a 20diluted Lugol
solution (1% ¥/KI).

The apparent amylose content was determined aogprth the method described by
Hovenkamp-Hermelinkt al. (1989).

The temperature at which starch granules startetatigize was determined by differential
scanning calorimetry (DSC) using a Perkin-Elmeri®yt (Perkin-Elmer, The Netherlands),
equipped with a Neslab RTE-140 glyco-cooler. Tregruiment was calibrated with indium (melting
point 156.6°C) and zinc (melting point 419.4T). Before DSC analysis, the moisture content of
starch samples was determined by drying them ogletrn an oven at 80C, and weighing them
before and after drying. Precisely 10 mg of stamas transferred to a stainless-steel pan, and the
starch content of the pan was adjusted to 20% dingcan appropriate amount of water. The pan
was sealed and allowed to equilibrate for at |&éast The samples were heated from°@0to 100
°C at a scanning rate of IW/min. An empty sample pan was used as a referdrmeeach
endotherm, the onset temperature of gelatinizgflg)) as well as the difference in enthalgyHj,
were computed automatically.

Measurement of luciferase activity in tuber slices and starch
Screening ofKDL and KDLS transformants for the presence of Luc and BBE proteins,
respectively, was done by measuring the lucifeeasiity of tuber slices with a diameter of 9 mm

and a thickness of 2 mm. The total light emissiamf the samples was detected by a luminometer
(Hamamatsu Argus-50 Image Processor and Il Coatrofamera Lens: Nikon, Nikkor 50mm
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1:1.2, Japan) 20 s after spraying the luciferinsgalbe (0.15 mg/ml, without ATP) onto the slices
(20 °C). To measure the luciferase activity in isolaséarch granules, 10 mg of dried starch was
mixed with 30ul of Bright-Glo Luciferase Assay Substrate (Promega, USA) contgidfP, and
the total light emission from the sample was dettly the luminometer after 5 min at Z0.
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Summary

Microbial starch-binding domains (SBD) and granemnd starch synthase | (GBSSI) are proteins
which can be accumulated in potato starch granulés. efficiency of SBD and GBSSI for
targeting active luciferase reporter proteins tangies during starch biosynthesis was investigated.
These sequences were fused to the N- or C-ternoinhtige luciferase (LUC) gene, via an artificial
Pro-Thr encoding linker sequence. The genes wdredimced in an amylose-containing potato
cultivar (cv. Kardal) and/or the amylose-freem{) potato mutant. It appeared that SBD was
superior to GBSSI as a targeting sequence, magtguse the luciferase retained higher activity in
the SBD-containing fusion proteins than in the GB&®taining ones. Furthermore, both in N-
and C-terminal position, SBD was capable of graiaitgeting during starch biosynthesis, although
it seemed to be more efficient at the C-terminus.

Key words. fusion protein, granule-bound starch synthaskidiferase, starch-binding domain,

transgenic potato
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I ntroduction

In a previous paper, we have described a methodnfmrporating foreign proteins in starch
granules during the biosynthesis processe(Jal., 2003). The use of microbial starch-binding
domains (SBDs) is a key feature of this technologye have shown that SBD could be
accumulated in potato starch granules, eitherdmlfibr as part of a SBD luciferase fusion protein.
The luciferase was not incorporated in starch with®BD, indicating that it had no affinity for
starch of its own. Furthermore, the luciferaseinetd its activity in the fusion protein, which is
promising for applications in starch bioengineerimgvhich an effector protein is tagged with SBD.
It was also found that more SBD protein could beuawlated in the starch granules of the
amylose-free gmf) potato mutant than in those of wild-type potatangs, demonstrating that the
background in which SBD is expressed is a factampbrtance.

Various SBDs have been described in the literatang, they have been grouped in protein
families according to their predicted secondaryctre similarities and position in modular
enzymes (http://afmb.cnrs-mrs.fr/CAZY/; Sumitahial., 2000). Currently, three SBD families are
known: CBM20, CBM21 and CBM25, where CBM standsdarbohydrate-binding module. In our
experiments we have used the SBD Rdcillus circulans cyclodextrin glycosyltransferase
(CGTase), which belongs to the CBM20 family. Theraracid sequences of CBM20 and CBM21
proteins are similar. The main difference betwdese two families is that CBM20s are found at
the C-terminus of modular proteins, whereas CBM&rks positioned at the N-terminus (Jésle
and Sewik, 1999; Sumitangt al., 2000; Svenssoet al., 1989). An example of a CBM21 is the
SBD of glucoamylase fronR. oryzae (Ashikari et al., 1986). CBM25s often occur as repeated
sequences, but their position in the modular pnotein be different. The maltopentaose-producing
amylase from an unidentified bacterium containe¢lCBM25 repeats at its C-terminus (Candussio
et al., 1990), whereas the amIC protein fr@meptomyces lividans has two CBM25s at its N-
terminus (Yinet al., 1998). In theB/a-amylase fromB. polymyxa the two catalytic domains are
separated by two internal CBM25s (Uozwhal., 1989).

Granule-boundness of enzymes is also encounterétd ssme starch biosynthetic enzymes
(Kok-Jaconet al., 2003). Granule-bound starch synthase | (GBSSIprobably the most well-
known example of such an enzyme. Extensive sequeogarisons of starch-, glycogen- and
sucrose synthases suggest that the amino acid resxjoé the mature GBSSI corresponds to a
single module (MacGregor, 2002). Therefore, it sedikely that the amino acids conferring
granule-boundness of GBSSI are an integral patietatalytic domain, and that the enzyme does
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not contain separate starch-binding domain, whghni contrast with many starch-degrading
enzymes.

Cornettet al. (2003) have shown that when the C-terminal SBIglo€oamylase is moved to
the N-terminus of the protein, both the affinitydatine activity towards raw starch of the mutant
enzymes are affected. From this, they concluded tthe position of SBD with respect to the
catalytic domain matters, and that the two domaiesm to work in a coordinated way. Rar
planta starch bioengineering, we intend to use SBDs mom@:native setting, where the concerted
action of domains is probably less important. Hosvewt remains to be established whether the
position of SBD in a fusion protein is a factor iaiportance. In the current study, we have
investigated whether the C-terminal SBD of CGTame @lso be used as an N-terminal anchor. For
this, SBD was fused to the N-terminus of luciferade construct was expressed in wild-type
potato, and the resulting transformants were coatptr the luciferase-SBD transformants (SBD at
C-terminus of fusion protein) described previouglyet al., 2003). Additionally, we investigated
whether potato GBSSI can be used as an alterrativ@BD. For this, GBSSI was fused to the N-
or C-terminus of luciferase, and these construcigether with the SBD/luciferase ones, were
introduced in theamf background. The results of the various anchors arzhor positions are
discussed in terms of starch-binding efficiency hiferase activity.

Results

Characterization of transformants with luciferase fusion proteins

Potato cv. Kardal (KD) was transformed with pBINA9C, pBIN19/SBD-LUC and pBIN19/LUC-
SBD. The resulting transgenic potato clones arerredl to as KDLxx, KDSLxx and KDLSxx,
respectively; L, SL and LS represent the LUC, SBDCLand LUC-SBD genes, respectively, and
xx refers to the clone number in the series ofgi@mants. The amylose-freanff) potato mutant
was transformed with pBIN19/LUC, pBIN19/SBD-LUC, iNBL9/LUC-SBD, pBIN19/GBSSI-LUC
and pBIN19/LUC-GBSSI (Figure 1). The resultingnisgenic clones are referred t@maflxx,
amfSLxx, amfLSxx, amfGLxx and amfLGxx, respectively. L, SL, LS, GL and LG represéme
LUC, SBD-LUC, LUC-SBD, GBSSI-LUC and LUC-GBSSI geneespectively. Forty-five (Kardal
background), or 17-27inf background) kanamycin-resistant, transformed dafeeach construct
were grown in the greenhouse to generate tubensnggrowth the transgenic plants appeared to
be phenotypically comparable to the controls (datashown).
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Figure 1. Schematic representation of pBIN19/LUC, pBIN19/SBOC, pBIN19/LUC-SBD,
pBIN19/GBSSI-LUC and pBIN19/LUC-GBSSI binary vedaused for expression of (fusion) proteins in
potato plants. In all cases, the genes were utdecantrol of the tuber-specific potato GBSSI prteno
Amyloplast entry was mediated by the potato GB&Sidit peptide.

Expression of luciferase and luciferase-contairfurgjon proteins in the wild-type (WT) and
amf backgrounds was first analyzed by measuring tledelase activity in tuber slices with a
luminometer. Figure 2A shows the total light couatsl the light emission images of selected
(transgenic) tuber slices after incubating the daswith the luciferase substrate. Figure 2B shows
luciferase activities in tuber slices of thefL, amfSL andamfLS s eries. It can be seen that
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Figure 2. Luciferase activity in slices of transgenic potatbers expressing SBD-containing and GBSSI-
containing gene fusion®anel A shows images of luciferase activity from seledteansgenic) tuber slices
with a diameter of 9 mm and a thickness of 2 mmagdena, tuber slice without adding the luciferinsttdte;
Image b, untransformed tuber slice (background)ades c-h, transgenic tuber slices of different
transformants with increasing luciferase activRgnel B shows the number of photon counts after 20 s in
the slices of 17 transgenic lines of thefL, amfSL andamfLS series. The measurements were performed
immediately after spraying the luciferin substrététhout ATP) onto slices at 28C. Panel C shows the
number of photon counts after 20 s in the sliceB7ofransgenic lines of thamfGL andamfLG series. The
measurements were performed in the same way asomettabove.
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lucifease activity in tuber slices of the most fpigeiamfL transformant was similar to that in the
most positive transformant frommfSL andamfLS series. Luciferase activities in tuber slices of
amfSL andamfLS series appeared more or less even. The luofexetvities in tuber slices of the
corresponding series in the WT background weréntfligower than in theamf background (data
not shown).

We also investigated whether GBSSI can be usethfgeting luciferase to the starch granule
during starch biosynthesis. This series of expanis@vas only done in thamf background, in
order to exclude competition between native GB®Bgent in WT granules, but notamf ones)
and the introduced GBSSI-containing fusion proteingiferase activities in tuber slicesahfGL
andamfLG transformants are shown in Figure 2C. It is ccteat luciferase activities of tuber slices
in amfLG andamfGL transformants are 10-20 times lower than thosenfSL andamfLS series.

Characterization of luciferase-containing transgenic starch granules

Based on the results of luciferase activities dketuslices, transgenic starches were isolated from
the most positive transformants of the variousesgerand luciferase activity of the starch granules
was determined with a luminometer. The resultssaramarized in Table 1. Very little luciferase
activity is accumulated in thamfL32 granules, demonstrating that luciferase dodshawe an
affinity for amylose-free starch granules. This@msistent with our previous results for KDL17 (Ji
et al., 2003), and shows that appending an SBD to kasteis essential for association with starch
granules. For comparison, the luciferase activibeKDL17 and KDLS16 (the transformants with
the highest luciferase activity from the KDL and K® series; Jet al., 2003) starch granules are
also included in this table. The luciferase agfivit amfSL12 was approximately 4 times higher
than that in KDSL23, suggesting that a larger arhafirfiusion protein can be incorporated in the
granules of themf background than in those of the WT. The granufeth® Kardal background
containing the fusion protein with SBD at the Nratgtus (KDSL23) seemed to display a higher
luciferase activity than those with the fusion pintwith SBD at the C-terminus (KDLS16);
typically, this was the opposite in tlaenf background. The granules with the GBSSI-containing
fusion proteins have a much lower luciferase agtithan those with the SBD-containing fusion
proteins. This showed that GBSSI is inferior to SBDanchoring active luciferase in starch
granules.

The levels of SBD-LUC and LUC-SBD fusion proteinscamulated in transgenic starch
granules of both backgrounds were also investigayed/estern dot blot analysis using antiSBD (Ji
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et al., 2003) and Anti-Luciferase pAb (Promega, USA)ilzodies (see Table 1). Estimation of the
amount of fusion proteins accumulated in transggnamules was performed according to the dot
intensity scheme in Table AmfS48, the highest SBD accumulator (3+ class) froeathfS series

(Ji et al., 2003) was used as a control for calibrating dbe intensities. Higher levels of SBD-
containing fusion proteins can be accumulated @athf background than in Kardale. amfSL12
granules contained more SBD than KDSL23 granuled,aafLS13 granules more than KDLS16
granules. Furthermore, it appeared as if fusioriegme with SBD at the C-terminus had a higher
affinity for the starch granule (compare KDLS16 wiKDSL23, andamfLS13 with amfSL12).
Western dot blot analysis of the transgenic SBDwmomg starches with an anti-luciferase
antibody was consistent with the results obtaingd the antiSBD antibody (Table 1).

In order to investigate whether the accumulationluziferase and SBD-containing fusion
proteins in the Kardal background affected the amdation of native GBSSI in the starch granules,
the GBSSI contents of the selected transgenictearitom the KDL, KDLS and KDSL series were
determined by Western dot blot analysis with anGB$SI (Vos-Scheperkeutest al., 1986)
antibody. Starch from untransformed Kardal and tubers served as controls. The results showed
that the amount of GBSSI in the transgenic granwias comparable to that of Kardal starch (see
Table 1).

To estimate the amount of GBSSI-containing fusiostgins in starch granuleamfGL31 and
amfLG30 starch were subjected to Western dot blot y@malusing the anti-luciferase and
antiGBSSI antibodies. Starch from amf mutant complemented with potato GBS&h)COMP,
(often referred to as pWAM101; Flipsat al., 1996) served as a positive control when the
antiGBSSI antibody was used. It can be seen frotleTa that the amount of GBSSI in both
amfGL31 andamfLG30 transgenic granules was much lower than isgalmfamfCOMP. Western
dot blot analysis with the anti-luciferase antibodgmonstrated that the amount of luciferase
accumulated in thamfLG30 andamfGL31 granules was comparable to that in ah#SL12 and
amfLS13, respectively. However, it should be noted tha luciferase activity of granules with the
GBSSI-containing fusion proteins is much lower tttaose with the SBD-containing ones.
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Table 1. Luciferase activity and amount of SBD- and GBS&taining luciferase fusion
proteins accumulated in the transgenic starch dgaraf the most luciferase-positive
transformants of each series.
Clone Count$ Amount of proteif

AntiSBD Anti- AntiGBSSI

luciferase

WT-UT 0 n.t? n.t. +++++
amf-UT 0 n.t. n.t. -
KDL17 49 £ 28.0) n.t. - +++++
KDLS16 3,920 £11.7) ++ + +++++
KDSL23 7,117 £20.2) + + +H+++
amfL32 22 £11.2) n.t. - -
amfLS13 50,076 £ 33.2) +++ ++ -
amfSL12 29,225 £51.1) ++ + -
amfCOMP n.t. n.t. n.t. +H++
amfLG30 164 £7.2) n.t. + +
amfGL31 61 £ 3.0) n.t. ++ ++
210 mg of dried starch was mixed with @0Bright Glo Luciferase Assay Substrate (lucifefin
with ATP). The activity was measured for 5 min '€ after adding the substrate. Data
(xSD) are the average of three independent measoteme
® The amount of the fusion proteins present in taesgenic granules was estimated by
Western dot blot analysis with various antibodeesiording to the dot intensity scheme
indicated below.
° Not tested.
9 This transformant representsamnf potato mutant, which is complemented with the-full
length potato GBSSI gene, including its promotdip@eet al., 1996).
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Discussion

In the present study, we compared the efficiencywal granule-targeting sequences, SBD and
GBSSI, for directing effector proteins (in this eahe reporter luciferase) to the growing starch
granule in potato tubers. All proteins were equibpéth the same amyloplast-targeting sequence,
consisting of the potato GBSSI transit peptide vt extra amino acidsVASIT...SATIVC| TM),

to allow a good comparison between SBD and GBS®rgeting luciferase to the starch granule.
From previous research it was known that this ttgreptide can efficiently direct proteins into the
amyloplast (Jet al., 2003; 2004). We also determined whether thetipos{N- or C-terminal) of
SBD or GBSSI in the fusion protein could affect Hutivity of the effector and the binding affinity
of the targeting domains. This knowledge is impatrfar engineering efficient fusion proteins that
can be used for genetic modification of starch. Témults of this study confirmed our previous
findings that luciferase does not have affinity &darch granules of its own (& al., 2003). Our
results with tuber slices in ttanf background indicate that the presence of an ague88D does
not influence the activity of the luciferase so mmudheamf granules had a 4 to 12-fold higher
luciferase activity than those of Kardal, whichresponds roughly to the amount of fusion protein
in the granules (Table 1). This is consistent vgthvious results, which demonstrated that SBD
targeting is more efficient in themf background compared to the KardaletJal., 2003).

