
 

 

 University of Groningen

The versatile activity of glycogen branching enzymes
Gänssle, Lucie

DOI:
10.33612/diss.134377482

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2020

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Gänssle, L. (2020). The versatile activity of glycogen branching enzymes. [Thesis fully internal (DIV),
University of Groningen]. University of Groningen. https://doi.org/10.33612/diss.134377482

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.134377482
https://research.rug.nl/en/publications/be23198e-7a48-44eb-bda1-f1ea32829cc7
https://doi.org/10.33612/diss.134377482


The versatile activity of
glycogen branching enzymes

Aline Lucie Odette Gaenssle



Cover design: Gisela Scheubmayr and Lucie Gaenssle

Printed by: Ipskamp Printing

The work described in this thesis was performed in the group of Bioproduct

Engineering of the Engineering and Technology Institue Groningen (ENTEG) in

the University of Groningen. This research was supported by the Netherlands

Organization  for  Scientific  Research  (NWO  Groen  program)  and  financially

supported by AVEBE.

 



The versatile activity of
glycogen branching

enzymes

PhD thesis

to obtain the degree of PhD at the
University of Groningen
on the authority of the 

Rector Magnificus Prof. C. Wijmenga 
and in accordance with

the decision by the College of Deans.

This thesis will be defended in public on

Friday 16 October 2020 at 12.45 p.m

by

Aline Lucie Odette Gaenssle

born on 20 April 1990
in Vienna, Austria



Supervisor
Prof. M.J.E.C. van der Maarel

Co-supervisors
Dr. E. Jurak
Dr. R.J. Leemhuis

Assessment committee
Prof. C. D'Hulst
Prof. M.W. Fraaije
Prof. H.A. Schols



Table of contents

Chapter 1  General introduction....................................................................................................................7

Chapter 2  Reliability factor for identification of low activity of amylolytic 
enzymes in the starch-iodine assay...................................................................................45

Chapter 3  The degree of branching of amylopectin is positively correlated to 
gelatinized starch digestibility.............................................................................................65

Chapter 4  The structure of the final product of glycogen branching enzymes will
be achieved irrespective of the substrate structure..................................................85

Chapter 5  GH13 Glycogen branching enzymes can adapt the substrate chain 
length towards their preferences via α-1,4-transglycosylation........................107

Chapter 6  Summary, discussion and conclusion.............................................................................127

 Samenvatting..............................................................................................................................143

 Acknowledgments....................................................................................................................147

 Curriculum vitae........................................................................................................................151





Chapter 1
General introduction

General introduction

Preface
Starch and glycogen are highly abundant bio-polymers that consist entirely

of glucose residues. The glucose units form chains linked by  α-1,4-glyco-

sidic bonds which are connected to each other by branch points (α-1,6-link-
ages). Although starch and glycogen share the same basic properties, they
exhibit fundamental differences in a number of structural features, such as
size  of  the  bio-polymer,  chain  length  and  density  of  branches.  Branch
points are introduced in nature by starch or glycogen branching enzymes
(BEs). These widely distributed enzymes introduce branches by transfer-
ring a chain segment cleaved off from a linear chain onto a new chain by
formation of an α-1,6-glycosidic linkage. The exact catalytic mechanism of
BEs is still not fully understood as both their substrates and their products
are highly complex structures which are challenging to analyze and inter-
pret. It has been found that glycogen branching enzymes (GBEs) increase
the degree of branching and generally decrease the size of the product and
its digestibility.



Chapter 1

1.1 Starch and glycogen

1.1.1 Starch
Starch is one of the most abundant bio-polymers  on Earth  and acts as a

reserve of carbohydrates in plants for both short and long term [1,2]. It is an
important energy storage for green plants and mainly produced in seeds, roots
and tubers in special organelles called plastids [3].  The biopolymer is present
in the form of granules which differ between species in properties such as size,
shape and composition [4]. Corn starch, e.g., consists of spherical or polyhedral
granules of 5-20 µm while potato starch is stored in lenticular granules of 10-

110 µm [5,6]. Typically, however, the granules are about 15-35 µm long (see

Table 1.1) [7–10]. Starch granules are almost entirely composed of  α-glucan
(98-99% of dry weight) [5] arranged in alternating regions of crystalline and
amorphous lamella (Figure 1.1) [11]. Each pair of amorphous and crystalline
region stretches over a uniform distance of 9 nm, regardless of its botanical
origin [12].

Figure 1.1: Model of the starch granule and amylopectin fine structure. The granule consists
of  repeating  units  of  amorphous and crystalline  lamella.  The model  of  amylopectin  fine
structure is based on the two-directional backbone by Bertoft [13] and consists of clusters
of  chains  where  the branch points  are located in the amorphous lamella  and the chain
segments in the crystalline regions in form of double helices. 

The α-glucan is entirely built up of glucose units linked by α-1,4- and α-1,6-
glycosidic bonds, forming linear chains and branch points,  respectively [14].
Starch  consists  of  two  types  of  components,  the  linear  amylose  and  the
branched amylopectin  [5,6].  Amylose is  usually  present  in a lower quantity
than amylopectin with a content typically within 15-30% [6,8,15] (Table 1.1)
but strains have been obtained that range from <15% amylose (waxy starches)

to >65% (high amylose starches) [5,8,14]. The two components are fundamen-
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tally  different  in  their  size  and  structure.  The  amylose  polymer  typically
consists of 3-5 chains with an average length of 270-525 glucose units [16] and
varies  between  sources  (Table  1.1).  The  size  of  amylopectin  is  difficult  to
determine due to degradation and aggregation during purification and anal-
ysis. Estimations of size exclusion chromatography suggest a degree of poly-
merization  (DP)  ranging  from  40,000  to  3*107 whereas  measurements  of
reducing ends indicate a size of DP 500 to 20,000 [17] and also varies consid-
erably  between different botanical  sources (Table 1.1).  Amylose is  a mostly
linear  molecule  with  a  very  low  degree  of  branching  (~1%)  whereas
amylopectin has been found to be between 4-5% branched (potato and corn).
Together, starches were reported to have a degree of branching of about 3.1-
3.4% for potato starch [18] and 2.7-3.6% for rice starch [19].

Amylopectin is assumed to consist of clusters of chains where the branches
are predominantly located in the amorphous region and the chain segments in
the crystalline lamella [12]. The clusters typically consist of 5-8 chains, have a
degree  of  polymerization  (DP)  of  about  18  and  contain  around  150-200

glucose units in total [20]. How the clusters are interconnected is still largely
unknown although several models have been proposed. A model by Hizuruki

[21] suggests the connection of the clusters via long chains (DP ≥42) with all
chains facing the same direction. The model presented in Figure 1.1 was devel-

oped more recently by Bertoft [13] and proposes a two-directional backbone
where the clusters are connected by long chains (DP ≥25) that are positioned
perpendicular to the direction of the chains in the clusters. This model has the
advantage that it provides enough room in the amorphous regions to accom-

modate amylose [13].
Within the cluster, chains with a minimum length of 10 glucose units form

double  helices  with  a  neighboring  chain  [22] (see  also  Figure  1.1).  These
double helices pack in three different types of crystal structures.  The highly
dense A-type packing is typical for cereal starches while the more open hexag-
onal arrangement of B-type crystals  is common for tubers and roots (Table
1.1).  The third crystal structure is a mixture of both A- and B-type crystals,
called the type-C, and is more rare but has been found in bean, banana, yam
and pea [23–25]. 

9
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Table 1.1: Properties of starches

Starch Type Granule Amylose MW ACLa Amylose RSd

µm % 10  g/mol⁶ DPb DP C/Mc %

Arrowroot A [4] 35.1 [4] 20 [4] 15.9 [15]

Canna B [19] 35 [15] 27 [25] 70.8 [15]

Cassava 14.6 [15] 130 [10] 10.4 [15]

Chick pea 19 [7] 37.8 [7] 123 [7] 16.3 [7] 9.8 [7]

Corn A [25] 15.1 [8] 29.3 [8] 180 [10] 19.5 [25] 960 [16] 2.9 [16] 22.6 [11]

Ginger 22.6 [9] 12.5 [9] 108 [10]

Green banana 33.2 [9] 19.2 [9]

Kidney bean 25.5 [8] 49.7 [8]

Kudzu A [4] 19.9 [4] 19.6 [4] 1770 [16] 7.8 [16]

Lentil 21.1 [7] 33.5 [7] 381 [7] 18.8 [7] 8.7 [7]

Lily B [25] 22.4 [25] 2300 [16] 44.9 [16]

Lotus B [25] 27.9 [9] 20.6 [9] 21.6 [25]

Mung bean 18.6 [7] 28.6 [7] 354 [7] 19.2 [7] 9 [7]

Pea C [24] 159 [10]

Potato B [25] 35.7 [8] 31.1 [8] 94 [10] 22.9 [25] 29.8 [11]

Rice A [25] 5.4 [8] 8.8 [8] 100 [10] 17.5-
19.4

[25] 1110 [16] 3.5 [16] 29.5 [11]

Sago A [4] 34.3 [4] 21.9 [4]

Sweet potato A-C [25] 16.7 [8] 19.6 [8] 129 [10] 20.3-
20.9

[25] 3280 [16] 9.8 [16] 10.2 [15]

Tapioca A [25] 18.2-
18.5

[25] 2660 [16] 7.8 [16]

Taro A [4] 5.3 [4] 16.3 [4] 3.3 [15]

Tulip B [25] 20.9 [25]

Waxy corn A [25] 15.6 [8] 10.4 [8] 18.6 [25] 30.3 [11]

Waxy rice A [25] 17.1 [25]

Wheat A [25] 19.2 [8] 24.5 [8] 178 [10] 18.2-
18.5

[25] 1290 [16] 4.8 [16] 31 [11]

Yam C [25] 4.9 [4] 14.2 [4] 112-
133

[10] 21.3 [25] 13.2 [15]

a Average chain length; b Degree of polymerization; c Chains/Molecules; d Resistant starch

Starches of the same crystalline type have been reported to share various
structural  features.  As shown in  Table 1.1, A-type starches typically  contain
chains that are in average slightly shorter than the chains of C-type starches
and  considerably  shorter  than  those  of  B-type  starches  [26,27].  Corn
amylopectin  (A-type)  exhibits  a  shorter  average  chain  length  than  potato
amylopectin (B-type), being DP 24.4 and DP 29.4, respectively [28]. Starches of
different crystalline types further differ in their branching pattern. The branch
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points of A-type starches appear to be more scattered over the crystalline and
amorphous regions. In B-type starches, the branch points are mostly located in
the amorphous regions [29]. However, crystalline type is not inherent to the
botanical source and is influenced by the degree of crystallinity which in turn
is negatively correlated with the amylose content. Even though corn is classi-

fied as  a  A-type  starch  (Table  1.1),  B-type  variants  have been obtained  by
increasing  the  amylose  content  which  further  resulted  in  a  higher  average
chain length [30].

1.1.2 Glycogen
While plants  generate  starches,  most other organisms produce glycogen,

including animals,  fungi, bacteria and archaea.  Like starch,  glycogen consists
solely of glucose linked via α-1,4- and α-1,6-glycosidic bonds (linear chains and
branch  points,  respectively)  [31,32].  As  shown  in  Figure  1.2,  glycogen  is  a
spherical polymer with a high degree of branching which restricts its size to
about  20-50 nm  due  to  sterical  hindrance  of  the  increasing  number  of
branches [33–35]. The size of the polymer can range from 250 kDa (microalga
Galdieria  sulphuraria)  to  10,000 kDa  (bacterium Arthrobacter  viscous)  and
15,700 kDa  (rabbit  liver)  [36,37] and  thus  consist  of  up  to  about  55,000
glucose units [32]. The chains have in average a DP 6-14 [33–36,38,39] and
typically carry two branches except for the outermost chains [32,33].

The branch points are distributed in a random pattern [40] and the length
of the chain segment between the first branch points (its own, linking it to the
molecule) and the last (of the outermost chain it carries) was estimated to be
DP 4.6-5.0 and DP 7-8 for bacterial glycogen from Streptomyces venezuelae and
Escherichia  coli,  respectively [35].  The degree of branching ranges from 7%
(oyster glycogen) to 18% (microalga  Galdieria sulphuraria) [37] and is typi-
cally 7-10% for bacterial glycogen [33] and 8-11% in animal glycogen [36].

The presence of  glycogen is  primarily  the result  of a  surplus  of primary
carbohydrates stored by the bacteria for later growth stages [41]. However,
there  are  large  differences  between  the  glycogen  structures  of  different
sources. One of the reasons for the large differences likely is the supply of food.
Bacteria  growing in relatively  hostile  environments  favor the production  of
glycogen of a much shorter chain length compared to bacteria living in envi-
ronments with a rather high abundance of food. The advantage is that glycogen
consisting  of  shorter  chains  is  broken down more slowly,  thereby  enabling
survival over longer periods of time due to a reduced rate of metabolism [42].
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Figure 1.2: Model of glycogen. Glucose units are indicated by green dots with branch points
highlighted in red and the reducing end in blue.

1.1.3 Biosynthesis
The  biosynthesis  of  starch  and  glycogen  is  conducted  by  at  least  three

distinct enzymes. ADP-glucose pyrophosphorylase performs the rate limiting
step  in  the  synthesis  of  both  starch  and  glycogen  while  glycogen/starch
synthase as well as branching enzyme define the structure of these carbohy-
drates [43–46].

The starting point of starch synthesis is sucrose generated during photo-
synthesis and converted into fructose and uridin diphosphate glucose (UDP-
glucose) of which the latter molecule is subsequently catalyzed into glucose-1-
phosphate  and further  into  adenine diphosphate-glucose (ADP-glucose)  [5].
ADP-glucose is used as a substrate by starch synthases and bacterial glycogen
synthases  whereas  animal  and  fungal  glycogen  synthases  use  UDP-glucose
[34]. Starch synthases generate maltooligosacharides by attaching the glucose
units to the non-reducing end of the growing chain [5]. In animals and fungi,
the glycogen synthesis is primed by the protein glycogenin which self-glycosy-
lates  one  of  its  tyrosine  residues  and then elongates  the chain  to  a  malto-
oligosaccharide.  Once  the  chain  is  long  enough,  it  is  further  elongated  by
glycogen  synthases.  Glycogen  synthesis  in  bacteria  might  occur  without  a
primer since no genes for glycogenins have been found in bacterial genomes.
There  are  indications  that  the  bacterial  glycogen  synthases  display  dual
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activity  by  glycosylating  themselves  as  well  as  conducting  chain  elongation
[34]. Starch/glycogen synthases act in concert with branching enzymes which
introduce new branches whenever the chains are long enough [5,31,47].

Additionally,  there is another pathway in bacteria to synthesize glycogen
called the GlgE pathway. Maltosyl transferase (GlgE) can generate maltose by
hydrolyzing  α-maltose  1-phosphate  and  extending  it  to  malto-tetraose  and
further until it is large enough (at about DP 16) for branching by the branching
enzymes. Subsequently, the chains are elongated further and branched again,
repeating the process until a spherical structure has evolved [35].

Apart from the aforementioned enzymes, debranching enzymes play a role
in starch synthesis removing wrongly placed branches as well as playing a role
in  starch  degradation.  The  degradation  of  starch  is  main  conducted  by
β-amylase. These enzymes are exo-acting enzymes that are active on the non-
reducing ends and generate maltose [48].

1.2 Branching enzymes

1.2.1 Occurrence in nature
Branching enzymes (BEs) are widely distributed and present in the vast

majority of the sequenced genomes of animals, plants and green algae but in
only about 60% of fungal genomes.  Typically,  in land plants there are three
subgroups  of  starch  branching  enzymes,  although  not  all  plants  have  one
member of each subgroup and may have multiple versions of one subgroup
[2,49–51]. Those isoforms differ not only in their location and level of expres-
sion [2] but also in their substrate specificity and branching pattern, indicating
complementary roles in the synthesis of starch [52–54]. In bacteria,  most of
the organisms contain only one gene for BE while about 1/3 possess two genes
and a small fraction, especially cyanobacteria, even have three or four genes
[55].

1.2.2 Classification
Branching enzymes or 1,4-α-glucan:1,4-α-glucan-6-glucosyltransferases are

classified as EC 2.4.1.18 [56] and belong to either the glycoside hydrolase (GH)
family 13 or 57 [55]. These families are part of the database for carbohydrate-
active enzymes (CAZy) which categorizes all enzymes involved in the assembly
or breakdown of  carbohydrates  [57] with the GH13 family being one of  its
largest members with over 84,000 sequences in 42 subfamilies [58].

13
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Figure 1.3: Phylogenetic tree of characterized glycogen branching enzymes. Members of the
family GH13_8 are shown in blue, enzymes of the GH13_9 (type 1) are highlighted in green,
GH13_9  (type  2)  in  black  and  enzymes  classified  into  family  GH57  are  shown  in  red.
Classification of  type1 and 2 was conducted by sequence analysis  and comparison with
published data [59]. For sequences indicated with diamonds, crystal structures have been
solved  and  enzymes  studied  in  the  present  thesis  are  highlighted  in  bold  font.  The
phylogenetic tree was created from data from the CAZy database [57] in MEGA X with the
Maximum Likelihood method [60,61].
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To date, the GH13 family includes enzymes that are typically active towards
α-1,4-and/or  α-1,6-glycosidic  bonds  and  always  catalyze  a  double  displace-
ment mechanism involving a glycosyl-enzyme intermediate. The main differ-
ence  between  the  enzyme  classes  is  the  type  of  the  final  acceptor  [62].
Members of the GH13 family are enzymes such as  α-amylases,  pullulanases,
isoamylases,  glucan branching enzymes and cyclomaltodextrin glucanotrans-
ferases and even proteins involved in non-enzymatic transport [63,64]. Within
the family GH13, BEs are located in the subfamilies GH13_8 and GH13_9 which
each contain around 1,000 sequences. The GH13_8 subfamily includes both BE
sequences from Bacteria and Eukaryota while the subfamily  GH13_9 almost
exclusively includes sequences from Bacteria [58].

Generally,  BEs from animals,  plants and fungi were found to share more
similarity to each other than to any bacterial BEs. In prokaryotes (Bacteria and
Archaea),  two types  of  BEs have evolved,  showing one (GH13_8)  moderate
similarity to eukaryotic BEs whereas the other type (GH13_9) is only distantly
related [51,55]. Apart from the GH13 family, BEs are also included in the GH57
family. This family includes enzymes such as α-amylases and 4-α-glucanotrans-
ferases but also enzymes catalyzing other types of reactions like amylopullu-
lanases and α-galactosidases [55,65].

Figure 1.3 presents the phylogenic distribution of characterized glycogen
branching  enzymes  (GBEs).  Notably,  no  bacterial  GBEs  of  the  subfamily
GH13_8 have been characterized  and the GH13 and GH57 share only a very
distant relationship. 

1.2.3 Characteristic properties
Almost all  studied bacterial GBEs were most active between pH 7-8 [66–

71].  Exceptions were e.g. the GH13 GBE from Rhodothermus marinus  with an
optimal pH of 6 [72,73] and the GH57 GBE from Thermus thermophilus which
was most  active  at  pH 6.5  [74].  GBEs  from non-thermophilic  bacteria  were
typically most active between 30-40°C [66,67,69,75].  Thermophilic enzymes,
such as the GBEs from Aquifex aeolicus (GH13), Rhodothermus marinus (GH13)
and from Thermococcus kodakarensis (GH57) were most active at 70-80°C [70–
72,76].

GBEs were often reported to have a clear preference for either amylose or
amylopectin  [69,73,74,77–79].  However,  no clear  pattern  was detected that
could explain the varying preference [55].
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1.2.4 Overall structure
BEs  from  both  families  typically  have  a  size  of  about  70-80 kDa

[66,68,71,73,80] with outliers being e.g. the GH13 GBE from  Vibrio vulnificus
(85 kDa) [69] and the GH57 GBE from  Thermus thermophilus (59 kDa) [74].
Even though BEs often  share only  low sequence  homology,  their  structural
similarity is high [81] even to debranching enzymes such as isoamylases and
pullulanases [56,81,82]. As shown in Figure 1.4, GH13 BEs generally consist of
three domains, an N-terminal carbohydrate-binding module (CBM48 module),
the catalytic domain (domain A) and a C-terminal domain (domain C). Domain
A exhibits the (β/α)8-barrel conformation with the active site located at its core

and is common for all  GH13 proteins.  The other domains adopt  β-sandwich
folds [40,56,81,83,84]. 

Figure 1.4: Crystal structure of the GH13 branching enzymes from Escherichia coli (PDB ID:
1M7X).  The  structure  is  presented  as  cartoon  with  a  transparent  surface.  The  CBM48
module is indicated in red, the catalytic domain A in blue and domain C in green [56].

GBEs of the GH13_9 family can be further divided into two groups based on
the  presence  or  absence  of  additional  100-150  residues  at  the  N-terminus,
named the N1 module. All BEs contain a N2 module but only some also a N1
module which shares high similarity to the CBM48 module [83,85]. Group 1,
containing the extension includes GBEs from e.g. Escherichia coli and Mycobac-
terium tuberculosis (see Figure 1.3) while the other group, lacking the exten-
sion,  includes  GBEs  from  Bacillus  species  and  Butyrivibrio  fibrisolvens and
eukaryotic BEs [55,85]. Enzymes with both modules were more common in
Gram-negative  species  while  the  ones  with  only  N2  module  where  more
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present  in  Gram-positive  bacteria  [59].  Overall,  the  domains  are  arranged
linearly along one axis of the enzyme, giving the protein an elongated shape
[56,81,83]. However, the domain N has been found to be either in line with the
other domains or located at the back of the protein interacting with the domain
A [40,83].

GH57  BEs  are  also  composed  of  three  domains,  the  central  domain  A,
domain C and a small helix domain inserted into domain A. Domain A exhibits
a (β/α)7-barrel conformation which is similar to the (β/α)8-barrel domain of

GH13  enzymes.  The  domain  C  was  composed  of  four  to  six  α-helices  and
located  in  close  contact  with  the  active  site  in  domain  A.  The  small  helix
domain adopts a helix-turn-helix motif and interacts with the entrance to the
active  site  region.  This  domain  gives  the  GH57  GBEs  a  triangular  shape
[74,86,87].

1.3 Catalytic mechanism

1.3.1 Active site
Enzymes of the GH13 family have initially been described to contain four

conserved sequence regions [88]. Figure 1.5 presents a sequence alignment of
six GBEs of which three were studied in this thesis. Apart from the first region,
each of the remaining region contains one residue of the catalytic triad. The
aspartic acid in region II acts as the catalytic nucleophile while glutamic acid
located in region III acts as the proton donor. The third residue, an aspartic
acid  situated  in  region  IV  is  the  transition-state  stabilizer  [63,88].  Other
conserved residues were one histidine in region I and an arginine (II). Later,
three additional conserved sequence regions were found, one before the first
(VI),  one  between  region  I  and  II  (V)  and  the  last  at  the  end  (VII)  which
contained another conserved histidine and aspartic acid [63].

Figure  1.5:  Conserved sequence regions of GH13 glycogen branching enzymes. Catalytic
residues are highlighted in black and conserved residues in gray. The used sequences had
the  following  accession  numbers:  BAE96028  (BcGBE),  AAA23007  (BfGBE),  ABV17243
(EcGBE),  ABX32021  (PmGBE),  BAB69858  (RmGBE),  CAA58314  (ScGBE).  The  sequence
alignment was conducted in MEGA X [61].
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GH57 GBEs were reported to contain five conserved sequence regions. In
contrast to GH13 GBEs (Figure 1.6), only two catalytic residues were found, a
glutamic acid in region III acting as the catalytic nucleophile and an aspartic
acid  in  region  IV  proposed  to  be  the  proton  donor.  Furthermore,  four
conserved residues have been found which could potentially play a role in the
catalytic mechanism. These residues are one histidine (region I), two glutamic
acids (II and IV) and one aspartic acid (V) [89]. 

Figure  1.6: Conserved sequence regions of GH57 glycogen branching enzymes. Letters on
black and gray background indicate catalytic residues and conserved residues, respectively.
The sequences used had the following accession numbers: ABX31322 (PmGBE), BAA30492
(PhGBE), BAD85625 (TkGBE), AHD18669 (TmGBE), BAD71725 (TtGBE). MEGA X was used
for obtaining the sequence alignment [61].

GH13 BEs exhibit an active site cleft in the form of a long curved groove to

accommodate the substrate [86]; which is highly conserved in the GH13 family
[90]. Compared to other members of the GH13 family, BEs have shorter loops
located around the active site,  forming a more accessible cavity suitable for
binding bulkier substrates such as branched α-glucan chains [56]. The catalytic

residues are located on the surface of the cleft opposite to each other located at
one end of the grove. The distance between the aspartic acid (Asp405, from E.
coli) and the glutamic acid (Glu458) was considerably larger in the GBE from E.
coli than compared to the distance in other members of the GH13 family (5.6 Å
compared to 3.7-4.1 Å), possibly crucial for its unique activity [56]. Apart from
the  active  site  cleft,  a  region  rich  in  glycine  and  alanine  residues  (Gly/Ala
region) was found in GH13_9 GBE (cyanobacterium Crocosphaera subtropica),
extending  between  two  substrate  binding sites  and  meeting  the  active  site
groove at the catalytic triad. This region is long and wide enough to accommo-
date chains of DP 20 which may also already carry a branch [40].  GH57 BEs
appear to have a similar active site although the active site cleft was found to
be narrower and deeper in GH57 BEs than in GH13 BEs [55]. Further, a long
curve groove was found in place of the Gly/Ala  region which could serve a
similar function [86]. The surface of the GBE from E. coli was further found to
be electronegative with the catalytic cavity to be the most negatively charged
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area of the surface. This surface charge is conserved among GH13 enzymes and
may thus be important for substrate interaction [56].