From Table 1, it seems as if both luciferase agtiand affinity for starch of the fusion proteins
depend on their modular arrangement. Our data gshaivfusion proteins with SBD at the C-
terminal end accumulate to higher levels in stap@nules than SBD-LUC. The amount of LUC-
SBD in the granules of the most positive transfortmaf the Kardal andmf series is similar to
that of SBD alone (thus, without an attached luese) in the two backgrounds €lial., 2003).
This indicates that SBD’s affinity for starch istrtmmpromised in the LUC-SBD fusion protein. In
accordance with Cornedt al. (2003), we show that a CBM20, which is preserthatC-terminus
of the native protein, can be used as an N-termanahor as well. It is evident that SBD in this
position is less efficient in binding starch. Itutd be that the physical presence of the attached
luciferase shields the exposed aromatic amino aafid®BD, which are known to mediate starch-
binding (Kok-Jacoret al., 2003). With respect to luciferase activity,stmore difficult to conclude
which is the preferred position of SBD in the fusiarotein. In the Kardal background, SBD-LUC
is the most active fusion protein, whereas inaimé background this is LUC-SBD. In principle, we
would have expected to find a higher luciferasavagtin the KDLS16 granules (or lower
luciferase activity for KDSL23 granules), which wadunave been more consistent with the amount
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of luciferase and SBD determined by Western daisbMVe do not have a good explanation for this
observation. Possibly, the presence of amylose atay the conformation of fusion proteins, the
effect of which yields a less active LUC-SBD.

With GBSSI as a targeting sequence, it was alssilplesto accumulate luciferase protein in
starch granules, approximately to a similar ama@amwith SBD. However, it seems that GBSSI’s
affinity for starch is greatly impaired by the atta@d luciferase, because much less GBSSI protein
was detected by Western dot blot analysis inatmé.G30 andamfGL31 starch granules than in
amf granules complemented with the native GBSSI. Fewuntiore, the luciferase activity of the
GBSSI-containing fusion proteins was much lowemtlizat of the SBD-containing ones, which
was apparent from the chemiluminiscence measurentéritoth tuber slices and starch granules.
These results demonstrate that GBSSI and lucifemesegpoorly compatible partners in a fusion
protein. It seems likely that this is related te #ize of GBSSI, which has a roughly 5 times higher
molecular weight than SBD. It could be that theyéafusion protein is folded incorrectly. Another
possibility is that the two domains interact wiidich other, thereby shielding the important amino
acid residues for granule-binding of GBSSI and cammpsing the accessibility of the active site of
luciferase. Our results do not mean that GBSShimgerior granule-targeting sequence per se. It is
possible that GBSSI can be truncated to a minimtencis-binding sequence, which is much
smaller than the native protein, and which has ffinitg for starch comparable to the native
protein.

In this study we compared the usefulness of twawetargeting sequences, SBD and GBSSI.
Our results show that the small microbial staraidivig domain is the preferred sequence of the
two. Furthermore, we found that the position of SBCthe modular protein matters; in terms of
starch affinity the SBD is best put at the C-temnsirof the fusion protein, whereas in terms of
activity SBD’s preferred position is ambiguous. Bpplication inin planta starch bioengineering it
is probably better to test both the N-terminal SiBBion protein and the C-terminal one, the more
SO as it is possible that other effector proteilay mespond differently to the presence of an aétdch
SBD.

Experimental procedures

Preparation of constructs

Five different constructs were used in this stuidye pBIN19/SBD-LUC and pBIN19/LUC-SBD
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plasmid were used for the expression of the SBD-L®=terminal SBD) and LUC-SBD (C-
terminal SBD) fusion proteins in potato plants (VEihd amf background), respectively. The
pBIN19/GBSSI-LUC and pBIN19/LUC-GBSSI plasmids werged for the expression of GBSSI-
LUC (N-terminal GBSSI) and LUC-GBSSI (C-terminal 68l) fusion proteins in the mutaamnf
potato plants, respectively. The pBIN19/LUC constrserved as a control in which lucifease was
directed to the amyloplast without granule-targg(WT andamf background).

The pBIN19/SBD-LUC construct (Figure 1) was asseaddiom four DNA fragments: (i) a
SBD fragment Kcol-Bglll), (i) an artificial PT-linker Bglll-EcoRl), (iii)) a luciferase fragment
(EcoRI-Kpnl), and (iv) a pBIN19 plasmid, which already coneglrthe potato GBSSI promoter, the
potato GBSSI transit peptide, and the NOS termmagmuences (see alsoefial., 2003). The
luciferase fragment was amplified from the pLuk@&smid (kindly provided by dr. Mankin, North-
Carolina State University; Mankinet al., 1997) by PCR with the following primers:
5-GGCOGTCGACCGAATTCATGGAAGACGCCAAAAACAT-3 and 5-CGCTGAATACAG
GTACCTTTTACAAT -3, which containedsall andKpnl sites, respectively. The construct was
verified by DNA sequencing. The SBD-LUC fusion @iot accumulated in potato tubers has a
predicted molecular mass of 74 790 Da, excludimgttansit peptide. The pBIN19/LUC-SBD and
pBIN19/LUC constructs were prepared as describedipusly (Jiet al., 2003).

For making pBIN19/GBSSI-LUC plasmid, a GBSSI-encgdifragment Kcol-Bglll) was
amplified. This fragment was used to replace theD SiBagment (alsoNcol-Bglll) in the
pBIN19/SBD-LUC plasmid, giving the pBIN19/GBSSI-LU8asmid (Figure 1). The GBSSI-LUC
fusion protein accumulated in potato tubers &dapredicted molecular mass of 121 795 Da,
excluding transit peptide. The pBIN19/LUC-GBSSI gotad was assembled using a similar
procedure as for making the pBIN19/GBSSI-LUC. A G&B$8ncoding fragmen&coRI-Kpnl) was
amplified and exchanged with the SBD fragment inNE®/LUC-SBD plasmid (Jet al., 2003).
The resulting plasmid is referred to as pBIN19/LGBSSI (Figure 1). The LUC-GBSSI fusion
protein accumulated in potato tubers has a pratlictelecular mass of 121 664 Da, excluding the
transit peptide. The constructs were verified byADdéquencing.

Plant transformation and regeneration

To investigate the effect of SBD position in lucéee fusion proteins in terms of catalytic activity
and starch-binding properties, the pBIN19/SBD-LU&smids was transformed igrobacterium
tumefaciens according to the three-way mating protocol desdilby Visseret al. (1991).
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Internodal stem segments from the amylose-contimgotato cultivar (cv. Kardal), and the
amylose-freedmf) potato mutant (often referred to as 1029-31; Bsenet al., 1989) were used for
Agrobacterium-mediated transformation (Visser, 1991). For congoar, the pBIN19/LUC-SBD
and pBIN19/LUC plasmids (&t al., 2003) were also transformed into the cv. Kaldakt al.,
2003) and theamf backgrounds. More than 50 independent shoots \wareested for each
construct and each genotype. Shoots were testewdbrgrowth on a kanamycin-containing (100
mg/l) MS30 medium (Murashige and Skoog, 1962). &arh construct in the Kardal background,
45 transgenic, root-forming shoots were multipleatd five plants of each transgenic line were
transferred to the greenhouse for tuber developnerthe amf background, this was 17 for each
construct. In addition, 10 untransformed controls each background were grown in the
greenhouse.

To investigate whether GBSSI could be used as tamnative for SBD, the pBIN19/LUC-
GBSSI and pBIN19/GBSSI-LUC plasmids were transfatrimdo theamf potato plants, following
the same procedure as mentioned above. For eastrucin 27 transgenic plants were multiplied
and transferred to the greenhouse for tuber desetap Ten untransformeamnf plants served as
controls.

Sarch isolation from potato tubers

All tubers derived from the five plants of eacharkouse-grown clone were combined, and their
peels were removed in an IMC Peeler (Spangenbédrg, Netherlands). The peeled tubers were
homogenized in a Sanamat Rotor (Spangenberg),iltavéd through a sieve to remove particulate
material. The resulting homogenate was allowectttbesfor 20 min at 4C, and the tuber juice was
collected for later use, and stored-&0 °C. The starch sediment was washed three times with

water, and air-dried at room temperature. The dstacch was stored a0 °C for further analysis.

Measurement of luciferase activity in tuber dlices, starch granules

Screening of the transformants was done by meagthin luciferase activity of tuber slices with a
diameter of 9 mm and a thickness of 2 mm. One armsized mature potato tuber was harvested
from each greenhouse-grown clone of the variousserhe tubers were sliced longitudinally, and
subsequently a round slice was sampled, each tione the same position of the section. The total
light emission from the samples was detected bymirlometer (Hamamatsu Argus-50 Image
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Processor and Il Controller; Camera Lens: Nikorkkdir 50 mm 1:1.2, Japan) 20 s after spraying
the luciferin substrate (0.15 mg/ml, without ATR)t@ the slices (20C). To measure the luciferase
activity in isolated starch granules, 10 mg of driarch was mixed with 3@l of Bright-Glo
Luciferase Assay Substrate (Promega, USA) contgiAifiP, and the total light emission from the
sample was recorded by the luminometer after 5an20°C (Jiet al., 2003).

Western dot blot analysis

The amount of luciferase and fusion proteins acdated in transgenic starches was estimated with
a Western dot blot procedure as described kyali (2003). Anti-Luciferase pAb (Promega, USA),
antiSBD and antiGBSSI polyclonal antibodies weredus visualize their respective immunogens
by chemiluminescence. For SBD-containing fusiastgins, a 1:500 dilution of antiSBD was used
as the primary antibody. For GBSSI-containing fagmoteins, a 1:250 dilution of antiGBSSI was
used as the primary antibody. In both cases, a0OD:20lution of Goat Anti-Rabbit IgG (H+L)
Alkaline Phosphatase Conjugate (Biorad, USA) wadwss the secondary antibody for detection.
For luciferase and luciferase-containing fusiontgires, a 1:500 dilution of Anti-Luciferase PAb
was used as the primary antibody. A 1:2000 dilubbdonkey Anti-Goat IgG Ap (Promega, USA)
was used as the secondary antibody for detection.
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Summary

Granule size is an important parameter when udiagts in industrial applications. An artificial
tandem repeat of a family 20 starch-binding don{@BD2) was engineered by two copies of the
SBD derived fromBacillus circulans cyclodextrin glycosyltransferase via the Pro-Tichrlinker
peptide from Xyn10A fronCellulomonas fimi. SBD2 and a single SBD were introduced into the
amylose-free potato mutardmf, using appropriate signal sequences. The accuiomulat SBD2
into transgenic starch granules was much higher that of SBD. In a number of transformants,
particularly amfSS3, the starch granules were much smaller thasomtrol plants. TheamfSS3
mean granule size was 718n compared with 15.21m in the control, whereas other starch
properties were unaltered. This new starch combihesadvantage of the high purity of potato
starch with that of the small granule size of ottr@p species, such as cassava, taro and wheat. Thi
starch may find application in the manufacture ioflegradable plastic films. Both genes were also
expressed ifEscherichia coli and the affinity for soluble starch of the purfieecombinant proteins
was determined. SBD2 had an approximately 10-fajtidr affinity for starch than SBD, indicating
that the two appended SBDs act in synergy whenitgnio their target polysaccharide ligand.

Key words: tandem starch-binding domain, granule size, Btaigsynthesis, transgenic potato,
starch affinity

56



Reduction of starch granule size

I ntroduction

Starch is the major storage carbohydrate in maagtpland an important raw material for food and
industrial applications. Starches can be subjettedifferent kinds of chemical derivatization
procedures to improve their properties. In foodrdt can be used as a thickening agent. In paper
manufacturing, it is used for surface sizing, inickha continuous film of gelatinized starch is
deposited on a sheet to enhance the surface pespddr writing and printing. In textile
manufacturing, yarns are coated with starch polgnter increase their tensile strength during
weaving. Starches are also used by the pharmaakindustry to create a slow-release matrix in
which therapeutic compounds are dispersed. Thalsliy of starch for the above-mentioned
applications is determined by its granule size,ghgsicochemical properties of the granule (such
as the amylopectin to amylose ratio and the chamgth distribution) and the presence of non-
starch components, such as lipids and proteinss lknown that starch properties can vary
enormously between different species. For instatheediameter of starch granules can range from
1 to 40um in wheat, 3 to 2um in maize and 5 to10Qm in potato (Elliset al., 1998). The
mechanisms controlling granule size are not knoalthough there is considerable industrial
interest in this. For maize, increased granule sizaten desirable, because this may improve the
wet-milling efficiency, and thus starch yield (Giriezet al., 2002). Potato starch granules are
often too large to produce high-quality noodles d&het al., 2003) and to manufacture
biodegradable plastics, in which the starch is usea@ dry filler of the plastic film (Linet al.,
1992).

A number of starches with new or improved functidgies have been tailoreih planta using
recombinant DNA technology. We have previously dbstd a method that anchors foreign
proteins to potato starch granules during the ithesis of the granule (i al., 2003) via the non-
catalytic starch-binding domain (SBD) dBacillus circulans cyclodextrin glycosyltransferase
(CGTase). Interestingly, larger amounts of SBD vasreumulated in the granules of the amylose-free
(amf) potato mutant than in those of the wild-type pofdiet al., 2003). It is envisaged that the use of
this technology to incorporate appropriate effegiateins into starch granules will have numerous
applications in starch bioengineering (Kok-Jaepal., 2003).

In this paper, we investigate the possibility opdsiting more protein into the starch granule
during biosynthesis by using a higher-affinity amcthan SBD. It is well established that modular
glycosyl hydrolases have acquired a series of mbahdic carbohydrate-binding modules (CBMs)
to increase their affinity for the target polysaadtie. Examples includ€ellulomonas fimi
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xylanase 11A, which has two family 2b xylan-bindi@dgMs (Bolamet al., 2001), and &iromyces
equi protein with two family 29 glucomannan-binding CBMFreeloveet al., 2001). In both
proteins, the tandem CBMs displayed affinity foe ttarget ligand which was more than 10-fold
higher than that of the individual CBMs, showingttithere was significant co-operativity between
these linked modules. We have adopted nature’segiydo increase the affinity of starch-binding
CBMs for their ligands by engineering an artifigmbtein comprising two identical SBDs (referred
to as SBD2) that are joined by a Pro-Thr-rich Imgequence. The SBD belongs to CBM family 20
and, to our knowledge, no such CBM20 repeat strasthave been found in nature. The affinity for
starch of this tandem repeat SBD was comparedatootha single SBD. The introduction of SBD2
into theamf potato mutant had a pronounced effect on starahulg size, and the potential of this
approach in starch bioengineerimgplanta is discussed.

Results
Binding affinity of SBD and SBD2

In the tandem SBD construct, SBD2, two identicahifg 20 SBDs were joined via a Pro-Thr-rich
linker peptide derived from th€. fimi Xyn10A (formerly known as Cex; Gilkeat al., 1991,
Tommeet al., 1995) (Figure 1). The linker provides sufficidl@xibility for each SBD to bind to
starch independently. After expressionkscherichia coli, the SBD (single domain) and SBD2
(duplicated domain) proteins were purified to el@ghoretic homogeneity by metal ion affinity
chromatography. The capacity of the purified pregeio bind to soluble starch was investigated by
isothermal titration calorimetry (ITC). The datagiire 2) show that both proteins interact strongly
with soluble starch. As the concentration of birgdsites in soluble starch is unknown, the SBDs
were treated as the ligand. Both titrations wettediusing a one-binding-site model; the two starch
binding sites on each SBD molecule displayed smaiffinity for ligand, as reported previously for
a family 20 CBM (Belshaw and Williamson, 1993), yerting accurate measurement of the
affinity of the individual binding sites. Thus, tldata gives an average affinity for all the binding
sites in the SBD.

A comparison of th&, values showed that the SBD2 has approximatelyolDkigher binding
affinity than SBD for starch (Table 1). The gredten twofold increase in the association constant
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Figure 1. Schematic representation of pTrcHisB/SBD2 vecteedufor expression of the tandem starch-
binding domain (SBD2) iikscherichia coli. The pBIN19/SBD2 binary vector was used for SBD2regpion
in potato plants. In this case, the engineered SB&%®% was under the control of the potato granaiext
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Figure 2. Isothermattitration calorimetry (ITC) of the binding of théasch-binding domain (SBD) (A) and
tandem starch-binding domain (SBD2) (B) to solubtarch. The top half of each panel shows the
calorimetric titration of ligand into protein, anlde lower half shows the integrated heats fromupper
panel, corrected for heats of dilution. The fulidiis the curve of the best fit that was used tavde
parameter&, andAH. All titrations were performed in 50 mM sodium ipbate buffer, pH 7.0 at 2&.
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cannot be explained solely by duplication of thedibig sites in SBD2. When maltohexaose instead
of soluble starch was used as the ligand, SBDZalisd only twofold higher affinity than SBD for
the oligosaccharide, as would be expected for tepravith twice the number of binding sites (data
not shown). This strengthens the hypothesis tleatwlo appended SBDs act synergistically rather
than additively, as maltohexaose is probably toalkta span the two linked CBM20s in SBD2.

Table 1. Affinity of the starch-binding domain (SBD) andntiem starch-binding domain (SBD2) for
soluble starch, as determined by isothermal titrattalorimetry (ITC). Datax{SD) are the average of
three independent measurements.

Ka (M)

AG (kcal mot?)

AH (kcal mot?)

TAS (kcal mol*)

SBD

1.3 @0.2)x 10°

~7.0 ¢0.1)

-21.6 (1.6)

-14.6 ¢£1.7)

SBD2

1.4 @0.1)x10°

-8.4 (0.0)

—28.2 ¢1.2)

-19.8 ¢1.2)

Characterization of SBD2 transformants

The amf potato mutant was transformed with the pBIN19/SB&shstruct, and the resultant
transgenic potato plants are referred taESSxx (where SS represents the SBD2 gene and xx
refers to the clone in the series of transformantsfransformed control plants are referred to as
amf-UT. Fifty kanamycin-resistant, transformed linesres grown in the greenhouse to generate
tubers. During growth, the transgenic lines appaieenotypically normal with respect to plant
size, shape and colour, as well as the numberiaadttubers produced (results not shown).

The levels of SBD2 accumulation in transgenic glesiwere investigated by Western dot blot
analysis. The SBD2 accumulating lines were grouptal seven classes (ranging from 0+ to 6+),
based on the amount of SBD2 protein that was as®acivith the starch granules (see Figure 3A).
The 6+ class (not shown in Figure 3A) represergsithnsgenic granules giving a similar signal in
the Western dot blot analysis as the 5+ class, alhthe amount of starch. SBD2 accumulation
levels in the transgenic granules are summarizedrigure 3B. For comparison, single SBD
accumulation in thamf backgrounddmfS series) is also indicated in this figuredtJal., 2003). It
is apparent that, in tr@emfSS series, many more transformants are found icl#sses (4+, 5+ and
6+) with high SBD2 accumulation, whereas, for #mgS series, these classes are not observed at
all. These results demonstrate, alsglianta, that SBD2 is a higher-affinity binding domain tha
SBD.
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In order to estimate the amount of SBD2 proteiruaugdated in transgenic granulesnfS48,
the highest SBD accumulator (3+ class) fromaméS series (Jét al., 2003) was used as a control
for comparison with the density of dots from #®fSS series in Western dot blot analysis. The
amount of SBD2 in the highest accumulator (6+ ¢lasss estimated to be approximately fivefold
higher than that chmfS48 (approximately 80 mg of SBD2 protein per grdrdraed starch). This is
also consistent with results from ITC analysis.

0+ 14 2+ ::m
£ 4 amfS
> B amfSS
c
L]
3
o
£
4+ 5+ 6+

SBD and SBD2 accumulation classes

Figure 3. Accumulation levels of the starch-binding doma8BD) and tandem starch-binding domain
(SBD2) in potato starch granules isolated from arsgifree &mf) genotypes.

Panel A defines the classes of SBD accumulation in paggdoch granules. This classification is based on
the results of a Western dot blot analysis withiotes starch samples. The 6+ category represents the
transgenic granules which gave a similar signahestern dot blot analysis to the Blass with half the
amount of starchPanel B shows the distribution of the individual transfemts over the severiasses of
SBD2 accumulation in themf background gmfSS series). For comparison, single SBD accumulation
transgeni@mf potato starch granules is also indicataaf§ series).

SBD2 accumulation in the soluble fraction of potmiice was also determined by Western dot
blot analysis. In none of the juices of the tramsgdines SBD protein was detected, with the
exception of juices belonging to the 6+ class ahsformants. The amount of SBD found in these
juices corresponded to the dot with an intensit2-6in Figure 3A. Thus, only in the class with the
highest amount of SBD2 in the granules, can SBD#diected in the juice. This suggests that the
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amount of SBD2 in the 6+ class is saturating,all binding sites for SBD2 in the starch granules
have been occupied.

Granule sizeis altered by SBD2 expression

Microscopic examination of starch granule morphgldigom 50 transformants revealed that the
size of the starch granules of some transgenics limas substantially smaller than that of the
control. This observation was further substantifgdneasuring the granule size distributions of all
the transgenic starches. This analysis confirmed some of the transgenic lines had smaller
granules. A number of lines, includirgfSS3 (see further), showed a shift to smaller gemir
their granule size distribution. For a number dfestlines, the granule size distribution was bintoda
(Figure 4A); the larger granules, indicated bysheond peak, were approximately similar in size to
theamf-UT (non-transgenic control) starch granulese Valley point in the bimodal distributions
was, in all cases, approximately 12 pm. Figure 4@gan impression of the granule size in the
various SBD2 accumulation classes. For each dlasgyercentage of transformants in which 50%
and 65% of the granules were smaller than 12 pindisated (i.e. for these transformants, the grey
area in Figure 4A should represents more B0 and 65% of the total area, respectively). For

80 1

w

70 £
wn 2
7] E 12 pm
T‘: 60 4 3 ¢
-E 50 1 i 2 e
Q Particle diameter (pm)
< 40 -
Fry W >50%-<12 pm
g 30 1 EA>65%<12 pm
3
S 20
e
[V
10 4
0 - T . T T
+ 1+ 2+

0

3+ 4+ 5+ 6+

SBD2 accumulation classes

Figure 4. Relationship between the occurrence of small desnand tandem starch-binding domain (SBD2)
accumulation.

Panel A shows the bimodal distribution of a representafinéSS starch. The 12 um point represents the
valley point in bimodal distributions, which wassaloved in a number of the transgenic SBD2 starches.
Panel B shows the frequency of transformants with smadingtes in the various SBD2 accumulation
classes.
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instance, in the 3+ class, 40% of the transformasit®wed that over 50% of the granules were
smaller than 12 pm, and 30% of the transformantsveld that over 65% of the granules were
smaller than 12 um. Thus, it can be clearly sean dhhigh SBD2 accumulation correlates with
more small granules. However, the lines with thalkst granules typically belong to the 3+ class.
BecauseamfSS3 had the most pronounced reduction in granake @i all transformants, the
starch of this transformant was subjected to a neatensive investigation. Analysis amfSS3
granules by scanning electron microscopy (SEM)UyFEg$pA) showed two size-classes of granules
for this transformant: large ones and a large nunoberery small ones (sometimes organized in
clusters). The micrograph aimf-UT starch shows a normal distribution of granulees (having
small, many intermediate and large granules). it shows the granule size distribution of
amfSS3 starch in comparison with starch framf-UT. The mean granule size by numberaof-
UT starch was 15.Am, whereas the meah amfSS3 starch was 78, which is approximately 2
times smaller than the control. It should be ndtemt the granule size distribution amfSS3 is
relatively wide compared to that aff-UT, which is in accordance with the SEM resultihdugh
it seems that the large granulesanfSS3 dominate the scanning electron micrograpinsatsight,

B | amfpotato [
— amf-UT /\ taro
;; — amfS53 & :é"
- 7% . M wheat
o a
- 5 N
3 = cassava
4 4
‘/Yaxy maize
1 10 100 1 10 100
Particle diameter (pm) Particle diameter (pm)

Figure 5. Scanning electron microscopy (SEM) of starch giesidrom wild-type (WT) and transgenic
tubers, and particle size distributions of selestadches.

Panel A shows SEM analysis of starch granules frami-UT andamfSS3 tubers at magnifications of 200
times. Panel B shows the particle size distributions afif-UT and amfSS3 starche?anel C shows the
particle size distributions of taro, wheadssava and waxy maize starches for comparison.
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their abundance is low compared with the small gles) and consequently they contribute
relatively little to the granule size distribution.

For comparison, the granule size distributions atieber of important crop plants are shown
in Figure 5C. Taro starch has a mean of dh) which is, to our knowledge, the smallest starch
granule known in a crop plant. Wheat starch hasnedal granule size distribution with large
granules of the A-type crystallite and smaller omath a B-type crystallite (French, 1984). The
mean of wheat starch is 4uin for the smaller granules, and 15 for the larger ones. Maize and
cassava are major starch sources for the induBtiy.mean of maize starch is 1qut, whereas
that of cassava is 7}8n. Our results show that the granule size of aneyfose potato starch can
be decreased to that of cassava by SBD2 expression.

Sarch content of line amfSS3 and characterization of its starch

The impact of SBD2 accumulation in granules on steach content and the physicochemical
properties of the starch were also investigate@. Sthrch content @mfSS3 (13.%1.6 w/w% fresh
weight) was comparable with that amf-UT (15.Gt1.1 w/w% fresh weight), which shows that
starch yield is not affected by the reduction iargfe size. Granutenelting behaviourT, andAH)

of amf-UT andamfSS3 starch were studied by differential scannidgricaetry (DSC). The pasting

Table 2. Gelatinization propertiesT¢, AH), pastingproperties g, Tp, peak andend visicosity) and apparent
amylose content (AM, %) of starches framfSS3 ancamf-UT. Bohlin data are the mean of two measurements.
Differential scanning calorimetry (DSC) and AM dafa SD) are the average of three independent

measurements.
gelatinization properties pasting properties
clone T AHP To* Tp¢ peak visc. | end visc. AM
(°C) (kJ/g) (°0) CC) (Pas) (Pas) (%)
amf-UT 68.6 (+0.3)| 8.0 (+1.4) 61.8 74.7 36.2 26.3 36.2)
amfSS3 68.2 (+0.5)| 9.4 (+1.2) 63.5 75.2 373 24.5 332)

@ Temperature at onset of starch gelatinization (DSC)

® Enthalpy released (DSC).

¢ Starch gelatinization temperature (Bohlin).

9 Peak temperature (Bohlin).
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properties of the two starches were determined olgliB rheometry, which involves measuring
viscosity changes whilst the starch suspensioeaddd and then cooled with constant stirring. The
highest viscosity of a starch paste is referredgdhe peak viscosity, whereas the viscosity after
cooling of the starch paste is called the end wisgoAlso, the amylose content of both samples
was analyzed. The results are summarized in TabiteoPn the data, it can be seen that there are no
consistent differences in the various parameterthitwo starches.

Discussion

In the present study, we have engineered an altifiendem repeated SBD (CBM20) and
determined its affinity for starch, both vitro andin planta. The ITC data indicate that SBD2 can
bind to soluble starch with an approximately 1@fdligher affinity than the individual SBD,
indicating that the two SBDs act in synergy to bihd ligand. This increased affinity of SBD2 for
starch was also eviderih planta. When SBD2 was introduced intamf potato plants, an
approximately fivefold higher protein accumulatiorthe starch granule could be achieved compared
with amf potato starch granules accumulating individual SBD

To our knowledge, this paper provides the firsbrepf synergy between two appended CBM20s.
It should be noted that particular microbial stadegrading enzymes have been identified, which
contain a triple repeat SBD motif (Sumitaatial., 2000). However, these binding domains are
different from those used in this study, and hasenbclassified as family 25 CBMs. To this end,
there are no data available on the binding affinityhe individual family 25 modules, or on that of
a series of CBM25s. The binding characteristicsappended CBMs have been studied more
extensively in plant cell wall-degrading enzymeschs as cellulases and xylanases. For instance,
Linder et al. (1996) showed that an artificial tandem CBM1 éxieid much higher affinity for
insoluble cellulose than the individual CBM1s, icating a co-operative effect between the two
domains. Another example is the two CBM2bs frénfimi xylanase 11A, covalently joined via a
flexible linker, which showed an approximately 184»ld increase in the affinity for xylan when
compared with the individual modules (Bolatal., 2001). Similar observations were made for
two appended CBM29s, which have affinity for cele¢, mannan and glucomannan (Freelgive
al., 2001). However, there are also examples of apge€BMs which do not show this synergy in
binding the substrate; these include the repeakBld43 of C. fimi endoglucanas€enC and those
of Rhodothermus marinus endoxylanasynl10A (Abou-Hachenet al., 2000; Tommeet al., 1996).

Linker sequences in cellulases and xylanases agnceasiderably in length (16 to 59 amino

65



Chapter 4

acids) and in amino acid composition (Gilketsal., 1991). In this study, the two SBDs were
separated by a Pro-Thr-rich linker of 22 residuesength derived fronC. fimi Xyn10A. Such
linker sequences are quite common in modular prstébilkeset al., 1991), and those containing
proline may display some rigidity (Jate et al., 2003). In contrast, the linker Aspergillus niger
glucoamylase 1, which links the SBD to the catalytiodule, is relatively long (68 amino acids),
glycine-rich, and thus flexible (Jatek et al., 2003). It is possible that the nature of thé&&dinmay
influence the binding characteristics of the SB&rg] it is therefore possible that a linker sequence
other than the one used in this study could enhdimeeco-operative binding displayed by the
modules in SBD2.

The expression of SBD2 emf mutant potato plants resulted in a number of clawedaining
starch with smaller granules. This phenomenon veaohserved when single SBD was expressed
in the amf background (Jet al., 2003). TheamfSS3 transformant had the smallest granules of all
transgenic lines. Starch yield of this transformamas comparable with that of the untransformed
control, suggesting that this line accumulates nsanall granules and that starch biosynthesis is not
inhibited. To a certain extent, the occurrencenodls granules in SBD2 transformants is correlated
with the amount of SBD2 accumulated in the grar{kigure 4). Typically, the smallest granules
are obtained with a transformant belonging to theckss, having intermediate levels of SBD2
accumulation. This result may be explained by Fgeér which illustrates schematically the
interaction of SBD2 with starch at different SBD@camulation levels [lowgg. the 1+ class),
intermediate €.9. the 3+ class) and higle.§. the 6+ class)]. Our ITC measurements show that
SBD2 interacts strongly with starch. We hypothedizat SBD2 binds instantaneously to the
growing starch granule when entering the amyloptastreby “coating” the granule surface. At low
SBD2 levels, the surface is not fully covered, #mel enzymes involved in starch biosynthesis are
not hindered greatly in attaching material from gti®ma to the growing granule. At intermediate
SBD2 levels, the granule surface may be fully cedewith SBD2. We postulate that, in this
situation, both domains of each protein are atthdbethe same granule. As a consequence, the
SBD2s may hinder synthases from elongating amylopeside-chains at the granule surface,
and/or branching enzymes from attaching side chaitise growing granule. In this way, additional
nucleation sites for granule formation may be esédrby SBD2. The starch-synthesizing potential
then needs to be distributed over more nucleatitas,swhich could explain our observation of
more small granules in this class.