The sugar-binding subsites are labeled with +n at the reducing end and -n
at the non-reducing end where the cleavage of the bond occurs between the
subsites -1 and +1 [91]. Comparison of crystal structures from GH13 enzymes
revealed a high conservation (eight residues) of the residues located at the -1
substrate interaction site whereas the other subsites (-2, -1 and +2) showed no
conservation in the number and type of interacting residues. It has been postu-
lated that the high variation might be due to the enzyme-substrate interaction
based on the shape of the substrate rather than specific interactions [90]. This
might also be due to the lack of similar structures to starch and glycogen and
hence no evolutionary pressure for specific interaction sites with each glucose
unit  [90].  The  catalytic  triad  and  two  histidine  residues  form  the  catalytic
pocket [83]. 

Substrates were found to bind to up to seven substrate binding sites distrib-
uted over CBM48, domain A and domain C [40,92]. Several aromatic residues
were found near the active site and in the other subsites which are possibly
involved in substrate binding through stacking interactions [86,90] with some
of the residues even being completely conserved in all starch BEs [84]. Site-
directed mutagenesis studies of two of binding sites (D585K and W628R in E.
coli GBE) showed a great decrease in activity, highlighting their importance in
the catalytic mechanism [92]. A mutant of C. subtropica GBE in which a trypto-
phan residue close to the active site has been mutated (W610N), was crystal-
lized  bound  to  maltoheptaose  (DP 7).  The  substrate  showed  a  twisted  S
conformation and was located in the active site with the catalytic triad located
at the subsite -1 (ranging from -7 to -1) [40]. Comparison with the wild type
GBE bound to a maltohexaose (DP 6) and the ligand-free mutant indicated that
the protein did not show considerable structural changes upon binding of the
substrate  [40,83].  Molecular  dynamics  simulations of  rice  SBE further  indi-
cated the enzyme might catalyze the formation of the helical structure of the
substrate  [93].  It  has  been suggested  that  the activity  of  plant  SBE may be
dependent on the double-helical configuration of the substrate, hence possibly
explaining the minimum DP requirement of typically DP12-15 [2,75].

1.3.2 Catalytic cycle
GH13 enzymes have three catalytic residues, labeled as the catalytic triad.

The first  aspartic  acid  acts  as  the  catalytic  nucleophile  while  glutamic  acid
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serves as the proton donor. The third residue,  a second aspartic acid is the
transition-state  stabilizer  [63] and  is  missing  in  a  recently  discovered
subfamily of the GH13 family [94]. GH57 BEs also only contain two catalytic
residues, a glutamic acid acting as the catalytic nucleophile and an aspartic acid
serving as the proton donor [55,74]. Instead of the second aspartic acid, GH57
BEs have a histidine which performs the function of the polarizer [87].

Figure  1.7 presents  the  observed  modes  of  actions  of  BEs.  Generally,
enzymes  of  the  GH13  family  share  high  similarity  regarding  their  catalytic
mechanism [64,95]. They all perform a double displacement mechanism which
can result  in hydrolytic and transglycosylation activities  [96].  Generally,  the
mechanism consists of two steps, both conducted by a nucleophilic attack. 

The first nucleophilic attack is conducted by the carboxylate nucleophile on
the glycosidic oxygen of the substrate donor chain, cleaving the glycosidic bond
of the substrate and forming a covalent enzyme-substrate intermediate. Then,
the acceptor nucleophile attacks the ionized intermediate at the C-1 position of
the  α-glucan  to  yield  the  product  [92,97].  BEs  first  conduct  cleavage  of  an

α-1,4-glycosidic bond, followed by formation of a α-1,6-glycosidic linkage. BEs
share the first step (cleavage) in their catalytic cycle with other GH13 enzymes
such as  α-amylases which then perform a hydrolytic activity by transferring
the  chain  to  a  water  molecule  and  cyclodextrin  glucanotransferases  which

transfer the chain to its own non-reducing end to another by forming a α-1,4-
glycosidic linkage, yielding a cyclodextrin [95,97,98].

The second step (formation) of BEs is only shared with neopullulanases
which have been reported to both hydrolyze and form α-1,4- and α-1,6-bonds
[97]. Most enzymes of this family are specified on either hydrolysis or transgly-
cosylation  but  are  able  to  catalyze  the  other  type  of  reaction  as  well.  This
behavior can be exploited by shifting the specificity of an enzyme by changing
both donors and acceptors or sequence engineering [96] as a study proved by
converting a cyclodextrin glucanotransferases into an α-amylase with a triple
mutation [98]. Even though BEs from the family GH57 lack one of the three
catalytic residues of, their catalytic mechanism is thought to be highly similar
to the one of GH13 BEs [74].

It has been proposed that the donor chain binds from the first binding site
into the active site cleft (Step 1 in Figure 1.7), and the α-1,4-bond is cleaved at
the active site, forming a covalent intermediate between the enzyme and the
chain bound to the cleft  (Step 2).  After detachment of the other part of the

20



 General introduction

donor chain, an acceptor binds to the entire sequence between the two binding
sites (Step B3) and binds to the retained acceptor chain via formation of an
α-1,6-glycosidic linkage (Step B4) [40].

Figure  1.7:  Model of the catalytic  mechanism of GH13 branching enzymes showing two
different modes of action, branching (B3-B4) and hydrolysis (H3-H4). The active site of the
enzyme is shown in gray with the position of the catalytic triad indicated in brown. The two
modes share the first two steps and describe the binding of a donor chain (green spheres, 1)
and the cleavage and release of the byproduct (2) by formation of an enzyme-substrate
intermediate.  In  the branching,  an acceptor chain (red)  is  bound (B3) and the retained
chains  is  transferred  onto it  by  formation of  an  α-1,6-glycosidic  bond  (yellow) and  the
product is released (B4). For the hydrolysis, the chain is transferred to a water molecule
(H3) and released as free chain (H4). Reducing ends are indicated in blue. The model was
based  on a  mechanism  proposed  by  Hayashi  et  al. [40]  and  has  been extended  by  the
hydrolysis reaction.

1.3.3 Types of activity
Most BEs have been reported to be specific towards  α-1,6-transglycosyla-

tion  (branching)  activity  [66,68,69,99].  During  the  branching,  bacterial  BEs
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were found to typically  transfer  chains to the outermost,  unbranched chain
and with three glucose units between the branch point of the acceptor chain
and the newly formed  α-16-glycosidic bond [50]. Generally,  GH57 BEs were
found to be considerably less active than GH13 BEs [100,101].

Further, some BEs were described to also exhibit hydrolytic activity (Figure
1.7) in which the retained chain is transferred onto a water molecule (Step H3)
and  released  as  a  free  chain  (Step  H4).  For  most  GH13  BEs,  no  hydrolytic
activity  was  found  [69,102,103].  However,  some  hydrolytic  activity  was
reported for the GH13 GBE from Rhodothermus marinus (on amylose) and the
GH13  GBE  from  Mycobacterium  tuberculosis exhibited  a  ratio  between
hydrolyic and branching activity of 0.2:1 [35,72]. On the other hand, all GH57
BEs were reported to exhibit notable hydrolytic activity [74,100,101,104]. 

Additionally, there are indication that at least some GH13 BEs are capable
of cyclization activity was observed for  Aquifex aeolicus GBE [76] and  α-1,4-
transglycosylation as chain elongation for the GBE from Rhodothermus marinus
[105] although no in-depth studies are available to date on this topic.

1.4 Products of GBE modification

1.4.1 Choice of substrate
In nature,  BEs are involved in either the synthesis  of starch or glycogen

[5,31,47].  The use of  glycogen or starches  as  substrates  for  BEs  is  thus an
apparent choice but is faced with various challenges due to the variety and
complexity  of  their  structures.  Further,  in  nature  BEs  act  on  a  growing
substrate as they act in concert with starch/glycogen synthase [5,31,47] which
might render their native substrate quite different from e.g. extracted starches.
Additionally,  glycogen  is  unsuitable  as  substrate  due  to  the  already  high
amount of branches in its structure. However, many different types of starches
have been modified with branching enzymes with the most commonly used
being potato amylose and amylopectin and corn starch [102,105,106].

Synthetic substrates, on the other hand, have the advantage of being more
defined, simplifying the interpretation of the results and are thus suitable for
studying  the  activity  of  BEs  in  more  detail  [105].  Only  a  minor number  of
synthetic or heavily modified substrates have been applied so far, possibly due

to  the  limited  availability  and  the  high  price.  One  substrate  that  has  been

reported is A600, a mixture of linear α-1,4-glucan chains with DP 2-60 gener-
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ated using an enzyme called amylosucrase [102,105]. This substrate has the
advantage that it is strictly linear and easier to analyze due to its small size
compared to starch. Other modified substrates were e.g. fractions of a polydis-
perse product to obtain linear chains of a narrow range of chain length. These
synthetic substrates have helped to extend the understanding of which chains
the BEs might use as donor chains [105]. 

1.4.2 Properties of products
The obtained products were typically analyzed regarding their chain length

distribution which was  partially complemented with data on their molecular
size and degree of branching (Table 1.2).

Despite the number of substrates studied, some common properties were
found for all the reported chain length distributions after modification with an
GBE from either family. The activity of a GBE on a substrate generally resulted
in  an  increase  in  short  chains  and  a  decrease  in  long  chains  [76,102,103,
105,106]. The shortest chains for which an increase was usually observed after
enzyme modification were DP 4-6 [66,71,74,75,78,102,103,107] and the chain
length distributions of the products typically peaked at DP 6-7 and/or DP 10-
11  (Table  1.1)  [66,71,72,74,100,102,103,107,108].  Notably,  the  minimum
chain length of the donor chains required to bind to the BEs appears to be
either  DP 10 [109],  DP 12-13 [77,101,105] or  DP 16-17 [75,101] and might
even vary between substrates [105] (Table 1.2). Therefore, it has been specu-

lated that the accumulation  of short chains could be due to them being the
released parts of the donor chains which were further too short for acting as
donor chains again [102].

The molecular weight (Table 1.2) of the products  is difficult to determine
due  vast  structural  differences  between  standard  and  sample  (See  Chapter
1.5.2).  However,  studies  indicate  that  modification  with  GBE  decreases  the
molecular  weight of the product  and generally  results  in  either one or two
peaks [68,71,100] and appear to be substantially  influenced by the amylose
content of the substrate [100].
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Table 1.2: Reported properties of wild type glycogen branching enzymes

Organism Family 
(GH)a

Substrate
typeb

DP of 
peakc

Min.
DPd

MW
(kDa)

Branching
(%)

Ref

Escherichia coli 13_9 (1) AM 11 [69]

ae-AP 11 [50]

Petrotoga mobilis (GBE1) 13_9 (1) AM 5-6 13 1700 12.4 [101]

AM, AP 5-6 200 12.7-13.1f [100]

Streptomyces coelicolor 13_9 (1) ae-AP 6/10 [50]

Thermomonospora curvata 13_9 (1) Corn 12 12 10/10
00

10.3 [77]

Vibrio vulnificus 13_9 (1) AM, AP 5-6 [69]

Anaerobranca gottschalkii 13_9 (2) AM 6/12 16 110 [68]

Aquifex aeolicus 13_9 (2) AM 10 [70]

Bacillus subtilis 13_9 (2) AM 6/10 [69]

Butyrivibrio fibrisolvens 13_9 (2) AP 7 19.3 [66]

Cyanobacterium sp.
(GBE1-3)

13_9 (2) ae-AP 6-7/10 [79]

Deinococcus geothermalis 13_9 (2) AM 8 [69]

AM 6 [99]

Deinococcus radiodurans 13_9 (2) AM 6 [99]

Geobacillus 
thermoglucosidasius

13_9 (2) (Waxy) corn -e 16 [106]

Corn -e 10 7.9 [109]

(Waxy) corn, 
potato, tapioca

4-8.2 [119]

Rhodothermus marinus 13_9 (2) AM, AP, 
maltodextrins

8 12 15.3 [105]

Waxy corn, 
wheat, potato

7.5-7.9 [110]

AM, AP 6/8-9 100 10.2-10.9f [100]

Streptococcus mutans 13_9 (2) Sweet potato 6-7 1400 [120]

Petrotoga mobilis (GBE2) 57 AM 9-10 17 14 8.5 [101]

Pyrococcus horikoshii 57 AM 6 [86]

Thermococcus kodakarensis 57 AM, AP 6-7/11 40-70 5.0-6.2f [100]

Thermotoga maritima 57 AM 5 8.5 [104]

Thermus thermophilus 57 AM 6 3 [74]

AM, AP 6-7/11 40/70 5.3-6.2f [100]

a Family  classification was based on the results  shown in  Figure  1.3;  b amylose  (AM) and
amylopectin  (AP) are from potato,  ae-amylopectin  (ae-AP)  from the amylose-extender  rice
mutant;  c DP of chain at which the chain length distribution exhibits a maxima;  d Minimum
donor chain length;  e Incubation was too short for identification of preferred chain length;  f

The degrees of branching were obtained from pea and waxy corn starch
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Several values have been reported for the degree of branching of starches
modified with branching enzymes (Table 1.2).  Most of the values have been
obtained with NMR but some have been estimated with other methods, such as
the GBE from  Butyrivibrio fibrisolvens  with 19.3% (estimated from reducing
ends  before  and  after  debranching)  [66] or  the  GBE  from  Rhodothermus
marinus with  15.3%  (based  on  chain  length  distribution)  [105].  Generally,
GH13 GBEs appear to produce a degree of branching mainly between 7-13%
(Table 1.2) with notable differences between the reported values of the GBE
from R. marinus [100,105,110]. GH57 GBEs produced degrees of branching in
the  range  of  3-8.5%  [74,100,101,104].  Therefore,  it  appears  that  bacterial
GH13 GBEs tend to generate a higher degree of branching than GH57 GBEs.

1.4.3 Digestibility
One  important  property  of  starch  is  its  digestibility.  Starch  digestion  in

humans consists of several steps. Firstly, the starchy food is broken down in
the  mouth by  chewing.  Thereby,  the  food comes  into  contact  with  salivary
α-amylase  which  starts  the  digestion  before  the food  is  swallowed.  After  a
further particle reduction in the stomach, the starch enters the small intestine
where it is degraded by pancreatic  α-amylase. This enzyme generates malto-
oligosaccharides of varying size which are further hydrolyzed to monosaccha-
rides  by  enzymes such as maltase-glucoamylase.  Any starch  fragments  that
have not  been  digested  in  the  small  intestine  are  transported  to  the  colon
[111].

The glycemic index describes the glycemic response, and thus the uptake of
glucose in the small intestine [112]. Starches with a high glycemic index cause
a rapid increase in blood glucose.  The drastic changes in the level  of blood
glucose cause high stress to the regulatory systems and may lead to damages
in organs and tissues [113]. A high glycemic index has further been indicated
to increase the risk for colorectal and breast cancer. There are indications that
it is also related to obesity and chronic diseases such as cancer, coronary heart
disease and diabetes.  Starches with a low glycemic index indicate a reduced
rate of glucose absorption and a lower rise in gut hormones and insulin after
food intake. If the glucose absorption takes place over a prolonged time, the
blood glucose  level  does  not  rise  as  dramatically  as  for  starches  with  high
glycemic index. Starches with low glycemic index have further been suggested
to improve the glycated proteins of people with diabetes [112] and were even
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described as being prebiotic since they are an important energy source for the
human microbiota [114]. 

The digestibility of starches  in vitro is typically determined by the Englyst
method  using  two  enzymes,  porcine  pancreatic  α-amylase  and  a  fungal
amyloglucosidase. The addition of amyloglucosidase enables the detection of
glucose freed during the digestion by hydrolyzing the  α-dextrins released by

α-amylase into glucose.  The Englyst method divides the fractions into three
parts.  Rapidly  digested starches  (RDS) are  digested within the first  20 min,
slowly digestible starches  (SDS) between 20-120 min and resistant  starches
(RS)  describe  the  fraction  remaining  after  120 min  [115]. Resistant  starch
describes  the  fraction  that  enters  the  colon  as  dietary  fiber  where  it  is
fermented [116] and amylose has mainly been classified as RS [113]. 

A-type starches  such as corn starch  were reported to  be faster  digested
than C-type (pea starch) and B-type starches like potato starch, respectively
[4,24,117]. Additionally, the rate of digestion has been found to be positively
correlated  with  amylose  content,  negatively  with  the  degree  of  branching
[19] and average chain length [118]. The observation that starches of different
crystalline types exhibit distinct digestibility behaviors may be linked to the
position of the branch points in the amylopectin structure. It has been specu-
lated that the higher digestibility of A-type starches is due the scattered branch
points, leading to shorter internal chains and branches and inferior crystalline
structures  which  are  more  vulnerable  to  enzyme  hydrolysis.  The  clustered
branch points of B-type starches, on the other hand, show longer chains and
possibly superior crystalline structures [29].

Treatment of starches with GBEs led to a decrease in RDS and an increase
in SDS [119,120], leading to a significant negative correlation between the RDS
fraction and the degree of branching. Treatment of the branched product with
hydrolytic enzymes further increased the SDS content [110].

1.4.4 Applications of modified starches
Starch is an intensively produced carbohydrate due to its easy production,

renewability and large array of applications [92]. Native starches are used in
paper, textile and cardboard industry and are also often used for thickening or
gelling purposes. Furthermore, they can be hydrolyzed into maltodextrins for
pharmaceutical and food applications or even to glucose syrup for beverages
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and confectionery. Modified starches have also applications in the textile and
paper industry as well as food, pharmaceuticals and adhesives [6,121].

Starches modified with BEs were found to have a low molecular weight and
a high degree of branching which have industrial  applications such as anti-
staling agents during bread production and functional food ingredients. Addi-
tionally,  their  ability  to  decrease  the  digestibility  makes  them  suitable  for
production of starches with a low glycemic response [114].  Further, tandem
reaction of BE with a second enzyme, such as amylosucrase or phosphorylase
can be  fine-tuned  to  give  rise  to  products  with  a  specific  chain  length and
degree of branching [122,123].

1.5 Carbohydrate analysis

1.5.1 General methods
One of the challenges  of  working with starches  is  their  low solubility  in

aqueous solutions. While glycogen is highly soluble in water [40,51] starch is

not  [47] which  appears  to  be  partly due  to  the  fraction  of  amylose  [124].
However, starch can usually be dissolved in aqueous solutions by the use of
high temperature,  pH or  pressure  [125] or  by  pre-treatment  with  solutions
such as dimethyl sulfoxide [124] to a concentration of up to 20% [6].

Once  solubilized,  the  starch  can  either  be  modified  using  enzymes  or
analyzed with a series of different methods  (Table 1.3). As mentioned previ-
ously, the samples can be treated with branching enzymes to obtain polymers
of a higher degree of branching (Chapter 1.4.2) or digested with α-amylase and
amyloglucosidase  (Chapter  1.4.3).  Further,  debranching  enzymes,  such  as
isoamylase  and  pullulanase  are  used  to  remove  branch  points  of  starchy
substrates or placed by branching enzymes [126]. They are typically applied to
debranch carbohydrate  samples  for analysis  of e.g.  the amount of branches
with determination of reducing ends [127] or the analysis of the chain length
distribution [68].

Typically, the applied methods for analyzing the starch structure are either
based  on  spectrophotometry  or  chromatography.  Most  spectrophotometric
methods are targeted at the detection of the total amount of carbohydrates in a
sample  or  of  a  specific  sugar  [128].  The  chromatographic  methods,  on  the
other  hand,  are  used  to  obtain  in-depth  information  on the  molecular  size
[129] and chain length distribution [130].
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Table 1.3: Common carbohydrate analysis methods

Method Abbr. Principle Type of data obtained Ref

Reducing ends Several Colored complex 
formation with reducing 
end

Amount of molecules and 
branch points, estimation of 
degree of branching

[126]

Glucose oxidase-
peroxidase assay

GOPOD Enzymatic detection of 
glucose

Free glucose content of total
sugar content after acid 
hydrolysis

[134]

Total carbohydrate Several Acid hydrolysis and 
detection of glucose

Total sugar content, 
hydrolysis of sample to 
monomers

[135]

Iodine-starch assay Iodine Colored complex 
formation with linear 
chains

Rough estimation of length 
and quantity of linear chains

[136]

Nuclear magnetic 
resonance

NMR Interaction between 
neighboring atoms

Degree of branching and 
reducing ends

[11]

Size exclusion 
chromatography

SEC Separation of molecules 
by hydrodynamic volume

Molecular size distribution 
of populations

[142]

High-performance 
anion exchange 
chromatography

HPAEC Separation of molecules 
by charge

Chain length distribution of 
(debranched) sample

[145]

One of the most commonly used method is the detection of reducing ends in
which an agent reacts with the reducing end of carbohydrates, forming a color.
Since,  each starch  polymer  only has  one reducing end,  this  type of  method
effectively detects the number of carbohydrate molecules in a sample [131].
Therefore,  it  can be applied for a rough determination  of  molecular  weight
although  it  shows  a  limited  resolution  above  20 kDa  [68].  Further,  if  the
sample is  debranched prior  to analysis,  the number of (introduced)  branch
points  can  be  estimated  [127].  Examples  are  the  Somogyi-Nelson  method
which is based on copper and arsenmolybdate [132], the BCA method using
2,2’bicinchoninate  [133] or  the  pAHBAH  assay  based  on  4-benzoic  acid
hydrazide [134]. Most of the methods are simple and fast but they differ in
their detection range [132–134].

For specific detection of free glucose, as e.g. during enzymatic digestion, an
enzymatic assay called the glucose oxidase-peroxidase assay (GOPOD) is avail-
able using a tandem reaction of glucose oxidase and horseradish peroxidase in
combination with a fluorophore [135].

In order to estimate the purity of a glucan sample, typically a total sugar
analysis  is  performed  which  detects  the  amount  of  sacharides  including
monomer, oligomers and polymers by subjecting the sample to acid hydrolysis
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to hydrolyze all  sugars into monomers.  The total sugar content can be then
estimated by the detection of reducing ends [131,136].

Another spectrometric method is the iodine assay which is based on the
colored complex formed between iodine and linear chains in starch which are
long enough to form helices  [137].  Furthermore,  the hue of  the complex  is
dependent on the chain length [138]. This makes the assay not only suitable
for  determination  of  the  amylose  content  [139] but  also  for  detection  of
activity of enzymes active on starch [140,141].

Nuclear  magnetic  resonance  spectroscopy  (NMR) is  a  commonly  used
method  to  determine  the  anomeric  configuration  of  glucose units  and they
type of bonds connecting them [18,136]. In NMR, nuclear magnetic spins of
atoms with an uneven number of nucleons (protons and neutrons, e.g.  1H or
13C) are elevated to a higher energy level in response to strong eletromagnetic
radiation. After a certain time-span, the spins return to their lower energy level
and release energy that can be measured. This relaxation is effected by interac-
tions between nuclei,  resulting in chemical  shifts  and infromation on neigh-
boring atoms [142]. The most typical application in starch analysis of NMR is
the determination of the  degree of branching commonly. NMR is an accurate
method but it requires access to a specific instrument and the samples to be
dissolved in D2O [18]. 

1.5.2 Molecular size
One  popular  method  to  determine  the  mass  distribution  of  the  starch

polymer is size-exclusion chromatography (SEC). This method separates the
molecules by size based on how much the particles interact with the pores in
the column. Therefore, the largest polymers elute first while the smaller poly-
mers are more retained. Several types of SEC have been established, including
systems  based  on DMSO or water.  The standards  used  for  the  method  are
linear polymer standard such as pullulan due to the availability of such poly-
mers  with  known  molecular  weight  and  narrow  dispersity  [143].  Pullulan,
similar to starch, consists entirely of glucose residues linked via either α-1,4-or

α-1,6-glycosidic linkages. In contrast to starch, however, the fungal polysaccha-
ride pullulan  is  a  linear  polymer  consisting  of  maltotriose  units  interlinked
with  α-1,6-bonds [136]. SEC of starches has been challenging due to the low
solubility of the polymer, its degradation or loss of chains in addition to a lack
of accurate calibration. Starch further does not exhibit a correlation between
size and molecular weight as both chain length and branch density affect the
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hydrodynamic volume of the starch [144]. The separation by size and shape of
the polymer rather than molecular weight has the effect that branched samples
are retained longer in  the SEC than linear homologs of  the same molecular
weight. Therefore a calibration curve of a linear standard can only be applied
for  obtained  estimations  on  the  mass  distribution  of  a  branched  polymer
[32,125,144,145].