At high-level SBD2 accumulation, the surface of tranule is also fully covered but, in this
situation, the binding mode of SBD2 is differente\&peculate that high concentrations of SBD2
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increase the chance that only one of the two dosnairSBD2 is attached to the granule surface,
whereas the other sticks out in solution (see [Eig)r Our results indicate that the amount of SBD2
in these transformants seems to be saturatinge SsBD2 was also detected in the potato juice.
Interestingly, the high accumulation class has axprately twofold more SBD2 than the
intermediate class, in agreement with the propdseding modes. We further speculate that the
exposed SBD of the SBD2 protein is available fgteang solublex-glucans in the amyloplast. If
thesea-glucans are sufficiently long, they may bind mdinean one SBD2, possibly attached to
different growing granules. Potentially, this cotitdoss-link” different nucleation sites, which may
explain why no reduction in granule size is obsérirethe high SBD2 accumulation classes;
the three indicated nucleation sites may beconmiegbane larger granule.

low SBD2 intermediate SBD2 high SBD2
accumulation accumulation accumulation

> %%

normal starch surface poorly accessible to
assembly biostnthesis enzymes,
possibly resulting in new
granule nucleation sites

d&) double SBD

. granule nucleation site

soluble a-glucan chain

different granule nucleation
sites may be cross-linked
by a combination of SBD2
and soluble a-glucans

Figure 6. Schematic representation of tentatively differbmding modes of the tandem starch-binding
domain (SBD2) at various accumulation levels. Fapéicity, only the SBD2 proteins at the granulefaoe
are shown. During the biosynthesis process, SBD®&jr is continuouslyincorporated into the granules as
subsequent-glucan layers are deposited. For details, see text
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In this paper, we have shown that it is possibl@roduce smaller potato starch granutes
planta, without accompanying changes in other starchgnas and without a yield penalty. Potato
starch is often preferred over starches from atloeirces because of its low level of contaminants,
such as proteins and lipids. In certain applicajdrowever, they can not be used due to their large
granule size. An example is the production of $tarcodles. Cheemt al. (2003) have shown that
native potato starch is not suitable for starchdi®@reparation due to the abundance of large
granules. However, it was demonstrated that aifnaaif small-sized potato starch granules (<20
pum) could be used for making consistently long meadrands with good quality. Native potato
starch only contains a small proportion of sucmglas (approximately 5%). Another example is
the manufacturing of films, in which starch canused as a biodegradable additive (Gage, 1990). It
has been shown that films made with small granaileghinner and have higher elongation rate and
tensile strength (Linet al., 1992). In principle, the smaller, disk-shapeceatstarch granules could
be used for this type of application. Wheat statohwever, has the disadvantage of containing
considerable amounts of non-starch contaminantduding proteins (Baldwin, 2001), which, at
elevated temperatures, can participate in so-cMiatlard reactions that can cause discoloration of
the film (Griffin, 1989). Alternative sources of athgranule starch are amaranth or partially
degraded corn starch (acid treatment, followed h¥ing; Janeet al., 1992). However, these
sources are relatively expensive, or they requiteagorocessing. Our SBD2 starch combines the
purity of potato starch with the small granule riduin wheat and corn, which may make this
transgenic starch particularly suitable for makstgrch noodles and films. Another advantage of
small-granule potato starch might be in chemicatcst modification, such as cross-linking. The
more favourable surface-to-volume ratio of the $mednules could improve the diffusion rate of
the modifying agent into the granule, thereby desireg the reaction time and possibly reducing the
amount of chemicals required.

Experimental procedures

Preparation of constructs

Two constructs were made, one for SBD2 expressioB. icoli [pTrcHisB/SBD2], and one for
SBD2 expression in potato plants [pBIN19/SBD2]. HiacHisB/SBD2 construct was assembled
from the pTrcHisB/SBD plasmid (ét al., 2003). A sequence similar to SBD in pTrcHisB/S&m
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an artificial Pro-Thr-rich linker (Jet al., 2003) were inserted into pTrcHisB/SBD. The se&con
SBD-encoding sequence was obtained by polymerama cbaction (PCR) amplification with the
primers 5-CAACTTCGAGGAATTCTACG-3 and 53-AAGCTTATGGCTGCCAATTCAC-3,
which containEcoRI andHindlll sites at their '5ends, respectively. The CGTase gene (CGT13A)
from Bacillus circulans strain 251 was used as a template (Lawatoal., 1994). The amplified
fragment was subcloned into a pGEMTeasy vectomiega, USA). Plasmid DNA was propagated
in E. coli DH5a and purified from the cells with the WizaRlus Midipreps DNA purification
system (Promega, USA). After digestion of this plaks the EcoRI-Hindlll SBD fragment was
inserted into the corresponding sites of the pTsBHBD expression vector to give the
pTrcHisB/SBDI-SBDII vector. The Pro-Thr-rich linkeised to connect the two SBDs contained a
Bglll site at 5end and artcoRlI site at 3end. The linker was inserted into the correspangites
of the pTrcHisB/SBDI-SBDII vector to give the pTrdB/SBD2expression vector (see Figure 1).
Using standard cloning procedures, the pBIN19/SBB&or was assembled from four DNA
fragments: (i) the potato tuber-specific granulexi starch synthase (GBSSI) promotdimgi|1-
Ncol) (van der Leijet al., 1991); (i) a sequence encoding the potato GB&SIisit peptide for
amyloplast entryNcol-Ncol) (van der Leijet al., 1991); (iii) a SBD2 fragmeniNcol-BamHI); and
(iv) the NOS terminator sequenc&a€l-EcoRl) (Bevan, 1984). The first two fragments were
subcloned in pMTL23 (J&t al., 2003). TheNcol-BamHI SBD2 fragment was amplified by PCR
with the primers 5CCATGGCCGGAGATCAG-3 and 5-CTTCTCGGATCCGCCAAAAC-3
using pTrcHisB/SBD2s a template. The combined fragments (i)-(ii) Bagment (iii) were cloned
in a pBIN19 vector, which already contained the N@®®ninator sequence. The plasmid is referred
to as pBIN19/SBD2 (see Figure 1). The splice sitecfeavage of the transit peptide was the same
as that used previously for SBD targeting €ial., 2003). The SBD2rotein, which will be
accumulated in potato tubers, has a predicted mlaleenass of 25 371 Da, excluding transit
peptide. Both constructs were sequenced to ensurautations had occurred during the cloning
procedure.

Production of SBD2 protein in E. coli and its purification

RecombinantE. coli Tuner cells (Invitrogen, The Netherlands), contagnthe pTrcHisB/SBD or
pTrcHisB/SBD2 construct, were grown in Luria-BeitélnB) with 100 ug/ml ampicillin at 37°C
until 0.8< ODgoo < 1.0 (OD, optical density). SBD expression was getliby adding isopropys-
D-thiogalactoside (IPTG) to a final concentratidrlanM, and by growing the cells for 12 h at 29
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°C. Cells were harvested by centrifugation (130§ 10 min, 4°C), re-suspended in Talon buffer
(20 mM Tris, 300 mM NacCl, pH 8.0), and frozen-80 °C. The cells were lysed by sonification for
2 min, and after centrifugatiof500x g, 45 min, 4°C), the cell-free extract was applied onto an
immobilized metal affinity column (6 ml bed volumEALON Clontech, USA). The SBD proteins
were eluted from the column using buffer with irasig imidazole concentration (10, 15, 20, 30
and 50 mM imidazole in Talon buffer). Sodium dodsuaiphate-polyacrylamide gel electrophoresis
(SDS-PAGE) was used to check the eluted fractiongpfesence of the appropriate polypeptide.
Finally, the fractions containing the SBD protewsre pooled and desalted by dialysis against 50
mM sodium phosphate buffer (pH 7.0). The conceiatmadf the purified proteins was determined
by UV absorbance at 280 nm, using a calculated mesdénction coefficient of 31 900 Mcm™ for
SBD and 63 800 Mcm™ for SBD2.

Isothermal titration calorimetry (ITC)

ITC measurements were taken at 25 °C using a Malr@@nega titration calorimeter. During a
titration, the protein sample (0.04-0.1 mM), surr@ 310 r.p.m. in a 1.4331 mL reaction cell, was
injected with 25 successive 10 ul aliquots of eith@-0.4% (w/v) soluble starch (Sigma Chemical
Co.) or 10 mM maltohexaose (Sigma) at 200 s intervEhe proteins were dialysed extensively
against 50 mM sodium phosphate buffer, pH 7.0, rptao the titration, and the ligands were
dissolved in the same buffer to minimize heatsikftion. The binding data were corrected for the
heat of dilution of both proteins and ligand. Ine#g@d heat effects were analyzed by non-linear
regression using a single set of sites binding @deroCal ORIGIN v5.0), yielding independent
values forK, andaH. The equation, RT InK; = AG = AH — TAS was used to derive the other
thermodynamic parameters.

Plant transformation and regeneration

The pBIN19/SBD2 plasmid was transformed imgrobacterium tumefaciens according to the
three-way mating protocol described by Visser (39%iternodal stem segments from the diploid
amylose-freedmf) potato mutant (often referred to as 1029-31; Bsewet al., 1989) were used for
Agrobacterium-mediated transfomation containing the plasmid s¢€r, 1991). More than 50
independent shoots were harvested. Shoots wessl tRstroot growth on a kanamycin-containing
(100 mg/l) MS30 medium (Murashige and Skoog, 196#)y transgenic, root-forming shoots were

70



Reduction of starch granule size

multiplied and five plants of each clone were tfangd to the greenhouse for tuber development.
In addition, 10 untransformed controls were growithe greenhouse.

Sarch isolation from potato tubers

All tubers derived from the five plants of eacharkouse-grown clone were combined, and their
peels were removed in an IMC Peeler (Spangenbdrg, Netherlands). The peeled tubers were
homogenized in a Sanamat Rotor (Spangenberg),iltaréd through a sieve to remove particulate
material. The resulting homogenate was allowectttbesfor 20 min at 4C, and the tuber juice was
collected for later use, and stored-&0 °C. The starch sediment was washed three times with
water, and finally air-dried at room temperature.

Determination of SBD2 content of transgenic starches by dot blot analysis

A 12.5% sodium dodecylsulfate-polyacrylamide geéd (Bm x 50 mmx 3 mm), with 9 equally
spaced holesC{ = 9 mm), was placed in contact with a similar-dix¢ybond ECL nitrocellulose
membrane (Amersham Pharmacia Biotech, UK). Twergyof(transgenic) starch was boiled for 5
min with 200pl of a 2x SDS sample buffer (Laemmli, 1970). After coolimgroom temperature,
the starch gel was transferred into one of thesh@8D2 proteins from transgenic starch gels were
blotted onto the membrane with PhastSystem (Phaam@weden; 20 V, 25 mA, I'&, 45 min) (Ji

et al., 2003). The protein was identified with antiSBitiaody according to the method described
by Jiet al. (2003).

SBD?2 proteins in the soluble fraction were deteediras follows. 500 pl of tuber juice was
freeze-dried. The dried material was dissolvedd@ |2 of 2x SDS sample buffer. In order to make
the sample suitable for the Western dot blot pracedthe mixture was boiled for 5 min in the
presence of 20 mg starch from the control samflkes.starch gel obtained was applied to one of
the holes in the sodium dodecylsulfate-polyacrytiergel. The rest of the procedure was conducted
in the same way as described for granule-bound SBD2

Determination of starch content
Approximately 50 mg of potato tuber material wassdived in 0.5 ml of 25% HCI and 2 ml of

dimethylsulfoxid (DMSO) for 1 h at 68C. After incubation, the mixture was neutralizedhab M
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NaOH and diluted in 0.1 M citrate buffer (pH 4.@) & final volume of 10 ml; 20 ul of the
hydrolyzed starch sample was determined enzymbtiaging a test kit (Boehringer, Mannheim
Germany), according to the instructions of the nfacturer. The values are an average of three
independent measurements.

Analysis of potato tuber starch

Starch granule morphology was investigated by ligitroscopy (LM; Axiophot, Germany) and
scanning electron microscopy (SEM; JEOL 6300F, dadeor LM, starch granules were stained
with a 2(x diluted Lugol’'s solution (1%:IKI). For SEM, dried starch samples spread on silape
and mounted on a brass disc were coated with a2platinum layer. Samples were then examined
with a scanning electron microscope operating atetelerating voltage of 1.5-3.5 keV. The
working distance was 9 mm.

Average granule size and granule size distributibthe control and transgenic starches were
determined in triplicate with a Coulter Multisizéy equipped with an orifice tube of 100m
(Beckman-Coulter, UK). Approximately 10 mg of stamvas dispersed in 160 ml of Isoton II. The
number percentages of the differently sized graniethe sample were recorded by counting
approximately 50 500t600) particles. The coincidence (the frequencynaf granules entering the
tube at the same time, and consequently being edwas one) was set at 10%.

The apparent amylose content of starches was detinaccording to the method described
by Hovenkamp-Hermelinkt al. (1989).

The temperature at which starch granules staretatigize was determined by DSC using a
Perkin-Elmer Pyris 1 (Perkin-Elmer, The Netherlgndsjuipped with a Neslab RTE-140 glyco-
cooler (Jiet al., 2003). Dynamic rheological properties of 5% (Wétarch suspensions at small
deformations were determined by applying a smatillating shear deformation (55 using a
Bohlin CVO rheometer (Mettler Toledo, The Nethedah The suspensions were preheatdd
°C with gentle stirring and loaded into the sam@# (reheated at 4%C). After this, the cell was
subjected to the following temperature programneeting to 90C, 15 min at 90C, cooling to 20
°C, and 15 min at 26C. Heating and cooling were performed at a rat2 %€ min*. Data were
collected automatically every 10 s.
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Chapter 5

Glucan polymerization and granule packing
uncoupled during starch biosynthesisin potato
plants
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Qin Ji, Jean-Paul Vincken, Luc C.J.M. Suurs, ARirniéon, and Richard G.F. Visser
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Summary

This study investigates whether it is possiblertmdpce an amylose-free potato starch by displacing
the amylose enzyme, granule-bound starch synth@&S$%l), from the starch granule by an
engineered, high-affinity, tandem-repeat of a fgna0 starch-binding domain (SBD2) [éi al.,
(2004) Plant Biotechnol. J. 2, 251-260]. SBD2 was introduced in the amylosetaining potato
cultivar (cv. Kardal), and the starch of the rasgltransformants was compared with that of SBD2-
expressing amylose-free potato lines. We have nédaevidence that SBD2 and GBSSI compete
for binding sites at the granule surface, and @B5SI has the highest affinity for starch of thetw

A reduction in amylose content was not achievedstMitriking were the observations that SBD2
expression could affect physical processes unaeylgoorly understood starch characteristics such
as granule morphology, size, crystallinity, and themation of growth rings, without altering the
primary structure of the constituent starch molesul

Key words: fusion protein, granule-bound starch synthase drcktbinding domain, transgenic
potato, granule size and morphology, granule aslsemb
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I ntroduction

Potato starch granules are composed of two poljsaicies, the more or less unbranched amylose
(approximately 20%) and the highly branched amydtipe(approximately 80%) (Kossmann and
Lloyd, 2000). From an industrial viewpoint, the geace or absence of amylose is important,
because it greatly determines the suitability afdt for different applications (Visseral., 1997a;
1997b). Properties as retrogradation of starchepa@tisseret al., 1997b), poor transparency of
starch gels and low adhesiveness (Visseal., 1997a), poor freeze-thaw stability (Jobliegal.,
2002), and high granule melting temperatures (Stthetal., 2000) are all correlated with a high
(apparent) amylose content of potato starch. Thezethein planta modulation of the amount of
amylose of potato starch granules has been an tengabjective for the starch industry.

Various transgenic approaches have been exploradddifying the amylose content of potato
starch. Granules with a very high apparent amylosatent (~70%) were obtained by the
simultaneous antisense inhibition of both potaswcst-branching enzyme isoforms (Schweatlhl.,
2000). An essentially amylose-free starch coulcob&ined by down-regulation of the activity of
granule-bound starch synthase | (GBSSI), the areydozyme (Kuiperst al., 1994), demonstrating
that GBSSI is the only synthase involved in amylggeathesis. Interestingly, the amount of amylose
of potato starch granules could also be reduced18%) by decreasing the ADP-glucose pool size
(antisense AGPase; Llowtlal., 1999). The fact that GBSSI has a lower affinitigfler Km) for ADP-
glucose in comparison with (at least some) otharckt synthases may explain this observation
(Edwardset al., 1999). Thus, it seems as if GBSSI is the firsttlsgse to suffer from a low ADP-Glc
concentration, leading to the production of lesglage.