1.5.3 Chain length distribution
The  chain  length  distribution  of  the  debranched  sample  is  typically

analyzed  with  High-performance  Anion  Exchange  Chromatography  coupled
with Pulsed Amperometric Detection (HPAEC-PAD). It is based on the weak
ionization of the α-glucan chains in highly basic conditions (sodium hydroxide)
which  compete  with  the  ions  in  the  eluent  for  binding  to  the  oppositely
charged column. The separation of the chains is conducted by increasing the
ionic  strength  using  sodium acetate  as  gradient.  The elution  time  is  highly
dependent on the gradient and the concentration of sodium acetate [146]. The
tendency of amylose to precipitate was prevented by the highly basic condi-
tions of the chromatography [147]. Chains containing α-1,6-glycosidic linkages

are  eluted  faster  than  chains  of  the  same  size  containing  only  α-1,4-bonds
[148]. 

Usually, only chains shorter than DP 40 can be analyzed with HPAEC [130]
but the detection range can be increased to DP 80 by extending the run length
from 70 min to 4 h although at the expense of sensitivity above DP 50 [27]. One
drawback of the method is the positive correlation between detector response
(per mol of glucan chain) and the DP of the chain. When plotted against the
mass (µg), the detector response shows an almost exponential decrease due to
the  relative  change  in  molecular  weight/DP.  The  curve  showed  a  steep
decrease in detector response until DP 7 and leveled out around DP15 [146].
This effect has been attributed to the number of HCOH groups on the molecule
[148]. Showing the HPAEC-PAD results as relative areas is thus misleading as
the detector response varies [146]. 

Other  methods  to  determine  the chain  length distributions  are  capillary
electrophoresis  (CE),  separating  chains  of  DP 30-100  [108],  and  matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF) which requires  no separation  of  chains prior  to analysis  but  tends to
overestimate chains of DP >21 [149]. However, both methods were found to
give similar mean DPs (mass average) [35].
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1.6 Thesis outline

1.6.1 Aim
In  this  thesis,  the  activity  of  glycogen  branching  enzymes  (GBEs)  was

studied.  The aim was to gain more understanding on the behavior of  these
enzymes by studying them from different  angles,  including research  on the
substrates,  products and activity behavior over time on a defined substrate.
Detailed knowledge of the substrates is essential for understanding the gener-
ated products and thus also the activity behavior. Similarly, in-depth study of
the products obtained during GBE treatment of a simple substrate sheds light
onto their mode of action. Finally, a good method can improve the quality and
amount of the data obtained with it.

1.6.2 Chapters
Chapter 1 reviews the current knowledge on branching enzymes,  starch

structure and known structural  properties of products obtained from modi-
fying starch with GBEs. Their catalytic cycle is described in more detail  and
available methods for studying branching enzymes and starches are described.

Chapter 2 describes tools to improve the procedure and interpretation of
one  important  method  for  detecting  GBE  activity.  The  iodine  assay  is  a
frequently used method for quick determination of activity. However, there are
several challenges that needed to be addressed such as the shift of wavelength
in response to enzyme treatment or differentiation between enzyme and back-
ground activity.

Chapter  3 gathers  and  extends  the  knowledge  on  the  amylopectin  fine
structure of various starches and the effect of important structural properties
on the digestibility of the respective starches. Nine starches were selected for
characterization and a number of structural features were studied, including
crystallinity  type,  degree  of  branching  and  chain  length  distribution.  These
features were then linked to the digestibility of each starch to determine to
most important factors.

In Chapter 4, five different glycogen branching enzymes (three GH13 GBEs
and two GH57 GBEs) were incubated with four starches and one maltodextrin
mixture and the obtained products were analyzed with various methods. The
aim  was  to  detect  the  most  pronounced  differences  between  the  obtained
structures  and  identify  the  key  components  of  the  fine  structure  of  the
substrate governing the product formation.
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Chapter 5 presents the activity behavior of three GH13 glycogen branching
enzymes on a defined substrate to enable analysis of the entire chain length
distribution of the product. The product formation was followed over time by
two different methods (reducing ends and chain length distribution) to study
the mode of action of GBEs in more detail. The aim of the chapter was to gain
more understanding on the behavior of GBEs over the course of the reaction.
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Chapter 2
Enhancement of the iodine assay

Reliability factor for identification of low 
activity of amylolytic enzymes in the starch-
iodine assay

Aline L. O. Gaenssle, Marc J. E. C. van der Maarel and Edita Jurak

Abstract
Amylolytic enzymes are a group of proteins degrading starch to its constitu-

tional units. Understanding their behavior is of great industrial and nutritional
interest. Beside the in-depth analysis using qualitative and quantitative tech-
niques,  there  is  also  a  high demand  in  high-throughput  screening methods
such as the iodine assay, a photometric assay based on the intensely colored
starch-iodine complex. To increase the turnover rate of the assay, the method
was  modified  and  adapted  to  microtiter  plates.  Additionally,  multiple  time
point  measurements  were  introduced  to  increase  the  accuracy  and  error-
detection.  Further,  a  single  wavelength  measurement  was  proposed  and  a
mathematical factor was modeled to provide information about the reliability
of the obtained enzymes activity rates. This activity factor enables fast, precise
and objective  distinction  between  enzyme activity  and background activity.
Altogether,  the  adapted  method  provides  a  simple  an  accurate  tool  for
screening the activities of amylolytic enzymes.
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2.1 Introduction

One  of  the  most  important  sources  of  carbohydrates  for  human  diet  is
starch [1], a structure entirely built up of glucose units interlinked via  α-1,4-

and  α-1,6-glycosidic bonds, forming linear chains and branch points, respec-
tively.  This  polysaccharide  consists  of  the  linear  amylose  and  branched
amylopectin in a highly varying ratio ranging from below 15% to about 40%
amylose [2]. Starch is biochemically degraded by amylolytic enzymes [3] which
can  be  divided  into  endo-  and  exo-acting  enzymes.  α-Amylases  are  typical

endo-acting  enzymes,  cleaving  α-1,4-glycosidic  linkages  of  starch,  forming

oligosaccharides of varying chain lengths. β-Amylases can also hydrolyze α-1,4-
bonds, however, they are exo-acting enzymes and are hindered by branching
points  [4].  Other examples  of  starch  active  enzymes are amyloglucosidases,
generating  glucose by  hydrolyzing both  α-1,4-  and  α-1,6-glycosidic  linkages
[5], and starch or glycogen branching enzymes which catalyze the formation of
new branches by hydrolyzing an α-1,4-bond and creation of a new α-1,6-glyco-
sidic linkage [6].

Typically,  quantitative  determination  of  catalytic  activity  of  amylolytic
enzymes is conducted via estimation of the amount of formed reducing sugars
such as glucose or maltose. Commonly used compounds for this are copper and
arsenmolybdate  in  the  Nelson-Somogyi  method  [7],  copper  and  2,2’-bicin-
choninic acid (BCA) [8] and dinitrosalicylic acid (DNS) [9]. Other methods are
based  e.g.  on  the  size  of  growth  regions  of  microorganisms  on starch-agar
mediums in presence of hydrolytic enzymes [5] or on the iodine staining of
sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis  (SDS-PAGE)  gels
loaded  with  starch  and amylolytic  enzymes  [10].  The  activity  of  branching
enzymes  is  usually  measured  by  first  incubating  the  substrate  with  the
branching enzyme, debranching the product with α-1,6-bond cleaving enzymes
(namely isoamylase and/or pullulanase) [11] and then analyzing the amount
of formed branches (new chains) by reducing ends [12].

Beside the aforementioned methods, another frequently used method is the
iodine  assay  [13–15].  This  photometric  method  is  often  applied  for  quick
determination of the activity of starch converting enzymes due to its speed and
having the advantage that its color is not affected by the presence of amino
acids, small oligosaccharides and ammonium sulfate [16]. The method is based
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on the intensely colored complex between iodine and starch. Iodine was found
to  accumulate  in  linear  structures  within  the  helix  conformation  of  linear
chains of starch such as amylose [17] with the estimated ratio ranging from
2.75 [18] to 3.9 [17] glucose units for every iodine atom. Thus, the detected
absorbance intensity of the starch-iodine complex is mainly generated by the
amylose  content  in  the  starch  sample  [19].  The  wavelength  of  absorbance
maximum (λmax) of the starch-iodine complex’s color is highly correlated with
the  chain  length  (DP)  of  the  oligosaccharide  and shifts  from about  490 nm
(DP 18) to around 600 nm (DP 72) [19]. This behavior not only results  in a
high diversity of λmax between different starches [20] but also causes a shift in

λmax in response to the activity of amylolytic enzymes [21], causing a consider-
able error in estimated activity when not addressed. Due to the specificity of
the iodine complex formation with linear stretches of starch, the assay is not
only  suitable  for  measuring  the activity  of  amylolytic  enzymes but  also  for
starch modifying enzymes, such as branching enzymes, whose introduction of
new branch points leads to a decrease in linear chain segments [13].

Although the iodine assay has been developed decades ago [13,21,22], opti-
mizations  are  scarce.  Hereby,  the  method  was  optimized  and  adapted  to
microtiter plates, thereby not only increasing both accuracy and speed of the
assay  but  also  enabling  simultaneous  detection  of  multiple  samples  for
screening  enzymatic  activities.  Moreover,  standardized  procedures  are
proposed  for  addressing  the  relevant  shift  in  λmax and  for  differentiating
between enzyme and background activity.  This reliable detection of enzyme
activity is achieved by a here proposed, simple equation.

2.2 Materials and methods

2.2.1 Materials
The  enzymes  α-amylase  from porcine  pancreas  and  B.  amyloliquefaciens

(BAN 480L), β-amylase from barley and sweet potato, and maltogenic amylase

(glucan 1,4-α-maltohydrolase,  Bacillus species) were purchased from Sigma-

Aldrich, Germany. Others, being  α-amylase from  A. oryzae,  β-amylase from  B.

cereus,  amyloglucosidase  (glucan  1,4-α-glucosidase,  A.  niger)  and  xylanase

(endo-1,4-β-xylanase,  A.  niger)  were  purchased  from  Megazyme.  The
branching enzyme from R. marinus was kindly provided by AVEBE.
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The substrates  potato  starch,  amylose and rice  starch were bought from
Sigma-Aldrich  whereas  Hylon®  VII  was  obtained  from  Ingredion,  USA.  All
chemicals were of analytical grade or higher.

2.2.2 Stock solutions
Starch samples were freeze-dried overnight before being dissolved in 90%

dimethyl sulphoxide (DMSO) in a boiling water bath with frequent, vigorous
mixing. All stock solutions had a concentration of 25 mg/ml and were stable
for several months at RT. For the standard set (n=97), amylose was dissolved
at 100 mg/ml in 100% DMSO following the procedure by Griffin and Fogarty
[23].  The  iodine  stock  solution  (26%  KI,  2.6%  I2) [24] was  stored  at  4°C
covered with aluminum foil.

2.2.3 Enzyme concentration
The protein concentration was determined by the Bradford Protein Assay

(Bio-Rad Laboratories) using bovine serum albumin (Sigma-Aldrich, Germany)
as a standard.

2.2.4 Assay optimization
All experiments consisted of two steps, the enzyme reaction (200 μl, condi-

tions  see  next  paragraph)  and  the  analysis  assay  containing  100 μl  freshly

prepared iodine reagent  (0.15% KI,  0.015% I2,  5 mM HCl) mixed with 15 μl
aliquots from the enzyme reaction. The absorbance of the analysis assay was
then  measured  at  610 nm  and  a  spectrum  (450-750 nm,  2 nm  steps)  was
detected using a spectrophotometer (SpectraMax from Molecular Devices).

The reactions for the standard curves of the starch samples contained 0.1-
2.0 mg/ml  starch  (potato  amylose,  Hylon®  VII,  potato  and  rice  starch)  in
50 mM sodium phosphate buffer, pH 6.0. Experiments were performed in trip-
licates.

The  control  enzyme  reactions  for  enzymatic  activity  were  composed  of
enzyme (0.2 μg/ml α-amylase (A. oryzae), 4 μg/ml β-amylase (B. cereus), 6 μg/

ml amyloglucosidase or 63 μg/ml xylanase), 1 mg/ml starch substrate (potato
amylose,  Hylon®  VII,  potato  and  rice  starch)  in  50 mM  sodium  phosphate
buffer,  pH 6.0.  The assays  were  incubated  at  40ºC and aliquots  were taken
every full minute for 11 min. Experiments were performed in triplicates.

The large standard data set (n=97 for factor model of which a subset of
n=48 for activity overestimation) only differed in enzyme type and concentra-
tion,  being  0.05-1.5 μg/ml  α-amylase  (from  A.  oryzae,  B.  amyloliquefaciens,
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porcine pancreas),  1.5-45 μg/ml  β-amylase (from  B. cereus, barley and sweet

potato),  0.5-20 μg/ml  maltohexaosidase,  2.0-7.5 μg/ml  maltogenic  amylase,

8.5 μg/ml amyloglucosidase and 450-950 μg/ml branching enzyme. All other
conditions  were 1 mg/ml  potato  amylose,  50 mM sodium phosphate  buffer,
pH 6.0, incubated at 25°C and aliquots were taken every full min for 10 min.

2.2.5 Standard assay
Appropriate amounts of enzyme was diluted to 150 μl with 50 mM sodium

phosphate buffer, pH 6.0 in a microtiter plate and incubated in a water bath at
40°C, covered with a plastic lid with condensation rings. The enzyme reaction
was started by adding 50 μl substrate solution (4 mg/ml, diluted with buffer)

to the enzyme solution. Then, at every full min, 15 μl aliquots of the enzyme
reactions  were  transferred  to  the  analysis  wells  located  on  a  plate  at  RT
containing 100 μl freshly prepared iodine reagent (0.26% KI, 0.026% I2, 5 mM
HCl), followed by a brief washing steps for the pipette tips using the washing
wells  (200 μl  buffer).  In  between transfer,  the plate  containing the analysis
wells  was  covered  with  a  plastic  lid.  After  transfer  of  the  last  aliquot,  the
absorbance of the analysis wells was detected at 610 nm using a spectropho-
tometer (SpectraMax from Molecular Devices).

2.2.6 Statistical analysis
Data were expressed as means ± standard deviation. The statistical analysis

was conducted in Stata14 (StataCorp, USA) using linear regression and pair-
wise  relation  (Pearson's  Correlation).  The  confidence  interval  was  set  to
99.9%.

2.3 Results and discussion

2.3.1 Setup of the assay
The assay was first optimized for microtiter plates to enable simultaneous

conduction  of  multiple  enzyme reactions,  e.g.  varying enzyme dosages,  in  a
series of time points. As seen in Figure 2.1, the standard setup of the method
consisted of three groups of wells and was designed for measuring four reac-
tion samples (1-4, e.g. different enzyme concentrations or substrate type) in
duplicates.
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Figure 2.1: Setup of the iodine assay in microplates with four experiments (1-4, shown in
shades  of  gray)  in  duplicates  (a/b).  The  wells  are  grouped  as  enzymatic  reaction  (red
border), analysis assay (blue border, time points 1-11 min) and wash wells (green border,
200 µl enzyme reaction buffer). Yellow characters indicate well position.

The enzyme reaction described the incubation of enzyme with substrate in
buffer  and  was  conducted  on  plate  1.  At  each  full  minute  for  11  minutes
aliquots were removed from the enzyme assay and mixed with iodine reagent,
thereby forming the analysis assay. Finally, the wash wells could be used for
cleaning the pipette tips in between the transfer of the aliquots to enable reuse.

Table  2.1 gives  an  overview  of  the  chosen  conditions  in  comparison  to
previously published iodine assay methods. The first four methods presented
in the table are some of the most frequently cited methods for analyzing the
activity  of  branching  enzymes  using  iodine  [13,14,22,25] and  the  fifth
[15] describes a method for detecting general amylolytic activity. Apart from
the here proposed assay,  the first  method [13] is the only one designed for
multiple point measurements.

2.3.2 The enzyme reaction
The enzyme reaction and the analysis assay were conducted on separate

plates to incubate each at their required temperature.  The enzyme reaction
was conducted on a plate slightly floating in a heated water bath to ensure an
even and accurate temperature, crucial for the selected short incubation time
of 11 min. The volume required for the enzyme reaction was 200 μl to enable

the detection of 11 time points using 15 µl aliquots and was thus higher than
previously reported methods (Table 2.1).

A substrate concentration of 1 mg/ml was selected for the enzyme reaction,
being  in the higher range of  the proposed  concentration  (Table  2.1) as the
subsequent  concentration in the analysis  assay  (0.13 mg/ml)  resulted in an
absorbance  of  about  1 ABS  for  potato  amylose,  providing  a  relatively  large
range for observation of enzyme activity. For other substrates, e. g. rice starch,
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this concentration resulted in a somewhat low absorbance (about 0.37 ABS).
Since  the  low  absorbance  was  still  high  enough  to  reliably  detect  enzyme
activity (Figure 2.6),  a single substrate concentration was selected to enable
comparison of the same enzyme on different starches.

Table 2.1: Comparison of several published methods of the iodine assay with the proposed 
method based on assay conditions

Method [13] [25] [22] [14] [15] proposed 
method

Sample 
volume (µl)

50 (from 
350 µl)

50 100 100 80 15 (from 
200 µl)

Substrate 
(mg/ml)

0.3 
(amylose)

1.0 
(amylose, 
AP)a

0.6 
(amylose),
4.0 (AP)a

0.5 
(amylose)

1.0 
(starch)

1.0 
(amylose)

Buffer Citrate 
pH 7

Citrate 
pH 7

Citrate 
pH 7

Tris-HCl 
pH 7.5

Phosphate 
pH 7

Phosphate 
pH 6-7.5b

Incubation 
(Temp)

30°C 30°C 30°C 50°C 50°C 30-60°C

Time (min) 15-120 
(n=4)

120 (n=1) 30 (n=1) 30 (n=1) 30 (n=1) 1-11 (n=11)

Iodine 
Reagent (ml)

2.6 1.0 2.6 2.0 0.1 0.1

(% I2;% 
KI, mM HCl)

(0.01;0.1;
3.8)

(0.01;0.1;
3.8)

(0.01;0.1;
11)

(0.01;0.1;
3.8)

(0.13;0.08;
3.8)

(0.015;0.15;
5)

Absorbance 
(nm)

660 660/530c 680 660 580 610

a amylopectin; b depending on enzyme type, for branching enzymes pH 7.5, for other amylolytic
enzymes pH 6.0 is recommended; c 660 nm for amylose, 530 nm for amylopectin

2.3.3 The analysis assay
As seen in  Figure 2.1, the assay was designed for detection of the enzyme

reaction at multiple time points as the enzyme activity was not always found to
be identical  throughout  the entire  assay time  frame,  rendering  single-point
analysis  inaccurate.  For  enzymes  with  very  low  activity,  measurement  of
activity  at  different  time  points  was  important  for  differentiation  between
background  and  enzyme  activity  due  to  slight  inherent  fluctuations  in  the
absorbance values (see Figure 2.6A). Further, multiple time points were also of
essence  for  detection  of  a  non-linear  trend  (deceleration)  of  decrease  in
absorbance in response to early substrate depletion due to either the enzyme’s
inability to degrade the substrate completely or a too high enzyme concentra-
tion. Overall, multiple time point detection provided verification of the optimal
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enzyme  dosage  and  for  identification  of  incomplete  substrate  hydrolysis,  a
behavior that was observed for β-amylases (see Figure 2.3B and Figure 2.6A)

due to their inability to bypass or cleave α-1,6-linkages [21,26].

For the iodine reagent in the analysis assay, a volume of 100 μl was chosen
with concentrations increased by 50% to account for the considerably higher
starch concentration in the analysis (Table 2.1). 

During  the  experiment,  the  plate  containing  the  analysis  assays  was
covered with a plastic lid as extended exposure of the assay to air was found to
lead to a slow color depletion (about -0.05 ABS/min), likely due to oxidation of
iodide  to  volatile  forms  [27].  Further,  the  instability  of  the  starch-iodine
complex in regards to heat [28] was circumvented by conducting the analysis
assay at RT, separated from the enzyme reaction.

2.3.4 Preparation of substrate stock solutions
Starches,  especially  ones with a high amylose content,  are typically  chal-

lenging to  dissolve  in  aqueous  solutions and tend to  have a  rather  limited
stability, requiring frequent preparation of fresh starch solutions [29]. Starch
solutions in dimethyl sulphoxide (DMSO) on the other hand can be used as
stock solutions as they are stable for several months [23], not only simplifying
the method but  also increasing  the comparability  between separate  experi-
ments.  Starches  with  a  very  high  concentration  of  amylose  such  as  potato
amylose or Hylon VII were found to be soluble up to 100 mg/ml in pure DMSO
whereas the maximum concentration of starch, e.g. rice and potato starch, was
found to be 25 mg/ml in 90% DMSO. The observed behavior was most likely
caused  by  the  negative  effect  of  amylopectin  on  the  solubility  of  starch  in
DMSO [30]. At this concentration rice starch formed a highly viscous solution,
however, transferring by pipette was still possible. Preparation of more dilute
starch  solutions  were  deemed  unsuitable  as  higher  DMSO  concentrations
(above 0.5 M for α-amylase from A. oryzae [23] could potentially inhibit enzy-
matic activity [23,29,31]. 

2.3.5 Chosen wavelength
An array of different wavelengths has been used to detect the absorbance of

the starch-iodine complex (Table 2.1). To investigate the most suitable wave-
length  and  extend  the  number  of  enzyme  substrates  beyond  the  typical
substrate potato amylose, several commercially available starches were incu-
bated with iodine reagent only. 
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Figure 2.2: Absorbance intensity and corresponding spectra of the complex between iodine
and several starches. 15 μl of 0.1-2.1 mg/ml starch (potato amylose, Hylon VII, potato and
rice starch) in 50 mM phosphate buffer  pH 6.0  with 100 μl  iodine reagent.  (A)  Standard
curve for each starch at 610 nm, shown as mean ± stdev (n=3), (B) spectra (450-750 nm,
2 nm steps) detected for 1 mg/ml samples.

The four substrates potato amylose, Hylon VII, potato starch and rice starch
were selected as they exhibited considerable differences in both absorbance
intensity (Figure 2.2A) and absorbance maximum (λmax,  Figure 2.2B). All four
substrates  showed  highly  linear  absorbance  responses  to  varying  starch
concentration,  although the response intensity  differed greatly  between the
starches. As mentioned above, the color intensity of the starch-iodine complex
was strongly correlated with both the sample concentration and the number of
chains sufficiently long to form helices and thus bind iodine. This pattern was
in agreement with the obtained data as the absorbance intensity was directly
affected by the sample concentration as well as by the amylose content of each
sample. Potato amylose had the highest amylose content and also showed the
highest color  response,  followed by the high amylose corn strain Hylon VII
(about 70% amylose) [32] and the normal starches  from potato (about 25-
29%) [33] and rice (typically 13-26%) [34]. Starches with higher amylopectin
content, such as waxy starches, exhibited very low absorbance responses when
incubated with iodine and were thus deemed unsuitable for this assay. The λmax

also differed between the selected substrates (Figure 2.2B).  Similarly to the
pattern  of  the  color  response,  the  λmax ranged  from potato  amylose  (λmax =

641±8 nm),  over  Hylon  VII  (λmax =  590±10 nm)  and  potato  starch  (λmax =

588±12 nm) to rice starch (λmax = 562±16 nm), being in good agreement with
previous  data  [20].  Especially  the amylose-iodine complex  showed  a  broad
absorbance  peak  with  only  minimal  changes  between  600 nm and 670 nm.
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Previous research [13,25] typically recommended a wavelength of 660 nm for
detecting  the  concentration  of  the  amylose-iodine  complex.  However,  the
wavelength 610 nm was selected as it enabled detection of all substrates with
a single wavelength (<3% difference in the range 580-640 nm, see Figure 2.4).

 
Figure  2.3:  Absorbance spectra of  amylose in  response to  activity  of  (A)  α-amylase (A.
oryzae)  and  (B)  β-amylase  (B.  cereus)  over  time  (1-11 min,  1 min  steps).  0.2 μg/ml
α-amylase or 4 μg/ml  β-amylase were incubated with 1 mg/ml potato amylose in 50 mM
phosphate buffer pH 6.0, data are shown as mean (n=3). Absorbance maxima are indicated
by arrows.

When studying starch samples in absence of enzyme, each complex can be
measured at their λmax. However, incubation with amylolytic enzymes caused a

blue-shift in  λmax of varying strength,  ranging from  β-amylases (~25 nm/ABS

on potato amylose, see Figure 2.3B) to α-amylases (~100 nm/ABS, Figure 2.3A,
for the full list of enzymes see Figure S2.1).

As the  λmax of the starch-iodine complexes were found to be considerably
broad, the possibility of using a single wavelength was investigated by using a

set of experiments (n=48) of various enzymes on potato amylose (see  Mate-
rials and methods). A wavelength of 610 nm was selected as it was located at
the  lower  end  of  the  absorbance  plateau  of  the  amylose-iodine  complex,
ensuring the accurate detection of all enzymes not causing a shift in λmax on the
standard substrate amylose. 