In a previous paper we have shown that microbiatcktbinding domains (SBDs) can be
accumulated in starch granules during the starosybthesis process, without affecting the amount
of amylose (Jet al., 2003). It was also shown that more SBD couldnoeriporated in the granules
of amylose-freedmf) potato mutant. One explanation for this obseovats that GBSSI and SBD
bind similar sites in the granule, and that GBS&$ tthe highest affinity for starch of the two
proteins. Therefore, we engineered a high-affistgrch-binding domain by fusing two similar
SBDs via Pro-Thr rich linker peptide (SBD2). It wslsown that SBD2 had an approximately 10-
fold higher affinity for starch, and that much heglamounts of this protein could be accumulated in
amf starch granules than of SBD @ial., 2004). In this study we investigated whethes ipossible
to obtain an amylose-free starch by introducing 3BD a wild-type potato background. Our
hypothesis was that two appended SBDs might begteoough to displace GBSSI from the starch
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granule. Besides, the characteristics of SBD2-aointg starch of both the WT arainf background
are compared.

Results
Characterization of SBD2 transformants

The pBIN19/SBD2 was transformed into potato cv.déhi(KD), and the amylose-frean(f) potato
mutant plants. The resulting transgenic potato tplame referred to as KDSSxx aathfSSxx,
respectively (SS represents the SBD2 gene and fexsréo the clone in that particular series of
transformants). Untransformed control plants aferred to as KD-UT an@mf-UT, respectively.
Fifty kanamycin-resistant, transformed lines froatke genotype were grown in the greenhouse to
generate tubers. The morphology of plants and sylees well as the tuber-yield of all transgenic
plants was comparable to that of the control pléshdsa not shown).

The levels of SBD2 protein accumulation in transgegranules of the KDSS series were
investigated by Western dot blot analysis. The SBBD@Qimulating lines were divided into 5 classes
(ranging from O+ to 4+; see Figure 1A) based onaim®unt of SBD2 protein associated with the
starch granules, similar to the class-definition ttee amfSS series described previously €Jial .,
2004). The SBD2 accumulation in the KDSS seriesurmmarized in Figure 1B. Feomparison,
single SBD accumulation in both KDS aaahfS series (Jét al., 2003) and SBD2 accumulation in
theamfSS series (Jat al., 2004) are also indicated in Fig. 1B. It can eersthat larger amounts of
SBD2 than SBD can be accumulated in the WT backgtothis is consistent with our previous
observations in themf background (Jet al., 2004). Further, it is clear that much higherelsvof
SBD2 can be accumulated amf granules than in amylose-containing ones, whickals® in
accordance with earlier observations for single @Bt al., 2003).

The SBD2 protein concentration was also determ{iféestern dot blot analysis) in the potato
juice of one representative of each class fronKiD&S series. The results are summarized in Figure
2. For comparison, the SBD2 concentration in thalde fraction of representativeamfSS potato
tubers of each class @ial., 2004) are also indicated in the figure, as w&slthe amount of SBD in
the respective starch granules. The amount of S®BIDAd in class 1+ and 2+ KDSS tuber juice
corresponded to the dot with an intensity of kee(Figure 1A), and that in class 3+ and 4+ KDSS
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Figure 1. Accumulation levels of SBD and SBD?2 in potataategranules isolated from wildtype (WT) and
amylose-freedmf) genotypes.

Panel A defines the classes of SBD2 accumulation in pattoch granules. This classification is based on
the results of a Western dot blot analysis withowgs starch samples. The 6+ class representsahsginic
granules, which gave a similar signal in Westerh ldot analysis as the 5+ class with half the anhafn
starch.Panel B shows the distribution of the individual transfambs over the seven classes of SBD2
accumulation in WT background (KDSS series). SBB@uaulation in transgeniamf background gmfSS
series) and SBD in both backgrounds (KDS ami5 series) are indicated for comparison.
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Figure 2. Accumulation levels of SBD2 protein in starch gres (open bars) and juices (closed bars) of
selected (transgenic) potato tubers.
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tuber juice to 2+. In thamfSS series, SBD2 can only be detected in the tuie ferived of the 6+
class transformants. Our data suggest that amyglosiining granules were saturated with SBD2 at
lower concentrations than tleif ones.

Based on the Western dot blot results, one tramsdee of each SBD2 accumulation-class of
the KDSS andamfSS series, as well as their respective controlse welected for Northern blot
analysis (Figure 3). The SBD2 transcript levelstiodse transformants correlated well with the
results obtained by the Western dot blot analyssthe transformants with starch granules of the
1+ class had low amounts of the transcript, whetBase with starch granules of the 4+ class
(KDSS series, Figure 3A) or the 6+ clagsn(SS series, Figure 3B) had much higher amounts.
SBD2 transcripts were absent in the untransfornoadrols.

Figure 3. Northern blot analysis of SBD2 expression in selédransgenic lines of KDSS (A) amdifSS
series (B), and their respective controls. Eaah diontains 40 pg total RNA.

Amylose content

The starch granules of each transformed line of KBS series were stained with a Lugol’s
solution, and subsequently the granules were imgaged for the presence of amylose by light
microscopy. No decrease in the amount of amylose apgarent in the granules from any of the
clones (data not shown). In order to detect smalléierences in amylose content, also a
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colorimetric amylose determination was performedhwkKDSS starch samples of each SBD2
accumulation class. In all samples an amylose obnfapproximately 20%) similar to the

untransformed control was found. These data demaiaghat introduction of SBD2 in an amylose-
containing background does not reduce the amylostent.

It has been shown previously that the GBSSI proigipresent in surplus in potato starch
granules, and that a reduction in the GBSSI corwénte granules does not necessarily correlate
with less amylose (Flipset al., 1996). Therefore, we also determined the GBS&terd of the
KDSS starch granules by Western dot blot analysieach class of the KDSS series, a similar
amount of GBSSI protein as in KD-UT was found (dat& shown). These results suggest that the
high-affinity SBD2 is unable to displace GBSSI frahe starch granule during the biosynthesis
process.

Granule morphology

Starch granule morphology of each transformed cfoo both the KDSS andmfSS series was
investigated by light microscopy (LM). The selectedtrographs of various transgenic granules and
their respective controls are shown in Figure 4alt be seen that the morphology of KD-UT and
KDSS50 (1+) starch granules is more or less simmdacept for the presence of apparent cracks in
the granules. Further analysis of these granulescagning electron microscopy (SEM) showed that
their surface was smooth (data not shown), indigatihat the pronounced staining (cracks) does not
represent a groove in the surface, but ratherghtsfi altered internal organization. Such apparent
cracks were also observed with single SBD, althoingly seem to be less pronouncede{Jl.,
2003). Higher SBD2 accumulation levels in KDSS esershowed altered granule morphology in
both light and scanning electron micrographs. Geswere sometimes organized as a bunch of
grapes (further referred to as “grape-like strueslyr. It seemed that this phenomenon was most
pronounced in KDSS1 (3+) and KDSS7 (4+), althougtould also be observed KDSS9 (2+) (see
Figure 4A and Figure 5A, B).

Analysis ofamfSS granules by LM and SEM revealed that the gramdephology of the
various transformants was altered in comparisoh wie control (Figure 4B). From this figure, it
can be seen that granules are sometimes orgamzadye clusters of very small granules (further
referred to as “large clusters”), particularlyamfSS3 starch, whiclshows a relatively low level
(3+) of SBD2 accumulation. Two other transformantthe 3+ class also showed this phenomenon,
but the large clusters were not found in any ofttaesformants of the other classes of ah#SS
series. Also, in none of the transformantthef KDSS series these large clusters were observed
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KDSS? (4+)

A KD-UT KDSS50 (1+)  KDSS9 (2+) KDSS1(3+)

amﬂ‘3346 (2+

MB‘V 3

Figure 4. Light micrographs showing the morphology of conttntl transgenic starch granules. The granules
were stained with a 20diluted Lugol solutionPanel A shows the micrographs of representative granule
preparations of selected plants of the KD-UT anel KDSS seriesPanel B shows the micrographs of
representative granule preparations of selectatplaf theamf-UT and theamfSS series. Magnification of
the starch granules is 200 times.

Furthermore, a high magnification scanning electmiorograph ofamfSS3 granules showed that
the large clusters are more loosely associated thangrape-like structures in the amylose-
containing background (Figure 5C, D). amfSS34 ancdamfSS23 with higher levels of SBD2 than
amfSS3, the large clusters were not observed, butlengiape-like structures were encountered
(Figure 4B, indicated with arrowheads). Higher magation scanning electron micrographs of the
high SBD2 accumulators showed that the surfacéh@fgranules can be rough and contain deep
grooves, particularly in themfSS23 (6+ class) (Figure 5E, F). We have never gbdesuch
phenotypes before in any of the transgenic stareteshave generated over the years. These
micrographs suggest that SBD2 can interfere irptbeess of assembling the starch granule, at least
when it is present in large amounts.

In the starch granules from a number of transfotsamn the KDSS series, we observed the
contour lines of grape-like structures inside largfarch granules (Figure 6). The normal, concentri
pattern of growth rings was absent in these granu@rthermore, it can be seen that normal-
looking granules and granules with internalizedpgrlike structures can both occur in the starch of
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Figure 5. SEM analysis of transgenic KDSS aadfSS starch granules. (A) KDSS1: 3+, 1480(B)
KDSS7: 4+, 800x; (C) amfSS3: 3+, 800; (D) amfSS3: 2000%; (E) amfSS23: 6+, 122(; (F) amfSS23:
1900x.

KDSS transformants. This phenomenon was not obderveéhe starch granules from any of the
amfSS transformants. These data suggest that theuli@regrape-like structures can grow out to
round or oval granules.
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Figure 6. Light micrograph of starch granules (KDSS2 (2+ss)a800x magnification) stained with a 0
diluted Lugol solutionPanel A shows the original image of the starch granuRemel B shows the same
image, highlighting in white the contour lines afage-like structures, which seem to be incorporated
larger starch granules, as well as the concentowtt-rings of apparently normally assembled grasul

Since the morphology of the granules appeared ggfgrent, a number of the starches were
investigated by microscopy under polarized lighg@fe 7). The untransformed controls, KD-UT
and amf-UT, clearly showed the characteristic “Maltesessioin the starch granules. Both the
starches from the KDSS and theifSS transformants showed an altered birefringenterpa It
appeared as if a large portion of the granules Wwerk from many small ones, because often one
granule contained many “Maltese crosses”. Thisciaugis that the radial molecular ordering within
these granules is different from the starchesdbatot contain SBD2.

Chain-length distribution of SBD2 starches

Schwallet al. (2000) inhibited the expression of both starcmbhéng enzymes in potato tubers, and
observed that the birefringence patterns of thesmsgenic starches were different from
untransformed controls. Because there seems to belationship between birefringence and
branching enzyme activity, the same transgeniccisésr as which were used for polarized light
microscopy were investigated for differences inirtlehain-length distribution. With both high-
performance anion exchange chromatography (HPAG&)d separation of maltodextrins up to a
degree of polymerization of approximately 45) anghkperformance size exclusion chromato-
graphy (HPSEC) (a broader range separation than BdRAbut with lower resolution), no
differences were found between transgenic starchésally, and between transgenic starches and
the respective untransformed controls (data nowveho
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Figure 7. Light micrographs of starch granules from varidtensformants viewed under normal and
polarized light. For each starch, a pair of micegdrs is shown in which the upper panel shows thmalo
light micrograph, and the lower panel the polariligbt micrograph of the same granules. Controicétes:
200x magnification. Transgenic starches: 80Magnification.

Increased crystallinity of transgenic starches

Since the granule packing appeared to be affegtédebpresence of SBD2, thrasif starches were
selected for X-ray diffraction (XRD) analysis. Thetransformed and transgenic starch granules all
consisted of B-type crystallites, demonstrating BBD2 expression did not alter the crystal type.
Small, but consistent, differences in the crysidifi of the granules were found. Thei-UT starch
had a crystallinity of 43%, that cdmfSS3 (3+) 44%, and that @mfSS23 (6+) 47%. This
demonstrates that an increased SBD2 accumulatamimcreased crystallinity are correlated.
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Granule size distribution

The granule size distributions of all transgenard lines of the two different backgrounds were
investigated. All granule size distributions readwithin one class of transformants were
averaged, the result of which is summarized in lE@A. The averaged granule size distributions of
the starch of the various classes of the KDSS sevare more or less similar to the profile of the
control, indicating that the granule size of the&®starches is not affected by SBD2 accumulation
in the granules. This was not observed with dh€SS series; there, the granule size distribution
became bimodal with increasing SBD2 accumulatiourtifermore, it seemed as if the smaller
granules in the bimodal distribution become smakléh increasing SBD2 accumulation, and the
larger ones larger.

Although the triplicate measurements with the GauMultisizer measurements appeared to be
very reproducible for each (transgenic) starch sampe found a large variation in granule size
distributions within one SBD2 accumulation clasatigularly in the 3+ class. An example of this is
provided in Figure 8B, which shows three differgrdnule size distributions of starches belonging
to the 3+ classamfSS3 has very small starch granules (7.8 um in ngganule size), whereas
amfSS57 has relatively large ones (13.3 pum in meamuigasize). AmfSS25 had a bimodal
distribution with peaks at 7.0 and 27.2 um.

Fractionation of starch granules

In order to investigate the relationship betweangte size and the level of SBD2 accumulation in
the granule, theamfSS22 starch (6+ class) with a bimodal granule digiibution was fractionated
into granules larger and smaller than 20 um. Mmpps&c examination revealed that the size of the
starch granules in the two fractions was more umfthan in the starting material (data not shown),
which was further substantiated by measuring thenge size distributions of the two starch
fractions (Figure 9A). Subsequently, the amountS&D2 was determined in the two granule
fractions by Western dot blot analysis. It appeatet the small granules contained more SBD2
protein than the larger ones (Figure 9B).
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Figure 8. Relationship between particle size distributiorfs tle various starches and their SBD2
accumulation levelsPanel A shows the averaged particle size distributiontheftransgenic starches of the
various SBD2 classes of the KDSS amdSS series. Each starch sample was analyzed ircaitig| and the
granule size distribution profiles of all starchedonging to the same class were averaBadel B shows
particle size distributions cddmfSS3,amfSS25, andamfSS57 transgenic starches from the 3+ class. The
profiles are the average of three independent meamnts.
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Figure 9. Relationship between particle size distribution &BD2 protein accumulation mmfSS22 starch
and its two constituent fractionBanel A shows the particle size distribution of the unti@tatedamfSS22
starch (solid line) and its two fractions afterviigy: larger (solid line with circles) and smallian 20 um
(solid line with crossesPanel B shows the amount of SBD2 in thefSS22 (C), the large granule fraction
(L), and the small granule fraction (S).

Treatment of large clusters and grape-like structures with a-amylase

In order to investigate whether the associatiosnoéll granules in both large clusters and grape-lik
structures isa-glucan-relatedamfSS3 and KDSS7 starch, as well as that of theirectse
untransformed lines were treated wittamylase. Samples withoatamylase treatment served as
controls. The starch granule morphology and theweasize distribution of themfSS3 starch with
and withouta-amylase treatment are shown in Figure 10. Theelahgster structures, which can be
seen in the left panel of Figure 10A, were not olsg anymore in the-amylase-treated sample
(Figure 10A, right panel). This demonstrated tiat $ubunits of the large cluster structures can be
separated bg-amylase, which indicates that they are connecyeal-glucans. This observation was
further substantiated by measuring the granuledisgebutions of the treated and untreadedSS3
starch (Figure 10B); the granule size distribusbifted to smaller particles in tlheamylase-treated
sample, whereas this was not observed for the atetiecontrol. Furthermore, no change in granule
size distribution was observed whemf-UT starch was treated with thee-amylase (data not

shown), indicating that the reduction in particizesof the a-amylase-treatedmfSS3 starch is
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caused by separation of the subunits of the lahgstars, rather than by granule degradation in
general (Figure 10B). On the contrary, the grake-fitructures present in the KDSS7 starch were
unaffected bya-amylase treatment (data not shown). This probatdycates that the apparent
subunits of the grape-like structures are connebted-glucans of a more crystalline nature as in
the large clusters, which makes them harder toadkgbyo-amylase.
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100
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Figure 10. Granule size distribution @mfSS3 starch with and withoatamylase treatmenPanel A shows

the micrographs cdmfSS3 granules before (left) and after (rightamylase treatmenPanel B shows the
particle size distribution ddimfSS3 granules before (solid line with circles) aftdrg(solid line with crosses)
treatment witto-amylase, as well as the untransforraed control (solid line). Granule size distributiong a
the average of the three independent measurements.