Figure 2.4 shows the underestimation of the absolute absorbance compared
to the relative absorbance measured at 610 nm. Above a λmax of about 570 nm,
the  difference  between  the  absolute  and  relative  absorbance  values  were
minimal (below 10%), increasing up to 17% for spectra with a  λmax between
560 nm and 570 nm. The underestimation of absorbance led to an overestima-
tion of activity due to a predicted faster decrease in absorbance. If the λmax fell
below 570 nm, the activity overestimation was up to 25%. This was observed

54



 Enhancement of the iodine assay

on amylose for α-amylases (below approx. 0.6 ABS at 610 nm), maltohexaosi-

dase (<0.5 ABS), maltogenic amylase (<0.4 ABS) and the β-amylase from barley
(<0.3 ABS).  The  full  pattern  can  be  seen  in  Figure S2.2.  Thus,  the  enzyme
concentration  should be decreased  if  the absorbance  values  of  some of  the
time points fall below the estimated thresholds. For all experiments in which
all data points exhibited a λmax within the given range, the overestimation was
below 10%, providing a sufficiently narrow window for accurate detection of
enzyme activity.

 
Figure 2.4: Correlation between absorbance maximum (λmax), absorbance values measured
at 610 nm and derived enzyme activity (U). Y-axes show percentages of values at 610 nm
compared to the values at λmax. For absorbance values, each time point of the standard data
set (n=48) of different amylolytic enzymes on amylose (see Chapter  2.2.5) is indicated in
black, while estimated enzyme activities (red) represent entire time series. Gray lines frame
the recommended range for single-wavelength measurements.

Preliminary experiments on substrates other than amylose indicated that
'non-shifting'  enzymes such as  β-amylases  could be measured at 610 nm as
well due to the maintained level of error in underestimation, especially if the
λmax  of  the  substrate  were  located  in  the  reliable  range  (error  <10 %).  For

'shifting'  enzymes,  e.g.  α-amylases,  the  same  appeared  to  be  true  if  the
observed shifts were below 50 nm (error <10 %).The optimized iodine assay is
useful  in  a  large array  of  situations.  A typical  application  is  monitoring  the
enzyme activity during enzyme purification due to its high speed and the small
required amount of enzyme. The assay can further be used to characterize the
protein, e.g. regarding its pH and temperature optima and is even suitable to
conduct preliminary kinetics analysis.
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2.3.6 Reliability factor
To  estimate  the  enzyme  activity,  a  linear  trend  was  assumed  and  the

decrease  in  absorbance  over  time  was  calculated  as  -ABS/min.  Due  to  the
measurement of time series, the linearity of the decrease could further be eval-
uated by the coefficient of determination (R²). The R² value is a statistical value
showing the percentage of data points of an experiment that are described by
the estimated linear slope. Therefore, the higher the R² value, the higher the
linearity of the decrease in absorbance [35].

High enzyme activity was found to be indicated by a sharp,  highly linear
decrease  in  absorbance  over  time  (←0.075 ABS/min,  R²>0.95)  that  could
conclude in a deceleration of absorbance decrease due to substrate depletion
and thus a lower R² value. Background activity, on the other hand, resulted in a
series of absorbance values that exhibited small,  random fluctuations (about
7.5% of initial absorbance value), almost no decrease over time (>-0.007 ABS/
min) and a low linearity  (R²<0.4).  Low enzyme activity  generally  showed a
very  linear  decrease,  however,  the  fluctuations  in  absorbance  were  more
visible than for higher enzyme activities. Detection of low enzyme activity was
further impeded by the fact that sometimes the deviations in absorbance of
samples with no enzyme activity may seem non-random, giving the appear-
ance  of  a  trend  and  thus  enzyme  activity.  Therefore,  investigations  were
conducted to identify parameters which could be applied to both reliably and
objectively distinguish between enzyme activity and background activity. 

For this  purpose,  a  large standard  data  set  (n=97)  of  various amylolytic
enzymes  on potato  amylose  under  standard  conditions  were  gathered  and
identified manually on presence or absence of enzyme activity. This differenti-
ation was carefully conducted by visual analysis of the decrease in absorbance
over time based on the existence of a trend (clear curve or random fluctua-
tions), the overall decrease in absorbance (considerable change in absorbance
or no detectable decrease) and the knowledge of the sample's content. Samples
showing  results  very  similar  to  negative  enzyme  controls  were  treated  as
negative activity to avoid the detection of false positives. The raw data together
with the assignments are shown in Figure S2.3.

Then, an equation was modeled to obtain a distinction between enzyme and
background activity  that  resembled the manual  differentiation  as closely  as
possible. The most promising results for the estimated Reliability Factor (FRel)
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were achieved by combining two factors, the Absorbance Factor (FABS) and the
R² Factor (FR²) as shown in Equation 1. 

FRel = FABS + FR² (1)

These two factors were chosen as they complemented each other. The FABS

was  used  to  estimate  the  decrease  in  absorbance  by  calculating  the  ratio
between the first and last measured absorbance values. This ratio was found
more suitable than the slope as it was less distorted by non-linear decreases.
The FABS enabled detection of all samples with high enzyme activity, including
the ones exhibiting early substrate depletion which would be missed by using
R² values only. The  FR²,  on the other hand, allowed identification of samples
with  low  enzyme  activity  which  would  be  falsely  classified  by  using  the
absorbance decrease only.

 
Figure  2.5:  Correlation between (A) linearity of trend (R²) vs ratio of start and end ABS
values  of  a  time series  and (B)  between Factor(R²)  and Factor(ABS).  Standard  data set
(n=97) of different amylolytic enzymes were incubated with amylose (see Chapter 2.2.5).
Manual analysis is shown as presence (green) and absence (black) of enzyme activity. Red
lines indicate threshold of the model for the Reliability Factor with every value left to the
limit indicating the presence of enzyme activity.

Figure 2.5A presents the standard data set by comparing the estimated R²
values to the ratio of the first (ABSStart) and last (ABSEnd) absorbance value. As
seen in  Figure 2.5B, the two factors of the equation were modeled in such a
way that their sum (FRel) was positive when enzyme activity was detected and
negative when only background activity was found. Both figures show a very
high agreement  between the model  and the manual  analysis  with  only one
outlier. The two factors contributing to the FRel were further weighted similarly
to ensure a positive result whenever one of the factors was slightly negative
but the other was sufficiently positive (see Equation 2). 

FRel = (ABSStart/1.5 –ABSEnd) * 1.5 + (R² – 0.75) (2)
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It should be noted that the  FRel provided only information about the relia-
bility of presence or absence of enzyme activity and not the level of activity
itself. The FRel can however be used to estimate if the derived activity rates can
be trusted.

Figure  2.6:  Observed activities  of  control  experiments  with  (A) absorbance values over
time and (B) estimated Reliability Factors (FRel). There were three positive controls (0.2 μg/
ml  α-amylase  from  A.  oryzae,  6 μg/ml  amyloglucosidase  from  A.  niger and  4 μg/ml
β-amylase from B. cereus) and two negative controls (63 μg/ml xylanase from A. niger and
negative enzyme) incubated with 1 mg/ml substrate (potato amylose, Hylon VII, potato and
rice starch). Data are presented as mean ± stdev (n=3).

After  establishment  of  an  equation,  the  model  was  tested  on  a  control
experiment with three amylolytic enzymes as positive controls and two nega-
tive  controls  on  four  different  starchy  substrates.  Figure  2.6A  shows  the
obtained raw data while  Figure 2.6B presents the estimated  FRel values. Both
raw data and  FRel values showed a clear distinction between the positive and
negative  controls  on  all  substrates.  Rice  starch  exhibited  the  lowest
absorbance values and decrease and thus the smallest  FRel values.  β-Amylase
showed only very low decreases and FRel values with two of them even being
slightly  negative.  This  result,  however,  was  not  surprising  as  almost  no
decrease was visible in the raw data. Notably,  statistical results (Table S2.1)
estimated  significant  correlation  (linear  regression)  between  time  and
absorbance values for all positive controls but none of the negative controls at
a confidence interval  (CI)  of 99.9%,  suggesting presence of  enzyme activity
even for β-amylase on rice starch. However, there was also a significant corre-
lation between negative enzyme and potato starch at a CI of 99.5% (p=0.002).
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Therefore, the parameters for the FRel were not altered accordingly to prevent
false positives. Additionally, FRel values very close to zero indicate the require-
ment for a repetition to obtain a more defined result.

The results of the control experiment showed that the modeled equation
gave reliable estimations independent of the type of enzyme and substrate or
starting absorbance value. It is further independent of incubation length and
conditions  of  the  enzyme  reaction,  easy  to  use  and  does  not  require  any
advanced software.

2.4 Conclusion

The iodine assay has been optimized and adapted to microtiter plates to
conduct simultaneous experiments with multiple time points. All data points
could  be  measured  at  a  single  wavelength  (610 nm)  whenever  their
absorbance maxima were within the range of 570-650 nm, providing accurate
activity profiles of an array of amylolytic enzymes. Furthermore, a variable, the
Reliability Factor, has been introduced to provide an objective and simple way
to distinguish between enzyme activity and background activity and its appli-
cation  was  verified  on  both  positive  and  negative  controls  on  four  starchy
substrates.
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2.7 Supplementary data

Figure S2.1. Absorbance spectra of different enzymes over time. The used concentrations of
the  studied  enzymes  were  α-amylases  (0.2 µg/ml  (B.  amyloliquefaciens),  0.4 µg/ml  (A.
oryzae, porcine pancreatic)), β-amylases (4.3 µg/ml (B. cereus), 21.6 µg/ml (barley), 2.3 µg/
ml (sweet potato), amyloglucosidase (8.5 µg/ml,  A. niger), maltogenic amylase (1.9 µg/ml,
Bacillus species),  maltohexaosidase  (11.5 µg/ml,  Bacillus  species),  branching  enzymes
(775 µg/ml,  R.  marinus).  The enzymes  were  incubated  with  1 mg/ml  potato  amylose in
50 mM phosphate buffer, pH 6.0 for 10 min at 25°C. At every full min, 15 µl of sample were
mixed with 100 µl iodine reagent (0.15% KI and 0.015% I2, 5 mM HCl) and a spectrum was
detected from 450-750 nm with 2 nm steps and are presented as mean of triplicates.
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Figure S2.2. Absorbance maxima (λmax) and corresponding absorbance value of each spectra
shown in Figure S2.1. Markers indicate mean and gray areas the confidence interval (CI) of
99% with local polynomial smoothing (n=3).

Table S2.1: Pearson correlations for the control experiment in Figure 2.6

p values α-amylase amyloglucosidase β-amylase xylanase negative
enzyme

amylose 0* 0* 0* 0.091 0.512

Hylon® VII 0* 0* 0* 0.976 0.665

potato starch 0* 0* 0* 0.271 0.002

rice starch 0* 0* 0* 0.807 0.040

* Statistical correlation between absorbance and time (P ≤0.01)
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Figure S2.3.  Absorbance values over time of the standard data set (n=97) and the manual
differentiation into samples exhibiting enzyme activity (green) and only background activity
(gray). The only different result obtained from manual analysis and the Reliability Factor
(red) was manually defined as showing no activity while the Reliability suggested branching
activity.  The  data  differed  in  enzyme  type  and  concentration,  being  0.05-1.5 μg/ml
α-amylase (from A. oryzae, B. amyloliquefaciens, porcine pancreas), 1.5-45 μg/ml β-amylase
(from  B. cereus,  barley and sweet potato),  0.5-20 μg/ml maltohexaosidase,  2.0-7.5 μg/ml
maltogenic amylase, 8.5 μg/ml amyloglucosidase and 450-950 μg/ml branching enzyme. All
other conditions were 1 mg/ml potato amylose, 50 mM sodium phosphate buffer, pH 6.0,
incubated at 25°C, aliquots were taken every full min for 10 min.
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Chapter 3
Amylopectin fine structure

The degree of branching of amylopectin is 
positively correlated to gelatinized starch 
digestibility

Aline L. O. Gaenssle, Caecilia A. Satyawan, Marc J. E. C. van der Maarel and 
Edita Jurak

Abstract
Slowly digestible starches have received much interest due to their benefit

in preventing a rapid increase of postprandial blood glucose and insulin level.
The digestion property of starch is determined by its inherent structure which
varies across botanical sources.  It has been reported that the digestibility is
correlated to the crystalline type of the starch and may be correlated to chain
length distribution, amylose content or degree of branching. However, detailed
analysis of the effect of different structural properties in general are sparse.
This research highlights the unique structural  features  of  amylopectin from
different starch sources  (potato,  corn,  pea,  and tulip)  and investigates  their
influence on the digestibility. The rate of digestibility was found to be strongly
correlated  with  the  crystalline  type  of  starch  and,  more  specifically,  to  the
proportion of short chains as well as the degree of branching. A-type starches,
which  typically  had  a  high number  of  shorter  branches,  were  digested  the
fastest, followed by C-type and B-type starches, respectively.
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3.1 Introduction

Starch is the main source of digestible carbohydrate in human diet [1] and
can be found in most staple foods from cereals, tubers, and legumes [2]. This
homopolysaccharide  of  α-D-glucose  is  composed  of  two  main  components:
amylose and amylopectin.  Amylose consists of linear chains of glucose units
linked by α-(1,4) bonds while amylopectin describes the branched component

with  the  linear  sections  formed  by  α-(1,4)  glycosidic  linkages  and  branch

points  linked  by  α-(1,6)  bonds.  Most  starch  granules  consist  of  70-80%  of
amylopectin and 20-30% amylose,  but ranges from <2% amylose content in
waxy starches to 65-80% in high-amylose starches [3,4]. The fine structure of
amylopectin influences starch properties such as crystallinity,  gelatinization,
retrogradation, and pasting properties [5]. Another important functionality of
starch  is  its  digestibility  behavior  as  consumption  of  starch  with  a  high
digestibility  rate  leads to a rapid increase in the blood glucose level.  A diet
containing high amounts of rapidly digested starch causes fluctuations in the
postprandial blood glucose, generating high stress to the glucose homeostasis
regulatory  system and has  been associated  with  health  complications [6,7].
Starch with lower digestibility provides an extended glucose release with a low
glycemic response and is thus desirable for commercial applications such as
healthy ingredients in processed foods.

Therefore,  decreasing  the digestion rate  of  starches  has  been a  growing
interest  in  academic  research  [8–10].  Understanding the  underlying  factors

governing the digestion rate,  however,  has proven to be a challenge.  There
have been a number of studies on starch digestion which typically described
the digestibility of variants of the same plant species [10,11] or the effect of
different  pre-treatments,  with  e.g.  heat  [12] or  enzymes  [13,14].  However,
comparison  of  the  digestion  pattern  of  starches  from a  variety  of  different
sources are sparse. The main finding was a correlation between digestibility
and the crystalline type of the starches [15,16] which might be linked to the
average chain length [15]. Studies on one plant species have further suggested
a  correlation  between  digestibility  and  amylose  content  [11] or  degree  of
branching [13]. One important factor in understanding the structural proper-
ties governing the digestibility is the knowledge of the amylopectin structure.
A number of authors have attempted to depict the complex structure of starch,
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resulting in the proposal of different models for the amylopectin structure [17–
20].  These  models,  however,  generalized  that  all  starches  have  similar
amylopectin  structures  even  though  the  starches  from  various  botanical
sources have shown distinct structural features [2,5,15].

The aim of this study was to determine the effect of the investigated param-
eters  on  the  different  fractions  of  the  digestion.  Here,  we  extended  on the
previous knowledge by characterization of eight starches from various botan-
ical  sources  (cereal,  tuber,  and  legume),  analysis  of  their  amylopectin  fine
structures and statistical analysis of the correlation between digestibility and
important  structural  parameters.  From  the  data  obtained,  new  models  of
various starches were created. 

3.2 Materials and methods

3.2.1 Materials 
Potato  starch  (food  grade),  waxy  potato  starch  (Eliane  C100),  and  corn

starch  were  obtained  from  Avebe  (Veendam,  The  Netherlands),  waxy  corn
starch  (Meritena  300)  from Tereos  Syral  (Marckolsheim,  France)  and  high
amylose corn starch  from Megazyme (Bray,  Ireland).  Pea and wrinkled pea
seeds were purchased from a local supermarket and tulip bulbs from a local
bulb farmer (Groningen, The Netherlands).  α-amylase from porcine pancreas
type IV-B (A3176-1MU, 9 U/ml) was obtained from Sigma Aldrich (St. Louis,
Missouri,  U.S.) and both amyloglucosidase from  Aspergillus niger (E-AMGDF,
3260 U/ml) and isoamylase from Pseudomonas sp. (E-ISAMY, 200 U/ml) were
purchased from Megazyme.

3.2.2 Starch extraction
The starch extraction was based on the method described by Shi et al [21].

For wrinkled and pea starch, 10 g starch were steeped in 20 ml water at RT for
24 h whereas for the starch extraction from tulip, the bulb was peeled and cut
into small pieces. Then, the samples were ground with a blender (2 min) and
filtered through a 112 µm sieve. The filtrate was washed with deionized water
and  the  protein-rich  layer  was  removed  by  four  cycles  of  resuspension  in
0.25%  NaOH  (w/v)  followed  by  centrifugation  for  5 min  at  150×g.  Subse-
quently, the starch was washed again with deionized water and freezed-dried.
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3.2.3 Basic characterization of starch samples
Before use, all starches were freeze-dried overnight. All experiments were

performed in duplicates.
The  starch  content was  estimated  by  acid  hydrolysis  by  first  incubating

starch in 12 M H2SO4 (16 mg/ml starch) for 1 h at 30°C followed by a dilution
to 1 M sulfuric acid and incubation for 3 h at 95°C. The total starch content was
determined using the D-Glucose assay kit (GOPOD Format, Megazyme).

The  amylose  content of  the  samples  was  measured  with  the  Amylose/
amylopectin assay kit with high amylose corn starch as reference (both from
Megazyme). Amylopectin was removed by Con A and the remaining starch was
digested with α-amylase, analyzed with the GOPOD kit and compared with the
total starch content.

The  ash  content was  determined  by  igniting  1.2 mg  starch  in  a  muffle
furnace  overnight  at  550°C  [22].  The  weight  of  the  crucible  was  recorded

before and after the experiment and the ash content was calculated as follows.

Ash content (%) = Mass[ash]/(Mass[starch]*solids(%)/100)*100 (1)

For  the  iodine  affinity,  starch  (25 mg/ml)  was  gelatinized  in  90% DMSO
before being diluted 8x with sodium citrate buffer (50 mM, pH 6), mixed with
iodine solution (final concentrations: 0.4 mg/ml starch,  0.13% KI, 0.013% I2,

4.5 mM HCl) and measured with  the spectrophotometer (450-750 nm, 2 nm
steps).

The starch crystalline polymorphs were identified by X-ray diffraction (XRD)
on a Bruker D8 ADVANCE diffractometer (Bruker Corporation; Billerica, Mass-
achusetts, US). The angular range was 4-33° (2 ) with a step size of 0.02°(2 )θ θ
and acquisition time of 2 s  per step.  The background signal  was subtracted
from the spectra.

For determination of the degree of branching, gelatinized starch (25 mg/ml
in 50 mM sodium acetate buffer, pH 3.7) was debranched in triplicates by incu-
bating it with isoamylase (1 U/mg substrate) for 6 h at 40°C. For the determi-
nation of the reducing ends before debranching, the starch samples were also
incubated with heat inactivated isoamylase. Then, both sets of samples were
measured  using  the  pAHBAH  assay  by  mixing  50 μl  appropriately  diluted

sample  with  200 μl  pAHBAH  solution  (1/5  of  5%  4-hydroxybenzoic  acid
hydrazide in 0.5 M HCl and 4/5 of 0.5 M NaOH) and incubated for 30 min at
70°C. The absorbance was measured with a spectrophotometer (SpectraMax
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Plus 384 Microplate  Reader,  Molecular  Devices,  Sunnyvale,  U.S.)  at  490 nm.
Samples were measured in duplicates and D-glucose was used as a standard.
The branching degree of the starches was calculated using the formula:

Degree of branching (%) = (REDBr – REBr)/ (TC – REBr)*100 (2)

REDB = reducing ends concentration after debranching (mol)
REN = reducing ends concentration without debranching (mol)
TC = total carbohydrate of starch after acid hydrolysis (mol)

3.2.4 Starch chain length distribution
Gelatinized starch (25 mg/ml in 20 mM sodium acetate buffer, pH 4.5) was

debranched  by  incubating  it  with  isoamylase  (1 U/mg substrate)  for  6 h  at
40°C  before  being  diluted  10x and  brought  to  a  pH of  ~8 with  NaOH.  The
samples  were  analyzed  with  high  performance  anion  exchange  chromatog-
raphy coupled to pulsed amperometric  detection (HPAEC-PAD).  The Dionex
ICS-6000 HPAEC-PAD system (Thermo Fisher Scientific,  Sunnyvale, CA, USA)
was equipped with CarboPacTM PA-1 column (2x250 mm) and a CarboPacTM
PA guard column (2x50 mm). The samples were eluted at a flow rate of 0.3 ml/
min with an injection volume of 10 μl. Two mobile phases used were A (0.1 M
NaOH) and B (1 M NaOAc in 0.1 M NaOH). The elution gradient profile was: 0-
50 min, 5-40% B; 50-65 min, 40-100% B; 65-70 min, 100% B. The system was
re-equilibrated  with  5%  B  in  between  runs.  The  data  was  collected  using
Chromeleon software, version 7.2.9.

3.2.5 In vitro digestion
Gelatinized starch (25 mg/ml in 50 mM sodium citrate  buffer,  pH 6 with

0.02% sodium azide, 4 mM CaCl2,  2.5% DMSO) was digested with  α-amylase
(110 U/g  substrate)  and  amyloglucosidase  (130 U/g  substrate)  at  37°C.
Aliquots were taken at 20 min, 2 h, 3 h and 24 h. Reactions were stopped by
incubation for 5 min at 95°C. Time 0 min samples were obtained by incubating
the samples with inactivated enzymes. The samples were diluted (50 x dilution
for  time  0 min  and  100x  dilution  for  other  samples)  and  analyzed  by  the
GOPOD assay (Megazyme, 2018). 

3.2.6 Statistical analysis
Data were presented as means of triplicates with standard deviations. The

statistical  analysis  was performed using SPSS Statistics 25 (IBM Corp,  USA).
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Statistically  significant  differences  were  determined  by one-way analysis  of
variance (ANOVA) with post-hoc Tukey HSD (Honestly Significant Difference).

The correlation coefficients between the measured starch properties and
digestibility were evaluated using Pearson correlation procedure. Correlations
having P≤0.05 were accepted as statistically  significant and 0.05<P≤0.1 as a
tendency for significance. The degree of correlation was presented by linear
correlation coefficient (r).

3.3 Results and discussion

3.3.1 Inherent starch properties
An overview of the variety in amylopectin structures present in starches

was obtained through a literature research (a summary is given in Table S3.1)
and was used to select eight starches from different botanical sources to repre-
sent  a  wide  range  in  properties  (crystallinity  type,  amylose  content,  and
branching degree). Due to considerable variation between the reported values,
likely due to the use of different methods, basic characterization of all starch
samples was performed (Table 3.1). All starch samples were gelatinized as the
aim  of  this  study  was  to  correlate  the  functionality  of  starches  with  their
molecular structure and not their granular morphology.

Generally,  starches can be grouped according to the three types  of poly-
morph  observed  in  the  XRD  pattern  of  starch  granules:  A-,  B-  and  C-type
(Figure S3.1),  being closely packed polymorphs,  more loosely packed and a
mixture of both, respectively [23]. Normal and waxy corn starch were found to
be of A-type starch whereas high amylose corn starch was classified as B-type
starch (Table 3.1) which has been suggested to be related to the decreased
crystallinity due to the lower amount of short chains present [24]. The other
studied starches from tuber (potato and tulip) and legume (green/wrinkled
pea starch) were classified as B- and C-type starches, respectively, regardless
of the amylose content which was in agreement with literature (Table S3.1).
For tulip starch and wrinkled pea starch, the crystallinity could not be identi-
fied reliably due to high amounts of amorphous regions (Figure S3.1) and was
thus classified based on literature [25,26].

The  estimated  amylose  contents  were  usually  somewhat  lower  (≤10%)
than the reported values (Table S3.1) which could be due to different biological
samples. However, they were still in good agreement with literature. Table 3.1
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shows the large variation in amylose content, with about 20-30% for normal
starches  and  ranging  from  about  2%  (waxy  potato  starch)  to  65%  (high
amylose corn starch). 

Literature  on the degree  of  branching was only available  for  waxy corn
starch, potato starch and waxy potato starch, being 4.8%, 3.0-3.4% and 4.1%,
respectively [27]. These values were somewhat lower that the here reported
values (Table 3.1) but were still in reasonably good agreement. Although the
amylose  contents  were  similar  for  corn,  potato,  and  green  pea  starch  (20-
30%), the degree of branching of corn starch was substantially higher than the
latter  two (4.7%,  2.6% and 3.0%,  respectively),  implying  substantial  differ-
ences in the amylopectin structure.

Table 3.1. General starch properties based on experimental values

Crop group Starch Crystallinity Amylose Branching

type w/w% dry matter % 

Cereal Corn starch A 21.0 ± 1.1 4.7 ± 0.1

Waxy corn starch A 1.9 ± 0.4 6.0 ± 0.0

High amylose corn B 64.6 ± 3.1 0.8 ± 0.0

Tuber Tulip starch B* 22.7 ± 1.3 3.2 ± 0.2

Potato starch B 19.5 ± 1.7  2.6 ± 0.1

Waxy potato B 1.9 ± 0.3 4.0 ± 0.0

Legume Green pea starch C 27.3 ± 1.5 3.0 ± 0.1

Wrinkled pea starch C* 63.6 ± 3.1 0.4 ± 0.0

* indicates that the crystalline polymorph was determined based on literature [25,26]

3.3.2 Chain length distribution of amylopectin
The chain length distribution of the debranched starches was studied with

high-performance anion-exchange chromatography (HPAEC) (Figure 3.1). The
detectable range of chain lengths (with peak area >1 nC/min) was from DP 6 to
an  average  maximum  of  DP 27  in  which  the  studied  starches  exhibited
different distribution profiles of the amylopectin chains. Overall, starches with
a high amylose content (>60%) contained fewer detected chains which could
be  caused  by  the  low  solubility  of  amylose  [28].  Corn starch  was  the  only
starch showing some oligomers (DP 2-5). The very short chains (DP 6-8) are
also known as the ‘fingerprint’ region as they are characteristic for starches of
the same botanical source [29,30] and thus showed similar patterns for the
normal and waxy starches of e.g. corn and potato (Figure 3.1). They were most
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prominent  in  (waxy)  potato,  followed  by  (waxy)  corn,  tulip  and  green  pea
starch. The corn starches showed similar populations in this range while both
potato and pea starches exhibited local minima at DP 8, being characteristic for
tuber starches [15].

Figure  3.1.  Chain  length  distribution  of  amylopectin  from  various  botanical  sources
categorized based on the crystalline-polymorph types. The distribution was based on the
relative area (%) of the signal of each detected peak.

The short chain fraction (DP 9-12) was similarly distributed in (waxy) corn
and tulip starch whereas the other starches showed an increase in population
throughout this range. In all starches, the long chains fraction (DP 13-24) was
described by a mostly linear decrease in amount of chains with small shoulders
in waxy corn, waxy potato and tulip starches around DP 19. Reported chain
length distribution profiles using HPAEC on the here presented starches were
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limited, however, the profiles of corn and potato starch were in line with the
literature [15,29]. The aforementioned classification into short external chains
(SF, DP≤12) and long substituted chains (LF, DP 13-24) was based on Zhang et
al [10] but was extended by dividing the short fraction into very short (DP 6-8)
and short (SAF, DP 9-12) chains. This subdivision was conducted to exclude the
‘fingerprint’ region from the further analysis since it is specific for the botan-
ical  source [15,31] but the target of this study was the identification of func-
tional properties of the starch crystalline types.  The ratio between short and
long chains was then introduced as the SAF/LF ratio and is shown in Table 3.2.
A-type starches  typically  contained higher amounts  of  short  chains (SAF/LF
0.48-0.52, Table 3.2), followed by both C-type starches (0.40-0.43) and B-type
starches (0.40-0.43) except for one outlier being tulip starch (0.53). The high
ratio of tulip was supported by the high amorphous fraction observed during
the crystallinity analysis (Figure S3.1) as short chains are incapable of co-crys-
tallization [32]. The general  observed pattern was in line with the available
literature  where  it  has  been  described  that  A-type  starches  typically  have
chains that are on average slightly shorter than those of C-type starches and
considerably shorter than those of B-type starches [15,25,29].

Table 3.2. Characteristics of amylopectin chain distribution and maximum absorption of 
starch-iodine complex

Crystallinity type Starch LS/LF ratio1,2 λmax (nm)

A Corn starch 0.52 ± 0.01 bc 584 ± 3

A Waxy corn starch 0.48 ± 0.00 b 527 ± 2

B High amylose corn 0.42 ± 0.01 a 603 ± 9

B Tulip starch 0.53 ± 0.01 c 598 ± 1

B Potato starch 0.40 ± 0.00 a 582 ± 4

B Waxy potato 0.43 ± 0.01 a 554 ± 7

C Green pea starch 0.40 ± 0.01 a 607 ± 6

C Wrinkled pea starch 0.43 ± 0.00 a 626 ± 14

1 SAF (short-A fraction) consists of DP 9-12 and LF (long fraction) contains chains of DP ≥13
2 Different lowercase letters indicate significant differences at P≤0.05

As longer B chains (DP >30) and the backbone chain (C-chain) were too
long for detection  on HPAEC [33],  the starches  were  further  analyzed with
iodine staining. Iodine forms a colored complex with linear chains which grad-
ually shifts from red to blue based on the length of the available linear chains
[34,35],  providing  insight  into  long internal  chains.  Generally,  the  obtained
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maximum absorbance value (λmax) was positively correlated with the amylose
content and negatively correlated with the degree of branching. Although the
amylose content (23%) and degree of branching (3.2%) of tulip starch were
similar to potato starch (20%, 2.6%, respectively),  the SAF/LF ratio was far
higher (0.53 compared to 0.40), indicating a higher number of short chains. On
the other hand,  the  λmax of  tulip  starch (598 nm) was higher than of potato
starch (582 nm), suggesting long internal chains and thus a unique structure of
tulip starch of long internal chains with a high population of external short
chains.

3.3.3 Models of amylopectin structure
The analyzed properties were used to derive models for the amylopectin

structures of corn, tulip, potato, and green pea starches which are presented in
Figure  3.2.  The  models  were  based  on  the  widely  accepted  cluster  model
[23] and included features such as the chain length and branch density. 

Figure 3.2. Simplified models of amylopectin structure based on the results obtained on the
starch characterization. Blue dots represent the reducing end of each amylopectin molecule,
green  lines  indicate  backbone  chains  carrying  the  reducing ends,  blue  lines  show  long,
substituted branches (DP >12), orange lines external branches chains (DP 6-12), and arrows
branching points.

The amylopectin of corn starch had shorter chains and a high density of
branches  which  have  been  previously  found  to  be  characteristic  for  the
amylopectin  structure  in  A-type  starches  [36].  The  models  for  the  B-type
starches from potato and tulip showed long chains with a low branch density.
The B-chains in tulip starch were estimated to be considerably longer than in
potato  starch  based  on  the  data  obtained  from HPAEC  and iodine  staining
(Table 3.2). The amylopectin structure of green pea starch was modeled as an
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intermediate between corn and potato starch, due to its crystalline type and
other properties typically being intermediates between A- and B-type starches.

3.3.4 Digestion profile of gelatinized starches
In order to obtain accurate data for the starch characterization, such as the

degree of branching and digestion pattern, the starch content of each sample
was analyzed. As seen in Figure 3.3, all samples consisted of >95% starch, with
exception of corn starch (88%) and high amylose corn (85%) which contained
around 1% ash and could further contain traces such lipids, or proteins (data
not shown). 

One  of  the  most  important  functional  properties  of  starches  is  their
digestibility.  In this study, the  in vitro digestion behavior of various starches
was investigated based on the Englyst method using α-amylase and amyloglu-
cosidase  [37].  However,  since  the  focus of  the  study was on  the structural
differences  between the starches,  the enzyme concentrations were adjusted
and the incubation time prolonged to improve the detection. Due to the two
additional time points, the standard Englyst classification of Rapidly Digestible
Starch (RDS, <20 min), Slowly Digestible Starch (SDS, 20-120 min) and Resis-
tant Starch (RS, >120 min) [37] was extended by dividing RS into Ultra Slowly
Digestible Starches 1 and 2 (USDS1, 2-3 h; USDS2, >3h). Figure 3.3 shows that
all of the starches were completely hydrolyzed after 24 hours of in vitro diges-
tion except for wrinkled pea starch (94% hydrolysis) which could be due to
retrogradation of long amylose chains during the enzymatic digestion of 24 h,
hindering further hydrolysis of glycosidic bonds [38]. The release of glucose
during the digestion typically exhibited a sharp initial increase which deceler-
ated  as  the  reaction  progressed  (Figure  S3.2).  Differences  within  the  same
crystallinity type were mainly found in the UDSD1 and UDSD2 fractions. Inter-
estingly,  starches  of  the  same  crystalline  type  showed  similar  digestion
patterns, indicating the crystallinity to be more determining that the botanical
origin or other parameters such as amylose content or the SAF/LF ratio. This
behavior  was further supported by the observation that  high amylose corn
starch, classified as a B-type starch was digested similarly to the other B-type
starches and not to the starches sharing its botanical origin (normal and waxy
corn,)  which  were  A-type  starches  (Figure  3.3).  Generally,  A-type  starches
were digested at the fastest rate, followed by C- and B-type starches, respec-
tively. The difference in rate was so pronounced that the enzymatic digestion
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of A-type starches led to a higher glucose release in 20 min (about 40%) than
the hydrolysis of B-type starches in 2 h (~30%). 

The finding of the higher digestibility of A-type starches was in good agree-
ment with literature [12,15,16] and has been speculated to be caused by the
branch points in A-type starches being scattered over the crystalline and amor-
phous regions of  the starch  granule,  leading to  shorter  internal  chains  and
branches  and  inferior  crystalline  structures  which  are  more  vulnerable  to
enzyme  hydrolysis  [39].  Together  with  the  here  obtained  data,  the  starch
digestibility was likely related to the starch structure and more specifically to
the properties of the crystallinity type rather than the botanical source of the
starch. 

Figure  3.3.  The  proportions  of  starch  from  various  sources,  classified  into  different
digestibility fractions. H. amylose corn stands for high amylose corn starch.

Notably,  some  samples,  especially  from  corn,  were  more  susceptible  to
enzymatic  digestion  than  to  acid  hydrolysis  leading  to  a  higher  glucose
recovery. This could be due to the fact that the starches were gelatinized for
the enzyme treatment but not for the acid hydrolysis. Thus, is it possible that
parts of the complex crystalline structure of the starch remained inaccessible
for acid hydrolysis due to e.g. granule size of the starch [39].
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3.3.5 Structure-function relationship of gelatinized starches
The correlation between structural parameters of gelatinized starch and the

digestibility  fractions  were  examined  through  statistical  analysis  based  on
Pearson correlation. Tulip starch was excluded from the statistical analysis as
the  derived  data  from iodine affinity  indicated  the presence  of  long chains
which could not be detected using HPAEC, limiting the accuracy of its SAF/LF
ratio.

No  significant  correlation  was  found  between  digestibility  and  amylose
content (Table 3.3). In other studies, amylose content was shown to influence
digestibility, however, the starch samples were obtained from the same plant
species (amaranth and corn) [11,40,41]. 

Significant correlations were found between the degree of branching and
the digestibility with the fraction RDS and SDS showing positive correlations
(r=0.750, P=0.002 and r=0.803, P=0.001, respectively) and USDS2 a negative
correlation (r=-0.749, P=0.002), indicating a faster digestion at a higher degree
of  branching.  This  observation  was  in  contrast  to  the  previous  studies
reporting  a deceleration  of digestion after  introduction  of new branches by
enzymes [13,14]. It is possible that a higher number of branches within the
structure promotes the formation of the more open A-type and hence a higher
susceptibility to enzymatic digestion. The structure of starches that have been
subjected to enzymatic modification could differ substantially in position and
density of branches. Therefore, it may be that enzyme treatment leading to a
higher  degree  of  branching  could  hamper  the  enzymatic  digestion  while
starches with a high degree of branching have the opposite effect.

Table 3.3. Pearson correlation coefficients for the structural parameters and digestibility 
fractions of all studied starches except tulip starch

RDS SDS USDS1 USDS2

Amylose content -0.396 -0.395 -0.013 0.482 

Degree of branching 0.750* 0.803* -0.140 -0.749*

SAF/LF ratio 0.763* 0.572 -0.509 -0.577 
* Significant correlation (P≤0.01)

In addition to the correlation to the degree of branching, the fraction RDS
exhibited a significant positive correlation with the SAF/LF ratio (Table  3.3;
r=0.763,  P=0.002),  indicating  that  a higher number of  short  (DP 9-12)  than
long (DP ≥13) chains led to a faster digestion. This result was in good agree-
ment with data obtained by Sriuwong et al [15] who reported the digestibility
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rate to be positively correlated with the proportion of chains of DP 8-12 and
negatively with the amount of chains of DP 16-26. A possible reason for the
lower  susceptibility  of  starches  with  longer  amylopectin  chains  could  be  a
decreased accessibility  of the digestive enzymes to hydrolyze the glycosidic
bonds.  This is plausible  as amylopectin chains interact  with each other and
with amylose through intramolecular and intermolecular hydrogen bonding as
a result of e.g. retrogradation [42]. 

Since the significant correlations with the degree of branching and the chain
length were found regardless of the crystalline type, the branches themselves
appeared to influence the digestibility.  Comparing the obtained results  with
the models, it is apparent that a higher number of branches opens the struc-
ture and thus promotes enzymatic digestion.

3.4 Conclusion

Starches from different botanical sources were found to exhibit significant
variation in their structures, classified according to their crystallinity type (A-
type (corn), B (potato, tulip, corn amylose) and C (pea)). Starches of the same
type typically shared similarities in their source (cereal/tuber/legume), chain
length  distribution,  and  iodine  affinity  with  a  few  exceptions  such  as  corn
amylose belonging to a different crystalline type than (waxy) corn. Structural
characterization revealed that the A-type starches had shorter chains with high
branch density,  B-type starches  had longer chains with less branch density,
and C-type starches were intermediates of the two which was in good agree-
ment with literature. 

The combined results indicated that, when considering a variety of different
starches,  the  amylose  content  only  showed  a  minor  effect  on  the  overall
digestibility.  In  contrast,  the  significant  correlations  with  the  degree  of
branching  and  SAF/LF  ratio  indicated  that  the  branch  density  and  length
showed  the  strongest  influence  on  the  digestibility.  Thus,  A-type  starches,
having a high proportion of short branches, were digested faster, followed by
C-  and  B-type  starches.  Additionally,  it  has  been  shown that  the  degree  of
branched increased the RDS and SDS content in gelatinized starches. 
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3.6 Supplementary data

Table S3.1. Summarized literature research on the inherent properties of starch

Starch Type Granule Amylose MW ACLa Iodine RSc

µm % 10⁶ g/mol DPb nm %

Corn A [2] 15.1 [4] 29.3 [4] 180 [6] 19.5 [2] 594 [6] 22.6 [7]

Rice A [2] 5.4 [4] 8.8 [4] 100 [6] 17.5-
19.4

[2] 575 [6] 29.5 [7]

Tapioca A [2] 18.3 [2]

Taro A [3] 5.3 [3] 16.3 [3] 3.3 [5]

Waxy corn A [2] 15.6 [4] 10.4 [4] 18.6 [2] 30.3 [7]

Wheat A [2] 19.2 [4] 24.5 [4] 178 [6] 18.3 [2] 608 [6] 31 [7]

Sweet potato A-C [2] 16.7 [4] 19.6 [4] 129 [6] 20.6 [2] 601 [6] 10.2 [5]

Pea C [1] 159 [6] 627 [6]

Yam C [2] 4.9 [3] 14.2 [3] 112-133 [6] 21.3 [2] 579-
598

[6] 13.2 [5]

Canna B [2] 35 [4] 27 [2] 70.8 [5]

Lotus B [2] 27.9 [6] 20.6 [6] 21.6 [2]

Potato B [2] 35.7 [4] 31.1 [4] 94 [6] 22.9 [2] 600 [6] 29.8 [7]

Tulip B [2] 20.9 [2]

a Average chain length; b Degree of polymerization; c Resistant starch

3.6.1 Bibliography for Table S3.1
[1] M. Shi, Q. Gao, Y. Liu, Corn, potato, and wrinkled pea starches with heat-moisture 

treatment: Structure and digestibility, Cereal Chem. 95 (2018) 603–614. 
doi:10.1002/cche.10068.

[2] S. Hizukuri, T. Kaneko, Y. Takeda, Measurement of the chain length of amylopectin 
and its relevance to the origin of crystalline polymorphism of starch granules, 
Biochim. Biophys. Acta. 760 (1983) 188–191. doi:10.1016/0304-4165(83)90142-3.

[3] S. Srichuwong, T.C. Sunarti, T. Mishima, N. Isono, M. Hisamatsu, Starches from 
different botanical sources I: Contribution of amylopectin fine structure to thermal 
properties and enzyme digestibility, Carbohydr. Polym. 60 (2005) 529–538. 
doi:10.1016/j.carbpol.2005.03.004.

[4] R. Bajaj, N. Singh, A. Kaur, N. Inouchi, Structural, morphological, functional and 
digestibility properties of starches from cereals, tubers and legumes: a comparative 
study, J. Food Sci. Technol. 55 (2018) 3799–3808. doi:10.1007/s13197-018-3342-4.

[5] A. Aprianita, T. Vasiljevic, A. Bannikova, S. Kasapis, Physicochemical properties of 
flours and starches derived from traditional Indonesian tubers and roots, J. Food Sci. 
Technol. 51 (2014) 3669–3679. doi:10.1007/s13197-012-0915-5.

[6] F.A. Tetchi, A. Rolland-Sabaté, G.N. Amani, P. Colonna, Molecular and 
physicochemical characterisation of starches from yam, cocoyam, cassava, sweet 
potato and ginger produced in the Ivory Coast, J. Sci. Food Agric. 87 (2007) 1906–
1916. doi:10.1002/jsfa.2928.

82



 Amylopectin fine structure

[7] G. Zhang, Z. Ao, B.R. Hamaker, Slow digestion property of native cereal starches, 
Biomacromolecules. 7 (2006) 3252–3258. doi:10.1021/bm060342i.

Figure S3.1: X-ray diffraction patterns of all starches. Red circles indicate the characteristic
peaks  of  A-type  and  blue  squares mark  the  peaks  characteristic  for  B-type  crystalline
polymorph. The broad peak in the X-ray diffraction pattern of waxy potato starch was due to
the use  of  cold solubilized  starch (Eliane  C100  from Avebe)  which  was thus  limited  in
crystalline structures. The X-ray diffraction pattern of tulip starch was unreliable for starch
type determination.
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Figure S3.2: In vitro digestion profile of various starches after 3 hours of digestion. Values
are shown as mean±stdev (n=3).
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Chapter 4
Structural properties of GBE products

The structure of the final product of glycogen 
branching enzymes will be achieved 
irrespective of the substrate structure

Aline L. O. Gaenssle, Marc J. E. C. van der Maarel and Edita Jurak

Abstract
Glycogen  branching  enzymes  (GBEs)  have  been  used  to  generate  new

branches in starches for producing slowly digestible starches. However, under-
standing  of  their  mode  of  action  is  still  limited  due  to  the  high  structural
complexity of both their substrates and products. This is further impeded by
the fact  that  GBEs exhibit  varying  behavior  on  different  substrates.  Studies
comparing the activity of several GBEs on various substrates could shed some
light  on  their  mode  of  action  as  it  enables  the  identification  of  their  key
features and general behavior. Therefore, the aim of this study was to identify
structural  aspects  of  the  substrate  effecting  the  product  by  incubating  five
GBEs (three from glycoside hydrolase family (GH)13 and two from GH57) on
five different substrates (four starches, one maltodextrin mixture). The anal-
ysis revealed surprisingly little effect of the structure of the substrate on the
final product, rendering the enzyme type crucial. GH57 GBEs mainly generated
large products with long branches (100-700 kDa and degree of polymerization
(DP)  11-16)  whereas  GH13  GBEs  produced  smaller  products  with  shorter
branches (6-150 kDa and DP 3-10).

To be submitted
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4.1 Introduction

Glycogen  branching  enzymes  (GBEs,  EC  2.1.418)  are  widely  distributed
proteins  active  on glycogen [1] and are present  in  two glycoside hydrolase
(GH) families,  the family  GH13 and GH57 [2–4].  These  enzymes  have been
described  to  catalyze  the  formation  of  branches  by  first  cleaving  an  α-1,4-
glycosidic bond within a linear chain segment followed by the attachment of
the cleaved fragment onto another linear chain by formation of an α-1,6-glyco-
sidic linkage [5–7]. GBEs from the two GH families share a structurally similar
catalytic domain ((α/β)8-barrel and (α/β)7-barrel for GH13 and GH57, respec-
tively)  but  differ  in  their  other  two  domains  (domain  N  and  C)  [1,8–11].
Furthermore, one of the three catalytic residues of GH13 GBEs is missing in
GH57  GBEs  [3,10]  although  their  catalytic  mechanisms  are  assumed  to  be
similar [10].

GBEs are  e.g.  used in industry  to  generate  slowly  digestible  starches  by
modifying starches [12] and thus, the most typically used substrate for GBEs is
amylose [13–15], followed by  ae-amylopectin from rice [16] and corn starch
[17]. Starch is entirely built up of glucose residues linked by α-1,4- and α-1,6-
glycosidic  linkages  where  the  first  bond  type  forms  linear  chains  and  the
second  branch  points  [18,19].  It  consists  of  two  components, the  smaller,
mostly linear amylose and the larger, branched amylopectin [20–22] with an
amylose content typically ranging from 15 to 30% [23]. Starches from distinct
plant origins differ from each other in various structural properties such as
crystalline  type  [24],  amylose  content  [23],  degree  of  branching  [20] and
average chain length [25,26].

GBEs have been subject to studies for many years with main focus on the
characterization of optimal conditions of novel enzymes on starches and the
properties  of  their  products  [13,14,27–30],  crystal  structures  [10,11,31],
expression in plants [32], effect on starch digestibility [33–35] and their appli-
cation in bread making [36,37]. Therefore, most of the studies were reported
for  a  single  GBE  and  substrate  (typically  amylose)  [15,28,38].  Only  a  few
studies are available to date that report an in-depth characterization of either
several GBEs from distinct organisms [16,39–41] or one GBE on starches  of
different plant origins [33] but none that did both. These studies have shown
that  GBEs  exhibit  substantial  variations  both  between  each  other  and  on
different substrates such as a preferences for either amylose or amylopectin

86



 Structural properties of GBE products

[14,37,39]. Limiting the study to one enzyme or substrate makes it difficult to
extrapolate the observed behavior to identify the key components effecting the
mode of action of GBEs. Understanding of GBEs activity pattern, however, is
crucial  in  predicting  the  obtained  products  as  required  in  industry.  This  is
especially  important  as  both the  substrate  and  product  of  GBEs  are  highly
complex structures hampering the interpretation of the results.

The aim of this study was to identify common features and the influence of
both enzyme and substrate type on the product structure.  For this purpose,
three GH13 GBEs, originating from Butyrivibrio fibrisolvens (BfGBE), Petrotoga
mobilis  (PmGBE1),  Rhodothermus  marinus (RmGBE),  and  two  GH57  GBEs,
being  from  Thermococcus  kodakarensis  (TkGBE)  and  Thermus  thermophilus
(TtGBE),  were  selected.  All  five  GBEs  have  been  characterized  previously
regarding  their  optimal  conditions  and  activity  on  potato  amylose
[10,13,28,29,42]. Additionally, five substrates were selected which were four
starches  (potato,  tulip,  wrinkled  pea  and  waxy  corn  starch)  as  well  as  a
mixture of linear chains (degree of polymerization 10-40). The starches were
selected  based  on their  fundamental  differences  in  structure,  such as  crys-
talline  type,  amylose  content,  degree  of  branching  and ratio  between short
(DP <13)  and  long  (DP ≥13)  chains.  E.g.  waxy  corn  starch  consists  almost
entirely of amylopectin, is packed in the dense A-type and has a relatively high
degree of branching (6.0%). Potato starch, on the other hand, consists of about
20%  amylose  in  a  B-type  crystalline  packing  and  about  3.2%  branching
(Chapter 3). The products were then analyzed regarding their molecular size
and chain length distribution.

4.2 Materials and methods

4.2.1 Materials
Potato  starch  (food grade)  was obtained  from AVEBE,  waxy corn starch

(Meritena® 300) from Tereos Syral and Maltodextrin High DP (GLU310) from
OligoTech. Tulip bulbs and wrinkled pea seeds were purchased at local shops
and the starches were extracted as described previously (Chapter 3). Isoamy-
lase  from  Pseudomonas sp.  (E-ISAMY,  200 U/ml)  and  pullulanase  M1  from
Klebsiella planticola (E-PULKP, 650 U/ml) were both obtained from Megazyme.
MagicMedia and HisPurTM Ni-NTA Resin were purchased from ThermoFischer
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Scientific. A pullulan kit (0.34-708 kDa) was obtained from PSS. All chemicals
were of analytical grade or higher. 

4.2.2 Production and purification of enzymes
The glycogen branching enzymes (GBEs) from Thermococcus kodakarensis

KOD1  (TkGBE),  T.  thermophilus HB8  (TtGBE),  and  Rhodothermus  marinus
(RmGBE) were produced and purified as described previously [39].