Sarch content and physicochemical properties of the starches

The impact of SBD2 accumulation in granules onrtphysicochemical properties and on the starch
content of the tubers was also investigated forB&S series. For this, one transgenic line from
each SBD2 accumulation-class and their respecoweral were selected. The starch content of the
selected transformants and their controls were aneds Granule-melting behaviour,(and4H) of

the selected transgenic lines and their controle wesestigated by differential scanning calorinpetr
(DSC). The results show that there are no congisliffierences in the various parameters between
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the transgenic starches and their controls (datahmwn), similar to the results for taefSS series
reported before (&t al., 2004).

Discussion

In this study, an engineered high-affinity tandeepeat SBD was introduced into an amylose-
containing potato genotype to investigate whetheould displace GBSSI from the starch granule
during biosynthesis. Our data show that it is raxsible to produce an amylose-free potato starch in
this way.

In both the Kardal andamf background, higher amounts of SBD2 than of SBD ban
accumulated. Interestingly, a point of saturaticmsweached in the two backgrounds, because in
both cases SBD2 was found in the potato juicecatdig that part of the protein was unbound. In
the amf background, the point of saturation was reachdt thie 6+ class, whereas in the Kardal
background this point was reached much earliers Ticonsistent with our previous results,
showing that more SBD can be accumulateahnhgranules than in those of Kardal éJal., 2003).
Typically, the granules of all classes of the KD8&hsformants appeared to be saturated with
SBD2; the amount of SBD2 in the juice increasedpprbonally with that in the granules for the
transformants of the various classes (Figure 2 figsult might be explained as follows. In the low
SBD2 expressers, GBSSI is probably present in gsifjpl SBD2, and the chance of it binding to and
accumulating in the granule is high; GBSSI becothespredominant granule-bound protein. In the
higher SBD2 expressers, the binding equilibriunftshn favour of SBD2, and consequently more
of this protein will be bound. However, Western bttt analysis of KDSS starches did not reveal a
reduction in the amount of GBSSI. It is possiblatth reduction in GBSSI content is simply too
small to be determined accurately. With respethitg it is important to realize that SBD2 detewtio
IS probably more sensitive than that of GBSSI, ssiigit has two copies of the antigen, and (iigit
likely that the relatively large size of GBSSI ditds a non-stoichiometric displacement by SBD2
(i.e. one GBSSI molecule might occupy two SBD2 bindirtgs3. Therefore, we believe that our
results are most consistent with a model in whi&@8G6I has a higher affinity for starch than SBD2,
and in which the two proteins bind similar sitestoé growing starch granule. It seems as if SBD2
(although better than SBD) is not competitive erotmkeep GBSSI from the granule surface. This,
together with the current view that GBSSI is présenhe granule in surplus (reviewed in Denger
al., 2001), is insufficient to reduce the amylose eahbf potato starch granules.

Our experiments also provide new insights in stdnidsynthesis in more general terms. Before
this issue is elaborated, it is important to disdhg different binding modes of SBD2 (see als dli.,
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2004). Based on the discussion above, we think $id and GBSSI bind similar sites, and we
hypothesize that they bind close to the non-redut@mini of amylopectin side chains as is indidate
in Figure 11. At low SBD2 concentrations, we exgemth domains to interact with the same granule
surface (mode 1). At higher SBD2 concentration® #urface area may become limiting to
accommodate both domains on the same surface résih of this, the SBD2 proteins may have one
SBD attached to the cluster, whereas the otherioa®ailable for interaction with soluble glucans
(mode 2). In the Kardal background, the situat®omore complex because of the presence of GBSSI.
We assume that GBSSI always binds a cluster of gpagtin side chains in the same way. Malto-
oligosaccharides can dock at the GBSSI protein,anadsubsequently elongated. SBD can bind sites,
which are not occupied by GBSSI (no displacemenitgreas SBD2 and GBSSI can coexist in the
same amylopectin cluster (competition for bindiitgs3. It is unlikely that SBD2 only binds the Kard
starch according to mode 2, because both SBDsegrered for effective competition with GBSSI.
Therefore, SBD2 probably interacts with the Kastatch in both modes.

WT/SBD amf/SBD WT/SBD2 amf/SBD2

Figure 11. Schematic representation of possible binding sited modes of SBD (hatched), SBD2, and
GBSSI (grey). Parallel double helix structures iaudicated as black cylinders; single-chairglucans are
shown as thick black lines.

SBD2 seems to interfere with various aspects ofstlaech biosynthesis process. granule
packing and granule morphology (Kardal amd), the formation of growth rings (only apparent in
Kardal), and granule sizar(f). Most striking is the observation that SBD2 eggien can affect the
granule distribution in thamf background from class 2+ onwards. In a previogpep@liet al., 2004),
we have suggested that the binding mode of SBDy @apivotal role in this phenomenon. At low
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SBD2 concentration, mode 1 predominates, makinggthaule surface less accessible for enzymes
involved in starch biosynthesis. New granule numeasites may be formed, a process in which
isoamylases have recently been shown to play armale (Bustoset al., 2004). At high SBD2
concentration, mode 2 predominates, and it is sigdehat the exposed SBD of SBD2 can capture
soluble glucans from the stroma. In principle, efiént granule nucleation sites can be cross-limked
this way. The observation that the “large clustesbserved in theamfSS transformants can be
separated bg-amylase treatment provides evidence for such damesm, because it shows that the
cross-link between these loosely associated, ggratiules are aa-glucan (Figure 10). Typically, we
have not observed a decrease in granule size mjtlofathe KDSS starches. This can not be related to
the amount of SBD2 accumulation, because 3+ ariiSS starches did not show the effect, whereas
2+amfSS starches did. One explanation for this is thatger proportion of SBD2 is present in mode 2
in the Kardal background, which is consistent viltke higher surface area occupation due to the
presence of GBSSI (additional to SBD2). Anotheispmlty (not excluding the first one) is that GBSS
elongates malto-oligosaccharides at the granufacurBecause of the processive character of GBSSI,
these malto-oligosaccharides are more or less lgrnound, which may provide extra cross-linking
potential. It might be argued that this is not cc@dance with the widely accepted view that angylos
production occurs inside the crystalline matrixia# starch granule (Denyeral., 2001; Tatgest al.,
1999). However, it can not be excluded that amylbssynthesis already starts directly at the geanul
surface.

In both the Kardal and themf background, it was observed that the packingestarch granules
was altered. This is most clearly seen in Figurth@;multiple “Maltese crosses” within one granule
suggest that these granules were assembled from snaadler ones, which seems to be in accordance
with a-glucans cross-linking different granule nucleatsites (see above). Because the starch yield of
all transformed and control lines was similar, @edause no differences in chain-length distribstion
of transgenic and controls starches were foundlag concluded that it is possible to uncouple gluca
polymerization and granule packing during the $tdrnosynthesis process by SBD2 expression. The
crystallinity of the transgenic granules appeaceith¢rease with SBD2 content, but the altered packi
did not influence their melting temperature. Therphological changes were more predominant in the
small granules, which is in line with their higt®BD2 content (Figure 9). We hypothesize that the
“grape-like structures” (Kardal) and “large clustefamf) are actually very similar structures, differing
only in the presence of amylose. We think that aswg/leffectively fills the gaps between loosely
associated granules, making these structures mdessoresistant ta-amylase treatment. The larger
granules seem to have over-grown the clusteredasppee, and they develop (in most cases) into
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normal-looking ones. Evidence for this is preseritedrigure 6, which shows that the grape-like
structures are part of the larger Kardal granWés.expect that this is also true for #refSS starches,
although we have not been able to visualize thecty by light microscopy. Thus, it seems as iC&B

IS present in non-limiting amounts at the onsestafch biosynthesis. Depending on the amount of
SBD2 expressed, SBD2 becomes limiting at a cetiiai@ point in starch biosynthesis, the clustering
stops, and the granules develop normally. In golacithis is very similar to what happens in péartia
antisense GBSSI potato lines. GBSSI, which is uttdecontrol of the same promoter as SBD2 in this
study, accumulates in starch granules until iteue®s in the stroma are depleted. The subsequent
layers deposited on the growing starch granulead@ontain this enzyme anymore, and consequently
only the cores of these granules stain blue witim® (Denyest al., 2001; Kuiperst al., 1994; Tatge

et al., 1999). Figure 6 also shows that the growth riatigon can be altered upon SBD2 expression.
Many factors have been shown to contribute to @merol of ring formation, but the exact mechanism
is not understood (Pilling and Smith, 2003). A meehliactivity of a major isoform of starch synthase
(SSlII in potato) may disrupt the regularity ofgipatterns (Fultort al., 2002; Tatgeet al., 1999).
Here we show that physical everite, modifying the interaction of glucan chains by presence of
SBD2, can also alter ring formation. Only at verghhSBD2 expression in themf background (6+
class), it was observed that the assembly of dwgbexd granules was impaired (Figure 5E, F). An
altered granule morphology has also been evideincether transgenic potato tubers, but in all these
cases an enzyme activity involved in starch bidssis had been down-regulated (Bustas., 2004,
Fultonet al., 2002; Schwalét al., 2000; Tatget al., 1999).

In the present paper, we have shown that it isilpesso influence a number of starch
characteristics, the origin of which is not welldenstood, by SBD2 expression. For this reason, we
expect that SBD2 is an important tool for studyiing starch biosynthesis process, because it dffers
opportunity to uncouple the glucan polymerizatisagess from granule asseminfyplanta. In other
words, SBD2 can affect physical processes underlgranule morphology, size, crystallinity, and
growth ring formation, without altering the primastyucture of the constituent starch molecules.

Experimental procedures

Construct for transformation

The pBIN19/SBD2 plasmid was used for the expressio8BD2 protein in potato plants; for the
preparation of this construct we refer toelal. (2004). The gene was expressed in potato plants
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under the control of the tuber-specific potato GBS moter. Amyloplast entry of SBD2 was
mediated by the potato GBSSI transit peptide.

Plant transformation and regeneration

The pBIN19/SBD2 plasmid was introduced into the E$g-containing potato cultivar (cv. Kardal),
and the amylose-freauff) potato mutant (often referred to as 1029-31; Useoet al., 1989) via
Agrobacterium-mediated transfomation described by Visser (19949re than 50 independent
shoots were harvested for each genotype. Shoats tgsted for root growth on a kanamycin-
containing (100 mg/l) MS30 medium (Murashige and&k 1962). For each genotype, fifty
transgenic, root-forming, shoots were multipliedd dive plants of each transgenic line were
transferred to the greenhouse for tuber developnherddition, 10 untransformed controls of each
genotype were grown in the greenhouse.

Determination of SBD2 transcript levels

Total RNA extraction was performed according to plsset al. (1994). Total RNA was extracted
from 5 g (fresh weight) of potato tuber materialheT amount of RNA was determined
spectrophotometrically in each sample. The RNA eatration was verified by running an
appropriate volume corresponding topon an 0.8% w/w agarose gel.

Based on a spectrophotometric RNA determinatiomilai amounts of total RNA were
fractionated on a 1.5 (w/v) agarose-formaldehyde agel transferred to a Hybond™ Mylon
membrane (Amersham, England). The membrane wasdigdn with a $2P]-labeled Ncol-BamHI
DNA fragment of SBD2 as a probe; labelling was perfed using aediprimell kit (Amersham,
England) according to the instructions of the mantufrer.

| solation of tuber starch

All tubers derived from the five plants of eachaubouse-grown clone were combined, and their
peels were removed in an IMC Peeler (Spangenbdrg, Netherlands). The peeled tubers were
homogenized in a Sanamat Rotor (Spangenberg),iléered through a sieve to remove particulate
material. The resulting homogenate was alloweckttbesfor 20 min at 4C, and the tuber juice was
collected for later use, and stored-a0 °C. The starch sediment was washed three timeswaitér,
and finally air-dried at room temperatureddal., 2004).
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Determination of SBD2 and GBSS content of transgenic starches by dot blot analysis

A 12.5% sodium dodecyl sulfate-polyacrylamide g€) (nmx 50 mmx 3 mm) with nine equally
spaced holes[{ = 9 mm) was placed in contact with a similar-sizé&¢gbond ECL nitrocellulose
membrane (Amersham Pharmacia Biotech, UK). Forraetéeng the SBD2 content, 20 mg of
(transgenic) starch was boiled for 5 min with 2000f 2x SDS sample buffer (Laemmli, 1970).
After cooling to room temperature, the starch gelswransferred into one of the holes. SBD2
proteins from transgenic starch gels were bloteethe membrane with PhastSystem (Pharmacia,
Sweden; 20 V, 25 mA, 1%C, 45 min) (Jiet al., 2003). The protein was identified with antiSBD
antibody according to the method described bst al. (2003). For determining the GBSSI content
of the granules, a similar procedure as outlinemalwas used, except that the 20 mg starch sample
consisted of 2.5 mg of the transgenic starch anl &y ofamf-UT starch, and that the (primary)
antiGBSSI polyclonal antibody (Vos-Scheperkeeteal., 1986) was used in a 1:250 dilution.

Determination of SBD2 content of potato juice

SBD2 proteins in the soluble fraction of potatodxgowere determined as follows. 500 ul of tuber
juice was freeze-dried. The dried material wasalNesl in 200ul of 2x SDS sample buffer. In order
to make the sample suitable for Western dot blotgdure, the mixture was boiled for 5 min in the
presence of 20 mg starch from the control samflks.resulting starch gel was applied to one of
the holes in the sodium dodecyl sulfate-polyacrytengel. The rest of the procedure was conducted
in the same way as described for granule-bound SBzRal., 2004).

Analysis of physico-chemical properties of starch granules

The average granule size and granule size distribwff the (transgenic) starches were determined
in triplicate with a Coulter Multisizer I, equipdenith an orifice tube of 20Qm (for KDSS series)
or 100 um (for amfSS series) (Beckman-Coulter, UK). Approximately d@ of starch was
dispersed in 160 ml of Isoton Il. The granule sdistributions were recorded by counting
approximately 50 500t600) particles. The coincidence (the frequencynaf granules entering the
tube at the same time, and consequently being edwas one) was set at 10%.

Starch granule morphology and birefringence weneestigated by light microscopy (LM,

Axiophot, Germany). Starch granules were staingti @i2(< diluted Lugol’'s solution (1%IKI).
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For determining the birefringence of the granules polarized light device was used. For scanning
electron microscopy (SEM, JEOL 6300F, Japan), dsikedch samples spread on silver tape and
mounted on a brass disc were coated with a 20 atmpm layer. Samples were then examined
with a scanning electron microscope operating ataecelerating voltage of 1.5-3.5 keV. The
working distance was 9 mm.

The apparent amylose content was determined aogprth the method described by
Hovenkamp-Hermelinkt al. (1989).

The temperature at which starch granules startetatigize was determined by DSC using a
Perkin-Elmer Pyris 1 (Perkin-Elmer, The Netherlgnasjuipped with a Neslab RTE-140 glyco-
cooler (Jiet al., 2003).

Prior to X-ray diffraction, the water content ofetlstarch was equilibrated at 90% of relative
humidity (RH) under partial vacuum in presence ofaurated barium chloride solution. The
samples (20 mg) were then sealed between two talgetld prevent any significant change in water
content during the measurement. Diffraction diagranere recorded using an INEL (Artenay,
France) spectrometer working at 40 kV and 30 mAerafing in the Debye-Scherrer transmission
mode. The X-ray radiation CuK (A = 0.15405 nm) was selected with a quartz monochit@ma
Diffraction diagrams were recorded during 2 h expesperiods, with a curve position sensitive
detector (INEL CPS 120). Relative crystallinity wadetermined after normalization of all recorded
diagrams at the same integrated scattering bet®esmmd 30° (R). B-type recrystallized amylose
was used as crystalline standard, after scaledagtioin of an experimental amorphous curve in
order to get nul intensity in the regions withotffrdction peaks. Dry extruded potato starch was
used as the amorphous standard. The degree oaltinist of samples having a pure polymorphic
type was determined using the method initially dewed for cellulose by Wakeligt al. (1959).
The percentage of crystallinity was taken as tlopeslof the line Ehmpislamod2e = T (lerys-lamo)2e
where Lampie lamor @and Lys are the diffracted intensity of the sample, theogohous and the
crystalline standards, respectively.