The gbe from Butyrivibrio fibrisolvens  (BfGBE, Genbank: AAA23007.1) was
sequence optimized, cloned into a pRSET-B vector by BaseClear and expressed
in  E.  coli BL21(DE3).  The  culture  was  grown  on  LB  media  (Luria-Bertani
media, 1% NaCl, 1% tryptone, 0.5% yeast extract) supplemented with 100 µg/
ml ampicillin at 37°C, 150 rpm. After reaching an OD (600 nm) of 0.6, protein
expression was induced by 100 mM IPTG and incubated for 21 h at 25°C.

The  gbe1 from  Petrotoga  mobilis (PmGBE1,  Genbank:  ABX32021.1)  was
cloned into a pET28a vector by GeneScript and expressed in E. coli BL21 (DE3).
The  culture  was  grown  in  MagicMedia  supplemented  with  50 µg/ml
kanamycin for 21 h at 37°C and 150 rpm.

From both  cultures,  the  cells  were  harvested  by  centrifugation  (5000×g,
10 min,  4°C),  respuspended  in  lysis  buffer  (20 mM  HEPES,  pH 7.4,  500 mM
NaCl, 500 µM Pefabloc) and lysed on ice with sonication (10 min with cycles of
30 s on and 30 s off;  amplitude 20%, Pulse 50%).  Then,  the cell  debris  was
collected  by  centrifugation  (12000×g,  10 min,  4°C).  For  PmGBE1,  the  cell
extract was incubated for 15 min at 50°C, followed by centrifugation. Both cell
extracts  were  subsequently  purified  using  HisPurTM Ni-NTA  Resin  by  first
binding the samples to the loose beads slowly rotating overnight in equilibra-
tion buffer (20 mM HEPES, pH 7.4, 500 mM NaCl).  The proteins were eluted
using  a  step-wise  gradient  of  imidazole  (20,  100,  500 mM)  and  the  batch
method (gentle mixing,  centrifugation at 900×g 2 min,  4°C and collection  of
supernatant). The most pure fractions were combined and underwent a buffer
exchange to 20 mM HEPES, pH 7.4 using PD-10 desalting columns.

4.2.3 Basic enzyme characterization
The protein  content  was determined according to Bradford,  with bovine

serum albumin (BSA) as standard [43]. The activity was determined with the
iodine assay [44] and the purity with sodium-dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) stained with Coomassie Brilliant Blue.
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4.2.4 Enzyme reactions
For  the  branching  reaction,  all  five  enzymes  (BfGBE,  PmGBE1,  RmGBE,

TkGBE and TtGBE) were incubated with five different substrates (waxy corn,
potato, tulip, wrinkled pea starch and maltodextrin mixture) including nega-
tive controls for both enzymes and substrates in triplicates. The reactions were
carried out using 25 µg/ml enzyme and 5 mg/ml substrate in 12 mM sodium
phosphate buffer,  pH 7.2.  All samples were incubated by slowly rotating for
24 h with the samples of BfGBE being incubated at room temperature and all
others at 50°C.

For the debranching reaction,  the samples  were diluted twice in sodium
citrate  buffer,  pH 4.5  and incubated  with  isoamylase  and  pullulanase  (each
1 U/mg substrate) for 24 h at 40°C, while slowly rotating. For the starches, the
debranching was repeated twice with replenished debranching enzymes.

4.2.5 Size exclusion chromatography
Branched samples were centrifuged (10000×g, 10 min) and the supernatant

was diluted to 2 mg/ml α-glucan. The system used (Agilent Technologies 1200

Series) was equipped with three Suprema PSS columns  (100 Å, 1000 Å and

3000 Å; 300×8 mm 10 µm) tempered at 40°C and a refractive index detector.
Samples  (injection  volume 10 µl)  were eluted with  a flow rate  of  1 ml/min
using 0.05 M NaNO3 as eluent. Ethylene glycol was used as internal standard
and a series of pullulan standards (1-708 kDa, 9 standards) as universal stan-
dard. The buffer was subtracted from the samples. Samples were analyzed in
duplicates and a representative chromatogram was selected for each.

4.2.6 Anion exchange chromatography
Debranched samples were centrifuged (10000×g,  10 min) and the super-

natant was diluted to 1 mg/ml for starches and 0.5 mg/ml for the maltodex-
trins.  The  samples  were  analyzed  with  High-Performance  Anion  Exchange
Chromatography coupled with Pulsed Amperometric Detection (HPAEC-PAD)
using a Dionex ICS-6000 system (ThermoFischer Scientific) with a CarboPacTM

PA1 column. The injection volume was 10 µl and the flow rate was 0.3 ml/min.
The samples were eluted using the eluents A (0.1 M NaOH) and B (0.1 M NaOH,
1 M  NaOAc)  with  the  following  gradient  profile:  0-50 min  (5-40%  B),  50-
65 min (40-100% B), 65-70 min (100% B), followed by a re-requilibration at
5% B. The peak areas were calculated using the Chromelion software version
7.2.9 and samples were represented by mean (n=2).
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4.2.7 Computational analysis
The  sequence  alignment  was  conducted  using  the  BlastP  software  from

NCBI [45]. The statistical analysis was conducted in Stata16 (StataCorp. USA)
using the Pearson correlation procedure with a confidence interval of 99.5%.

4.3 Results and discussion

Five different branching enzymes were selected, originating from B. fibrisol-
vens (BfGBE), P. mobilis (PmGBE1), R. marinus (RmGBE) from family GH13 and
T. kodakarensis (TkGBE) and  T. thermophilus(TtGBE) from family GH57. The
three  GH13 enzymes share around 50% sequence  identity  (52.5% between
PmGBE1  and  RmGBE,  50.3%  BfGBE  and  PmGBE1,  and  46.7%  BfGBE  and
RmGBE)  and  the  two  GH57  enzymes  exhibit  44.6%  sequence  identity.  All
enzymes were thermostable with exception of BfGBE which was most active at
ambient temperatures [10,13,28,29,42].

Previously  (Chapter  3),  we  have  characterized  a  number  of  starchy
substrates regarding properties such as crystal type, amylose content, degree
of  branching,  chain  length  distribution  and  digestion  rate.  Based  on  the
thereby obtained data, four starches were selected which exhibited the most
pronounced differences from each other.  Waxy corn was selected as A-type
crystalline starch, both tulip and potato as B-type starches and wrinkled pea as
a representative of the C-type starches (mixture of A- and B-type). Wrinkled

pea had by far the highest amylose content (wrinkled pea > tulip > potato >>
waxy corn), the lowest degree of branching (wrinkled pea << potato < tulip <<
waxy corn) and a moderate relative number of short chains (DP <13; potato >
wrinkled pea > waxy corn >> tulip) (Chapter 3). This selection of substrates
assured that the obtained data could be extrapolated towards other starches.

4.3.1 Molecular weight distribution of GBE products
As seen in  Figure 4.1, all treatments of starch with a GBE resulted in the

formation of a single population of product. GH13 GBEs generated populations
of  considerably  smaller  size  (about  6-150 kDa  based  on pullulan  standard)
compared to GH57 GBEs (about 100-700 kDa and larger). 

Strikingly, all GBEs generated highly similar populations regardless of the
starch used as substrate. For GH13 GBEs, treatment of wrinkled pea generally
gave rise to the largest population,  followed by modification of potato,  tulip
and  waxy  corn,  respectively.  This  pattern  coincided  with  the  degree  of
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branching of  the substrates  (Chapter  3),  thus  a higher degree  of  branching
resulted in a population of smaller size. Overall,  the peak of the populations
shifted from about 40 kDa with wrinkled pea to about 28 kDa for waxy corn.
The approximate size of the products of GH13 GBEs was in agreement with the
size obtained from RmGBE,  PmGBE1 and the GH13 GBE from Anaerobacter
globiformis on amylose [15,39].

Figure 4.1: Size exclusion profiles of products from branching enzymes on several starches.

Surprisingly,  the products of GH57 enzymes followed the opposite trend,
showing a positive correlation between degree of branching and product size
(waxy corn >> tulip > potato > wrinkled pea). The product obtained with waxy
corn was so large that its size could not be estimated with the pullulan stan-
dard (Figure 4.1). A previous study on a variant of TkGBE with a deleted C-
terminal on amylose AS-30 resulted in two populations, one at 3000-3500 kDa
and the other at  4.8-20 kDa [29]. Similarly,  incubation of TkGBE and TtGBE
with a mixture of potato amylose and amylopectin resulted in the formation of
three  populations  [39].  The  difference  in  populations  could  be  due  to  the

substrate (pure amylose and amylopectin versus normal starches), the incuba-
tion conditions and enzyme dosage. In the here presented study, all enzymes
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were  incubated  with  the  same  enzyme  dosage  (mg  protein/dry  matter  of
substrate) and conditions with exception of samples of BfGBE being performed
at RT. This was conducted to prevent data distortion as GBEs have been previ-
ously described to vary in activity towards different substrates [37,39]. 

The substantial  variation  in behavior  of  GBEs from the two families  can
likely be attributed to the differences in structure of the enzymes such as their
catalytic  site  and  overall  composition  [1,3,9,10]. Notably,  with  exception  of
PmGBE1  on  potato  starch,  the  amounts  of  product  generated  followed  the
amylose content  of  the substrate  with  modified waxy corn (2% amylose in
substrate,  Chapter  3) showing the highest  amount and wrinkled  pea (68%,
Chapter 3) the least. This could at least partly be due to the relative insolubility

of  amylose  in  aqueous  solutions  [46],  resulting  in  possibly  both  a  reduced
enzyme activity due the inaccessibility of the substrate or due to only partial
analysis  of  the  products.  Small  amounts  of  aggregates  were  found  in  all
samples which were removed by centrifugation prior analysis, indicating that a
minor  fraction  of  the  product  could  not  be  analyzed.  Since  the  untreated
starches showed the most solids, it can be speculated that the particles might
be leftover substrate.  PmGBE1 on potato starch gave such large amounts of
products that the signal height of the peak was almost twice as high as on other
starches which might be due to a very high specificity of PmGBE1 for potato
starch. GH57 GBEs seemed to be less effected by the high amylose content of
wrinkled pea starch as the amount of products obtained from this starch was
not substantially less than from the other starches as was the case for GH13
GBEs.  Although  both  the  amylose  content  and  degree  of  branching  of  the
substrates were found to effect the size and amount of the populations of the
products,  their  impact  was  minor  compared  to  the  differences  observed
between the GBEs from the two enzyme families.

Overall,  all  GBEs  generated  products  of  smaller  size  than  the  untreated
starches. Possibly, GBEs not only cleave the  α-1,4-bonds of external branches
but also of long chains connecting the clusters in the amylopectin fine struc-
ture, thereby cleaving the large molecules into smaller fractions as has been

suggested for e.g. the GH13 GBE from  E. coli [47]. Another possibility is that

GBEs transfer  chains to loose chains,  thereby giving rise  to  new structures
while the majority of the substrate remains too large to be detected. This possi-
bility was further investigated by incubation with a maltodextrin mixture (MD-
Mix, DP 10-40). As seen in  Figure 4.2, the untreated mixture showed a single
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population in the range of 1-14 kDa (pullulan standard) which was broader
than expected as the size was equivalent with about DP 6-90. This suggested
that the linear chains of the substrates were either larger than indicated or
connected to each other by branches.

Figure 4.2: Size exclusion profile of products after incubation of MD-Mix with five GBEs.

Interestingly,  in contrast to the products obtained from the starches,  the
modified  maltodextrins  were  distributed  into  three  populations  for  all  but
those from BfGBE which resulted in only  two populations.  The GH13 GBEs
BfGBE and RmGBE were most efficient in converting the substrate. However,
all GBEs were capable of modifying the substrate, generating one smaller and
one larger fraction. The largest population of each product followed the same
pattern as the starches with TkGBE generating the largest product, followed by
TkGBE, PmGBE1, RmGBE and BfGBE, respectively. MD-Mix modified with the
two GH57 GBEs contained products of about 100-700 kDa, being comparable
with the sizes obtained from the treated starches.  In contrast,  the products
obtained  from GH13  GBEs  on MD-Mix  showed  different  sizes  compared  to
their  products  from  starches.  Both  PmGBE1  and  RmGBE  generated  larger
products (about 25-450 kDa) whereas BfGBE produced populations of smaller
size (about 3-70 kDa). For the GH13 GBEs, a positive correlation between the
size of the products and the amylose content of the starch substrate was found
(Figure  4.1),  possibly  indicating  their  preference  for  linear  chains  since
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amylose consists almost entirely of linear chains [21]. Therefore, the observed
behavior of PmGBE1 and RmGBE on MD-Mix was in line with their activity on
the starches as the mixture of mostly linear chains could be described as pure
amylose. BfGBE was the only enzyme that appeared to be capable of modifying
the entire population of the substrate. It might further be possible that BfGBE
slowly increased its product size over the course of the reaction and would
continue to do so if the reaction had been allowed to continue.

Apart from the larger population, all GBEs generated small oligomers which
were  further  investigated  by  analyzing  the  chain  length  distribution  of  the
branched products (see below,  Figure 4.5).  Taken together, all studied GBEs
were capable of using the provided linear chains and generate larger mole-
cules, likely through repeated attachment of branches to the same molecule.
Furthermore, the populations obtained from MD-Mix were comparable in size
to  the products  obtained  after  GBE treatment  of  the  starches.  Therefore,  it
appeared that the structure of the substrate was not essential in defining the
size of the product.

4.3.2 Chain length distribution of modified starch samples
The analysis  of the overall  populations was followed by the study of the

distributions  of  the  debranched  chains  from  the  respective  products.  The
debranching proved to be a challenge as even after a third debranching step
branched products were still  visible in the chain length profiles (see Figure
S4.1) in all GBE treated samples. Two debranching enzymes were used, being
isoamylase  and pullulanase.  Isoamylase appears  to be incapable  of  cleaving
branches shorter than polymerization (DP) 3 while pullulanase can cleave off

branches of even DP 1 but is unable to penetrate  clusters of branches [48].
Therefore, the inability of the two debranching enzymes to cleave all branching
points could indicate very short branches in too close proximity to each other.
GBEs have not been described so far of generating such short branches but it is
plausible that they might cleave the chains of already formed branches to form
others. Even though, these peaks were visible in the chromatograms, the peak
areas indicating branched chains were considerably smaller, being only about
1/10th of the peak areas of neighboring linear chains. Therefore,  they were
omitted from the following analysis. In addition to the in-between peaks, large
amounts of glucose were detected in all debranched samples. Since the levels
of glucose were similar with and without GBE treatment (see Figure S4.2), the
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glucose  was  unlikely  to  be  caused  by  GBE  enzyme  activity  and  was  thus
excluded from the subsequent analysis.

Figure 4.3: Chain length distribution of several starches modified with different branching
enzymes. 

As seen in Figure 4.3, all enzymes showed highly similar product profiles on
each starch substrate, independent of the crystalline type, degree of branching
and relative amount of short chains.  The modified starches generally showed
chain length distribution profiles with two maxima, the first around at DP 6-7
and the second at about DP 10-11 which was in very good agreement with
previous  literature  [10,29,39,42,49,50].  Interestingly,  the  second  maximum
was  missing  in  the  products  from GH13  GBEs  on  wrinkled  pea  starch  and
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instead only showed a broad shoulder. An explanation for that behavior could
be the lack of long chains in the substrate. For PmGBE1, the shoulder was even
entirely missing for wrinkled pea and tulip starch and showed substantially
lower  amounts  of  chains  DP >8  than  obtained  from potato  and  waxy  corn
starch. This could hint at a preference of PmGBE1 for longer chains at a lower
amylose content Chapter 3).

Wrinkled pea starch consistently gave substantially lower peak areas for all
GBEs which was in agreement with the lower amount of populations observed
(Figure 4.1). The difference between the peak areas obtained from wrinkled
pea and the other starches seemed to be lower for GH13 GBEs than GH57 GBEs
with  the  activity  of  RmGBE  resulting  in  almost  the  same  amount  for  all
starches.  This  was  in  contrast  to  the  amount  of  populations  detected.  It  is
possible  that  the  the  enzymes  introduced  a  proportionally  high number  of
branches due to the low initial degree of branching of wrinkled pea, resulting
in  the  same  structural  dimensions  but  higher  density  of  branches.  Another
possibility is that GH13 GBEs were relatively active on wrinkled pea but a part
of their product only became soluble, and thus visible, after debranching. This
would deem wrinkled pea unsuitable for producing slowly digestible starches
through enzyme modification as a lower solubility or non-gelatinized starches

would substantially decrease enzymatic digestion [51].
Notably,  activity  of  TtGBE  on potato  starch  also  gave  lower  amounts  of

chains which could be partly caused by the lower ratio between short and long
chains (DP 9-12/DP 13-25) of wrinkled pea and potato starch (see Blank in
Figure 4.2 and Chapter 3).

Apart from the aforementioned differences,  activity of all  GBEs,  indepen-
dent of the GH family, resulted in almost the same levels and profiles of peak
areas for the other three starches, indicating the same extent of modification
irrespective of the structural differences between the substrates. Generally, the
amount of chains in the products that were DP ≥10 followed the pattern of the
degree of branching of the substrate (waxy corn > tulip > potato > wrinkled
pea,  Chapter 3) although the differences were only minor. A similar pattern
could not be observed  for the shorter  chains (DP <10) and appeared to be
more dependent on the enzyme. The shortest chains for which an increase was

typically  detected after  enzyme  modification  were  reported  to  be  DP 4-6
[10,29,37,42,48] which was observed here as well although some fractions of

even DP 3, especially for RmGBE, were found. Generally, GH57 GBEs showed a
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strong preference  for  chains  shorter  than  DP 17  resulting  in  a  pronounced
drop in peak area between DP 16-18, especially for TkGBE. The product chain
profiles of GH13 GBEs, on the other hand, showed smoother curves after the
second peak which was in good agreement with literature [16,39]. However,
GH13  GBEs  tended  to  generate  shorter  chains  (DP 3-10)  while  GH57  GBEs
appeared to also produce longer chains (DP 11-16). The preference of GH13
GBEs for short branches and of GH57 GBEs for longer branches could explain
the differences in the molecular sizes (Figure 4.1) of their products, even if the
number of the introduced branches was the same. This could further imply
that GH57 GBEs transfer their branches onto longer acceptor chains compared
to GH13 GBEs. 

A statistical analysis of the chain length fractions revealed significant corre-
lations  between  the  amount  of  fractions  generated  by  the  GBEs  and  the
amylose content as well as the degree of branching of the substrate (Table 4.1).

Table 4.1: Pearson correlation coefficients between amylose content and chain length 
fractions

Amylose Branching

DP 3-5 DP 6-8 DP 9-12 DP 13-24 DP 3-5 DP 6-8 DP 9-12 DP 13-24

BfGBE -0.568 -0.841 * -0.958 * -0.942 * 0.365 0.700 0.893 * 0.882 *

PmGBE1 -0.043 -0.614 -0.778 * -0.797 * -0.054 0.354 0.603 0.655

RmGBE -0.321 -0.671 -0.938 * -0.928 * 0.345 0.449 0.786 * 0.802 *

TkGBE -0.359 -0.884 * -0.941 * -0.881 * 0.024 0.696 0.804 * 0.723 *

TtGBE  0.489 -0.664 -0.773 * -0.804 * -0.669 0.699 0.833 * 0.834 *

Blank -0.423 -0.737 * -0.909 * -0.916 * 0.108 0.734 * 0.991 * 0.966 *

GH13 -0.125 -0.596 * -0.858 * -0.859 * 0.051 0.433 * 0.735 * 0.751 *

GH57 -0.012 -0.625 * -0.776 * -0.831 * -0.092 0.554 * 0.739 * 0.780 *

All GBEs -0.066 -0.491 * -0.807 * -0.803 * 0.010 0.403 * 0.727 * 0.723 *

* Significant correlation (P ≤0.05)

All GBEs, even when taken all  together,  showed a negative correlation with
amylose content in the range of DP 9-24 and also, to some extent, for DP 6-8. The
degree of branching indicated a positive correlation in the same range with excep-
tion  of  PmGBE1,  supporting  the  patterns  observed  in  Figure  4.3.  Since  the
substrates  themselves exhibited  the  same behavior it  can be speculated that  the
observed pattern might be more related to the fine structure of the substrate than
with the enzyme activity. This is further supported by the fact that amylose consists
of  mostly  long  linear  chains  (about  3-5  chains  of  DP 270-525)  [21] while
amylopectin  is  mainly  composed  of  short  branches  (typically  clusters  of  DP 18
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chains) [52]. Therefore, a high amylose content is positively correlated with chain

length and negatively correlated with the degree of branching, matching the pattern
observed here.

4.3.3 Chain length distribution of maltodextrin mixture
In addition to the starches, the GBEs were incubated with MD-Mix.  Figure

4.4 presents  the chain length distribution  of  the substrate  before and after
debranching where the first included only linear (unbranched) chains and the
second linear and branched chains. Both samples showed evenly distributed
amounts of chains over the entire detected range and thus a broader spectrum
than the starch substrates (Figure 4.3).

Figure 4.4: Chain length distribution of the maltodextrin mixture (MD-Mix) before and after
debranching. The actual height of the glucose peak in the debranched sample was 137 nC.

From the branched sample it was further clearly visible that the substrate
did not only contain linear chains but also some branched chains and larger
molecules  as  indicated  by  the  small  in-between  peaks  and the  broad  peak
towards the end of the spectrum, respectively. This observation supported the
results obtained from the SEC (Figure 4.2) with an estimated range of DP 6-90.
Notably, the debranching was more successful on the modified MD-Mix than
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the GBE treated starches, resulting in almost completely debranched samples
(see Figure S4.3), possibly indicating a more accessible structure due to the a
lower density of chains compared to the modified starches.

The treatment of MD-Mix with GBEs enabled the estimation of the change in
both linear and branched chains in response to enzyme activity. The overall
profiles of the generated chains (Figure 4.5) roughly followed the same pattern
as the modified starches (Figure 4.3) although the maxima found on starches at
DP 6 and DP 10-11 were both less pronounced and less consistent on MD-Mix.
All GBEs increased the amount of chains in the range of DP 5-15 and reduced
the number of chains above DP 15 which was in good agreement with litera-

ture [16,53]. GH13 GBEs seemed to predominantly generate short branches,
(about DP 3-9) while GH57 GBEs mainly produced branches longer than DP 8,
matching the results obtained on the starches (Figure 4.3). 

Figure 4.5: Chain length distribution of modified maltodextrins. 

Beside the chains, all  GBEs were further found to cause the formation of
substantial amounts of linear chains. These chains were likely byproducts from
the branching activity or due to hydrolytic activity [53,54] and were mainly of
DP 5-12 (Figure 4.5) with  GH13 GBEs having a preference  for DP 8-10 and
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GH57 GBEs for DP 6-7. Although almost no linear short chains were detected
for  starches  (data  not  shown),  these  types  of  side  products  could  also  be
formed  there.  However,  for  larger  substrates  it  was  more  likely  that  these
chain fragments were still  attached to a larger molecule and thus remained
indistinguishable from the branches. Therefore, even though the maltodextrin
substrate showed substantial differences to the starches in terms of size and
chain  length  distribution,  the  products  obtained  after  treatment  with  GBEs
showed remarkable similarities to the modified starches. 

It was striking how little the structure of the substrate seemed to influence
the products of GBEs. One could assume that the vastly different structures of
the substrate would lead to very different levels of products not only due to the
different availability of suitable chain fragments (Chapter 3) but also due to
their different level of activity of different substrates [37,39]. However, apart
from  wrinkled  pea  with  its  very  high  amylose  content,  the  products  were
surprisingly similar. Perhaps GBEs give rise to their own product structures of
specified size and chain length distribution. It is also plausible that GBEs might
be capable of modifying their substrate by either directed hydrolysis or even

α-1,4-transfer as at least RmGBE appears to be capable of [53].

4.4 Conclusion

The modification  of  four starches  (potato,  tulip,  wrinkled  pea  and waxy

corn starch) by  three GH13 GBEs and two GH57 GBEs resulted in products
predominantly varying between the enzymes and only marginally between the
substrates. The sizes of the obtained products grouped into two clusters based
on the  enzyme  families  with  GH57  GBEs  producing  larger  products  (about
100-700) than GH13 GBEs (~6-150 kDa). GH13 GBEs were found to generate
shorter branches (DP 3-10) than GH57 GBEs (DP 11-16). Further incubation of
GBEs with a maltodextrin mixture resulted in results highly comparable to the
ones  obtained  from  the  modified  starches.  Therefore,  the  structure  of  the
substrate seemed to only have limited effect on the structure of the product.
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4.6 Supplementary data

Table S4.1: Molecular size ranges (kDa) of GBE modified starches

Potato Tulip Waxy corn Wrinkled pea
BfGBE 6.0 - 92.7 5.3 - 106.2 4.6 - 92.6 6.5 - 169.6
PmGBE1 5.9 - 232.8 6.1 - 194.2 6.0 - 165.6 9.9 - 303.2
RmGBE 4.8 - 176.6 4.5 - 164.7 4.0 - 106.9 7.4 - 270.3
TkGBE 136.4 - 1692.9 127.2 - 3043.6 114.9 - 6614.1 114.9 - 788.6
TtGBE 96.0 - 568.7 109.0 - 669.0 97.9 - 6881.0 96.0 - 442.5

Figure  S4.1:  Chain  length  distribution  of  potato  modified  with  various  GBES  after
debranching. The actual height of glucose was outside the shown range (992 ± 87 nC) and
the peak areas are shown in Figure S4.2.
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Figure S4.2:  Peak area of glucose of different starches after treatment with various GBEs
and debranching.

Figure S4.3:  Chain length distribution of the maltodextrin mixture modified with various
GBEs after debranching. he actual height of glucose was outside the shown range (121 ± 42
nC).
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Modes of activity of GBEs

GH13 Glycogen branching enzymes can adapt 
the substrate chain length towards their 
preferences via α-1,4-transglycosylation

Aline L. O. Gaenssle, Hilda H. M. Bax, Marc J. E. C. van der Maarel and Edita 
Jurak

Abstract
Glycogen  branching  enzymes  (GBEs)  have  so  far  been  described  to  be

capable of both  α-1,6-transglycosylation (branching) and hydrolytic activity.
Therefore,  the aim of the present study was to characterize the behavior of
GBEs in depth on a well-defined substrate. For this purpose, three GBEs from
the glycoside hydrolase family  13,  originating from  R.  marinus (RmGBE),  P.
mobilis (PmGBE1) and  B.  fibrisolvens (BfGBE) were incubated  with  a highly
pure fraction of a linear substrate of 18 glucose units (DP 18). Analysis of the
chain length distribution over time revealed that all three studied GBEs were
capable of generating chains longer than the substrate. Furthermore, the GBEs
later  used those very  chains  for  further  branching.  This  coupled  activity  of
elongation and branching enabled the GBEs to modify the substrate to a far
larger extend than would have been possible with branching alone. Overall, the
three GBEs acted ambiguous on the defined substrate. The RmGBE appeared to
have  a  strong preference  towards  transferring  chains  of  DP 9,  even during
elongation, with a comparably low activity. The BfGBE generated an array of
elongated chains before using the chains for introducing branches while the
PmGBE1 exhibited a behavior intermediate of the other two enzymes.

To be submitted



Chapter 5

5.1 Introduction

Glycogen  branching  enzymes  (GBEs)  are  widely  distributed  proteins
involved in the synthesis  of glycogen [1].  They are closely  related to starch
branching enzymes and further share similarities in structure and mechanism
with  other  enzymes  active  on  starch,  such  as  α-amylases,  isoamylases  and

α-1,4-glycosyltransferases  which  have  been  categorized  into  the  glycoside
hydrolase families (GH13) and GH57 [2–4]. GBEs have been described to intro-
duce  new  branches  in  model  substrates  such  as  potato  amylose  but  also
starches like corn starch [5–7]. These substrates,  together with their native
substrate  glycogen,  are entirely  built  up of  glucose units  connected via two
types  of  glycosidic  bonds;  α-1,4-linkages  form  linear  chains  whereas  α-1,6-
bonds create branch points. The length of the chains and the number and loca-
tion of the branch points vary greatly between the different sources, giving rise
to a large variety of structures [8–11].

The catalytic mechanism of GBEs reportedly consists of two steps. First, the
GBE binds to a linear chain segment (donor chain) and cleaves an α-1,4-bond,
releasing the donor while forming a covalent enzyme-substrate intermediate
with the remaining segment. Then, a new chain (acceptor chain) binds to the
enzyme on which the retained chain fragment is transferred by formation of an
α-1,6-bond [12,13]. In addition to the branching activity, some GBEs have been
described to exhibit hydrolytic activity which appears to be more common for
GH57 than for GH13 GBEs [9,14–17]. Hydrolytic activity follows the mecha-
nism of α-amylases where the first step is identical to GBE’s branching activity
but instead of transferring the cleaved chain fragment onto a new chain, it is
transferred onto a water molecule and released as a free chain. This variation
in mode of action is inherent to the GH13 family which contains members for
each possible combination of cleavage of either α-1,4- or α-1,6-glycosidic link-
ages followed by formation of either of the two bond types or transfer of the
chain to a water molecule [18–20]. Due to the highly conserved active sites of
GH13  enzymes  and  minor  differences  between  enzyme  types,  cross-over
activity has not only been observed but also exploited by mutations [19,21].
Similarly, a GBE from Rhodothermus marinus (RmGBE) has been suggested to
also  perform  α-1,4-transglycosylation  [22] although,  to  our  knowledge,  no
other GBEs have yet been reported to share this mode of action. 
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One challenge with studying the activity of GBEs is their requirement for
chains with a degree of polymerization (DP) higher than 10 glucose units [22–
24] which further should be shorter than DP 40 to be enable full analysis of the
chain length distribution of both substrate and product [25].  Therefore,  the
aim of the present study was to characterize the activity of three GH13 GBEs in
depth with a highly defined substrate. RmGBE was selected as it might possess

α-1,4-transglycosylation activity [22]. RmGBE and two other GH13 GBEs from
Petrotoga mobilis  (PmGBE1) and  Butyrivibrio fibrisolvens (BfGBE) were incu-
bated with a highly pure fraction of DP 18 and the mode of action was followed
over time by analyzing the reducing ends and chain length distribution before
and after debranching.

5.2 Materials and methods

5.2.1 Materials
MD18  was  purchased  from  CarboExpert  (Yuseong-gu,  South  Korea;

Maltooctadecaose)  and  primarily  contained  chains  of  DP 17-18.  Isoamylase
from  Pseudomonas sp.  (E-ISAMY,  200 U/ml)  and pullulanase  M1 from  Kleb-
siella  planticola  (E-PULKP,  650 U/ml)  were  both  obtained  from  Megazyme
(Bray, Ireland). MagicMedia and HisPurTM Ni-NTA Resin were purchased from
ThermoFischer Scientific (Waltham, MA USA). All chemicals were of analytical
grade or higher. 

5.2.2 Enzyme production and purification
The  gbe from Butyrivibrio fibrisolvens  (BfGBE, Genbank: AAA23007.1) and

the  gbe1 from  Petrotoga  mobilis (PmGBE1,  Genbank:  ABX32021.1)  were
expressed and purified as described previously (Chapter 4). 

The gbe from Rhodothermus marinus (RmGBE, Genbank: ACY48769.1) was
cloned into a pET28a vector by GeneScript and expressed in E. coli BL21 (DE3).
E. coli BL21 cells containing Rmgbe were first cultured overnight in LB medium
supplemented with 50 µg/ml kanamycin at 37°C and 150 rpm. Thereafter, the
cells were transferred to MagicMedia and cultured at 30°C and 220 rpm for
24 h. The cells were harvested by centrifugation (5000×g, 10 min, 4°C), respus-
pended in lysis buffer (20 mM HEPES, pH 7.4, 500 mM NaCl, 500 µM Pefabloc)
and lysed with sonication on ice (10 min with cycles of 30 s on and 30 s off;
amplitude 20%, Pulse 50%). The cell debris was then collected by centrifuga-
tion (12000×g, 10 min, 4°C). A sodium dodecyl sulfate polyacrylamide gel elec-
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trophoresis  (SDS-PAGE)  showed  the  presence  of  RmGBE  in  the  cell  debris.
Therefore, the cell debris was suspended in equilibration buffer and purified
with HisPurTM Ni-NTA Resin by overnight binding to loose beads. The protein

was eluted using a step-wise gradient of imidazole (20, 100, 500 mM) and the
batch method (gentle mixing, centrifugation at 900×g, 2 min, 4°C and collection
of  supernatant).  The most  pure  fractions  were  combined  and underwent  a
buffer exchange to 20 mM HEPES, pH 7.4 using PD-10 desalting columns. 

5.2.3 Basic enzyme characterization
The purity and quantity of the protein was determined by sodium-dodecyl

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) stained with Coomassie
Brilliant  Blue and  Bradford  with  bovine serum  albumin  (BSA)  as  standard,
respectively.  The activity  of the enzymes were determined using the iodine
assay as described previously [26].

5.2.4 Enzyme reactions
For  the  branching  reaction,  all  three  enzymes  (BfGBE,  PmGBE1  and

RmGBE) were incubated with 2.5 mg/ml MD18 in 10 mM sodium phosphate
buffer,  pH 7.5,  which  was  dissolved  for  30 min  at  95°C.  For  the  reactions,
12.5 µg/ml enzyme was used. All samples were incubated slowly rotating at
55°C for PmGBE1 and RmGBE or at room temperature for BfGBE for 0.5, 1, 2, 4,
6 and 24 h. Afterwards, the enzymes were inactivated by boiling for 5 min. 

For the debranching reaction, the GBE modified α-glucans were first diluted
twice in sodium acetate buffer, pH 4.5, and subsequently treated with isoamy-
lase (1 U/mg substrate) and pullulase (0.7 U/mg substrate) for 24 h at 40°C.

5.2.5 Reducing ends analysis
Then,  both  sets  of  samples  (branched  and  debranched)  were  measured

using the pAHBAH assay by mixing 50 μl  appropriately diluted sample with

200 μl pAHBAH solution (1/5 of 5% 4-hydroxybenzoic acid hydrazide in 0.5 M
HCl and 4/5 of 0.5 M NaOH) and incubated for 30 min at 70°C. The absorbance
was  measured  with  a  spectrophotometer  (SpectraMax  Plus  384  Microplate
Reader,  Molecular  Devices,  Sunnyvale,  U.S.)  at  490 nm.  Samples  were
measured  in  triplicates  and  D-glucose  was  used  as  a  standard.  The  linear
chains were determined from the reducing ends of the branched product and
the branched chains from the reducing ends of the debranched product – the
linear chains. The branching degree of the starches was calculated using the
formula:
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Degree of branching (%) = (REDBr – REBr)/ (TC – REBr)*100 (1)

REDBr = reducing ends after debranching (mol)
REBr = reducing ends without debranching (mol)
TC = total carbohydrate content of MD18 (mol)

5.2.6 Anion exchange chromatography
Both branched and debranched samples were analyzed with High-Perfor-

mance Anion Exchange Chromatography coupled with Pulsed Amperometric
Detection  (HPAEC-PAD)  using  a  Dionex  ICS-6000  system  (ThermoFischer
Scientific) with a CarboPacTM PA1 column. Samples were prepared by centrifu-
gation  (10000×g,  10 min)  and  dilution  of  the  supernatant  to  0.5 mg/ml
maltodextrins.  The  gradient  and  data  analysis  was  conducted  as  described
previously (Chapter 4).

5.2.7 Iodine assay
40 µg/ml  GBE  were  incubated  with  4 mg/ml  potato  amylose  in  50 mM

sodium  phosphate  buffer,  pH 7.5  at  50°C  in  a  water  bath  (RmGBE  and
PmGBE1) or at RT (BfGBE). At every minute for 10 min, 15 µl aliquots were

taken  from  the  enzyme  reactions  and  mixed  with  100 µl  freshly  prepared
iodine reagent  (0.26% KI,  0.026% I2,  5 mM HCl).  After  transfer  of  the  last
aliquot, the absorbance of the iodine-amylose complex was detected from 450-
750 nm, 20 nm steps using a spectrophotometer (SpectraMax from Molecular
Devices).

5.3 Results and discussion

5.3.1 Choice of enzymes and substrates
In order to study the behavior of GH13 GBEs on a defined substrate, three

enzymes were selected. The GBE from R. marinus (RmGBE) was selected due to
its  thorough characterization  [14,17] and previous description of  exhibiting
α-1,4-transglycosylation activity [22]. The other two enzymes, originating from
P. mobilis (PmGBE1) and B. fibrisolvens (BfGBE) were chosen as they were only
very distantly related to RmGBE [1,27]. Additionally,  PmGBE1 belonged to a
different enzyme subgroup than the other two GBEs whose members possess
an  additional  domain  (domain  N)  [1] and  BfGBE  was  further  not  a  ther-
mostable enzyme [28]. The aim of the selection was to choose GBEs based on
their  phylogeny  and  thus  distinct  sequences,  possibly  indicating  different
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mode of actions. In order to investigate the behavior of the GBEs in detail, a
substrate was required that was long enough for GBE activity but short enough
for analysis of its entire chain length distribution, limiting the range to DP 12-
40 [23–25].  Pure fractions of  a  single  chain length enable  a  greater  under-
standing since the defined substrate unveils the chain length preferences of the
enzymes by making the chains traceable with analytical methods. Therefore a
substrate  containing predominantly  chains  of  length DP 17-18 was selected
(MD18).

The mode of action of the three GBEs was investigated by modification of

MD18 with these enzymes and subsequent analysis of the reducing ends and
chain length distribution of the product. For this purpose, six time points were
selected, being 0, 0.5, 1.0, 2.0, 4.0, 6.0 hours. Typically,  samples treated with
GBEs were only analyzed at a single time point [29,30].  However,  previous
studies  revealed  various  changes  in  the  chain  length  distribution  of  the
product during enzyme modification [22,23] which were further investigated
here.

5.3.2 Reducing ends and degree of branching
As seen in Table 5.1, the number of reducing ends during enzyme modifica-

tion was generally defined by a decrease in the amount of molecules and an
increase in branch points. The activity of RmGBE resulted in a sharp decrease
in  α-glucan molecules during the first 30 min followed by an increase during
the  next  30 min  and  then  remained  at  a  level  significantly  lower  than  the
untreated substrate for the next three hours. MD18 treated with the other two
GBEs showed more consistent decrease in the number of molecules but exhib-
ited similar levels to the product of RmGBE between 2 and 4 h. The estimated
amount  of  branch  points  followed  the  exact  opposite  trend.  Activity  of  the
GBEs on MD18 resulted in an increase of branches after 30 min (RmGBE) or 1
hour  (PmGBE1  and  BfGBE)  (Table  5.1)  which  then  continued  to  increase
slightly to levels significantly higher than the substrate up to 4 h of incubation.
The increase in branch points confirmed the branching activity of each GBEs.
Notably,  the reduction  of  molecules  was larger than the increase  in branch
points. This indicated not only branching activity of these GBEs, but also α-1,4-

transglycosylation  resulting  in  elongated  α-glucan  chains  and  thus  fewer

reducing ends. α-1,4-transglycosylation activity has been suggested previously
when accumulation of longer chains was reported for GBE from Rhodothermus
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marinus (RmGBE)  activity  on  a  mixture  of  short  chains  [22],  supporting
obtained results. In another study, PmGBE1 and RmGBE were used to modify
potato  amylose  and  amylopectin  using  a  similar  time  ranges  [17].  This
research reported almost no change in number of  α-glucan chains, indepen-
dent of the time point and substrate. However, both amylose and amylopectin
are  substantially  larger  than  MD18  [10,11],  resulting  in  reducing  ends/dry
matter far lower than for MD 18, hampering potential identification of patterns
such as shown in Table 5.1.

Table 5.1: Reducing ends of GBE modified MD18 of linear and branched 
chains

Time Enzyme Reducing Ends Degree of branching

Molecules Branch points

hour Type µmol glucose / g substrate (mean ± stdev) %

0 blank 267.8 ± 26.8 1.3 ± 24.5 0.02 ± 0.42

0.5 RmGBE 111.1 ± 19.9 ↓ a 114.7 ± 46.3 ↑ 1.89 ± 0.76 ↑

PmGBE1 201.8 ± 5.5 b 34.2 ± 21.0 b 0.57 ± 0.35 b

BfGBE 192.5 ± 8.1 ↓ 82.6 ± 28.0 b 1.38 ± 0.47 b

1 RmGBE 222.4 ± 19.2 ↑ b 51.5 ± 45.3 b 0.87 ± 0.76 b

PmGBE1 198.2 ± 40.8 b 106.2 ± 32.2 1.78 ± 0.53

BfGBE 198.3 ± 22.3 100.2 ± 20.2 1.68 ± 0.33

2 RmGBE 185.8 ± 2.3 106.4 ± 31.8 1.78 ± 0.53

PmGBE1 185.3 ± 9.4 114.1 ± 15.2 1.91 ± 0.25

BfGBE 179.6 ± 32.6 149.2 ± 49.3 2.49 ± 0.81

4 RmGBE 190.4 ± 6.1 90.2 ± 6.6 1.51 ± 0.11

PmGBE1 185.0 ± 4.5 119.7 ± 31.4 2.00 ± 0.52

BfGBE 191.8 ± 9.5 180.5 ± 14.0 a 3.02 ± 0.23 a

6 RmGBE 226.4 ± 6.4 b 30.7 ± 13.5 b 0.52 ± 0.23 b

PmGBE1 245.5 ± 2.2 b 53.0 ± 8.6 b 0.89 ± 0.15 b

BfGBE 237.1 ± 15.3 b 86.8 ± 7.0 ↓ a 1.46 ± 0.11 ↓ a

↑↓ significant increase/decrease compared to the previous time point (P≤0.05); a significant
difference to the other enzymes at the same time point (P≤0.05); b no significant difference to
the untreated substrate (time=0 h)

Between  4 and 6 h,  a  substantial  increase  in  molecules  and  decrease  in
branched chains was detected for MD18 modified with either of the three GBEs
(Table 5.1). The inversion of the pattern detected for both linear and branched
chains after 4 h indicated a shift in the behavior of all three enzymes at this
time point. While the increase in molecules could most likely be attributed to
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hydrolytic activity or accumulation of byproducts during enzyme activity, the
reason for the decrease in branch points is unclear. One explanation could be
incomplete debranching by isoamylase and pullulanase. The hydrolytic activity
of the enzymes might have shortened the branches to such a degree that the
debranching enzymes were unable to efficiently cleave all α-1,6-glycosidic link-
ages [31]. Nevertheless, the shift in behavior, towards hydrolytic activity could
be an  indication  for  the capability  of  branching enzymes to  adapt  its  main
activity based on the available substrate. The adjustment in the mode of action
during  4  and  6 h  also  highlighted  the  importance  of  following  branching
enzyme activity over time, since multiple time points could result in a different
description of the enzyme behavior.

Although all three enzymes showed a similar pattern of changes in reducing
ends over time, some differences could be observed. The reduction in number
of molecules after 30 min was most prominent for RmGBE, compared to the
PmGBE1  and  BfGBE,  indicating  a  faster  rate  of  elongation  for  RmGBE.
However, after an incubation of 1 h similar values were observed for all GBEs.

Apart from the first time point (0.5 h), PmGBE1 activity resulted in higher
degrees  of  branching  than  RmGBE  which  was  in  agreement  with  previous
results  [17].  BfGBE  was  somewhat  slower  in  increasing  the  degree  of
branching than PmGBE1 but reached the highest degree of branching after 4 h
which became significantly different to the other enzymes after 4 h of incuba-
tion and being twice as high than for MD18 modified with RmGBE (Table 5.1).

Overall,  all  three  GBEs  seemed  to  be  capable  of  not  only branching and
hydrolytic activity but also elongation activity.  After  4 h of incubation,  their
mode of action shifted towards a higher hydrolytic activity. Furthermore, all
GBEs  exhibited  similar  activity  patterns  with  no  significant  differences
between each other with exception of the number of branch points for BfGBE
after 4 h.

5.3.3 Chain length distribution of modified MD18
The samples were further analyzed regarding their chain length distribu-

tion before and after debranching.  Chains detected in the branched product
indicated free, linear chains while the debranched product showed branches in
addition to the linear chains. As seen in Figure 5.1, the substrate (MD18) was
not entirely  composed of chains of  DP 18;  it  contained mainly DP 18 in the
form of linear chains, DP 17 as branches and minor fractions of any shorter
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linear chain. Additionally,  there were also trace amounts of longer chains of
which most appeared to be around DP 30.

Figure 5.1:  Chain length distribution of MD18 with the enzymes PmGBE1 and RmGBE for
6 h before and after debranching compared to the negative control.

Incubation of  MD18 with both PmGBE1 and RmGBE led to a substantial
increase in chains shorter than DP 18 before and after debranching (Figure 5.1,
for  all  time  points  see  Figures  S5.1-S5.2).  While  RmGBE  mainly  generated
branches of DP 8-10 with only minor amounts of linear chains (DP 9), activity
of PmGBE1 resulted in a larger variety of chains with an apparent preference
for  branches  of  DP 5-9 and for  linear  chains  of  DP 8-12.  In  addition  to  the
shorter  chains,  both  enzymes  clearly  generated  chains  longer  than  the
substrate of which the majority were only visible after debranching and were
thus  most  likely  branches.  Although  there  were  trace  amounts  of  chains
DP >18 in the substrate, their amount was unlikely to account for the longer
chains seen in the enzyme treated samples.

In contrast  to the steady increase in both short and long glucans during
incubation with PmGBE1 and RmGBE, modification with BfGBE resulted in a
clearly different pattern of products (Figure 5.2, all time points are shown in
Figure S5.3). After 30 min, substantial amounts of chains ranging from about
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DP 9 to DP 30 were visible  before and after  debranching,  indicating  mainly
linear chains. After 6 h, most of the chains longer than DP 18 had decreased in
amount and instead showed a clear shift towards shorter chains. 

Figure  5.2:  Chain length distribution of MD18 with the enzyme BfGBE for 0.5 h and 6 h
before and after debranching compared to the untreated substrate.

Strikingly, in contract to the other two GBEs, BfGBE did not seem to have a
preferred product of linear chains. Branches however, appeared to be predom-
inantly DP 6-8 and only became apparent after 6 h. Therefore, the most likely
mechanism of BfGBE consisted of two steps. First, BfGBE converted substrate
chains into longer chains by α-1,4-transglycosylation. Once these chains were
of a suitable length, the enzyme used its own product as substrate to generate
branches.  Additionally,  the branched substrate BfGBE was the only one that
showed  a  peak  at  about  55 min.  Since  chains  are  eluted  according  to  their
chain length [32], the very late elution hinted at material of a larger molecular
weight. Thus, BfGBE appeared to have the ability to build up a polymer from
linear chains of relatively short length.

Analysis of the chains longer than the substrate in more detail (Figure 5.3)
revealed that activity of all three enzymes led to an initial increase in longer
chains.  The  gradual  increase  over  time  and  the  considerable  differences
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between the products  of the enzymes supported the  finding that  GBEs  are
able to perform  α-1,4-transglycosylation. It further indicated that the elonga-
tion activity could be an integral part of their mode of action since it occurred
alongside of their branching activity without the need for a specific substrate
to cause a shift in the mode of action [19]. RmGBE appeared to have both the
least and most specific activity in chain elongation in stark contrast to BfGBE
which generated a variety of chains in a short time while PmGBE1 exhibited a
behavior  intermediate  between the two enzymes.  RmGBE mainly generated
chains of DP 26-27, PmGBE1 predominantly DP 24-28 with chains also in the
range  of  DP 19-23  whereas  BfGBE  produced  chains  of  DP 19-30  gradually
decreasing in peak area with chain length. 

Figure  5.3:  Distribution  of  long debranched chains  (DP ≥16)  over the course of  enzyme
incubation. The treatment of MD18 with BfGBE for 24 h was excluded due to lack of activity
observed (see Supplementary data Figure S5.3). The full chromatographs can been seen in
Supplementary data Figure S5.1-S5.3.

Even though the three GBEs exhibited substantial differences in the distri-
bution  patterns  of  their  elongated chains,  modification  of  MD18 with  these
enzymes  first  led  to  an  accumulation  in  elongated  chains  followed  by  a
decrease  in  amounts  of  chains  longer  than  the  substrate.  The  pivot  point
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occurred for RmGBE after 6 h, for PmGBE1 after 4 h and for BfGBE after 1 h,
suggesting a far higher elongation activity of BfGBE compared to RmGBE. The
observed  behavior  of  increase  followed  by  decrease  in  amounts  of  longer
chains  was  in  good agreement  with  previous  data  [22] and confirmed  that
these  enzymes were  capable  of  using  their  own product  as  substrate.  This
temporary  accumulation  of  longer  chains  which  were  later  converted  into
shorter  chains has also been reported for another GH13 GBE (from  Aquifex
aeolicus) on amylose [23]. It is thus plausible that GBEs elongate chains if they
are  too  short  for  branching,  increasing  the  number  of  chains  within  the
substrate that can be targeted by the enzymes. Elongation activity would thus
enable them to adapt the substrate structure and not limit them to chains long
enough for branching. This could explain why the GBEs were found to generate
one type of product, regardless of the structure of the substrate (Chapter 4).
Since the studied GH57 GBEs exhibited the same behavior regarding the struc-
tures of their products (Chapter 4), it can be speculated that GH57 GBEs might
also exhibit chain elongation activity.