Determination of chain-length distribution

Five mg of (transgenic) starch was suspended in2%® dimethylsulfoxid (DMSO), and the starch
was gelatinized by keeping this suspension for 1% im a boiling water bath. Subsequently, the
solution was cooled down to 4@, and 700 pl of 50 mM NaAc buffer (pH 4.0), contag

sufficient isoamylase (Sigma) to debranch the kt@alymers completely, was added. After 2 h of
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incubation at 40C, the enzyme was inactivated in a boiling watehlbar 10 min. To each sample,
1 ml of 25% DMSO was added, and the samples wergittged (7500x g, 2 min). For HPAEC,
the supernatant was diluted 5 times with a 25% DM&Qution; for high-performance size-
exclusion chromatography, the samples were usedds(HPSEC).

HPSEC was performed on a P680 HPLC pump systemnéRjoSunnyuale, Cal. USA)
equipped with three TSKgel SWXL columns in seree$53000 and two G2000; 300 nv.5 mm,;
Montgomeryville, USA) in combination with a TSKg8WXL guard column (40 mm 6 mm) at 35
°C. Aliquots of 100ul were injected using a Dionex ASI-100 Automatedngke Injector, and
subsequently eluted with 10 mM NaAc buffer (pH 5a0x flow rate of 0.35 ml/min (3 h run). The
effluent was monitored using a RID-6A refractomei®Bhimadzu, The Netherlands). The system
was calibrated using dextran standards (10, 40,500, kDa; Pharmacia). Dionex Chromeleon
software version 6.50 SP4 Build 1000 was used famtrolling the HPLC system and data
processing.

HPAEC was used to obtain a better separation ofthaller amylopectin side chains (in the
range of 2 to 45 glucose residues). HPAEC was pedd on a GP40 gradient pump system
(Dionex) equipped with a CarboPac PA 100 columm@ x 250 mm; Dionex) at 35C. The flow
rate was 1.0 ml/min and 20 pl sample was injectitkd avDionex AS3500 automated sampler. Two
eluents were used, eluent A (100 mM NaOH) and ¢lge(l M NaAc in 100 mM NaOH), for
mixing the following gradient: 3 5 min, 100% eluent B (rinsing phase); 20 min, 100% eluent A
(conditioning phase); 2025 min, linear gradient from ©20% eluent B (100 80% eluent A);
2550 min, linear gradient from 2035% eluent B (80.65% eluent A); 50.55 min, linear
gradient from 35,50% eluent B (65 50% eluent A); 55,60 min, 50% eluent B (50% eluent A).
The sample was injected at 20 min. The eluent waisitored by an ED40 electrochemical detector
in the pulsed amperometric mode (Dionex).

Determination of starch content

Approximately 50 mg of potato tuber material wassdived in 0.5 ml of 25% HCI and 2 ml of
DMSO for 1 h at 60C. After incubation, the mixture was neutralizedhas M NaOH and diluted
in 0.1 M citrate buffer (pH 4.6) to a final volunoé 10 ml. 20 ul of the hydrolyzed starch sample
was determined enzymatically using a test kit (Bgjer, Mannheim Germany), according to the
instructions of the manufacturer. The values aravamnage of three independent measuremengs (Ji
al., 2004).
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a-amylase treatment of starch granule preparations

Twenty milligrams ofamfSS3 or KDSS7, as well as their respective contesthes, was suspensed
in 1 ml of 50 mM NaAc buffer (pH 6.9), and treateith 5 U of porcine pancreas-amylase
(Sigma, the Netherlands) for 4 h at 25. Samples withoutti-amylase addition served as controls.
After incubation, the samples were centrifuged (7@, 10 min) Subsequently, the starch pellets
were washed three times with water, and air-drigdte dried starch granules were used for light
microscopic analysis and granule size distributietermination.

Fractionation of starch granules

Approximately 5 g of transgenic starch from la@fSS22 was fractionated by sieving (20 um DIN-
ISO 3310/1, Retsch, Germany), using a continuavs df distilled water. Two fractions were obtained
(with granules smaller and larger than 20 um), wiwvere air-dried at room temperature.
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In their natural setting, starch-binding domain8S) are part of starch-degrading enzymes
(Svenssoret al, 1989; Jangek and Setik, 1999). It is generally believed that the prignasle of
SBDs in starch degradation is to potentiate catafdtivity by bringing the attached hydrolase into
prolonged and intimate contact with the target sabs; the enzymes remain mainly on the outside
of the granules during the course of starch degi@ddFigure 1A). We anticipated that it could
also be advantageous to equip biosynthetic enzywmtbsa SBD and introduce this gene with the
appropriate signal sequences in potato plantss Iexpected that the fusion protein will be
incorporated into granules. To test this, the expents described in this thesis were performed.

For this, a family 20 starch-binding domain (SBDgrided from Bacillus circulans
cyclodextrin glycosyltransferase (CGTase) was w@sedn anchor for engineering artificial granule-
bound proteins. After introduction of the separf@BD gene (thus without a protein attached to it)
into an amylose-containing and the amylose-freeantupotato plants, it was observed that the
SBDs accumulated inside the starch granules, ahdtriihe surface of granules. Furthermore, the
physicochemical properties of the transgenic starere not affected by accumulation of SBDs in
these granules (Chapter 2). The SBD fused to ttiéehase gene via a Pro-Thr-rich linker, and a
similar construct without the linker and SBD wenéroduced into potato plants. Our data showed
that the SBD/luciferase fusion protein can be ipooated into granules during starch biosynthesis
with retention of luciferase activity. The lucifee alone did not accumulate in the granules,
indicating that luciferase did not have affinityr fstarch granules of its own, and that an anchor i
essential for making the association with gran(@sapters 2 and 3).

Potential applications of SBD technology

For SBD technology, we distinguish three main 8add application: (i) starch modification planta

(i) post-harvest starch modification, and (iiipduction of starch-based carriers for various jmete

o Starch modification in planta. In this case, the effector is an enzyme involvethe synthesis or
degradation of starch polymers. The effector maydtese to potato, but may also be derived from
another species (including microorganisms). lixiseeted that the partitioning of the catalytic tyi
between stroma and granule can be influenced bprésence of an attached SBD. In this way, it is
possible to concentrate enzymes previously solitsliele the granule or at the granule surface. A
granule with a different structure from wild typeaynbe formed from the initial stages of starch
biosynthesis (Figure 1B). The impact on starchctine and functionality of the granule-bound
enzyme may be higher (or different) than that ef‘doluble” protein.
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o Post-harvest modification of starch. The objective of this application is also to mgdtie starch
polymers. The main difference with the previousligppon is that the effector is not active in the
plant during the biosynthesis process, but thatit be made active after harvest (Figure 1C). The
advantage of this may be that reactions can bé&sathwhich normally do not occur in amyloplasts,
for instance because either appropriate reactaattaeking, or the enzyme requires more extreme
reaction conditions. After exposure to an extetnigger, which can be a substrate or a change in pH
value, the modification of the starch structur@isated. This strategy may be used as an altemat
for certain chemical derivatization proceduregogoroduce sufficiently high amounts of starch befo
altering it. Also, certain starch-degrading enzymesy be incorporated in the starch granule to
generate a more porous starch structure.

B in planta

Figure 1. Cartoon summarizing the possibilities for applmatof SBD technologyPand A: Starch-
degrading enzymes are usually equipped with a S&DtHe degradation of raw starch granules. The
presence of the SBD determines whether the waseitible substrate can be degradeahel B: SBDs can

be fused to a protein of choice, and the fusiorigimas incorporated in starch granules (in the laplast)
during the biosynthesis process. The effector prdtethus concentrated at the granule surfaceimanbe
granule. When the effector protein has access tsulbstrate, a modified starch will accumulateha plant.
Pand C: In some cases the effector may not have accass sabstrate, for instance because translocators
for substrate import are lacking in the amyloplagmbrane. In such cases, the substrate can beadfti@r
the effector protein post-harvest. Supply of sudtetwill then initiate starch modification. Anchaoepresent

the SBD, scissors an enzyme activity.
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o Starch-based protein carriers. In principle, this is also a post-harvest appiarat The main
difference with the previous application is tha #ffector does not (need to) have activity towards
starch polymers. For instance, enzymes or receptaysbe immobilised in starch granules in order
to catalyse certain conversions or to affinity-fyudertain compounds, respectively. It is important
that substrates and products can diffuse freenohout the granule. Molecules as large as ADP-
Glc and maltotriose can enter the granule to pm@EBSSI with substrate (van de Wl al,
1998; Denyeret al, 1999; van de Wal, 2000). Another possibilitytésaccumulate vaccines
attached to SBD in starch granules. Plants are armanore considered as a suitable production
system for such molecules (Giddingsal, 2000; Ma, 2000). Besides the fact that it istregly
easy to recover starch from plant material, otldeaatages of vaccines in starch granules are the
possibility for oral supply, and the potential foslow-release application.

Putting SBD technology into practice

SBD is superior to GBSSI as a targeting sequence

In this study, we have shown that the SBD derivennf CGTase is superior to a native potato
GBSSI as a granule-targeting sequence for lucetastarch granules. The luciferase activities of
SBD-containing fusion proteins were much highercomparison with GBSSI-containing ones
(Chapter 3). We speculate that this is relatedh® $ize of GBSSI, because GBSSI has an
approximately 5 times higher molecular weight ti8D. It could be that the large fusion protein is
folded incorrectly or two domains interact with kamther, thereby shielding the important amino
acid residues for granule-binding of GBSSI andabive site of luciferase. MacGregeiral (2002)
suggest that the amino acid sequence of the m&®B8SI| corresponds to a single module,
indicating the enzyme does not contain a sepatatehsbinding domain, like the CGTase. Affinity
of GBSSI for starch granules is probably due toedain region of the protein. However, it is
probably difficult to truncate a minimum starch-thimg sequence from the existing GBSSI
structure. For this reason, we believe that SBBsagar, a better alternative of the two granule-
targeting sequences.
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SBD2 is a higher-affinity anchor than SBD

In this study, we also investigated whether momgin can be accumulated in granules by using an
artificial tandem repeated starch-binding domaiB¥3) (Chapters 4 and 5). The results show that
SBD2 is a higher-affinity domain for starch comphveith the single SBD. We also observed that
the two domains of SBD2 were acting in synergy ittdliheir target substrates. This is the first
report, which demonstrates synergy between two raggze SBD from CBM family 20, although
similar results between CBMs have been reporteatioer CBM families, such as CBM family 1
(Linder et al, 1996), CBM2 (Bolanet al., 2001), and CBM29 (Freelow al, 2001). Therefore,
we expect that SBD2 can also be used in SBD teolggdior accumulation more proteins in the
granules. However, it should be noted that expoessf SBD2 in the granules could interfere with
certain aspects of starch biosynthesis, which tedchanges in granule packing and granule
morphology (Kardal andm), the formation of growth rings (only apparenKardal), and granule
size (only observed iam).

Effects of SBD’s position in fusion proteins onatt and binding properties

Effects of the SBD position in the fusion proteims the activity of luciferase and the binding
affinity of SBD were investigated in both the WTdaamf backgrounds. The results show that the
C-terminal SBD can also be used as an N-termingth@nfor incorporating luciferase in granules
with retention of its activty. However, the affipitor starch of these fusion proteins depends en th
arrangment of their domains. The LUC-SBD proteiB@Sat the C-terminus of fusion protein)
accumulated more in starch granules than the SBO-(EBD at the N-terminus of fusion protein).
The amount of LUC-SBD protein accumulated in thengites of the most positive transformants of
the Kardal andmfseries is similar to that of the separate SBhenttvo backgrounds (Chapter 3).
This indicates that when the SBD was fused to ther@inus of luciferase, its affinity for starch
granules is not affected by the appended lucifetdewever, for luciferase activity, it is difficulo
conclude which is the preferred position of SBOfusion protein. So based on the observation in
this study, we propose that for application of 8&#D technology in starch modification planta,

it is better to test both the C- and N-terminal S&ihtaining fusion proteins.
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Effect of genotype on levels of protein accumutaitiogranules

The single SBD and SBD2, as well as SBD/lucifefaseén genes were expressed in potato tubers.
The different proteins were present inside thechtagranules. However, the levels of their
accumulation in granules appeared to be genotypertient. These results showed that much
higher levels can be accumulated in thenf background than in the WT backgrounds,
demonstrating that the background in which genegsevexpressed is a factor of importance
(Chapters 3 and 4). The main reason for lower $ewdlprotein accumulation in the amylose-
containing granules is most probably the preserfcanother abundant granule-bound protein
(GBSSI), in the WT genotype. It is speculated B&SSI and SBD proteins might bind similar
sites in the granule. Also, GBSSI seemed to hawglzer affinity for starch granules than SBD and
SBD2, such that SBD proteins cannot compete sulttlyswith the GBSSI for binding sites in
amylose-containing granules (Chapter 2). The poggilof having different sites for the two
proteins can, however, not be excluded. If the bimding sites are close to each other, the
presence of GBSSI might affect the binding of SB®granules.

Final comments

This thesis research has explored the possibilitiassing microbial SBDs as an anchor to target
any protein into potato starch granules duringrtbesynthesis. This may lead to potato starches
with new or improved functionalities, either gertetin plantaor post-harvest.

Most of the starch utilized world-wide is derivadrh a relatively small number of crops, the
most important ones being maize, potato, wheatcasdave. Potato starch is often preferred over
starches from other sources because of its lowejratnd lipid content, and the high degree of
amylose and amylopectin polymerization. Howevetafmstarch as raw material is used far less
for industrial purposes (7.6%) than maize starcB.5%) (http://www.starch.dk/isi/stat/raw-
material.html). Now we have obtained proof of cagsictdr applying SBD technology in potato
plants, it will be interesting/challenging to extadate this technology to other important starch-
producing crops such as maize.
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Summary

SUMMARY

Starch is the major storage carbohydrate in maantgl It is deposited as crystalline granules
which consist of two polysaccharides, an essentibfiear amylose (20-30%) and a highly
branched amylopectin (70-80%). Starch granulesveay enormously in size, shape, composition
and properties between different species. To tatarch to suit a multitude of applications in
textile, paper, biodegradable plastics, pharmacautind food industries, chemical or physical
modification after isolation can be used, but ajsmetic modification. Modification of the starch
biosynthesis pathway holds an enormous potentiakdioring granules or polymers with new
functionalities. Over the years, a number of medifstarches have been generateglanta using
recombinant DNA technology. In most cases certaosymthetic enzymes were inhibited. For
instance, an amylose-frean(f) starch was obtained by the introduction of arisense granule-
bound starch synthase | (GBSSI) construct. Howetkere are also examples in which
heterologous enzymes were added to the biosynthadichinery. For instance, a more heavily
branched amylopectin was generated by the intratuctf E. coli glycogen branching enzyme in
anamf potato background.

The aim of this thesis research was to exploreptssibility of engineering artificial granule-
bound proteins by using starch-binding domains (§BDf starch-degrading enzymes. The
principle of this technology is that by fusing a3Bo an effector protein and introducing this
construct with the appropriate signal sequencgsants, SBD-containing fusion proteins might be
incorporated into granules during starch biosynghda this way, starches with new or improved
functionalities may be generatéd planta, but also post-harvest. A number of important etspe
were studied in this thesis research: (i) can SB®accumulated in starch granules?; (ii) can active
enzymes be targeted to starch granules by fusid@BI0?; (iii) can potato GBSSI be used as an
alternative for SBD?; (iv) is it possible to enggne higher affinity SBD with which more protein
can be accumulated in granules, and (v) does thkoas position (C- or N-terminal) in fusion
proteins influence the activity of the effector apidding affinity of the anchor? Normal potato
plants, as well as an amylose-free genotype, wessen for these studies.

A family 20 SBD derived fronBacillus circulans cyclodextrin glycosyltransferase (CGTase)
was used as the anchor for engineering artificrahgle-bound proteins. To determine whether

microbial SBD can be incorporated into starch glkesiua separate SBD (thus without a protein
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attached to it) was expressed in the tubers ofamglose-containing potato cultivars (Kardal and
Karnico) and the amylose-freanff) potato mutant under the control of the potato GB&omoter.
The potato GBSSI transit peptide mediated amyloptasry of the SBD. Our data showed that
SBD protein accumulated inside starch granules rastdat the granule surface. However, the
accumulation levels of SBD in granules appearedet@enotype-dependent. The amount of SBD
protein accumulated in tremf background was estimated to be approximately 8dihigher than
that in the two amylose-containing backgrounds. Tdteer two gave similar results on SBD
accumulation levels. The physicochemical propeniabe transgenic starches were not affected by
accumulation of SBDs in granules, except for apptaceacks (after staining with an iodine solution)
in the granules of the highest SBD-accumulatorbath backgrounds. Our results demonstrated
that SBDs could be incorporated inside the grandilemg starch biosynthesis (Chapter 2).

The SBD in its natural setting is present at theei@inus of CGTase. To investigate whether
active enzymes can be targeted to starch granylégsion to SBD, and whether the C-terminal
SBD can be used as an N-terminal targeting sequen@nzymes to granules, the SBD was fused
to the C- or N-terminus of the luciferase (LUC) gena a PT-linker. A similar construct without
the linker and SBD was used as a control. All prstevere equipped with the same amyloplast-
targeting sequence as that for SBD, and introdutéide Kardal anédmf backgrounds (Chapters 2
and 3). Our results showed that both LUC-SBD (S&Ehe C-terminus) and SBD-LUC (SBD at
the N-terminus) fusion proteins could be accumudlatside granules with retention of the activity
of the luciferase. The LUC-SBD fusion proteins analated to higher levels in granules than the
SBD-LUC proteins. The amount of LUC-SBD in the grs of the most positive clones of the
Kardal andanf series is similar to that of the separate SBD$iéntivo backgrounds. This indicates
that SBD'’s affinity for starch is not affected byetattached luciferase. When luciferase alone was
expressed in the two backgrounds, only very liteivity was found in the granules, and the
amount of luciferase protein accumulated in graswkes undetectable by Western dot blot analysis,
indicating that luciferase did not have affinity ftarch granules of its own. Based on these esult
it can be concluded that SBDs can be used as tim@ischor effector proteins (without affinity for
starch granules) to granules. The C-terminal SBD a@ao be used as an N-terminal anchor for
attaching luciferase to granules. For starch dffjrthe SBD is best put at the C-terminus of the
fusion protein, whereas for luciferase activityisitlifficult to conclude which is the preferred

position of SBD in the fusion protein.
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The efficiency of two granule-targeting sequen&BD and GBSSI, for attaching luciferase to
amf granules was compared in Chapter 3. The GBSSI uwsgifto C- and N-terminus of luciferase.
The LUC-GBSSI and GBSSI-LUC fusion proteins weralipged with the same amyloplast-
targeting sequence as the SBD/luciferase fusiotejpim Luciferase activities in granules were
measured for both series. The luciferase activitghe most positive transformant of each series
was much lower than that of the SBD-containingdngproteins. In addition, the amount of GBSSI
protein accumulated in these granules was muchthessthat iramf granules complemented with
the native potato GBSSI, indicating that a largeSSBprotein in fusion proteins is not compatible
with luciferase. It can be concluded that the smmadirobial SBD is superior to native potato GBSSI
as a granule-targeting sequence for luciferastatotsgranules.

To investigate whether an artificial tandem-repeat family 20 starch-binding domain (SBD2)
is a higher-affinity anchor than SBD, the affindy SBD and SBD2 for starch was tested hoth
vitro andin planta. Forin vitro experiments, SBD and SBD2 were expressef. icoli and the
ability of the purified proteins to bind to solubdtarch was investigated by isothermal titration
calorimetry (ITC). TheK;, (association constant) obtained from ITC analgh®ved that SBD2 had
an approximately 10-fold higher binding affinityrfetarch than SBD, indicating that the two
domains of SBD2 act in synergy when binding to rtharget substrates. The larger than 2-fold
increase in affinity for starch cannot be explaifgdjust a duplication of the binding sites in the
SBD2 (Chapter 4). The increased affinity of SBD2 $tarch was also observauplanta. Higher
levels of SBD2 could be accumulated in Kardal amfl granules in comparison with SBD in the
two backgrounds (Chapters 4 and 5). These reseltsodstrate that SBD2 is a higher-affinity
anchor than SBD.

It was observed that expression of SBD2 in potalbeits seems to interfere with certain aspects
of the starch biosynthesis process, which resutedhanges in granule packing, morphology, size,
crystallinity, and the formation of growth rings both the KDSS andmfSS series, sometimes,
small granules organized in large clusters wereemesl. These granules showed an altered
birefringence pattern compared with the normal giesyi.e. multiple “Maltese crosseswithin one
granule were observed. In addition, expressionBid&in theamf background led to a number of
transformants, particularhamfSS3, containing starch with smaller granules (m8 in mean
granules size) in comparison with ta@f control (15.2um in mean granule size). Also, the granule

size distribution of th@mfSS series became bimodal with increasing SBD aclation. This was
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not observed with the KDSS series. Further, tha d@m X-ray diffraction analysis showed that
SBD2 expression in theamf background did not alter the crystal type (B-typbt the crystallinity
of the granules was slightly changed. The crysi#jliof theamf-UT, amfSS3 (3+), ancimfSS23
(6+) were 43%, 44%, and 47%, respectively, whichmalestrates that an increased SBD2
accumulation and an increased crystallinity areetated. However, the accumulation of SBD2 in
the KDSS andamfSS starch granules did not affect the starch cormeprimary structure of the
constituent starch molecules.

The results of the research described in this shesimonstrate that the SBD technology has a
great potential for tailoring starches with newiraproved functionalitiesn planta as well as post

harvest.
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SAMENVATTING

Zetmeel is het belangrijkste opslag koolhydraaplanten. Het wordt afgezet in de vorm van
kristallijne korrels bestaande uit twee polysacwar, een lineair amylose (20- 30%) en sterk
vertakte amylopectine (70-80%). Zetmeelkorrels kamrenorm variéren in omvang, vorm,
samenstelling en eigenschappen tussen verschilfdadeensoorten. Om zetmeel geschikt te maken
voor praktische toepassingen zoals in textiel gugpain biologisch afbreekbare plastics en in de
farmaceutische- en levensmiddelenindustrie, kurscteamische en fysische modificaties worden
uitgevoerd na isolatie. Door het zetmeel via gascbe modificatie te veranderen kunnen sommige
modificaties overbodig worden. Modificatie van dedynthese route van zetmeel geeft een enorm
aantal mogelijkheden om zetmeelkorrels of -polymeweor nieuwe doeleinden (geschikt) te
maken. In de laatste 15 jaren, is een verscheidgrdsn gemodificeerde zetmelen gecrederd
planta met behulp van recombinant-DNA technologie. Inndeeste gevallen werden specifieke
biosynthese enzymen uitgeschakeld of ingebrachtw&a bijvoorbeeld een amylose-vrgn(f)
zetmeel verkregen met behulp van een antis&kkmseslgebonden zetmeel synthase (GBSS)
construct Er zijn echter ook voorbeelden te noemen waarbieroédbge enzymen werden
toegevoegd aan de biosynthese machinerie. Eenesteektakt amylopectine werd bijvoorbeeld
gecreéerd door introductie vaB. coli glycogeen vertakkingsenzym in eeamf aardappel
achtergrond.

Het doel van deze studie was te onderzoeken ofogelijkheden zijn om kunstmatig korrel-
gebonden eiwitten te vervaardigen door gebruik &en van een zetmeel-bindend dom@&BD)
van een zetmeelafbrekend enzym. Het principe vae dechnologie berust op het samenvoegen
van een SBD en een effecwiwit. Dit fusie-eiwit, voorzien van de juiste segisequenties, wordt
vervolgens in een plant geintroduceerd, waarbij SBD-bevattende fusie-eiwitten gedurende
zetmeelbiosynthese in de korrels opgenomen woi@pndeze manier kan zetmeel met nieuwe of
verbeterde eigenschappen planta worden gegenereerd, maar ook na de oogst. Eemalaant
belangrijke aspecten zijn in dit onderzoek bestutle@) kunnen SBDs worden geaccumuleerd in
zetmeelkorrels?; (II) kunnen actieve enzymen naazetmeelkorrel gedirigeerd worden door fusie
met SBD?; (Ill) kan aardappel GBSS worden gebralkteen alternatief voor SBD?; (IV) is het
mogelijk om een SBD te creéren waarmee meer aivkbirels kan worden geaccumuleerd, en (V)
heeft de positie van SBD (C- of N-terminaal) iniédsiwitten een effect op de affiniteit van het
anker? Normale aardappelplanten, alsmede een asayiipsgenotype, zijn voor deze studie
gebruikt.
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Een family 20 SBD,afkomstig vanBacillus circulans cyclodextrine glycosyltransferase
(CGTase), is gebruikt als anker voor het makenkearstmatige korregjebonden eiwitten. Om vast
te stellen of microbiéle SBDs in zetmeelkorrelselgacht kunnen worden, is een aparte SBD tot
expressie gebracht in de knollen van twee aardepipigbrs (Kardal en Karnico) en de amylose-
vrije (amf) aardappelmutant onder controle van de aardapp8iS3romoter. Het aardappel GBSS
transit-peptide zorgde voor dat import van SBD éainyloplast. Onze resultaten laten zien dat
SBD in de zetmeelkorrel ophoopt. De accumulatiemigevan SBD in korrels bleek genotype
afhankelijk te zijn. De hoeveelheid SBD in daf korrel bleek circa acht keer hoger dan de
hoeveelheid in de twee amylose bevattende achtetgro De twee laatst genoemden gaven
overeenkomstige resultaten. De fysisch-chemisclygnechappen van het transgene zetmeel
werden niet beinvioed door de aanwezigheid van SBe korrels, afgezien van de schijnbare
scheuren (na kleuring met een joodoplossing) irkateels van de hoogste SBD accumulators in
beide achtergronden. Ons onderzoek wees uit dasS@ihcorporeerd kunnen worden in korrels
gedurende de zetmeelbiosynthese (hoofdstuk 2).

Het SBD is aanwezig aan de C-terminus van het C&T@sn te onderzoeken of actieve
enzymen gefuseerd met SBD aan zetmeel gebonderelkumorden, en of de C-terminale SBD
gebruikt kan worden als een N-terminaal anker, wkr@&BD gefuseerd aan de C- of N-terminus
van het luciferase (LUC) gen via een Pro-Thr-link&lte eiwitten werden voorzien van dezelfde
"amyloplast-targeting” sequentie als beschrevernr SRBD, en werden geintroduceerd in de Kardal
enamf achtergrond (hoofdstuk 2 en 3). De resultatemlaten dat zowel LUC-SBD (SBD aan de
C-terminus) en SBD-LUC (SBD aan de N-terminus) dusiwitten binnenin de Kkorrels
geaccumuleerd kunnen worden met behoud van detas# activiteit. De LUC-SBD fusie-eiwitten
accumuleerden in hogere mate in korrels dan de BBO-eiwitten. De hoeveelheid LUC-SBD in
de korrels van de meest positieve klonen van delddanamf serie is vergelijkbaar met dat van
SBD in de twee achtergonden. Dit laat zien datfieit@it van SBDs voor zetmeel niet aangetast
wordt door de aanwezigheid van luciferase in h&teekiwit. Wanneer alleen luciferase (dus
zonder SBD) in de twee achtergronden tot expressiel gebracht, werd maar weinig activiteit
gevonden in de korrels. De hoeveelheid luciferagiviteit geaccumuleerd in de korrels was heel
laag, wat aangeeft dat luciferase op zich geenitdii had voor zetmeelkorrels. Op basis van deze
resultaten kan geconcludeerd worden dat SBDs ddbkunnen worden als een gereedschap om
effectoreiwitten (zonder affiniteit voor zetmeelkels) aan de korrels te binden. De C-terminale
SBD kan ook gebruikt worden als een N-terminaakamnoor luciferase aan korrels. Voor zetmeel
affiniteit is SBD bij voorkeur gebonden aan de @vimus van het fusie-eiwit, waarbij het voor wat
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betreft luciferase activiteit moeilijk is vast teeken welke de favoriete positie is van SBD in het
fusie-eiwit.

De efficiéntie van twee "granule-targeting” seqies)tSBD en GBSS, om luciferase aanf
korrels te binden is ook vergeleken (in hoofdstyk[Be GBSS werd gefuseerd aan de C- en N-
terminus van luciferase. De LUC-GBSS en GBSS-LUGiekeiwitten werden uitgerust met
dezelfde amylopast-targeting sequentie als de $BM¥rase fusie-eiwitten. De luciferase activiteit
werd gemeten in beide series. De luciferase aetivih de meest positieve transformant van elke
serie was veel lager dan die van de SBD-bevattdodee-eiwitten. Daar komt bij dat de
hoeveelheid GBSS eiwit geaccumuleerd in deze koweétl lager was, dan die vamf korrels
gecomplementeerd met het oorspronkelijke aarda@@B3S. Dit geeft aan dat een groot GBSS
eiwit in fusie-eiwitten niet erg compatibel is matiferase. Men mag concluderen dat het kleine
microbiéle SBD superieur is aan het oorspronkelgkdappel GBSS als granule-targeting sequentie
voor luciferase aan zetmeel korrels.

Om te onderzoeken of een kunstmatig duldetmeel-bindend domai(SBD2) een hogere
affiniteit heeft dan SBD, werd de affiniteit vooetmeel van SBD en SBD2 getestvitro enin
planta. Voor dein vitro experimenten werden SBD en SBDZrcoli tot expressie gebracht, en de
capaciteit van de gezuiverde eiwitten om aan oplashetmeel te binden is onderzocht door middel
van een calorimetrische titratie (ITC). De K(a)S@satie constante) gevonden met behulp van de
ITC analyse liet zien dat SBD2 een circa tienmamgene bindingsaffiniteit voor zetmeel had dan
SBD, wat aangeeft dat de twee domeinen van SBD2rgigtisch werken wanneer zij aan hun
substraat binden (hoofdstuk 4). De toename inigditrvan SBD2 voor zetmeel is ook onderzocht
in planta. Hogere hoeveelheden SBD2 kunnen worden geaceenauin Kardal eamf zetmeelin
vergelijking met SBD in de twee achtergronden (kdestiikken 4 en 5). Deze resultaten tonen aan
dat SBD2 een sterker anker is dan SBD.

Observaties zijn gedaan waarbij SBD2-ophoping indaapelknollen lijken te storen op
bepaalde aspecten in de zetmeelsynthese, wat Idioideveranderingen in korrelpakking,
morfologie, grootte, kristalliniteit, en het graemenpatroon. In zowel de KDSS alsalefSS series
werden soms kleine korrels gezien, georganiseegtate clusters. Deze korrels vertoonden een
veranderd brekingspatroon onder gepolariseerd lichtvergelijking met gewone korrels;
meervoudige “Maltezer kruizen” werden waargenomenéén korrel. Daar komt bij dat de
expressie van SBD2 in denf achtergrond van invloed was op de korrelgrooftecdiek amfSS3
die klein-korrelig zetmeel bevatte (7.8n in gemiddelde korrelgrootte). Ook werd in sommige
planten van damfSS serie een bimodale korrelgrootteverdeling gesonbetgeen correleerde met
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toenemende SBD accumulatie. Dit werd niet gevonitkee wildtype (KDSS) serie. Verder
toonden de uitkomsten van de rontgendiffractieymealaan dat SBD2 expressie in deif
achtergrond niet het kristal type veranderde, allbede kristalliniteit van de korrels wel iets
veranderde. De kristalliniteit van @enf-UT, amfSS3 (3+), eramfSS23 (6+) waren respectievelijk
43%, 44% en 47%, wat aangeeft dat toenemende SBO#ralatie en toenemende kristalliniteit
gecorreleerd zijn. Desondanks beinvioedde de adatimwan SBD2 in de KDSS eamfSS
zetmeelkorrels niet de zetmeelhoeveelheid in de, lavoook niet de fijnstructuur van de zetmeel
polymeren.

De resultaten van het onderzoek demonstreren daB@etechnologie een grote potentie heeft
bij het genetisch modificeren van zetmeel in plante
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