The chains generated by the GBEs which were shorter than the substrate
(Figure 5.4) gave more insight into their catalytic mechanism. RmGBE mainly
generated branches of DP 9 and DP 26-27 of which the latter coincided with
the  attachment  of  a  DP 9  chain  to  a  DP 17-18  acceptor  chain.  Similarly,
PmGBE1 appeared to have a preference for branches of DP 4-12 (peak at DP 6-
7) and DP 21-28 (peak at 24-27), showing similar ranges when considering a
substrate  of  DP 17-18  for  both  cases.  BfGBE  produced  by  far  the  highest
amount  of  linear  chains  and  even  appeared  to  decrease  the  number  of
branches  in  the  substrate  in  the  first  30 min.  In  contrast  to  RmGBE  and
PmGBE1, BfGBE generated nearly no longer branches and almost exclusively
catalyzed the formation of branches of DP 6-9. It therefore appeared that at
least  RmGBE and PmGBE1 transferred the same type of chains during both
branching and elongation activity. The number of linear chains observed in the
products were likely byproducts of the reactions that are too short for further
branching [33]. This was further supported by the observation that most linear
chains  for  RmGBE  were  of  DP 9 while  PmGBE1  activity  resulted  in  mainly
linear chains of DP 8-12 which coincided with the leftover part of the DP 18
donor chains after transfer of the chains (DP 9 and DP 4-12, respectively). The
high  number  of  reducing  ends  observed  during  modification  of  MD18
compared to e.g. amylose [17] was most likely due to the donor chain being a
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free chain and thus the released part of the donor chain was visible for MD 18
in  the  branched  product  but  not  for  amylose  where  the  rest  of  the  donor
remained attached to a larger structure.

Figure  5.4:  Estimated change in peak areas of MD18 in linear and branched chains after
treatment with GBEs compared to the untreated substrate. Titles indicate enzyme name and
incubation length.

A previous study of these three GBEs on a mixture of linear maltodextrins
(DP 10-40)  resulted in similar  profiles  of  branches and linear chains below
DP 18 for PmGBE1 and BfGBE (Chapter 4). RmGBE was reported to generate
branches and linear chains of a broader range (DP 3-10) instead of the here
observed DP 9. The far more defined substrate in this study enabled the identi-
fication  of  its  specificity  which  might  not  be  visible  for  a  substrate  with  a
broader range of chains. Overall,  the comparison of the distribution profiles
indicated  that  these  GBEs  exhibited  very  similar  modes  of  action  on  both
substrates which can thus be speculated to be their native activity. 

5.3.4 Activity of GBEs on amylose using the iodine assay
Incubation  of  the three  GBEs with  amylose and analysis  with  the iodine

assay  provided  information  about  their  activity  on  a  larger  substrate.  This
assay enabled  the estimation  of  the chains  in  the broad  range of  DP 18-72
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[34] and thus also gave an indication on the chains too long for detection on
HPAEC [25]. While the color intensity showed the amount of chains, the wave-
length of  absorbance  maximum indicated  the average chain  length [34].  As
seen in Figure 5.5 activity of RmGBE resulted in only limited decrease in color
and thus amount of chains and further did not cause any shift in color and
average  chain  length.  BfGBE,  on  the  other  hand  caused  both  a  substantial
decrease and shift towards shorter chains and PmGBE1 appeared again as an
intermediate. These results were in good agreement with the data obtained on
MD18 where RmGBE showed the lowest and most specific activity and BfGBE
the  highest  and broadest  activity.  Therefore,  the here  reported  behavior  of
GH13 GBEs observed on MD18 appeared to also occur on substantially larger
structures such as amylose which in return provides strong indications that
GH13 GBEs exhibit similar modes of action on MD18 and larger substrates. It
can therefore be speculated that elongation activity also occurs on substrates
such as starches, amylose and amylopectin.

Figure 5.5: Incubation of potato amylose with GBEs and absorbance spectra over time using
the iodine assay.

5.4 Conclusion

All three GH13 GBEs (RmGBE, PmGBE1 and BfGBE) were capable of both
branching  and  α-1,4-transglycosylation  (elongation)  activity  on  MD18,  a
substrate  mainly  consisting  of  chains  of  DP 17-18.  RmGBE  predominantly
transferred chains of DP 9, creating branches of DP 9 and DP 26-27 but exhib-
ited  a  much  slower  activity  compared  to  the  other  two  enzymes.  PmGBE1
mainly generated branches of DP 4-12 and DP 21-28 as well  as some linear
chains of DP 8-12, both with a moderate level of activity. BfGBE almost exclu-
sively produced branches of DP 6-9 and large quantities of linear chains DP 10-
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30 which gradually shifted in amounts towards the lower end of the range as
the reaction progressed. Furthermore, all three GBEs were not only found to
conduct both branching and elongation activity along side each other but were
further capable of using their own elongated products as substrates.
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5.6 Supplementary data

Figure  S5.1:  Chain  length  distribution  the  debranched  product  of  MD18  treated  with
RmGBE over time.
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Figure  S5.2:  Chain  length  distribution  the  debranched  product  of  MD18  treated  with
PmGBE1 over time.

Figure S5.3: Chain length distribution the debranched product of MD18 treated with BfGBE
over time.
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Chapter 6

6.1 Summary

Most organisms store carbohydrates in form of starch (plants) or glycogen
(e.g. bacteria and animals) which both consist solely of glucose units connected
by two types of glycosidic bonds.  α-1,4-linkages are in the vast majority and

result  in  the  formation  of  linear  chains  while  α-1,6-glycosidic  bonds  cause
branch  points  [1,2].  These  branches  vary  in  length,  frequency  and position
within  the  polymer.  In  glycogen,  the  high amount  of  branches  is  randomly
distributed, giving the polymer its typical globular shape [3,4]. Starch, on the
other hand, consists of two types of polymers, the long linear amylose and the
branched amylopectin which has clusters of branches with a degree of poly-
merization (DP) of about 18 glucose units [5]. 

In nature, the formation of branches is catalyzed by branching enzymes (EC
2.4.1.18). These enzymes introduce new branches by first cleaving an  α-1,4-
glycosidic bond, retaining one of the parts,  with subsequent transfer of said
fragment onto a new chain by formation of an  α-1,6-linkage [6,7].  Glycogen
branching  enzymes  (GBEs),  natively  active  on  glycogen,  are  often  used  in
industry to obtain highly branched starches due to their ability to form struc-
tures with a high density of branches [8]. GBEs have been classified as either
belonging to the glycoside hydrolase  family  GH13 or  GH57 and are  closely
related to starch branching enzymes [9,10]. Research on GBEs is faced with
many challenges. They are active on complex structures, requiring substrate
chain lengths too long (DP ≥10) [11,12] to be readily chemically synthesized.
Typically, starch is used as their substrate and most commonly potato amylose
[13,14].  Amylose has the advantage of being mostly  linear and thus branch
points and short chains can be attributed to GBE activity. However, amylose is
too  large  for  complete  analysis  with  methods  such  as  size  exclusion  chro-
matography  (SEC)  and  high-performance  anion  exchange  chromatography
(HPAEC).  Further,  GBEs are not restricted to a single chain length of either
their substrate or their formed branches [12]. Therefore,  their products are
equally complex as their substrates.

The structural complexity of both substrates and products of GBEs hampers
the determination of their activity. One of the fastest methods to detect GBE
activity is the iodine assay and thus applicable during e.g. enzyme purification.
It is based on the intensely colored complex between iodine and long linear
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α-glucan chains responding to GBE activity in color intensity and hue [15]. In
Chapter 2, this method has been optimized to improve both speed and accu-
racy of the method,  by e.g.  introducing the measurement of a series of time
points. Furthermore, a mathematical factor has been developed to provide an
objective  tool  for  distinguishing  between  enzyme  and  background  activity.
This factor was based on the observations made on a large series of experi-
ments and was estimated from both the linearity and the level of decrease in
absorbance over time.

Starches from distinct botanical sources have been reported to show large
variations in structure in terms of crystalline type, amylose content and chain
length distribution [16,17]. Even though knowledge of the starch structure is
fundamental in understanding the underlying principles in starch digestibility
[17,18],  there  is  a  lack  in  comprehensive  studies  comparing  an  array  of
starches on a number of structural features. Therefore,  Chapter 3 describes
the  characterization  of  eight  starches  from  several  different  plant  species,
including corn, potato, pea and tulip. Structural characterization revealed that
the starches shared similar fine structures with those of the same crystalline
type. The rates of enzymatic digestion were not only comparable for starches
of  the  same  crystalline  type  but  also  indicated  a  correlation  between  the
digestibility and the degree of branching.

GBEs  have been found to  vary  substantially  in  their  activity  not  only  in
comparison to each other but also on different substrates [13,19]. Since most
of the studies reported haven been on either a single substrate or enzyme, in-
depth understanding of the mode of  action of  GBEs has been limited as no
overarching  features  influencing  the  product  structure  could  be  identified.
Chapter 4 describes the comparison of the activity of five GBEs (from both
GH13 and GH57) on four starches and a maltodextrin mixture. Analysis of the
molecular weight of the formed products showed a clear  distinction in size
between the products of the two enzyme families while the chain length distri-
butions showed patterns specific for each enzyme. Overall, the substrate struc-
ture  showed  only  very  minor  influence  on  the  products  with  the  amylose
content  displaying  the highest  correlation  to  molecular  size  and amount of
chains observed followed by a correlation between the degree of branching
and chain length.

Analysis of the products obtained from GBE treatment is faced with some
challenges due to the initial size of the substrate as GBEs have are only active
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on chains of at least DP 10 [11,12]. In Chapter 5, three GH13 GBEs were incu-
bated with a highly pure fraction of DP 17-18. Surprisingly, all the GBEs were
found to be capable of α-1,4-transglycosylation activity resulting in chain elon-
gation. This elongation occurred alongside of branching and initially led to an
accumulation of linear chains longer than the substrate. As time progressed,
the elongated chains were slowly converted into branches by GBEs. Further-
more,  the substantial  differences between the enzymes indicated vast varia-
tions in both specificity of transferred chain length as well as turnover rate.
Results on modified amylose suggested that elongation activity of GBEs could
also occur in larger substrates.

This thesis  extended the knowledge of GBEs’ mode of action by studying
important structural features of both substrates and products.  This revealed
that the GBE source was far more crucial for the product structure than the
substrate  type.  This  remarkable  observation  is  likely  correlated  with  the
discovery that the three studied GH13 GBEs were all capable of α-1,4-transgly-
cosylation  and  thus  chain  elongation.  Therefore,  GBEs  appear  to  be  highly
versatile enzymes which adapt their behavior to the varying structure of their
substrate.

6.2 Discussion and outlook

6.2.1 Catalytic mechanism of GBEs
In  Chapter  5,  all  three  studied  GH13 GBEs were  found to  be capable  of

α-1,4-transglycosylation activity leading to the production of elongated chains.

This type of activity was first  reported for the GH13 GBE from Rhodothermus
marinus (RmGBE) on  a  mixture  of  maltodextrins  [12] and  has  thus  been
confirmed here. Until now, the native mode of action of GBEs has been thought
to be introduction of branches [7] although some have further been reported
to exhibit hydrolytic activity [19,20]. This variability of the mode of action of
GBEs might seem surprising,  however,  these three mechanisms share many
common  features.  The  GBEs  studied  in  Chapter  5 are  classified  as  GH13
enzymes, a family that contains a series of members that couple the cleavage of
either or both α-1,4- and α-1,6-glycosidic linkages to hydrolysis or transglyco-

sylation.  While  e.g.  α-amylases  hydrolyze  α-1,4-bonds,  cyclodextrin  glucan-

otransferases  (CGTase)  transfer  chains  by  cleavage  and formation  of  α-1,4-
linkages [7]. Although they differ in the type of acceptor their product is trans-
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ferred to, being water and an α-glucan chain for α-amylase and CGTase, respec-
tively, their catalytic  sites are highly similar.  So similar,  in fact,  that a triple
mutation shifted the activity of a CGTase from transglycosylation to hydrolysis
[21].  Additionally,  most  GH13  enzymes  and  especially  maltogenic  amylases
and pullulanases are capable of both hydrolysis and transglycosylation to some
degree [22,23]. Mutation studies suggested that small hydrophobic residues at
the  acceptor  site  promoted  transglycosylation  activity  while  bulky  and/or
hydrophobic residues resulted in hydrolytic activity [21,22,24,25]. Therefore, a
triple activity of GBEs within the range of the reactions described for the GH13
enzyme seems plausible.

A model of all three catalytic cycles is shown in Figure 6.1. This is the model
shown in the introduction of this thesis (Figure 1.7) extended by the elonga-

tion activity. The model has been based on a published model developed from
the  observations  on  the  crystal  structure  of  a  GH13  GBE  extracted  from a
cyanobacterium [4].  This enzyme structure possessed  an extended catalytic
cleft with the active site (catalytic triad) positioned at its end facing the center
of the enzyme. Further, a bend area rich in glycing and alanine residues (Gly/
Ala area) was found that contained substrate binding sites at both ends and
met the active site cleft, and thus the catalytic triad, at its pivot point [4]. This
Gly/Ala area was found be replaced by a long curved groove in GH57 GBEs
[26].

As described in the Chapter 1.3.2, the catalytic activity of GBEs commences
by  binding  of  a  donor  chain  (Step  1  in  Figure  6.1)  which  is  then  cleaved
followed by the release of the chain fragment holding the reducing end while
retaining  the other segment  in  the active  site  cleft  by  forming a  substrate-
enzyme intermediate (Step 2) [7]. Then, the mechanism continues based on if
and where an acceptor chains binds to the enzyme. In the branching activity,
the acceptor chains binds to the entire Gly/Ala area, allowing the enzyme to
form an α-1,6-glycosidic bond between the acceptor and the retained chain to
form a branched product (Figure 6.1, Step B3-B4) [4].  If  the chain is trans-
ferred onto a water molecule instead of an α-glucan, the chain is released as a

hydrolyzed  product  (Step  H3-H4),  an  activity  typical  for  α-amylases  [7,21].
This activity has been observed in Chapter 5 (reducing ends after incubation of
6 h), other GH13 GBEs [27,28] and especially GH57 GBEs [19,20]. 
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Figure 6.1: Model of the three distinct catalytic cycles of glycogen branching enzymes. The
first two steps (1-2) are the same in all mechanism and then diverge into branching (B3-B4),
hydrolysis (H3-H4) and elongation (E3-E4). The active site of the enzyme is indicated by the
gray area with the location of the catalytic  triad highlighted in brown. Glucose units are
indicated  by  circles  and  colored  in  green  (donor  chains),  red  (acceptor  chain),  blue
(reducing end)  and  yellow  (glucose  unit  harboring  three  glycosidic  linkages  and  thus a
branch point). The figure is a copy of Figure 1.7 shown in the introduction but was extended
by the elongation activity.
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Hydrolytic activity may occur if the catalytic site is not closed off from the
environment, allowing water molecules to enter which might further increase
in frequency if the availability if acceptor chains reduces.

Modeling the elongation activity was less straight forward than the other
two reactions. In the current model, the acceptor chain has been suggested to
bind to only one part of the Gly/Ala area with its non-reducing end facing the
catalytic  triad  (Figure  6.1,  Step  E3-E4).  Once  could  assume  that  elongation
activity would only be preferred over branching activity if the acceptor chain is
too short to bind to the entire Gly/Ala area. However, the data presented in
Chapter 5 indicated that chains of DP 18 were used in both branching and elon-
gation activity as RmGBE generated branches of mainly DP 9 and DP 27. Since
the  substrate  was  predominantly  composed  of  DP 17-18,  the  most  likely
catalytic mechanism for this elongation is the transfer of a DP 9 chain onto a
DP 18 acceptor chain and thus as shown in Figure 6.1. Even so, this does not
explain  why  elongation  occurs  at  all  during  GBE  modification.  It  has  been
postulated  that  the  Gly/Ala  area  is  wide  enough  to  accommodate  a  chain
already carrying a branch [4]. But it may also be that the branch point hinders
the interaction of the acceptor chain with the Gly/Ala area.  If only the non-
reducing linear part of the acceptor  α-glucan could bind to the Gly/Ala area,
the internal chain length (distance between two branch points) would have to
span at least the distance between the entrance point to the Gly/Ala area and
the catalytic  triad.  This  distance  was suggested  to  be about  DP 7 in  both  a
cyanobacteria  GH13  GBE  [4] and  a  GH57  from  Pyrococcus  horikoshii [26].
Glycogen extracted from E. coli has been reported to have an average internal
chain length of DP 8.3 [27], supporting this theory. In contrast, the GBE from
the  same  organism was  found  to  transfer  branches  onto  the  third  glucose
reside of the acceptor chain although it was primarily active on unbranched
outer acceptor chains [29]. Similarly, another study on PmGBE1 suggested an
internal chain length of DP 2.6 [30]. Furthermore, the inability of debranching
enzymes  to  remove  all  branch  points  in  Chapter  4 indicates  close  vicinity
between branch points  [31]. The theory of  elongation  occurring  if  acceptor
chains  already  carry  a  branch  would  further  not  explain  why  one  of  the
enzymes (BfGBE) first mainly generated elongated unbranched chains before
introducing novel branches (Chapter 5). Unfortunately, from the chain length
distribution shown in Chapter 5 it is not possible to distinguish between chains
carrying a branch and branches themselves. It would therefore be of interest to
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analyze  the  products  of  GBE  modification  of  maltodextrins  regarding  their
branch length, internal chain length and the length of the chain carrying the
branch to gain a better understanding of where the elongation occurs.

Observation of GBE activity over time on a maltodextrin (DP 17-18) further
revealed a shift  in  activity  from elongation to branching activity  during the
course of the enzymatic reaction. This adaptation to the change in substrate
during enzyme activity has also been described for another GH13 enzyme, a
maltogenic amylase which shifted from α-1,4-transglycosylation to hydrolysis
[22]. Neopullulanases have been found to be capable of both hydrolysis and
transglycosylation of both  α-1,4- and  α-1,6-linkages [23,25] with almost  1:1
between elongated  and hydrolyzed products  [25],  supporting  the  theory of
GBE exhibiting both branching and elongation activity simultaneously. Further,
they  also  haven been shown to  be capable  of  using  their  own products  as
substrates [23]. A crystal  structure of a neopullulanase indicated only weak
interaction  with  the  glucose  units  of  the  acceptor  closest  to  the  active  site
(subsite +1), likely explaining the dual specificity to α-1,4-and α-1,6-glycosidic
linkages [32]. This is likely the case for GH13 GBEs as well as they already
cleave α-1,4-bonds and form α-1,6-glycosidic linkages [7].

In Chapter 5, only GH13 GBEs were studied and found to possess elongation
activity. However, since both GH13 and GH57 GBEs exhibited similar behaviors
in Chapter 4, it can be speculated that GH57 GBEs are capable of elongation as
well. Differences between GBEs of the two families have been reported, such as
the opposite effect of amylose content of the substrate on the molecular size of
the  product  (Chapter  4) and different  levels  of  overall  activity  and relative
hydrolytic activity [19,30]. Additionally, GH13 and GH57 GBEs exhibit consid-
erable structural differences, especially in regards to the domains apart from
the active domain. However, even despite the fact that GH57 GBEs lack one of
the  three  catalytic  residues  from  GH13  GBEs  (an  aspartic  acid)  [33],  their
catalytic mechanisms are thought to be comparable to GH13 GBEs [20] based
on the comparable chain length distribution profiles of various GBEs of both
families  (Chapter  4).  Since the  three  examined GH13 GBEs already  showed
pronounced  variations  in  their  elongation  activity  (Chapter  5),  GH57  GBEs
activity might be quite different. The large amount of long chains generated by
GH57 GBEs compared to the products from GH13 GBEs can, however, be used
as an indication to substantial elongation activity. This is further supported by
the observation that GH57 GBEs produced larger polymers from a mixture of
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maltodextrins than GH13 GBEs (Chapter 4).  Without elongation activity,  the
number of acceptor chains would be limited which in turn could restrict the
size  of  the  product.  However,  the  GH57  products  ranged  in  size  from
100→700 kDa and was thus comparable in size with the extracted glycogen

(400-500 kDa, rabbit liver and from Streptomyces venezuelae) [27]. The obser-
vation is intriguing as their much lower overall activity (<10% of GH13 GBEs)
and higher relative hydrolytic activity (GH57: 0.3-1.0% of total activity, GH13:
<0.1%) as well as the lower degree of branching of their product (GH57: 5.0-
6.2%,  GH13:  10.2-13.1%)  [19] would  suggest  the  generation  of  very  small

products. This was clearly not the case as their activity on gelatinized starches
resulted in products of the same size or even larger (100-700 kDa) (Chapter 4).
Therefore, it is very likely that GH57 GBEs possess elongation activity as well.
It may even be that they exhibit higher rates in elongation than branching or
hydrolytic  activity.  Since  GH57  GBEs  have  not  yet  been  studied  on  short
substrates, elongation activity could not be observed. It would thus be of high
interest to perform a study similar to the one described in Chapter 5 on GH57
GBEs.

Considering  the  lack  in  understanding  on  the  mode  of  action  of  GBEs,
various studies are required to extend the knowledge. First, more research is
required  on  the  products  generated  by  GBEs  on  maltodextrins  over  time.
MD18  served  as  a  suitable  substrate  and  could  thus  further  be  used  for
studying other GBEs from both families. Furthermore, it would be interesting
to observe their  behavior  when only provided with chains of their minimal
donor  chain  length  (DP 10-12)  or  even  shorter  substrates.  Lastly,  in-depth
analysis of their enzyme structures and docking simulations with substrates of
various  lengths  could  also  shed  some  light  on  their  catalytic  behavior.
However, the observation of the elongation activity of GH13 GBEs proved to be
a plausible yet intriguing behavior.

6.2.2 Regarding correlation between substrates and products
Even  though  starches  of  distinct  botanical  origins  have  been  found  to

exhibit substantial structural differences (Chapter 3), their modification with
GBEs led to surprisingly similar products (Chapter 4). One could assume that
vast differences in the substrate fine structure would effect their susceptibility
to  enzyme  modification  which  in  return  would  result  in  distinct  products.
However, both the molecular size and chain length distribution showed very
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litle variation between the products obtained from modification of four starchy
substrates (Chapter 4). 

Further, the ratio between the short and long chains (SAF/LF ratio; DP 9-12
and DP ≥13, respectively) did not display a significant correlation between the
starches  before  (Chapter  3)  and  after  GBE  modification  (Chapter  4)  as
presented in  Table 6.1. This showed that the chain length distribution of the
substrate did not govern the relative amount of short chains in the product. A
likely  explanation is that  the studied GBEs were capable  of using the inner
chains (stretches between two branch points) as their donor chains, being in
agreement with data reported on two other bacterial GBEs (from  E. coli  and
Synechococcus elongatus) [29]. However, there was a clear correlation between
the SAF/LF ratio of the GBE treated starches and the amylose content as well as
the degree of branching of the untreated starch.  Notably,  these correlations
were also found for the SAF/LF ratio of the untreated starch (Blank, Table 6.1)

but GBE treatment had a positive effect on the level of correlation. Overall, a
high amylose content and a low degree of branching resulted in a high accumu-
lation of short chains. Thus, a large amount of long linear chains resulted in a
higher relative number of short branches. Surprisingly, this was only the case
for the SAF/LF ratio. The total peak areas of the chains increased with lower
amylose content and higher degree of branching, thus exhibiting the opposite
trend (Chapter  4).  This would indicate  that  a low amylose content  led to a
higher number of total  chains which contained a lower percentage of short
chains. It further suggests that the studied GBEs were more active on samples

with a lower amylose content with a preference for chains DP ≥13. Similarly, if
the  amount  of  availiable  substrate  chains  was  limited  by  a  high  amylose

content,  the  studied  GBEs  had  a  preference  for  generating  short branches.
However,  even though the correlation was significant,  the overall effect was
minor which could be due to fact that the SAF/LF ratio did not include chains
DP ≤8 and thus missed a considerable proportion of the branches introduced

by GBEs (Chapter 4).  Further,  the sharp decrease in signal response (nC/µg

α-glucan)  with  increasing  chain  length,  especially  between  DP 1-7 and only
levelling out around DP 15 [34], leads to a distortion of the estimated SAF/LF
ratio.  Therefore,  the  actual  SAF/LF  might  be  lower  but  is  unlikely  to  differ

substantially. It would be of interest to test the limits of the oberserved trends
by  studying  the  products  of  GBE  modification  of  substrates  of  even  more
distinct structural features. Additionally, research on a larger number of GBEs
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could  reveal  if  the  correlation  between  introduced  branches  and  the
amylose content and the degree of branching of the substrate is an inherent
behavior of GBEs.

When considering the products obtained in  Chapter 4 and the elonga-
tion activity observed in Chapter 5, a correlation becomes apparent. Elon-
gation activity makes the enzyme far less restricted to the structure of the
substrate. If e.g. an enzyme such as RmGBE, which appears to have a pref-
erence for chains of DP 18 (Chapter 5), is subjected to a substrate with only
a very limited number of chain fragments of that length, the overall level of
enzyme modification would be low. A GBE capable of extending chains, on
the other hand,  could modify the substrate chains in such a way that it
increases the total number of branches it can introduce. It would be far less
restricted by the  structure  of  the  substrate  and could thus  generate  its
preferred  product  structure.  Therefore,  the  products  obtained  from
different  substrates  could  be  highly  similar  in  structure  as  observed in
Chapter 4.

Table 6.1: Pearson correlation between the SAF/LF ratioa of the GBE products and some 
substrate properties

Amylose Branching SAF/LF ratioa

BfGBE 0.942 * -0.830 * -0.589
PmGBE1 0.920 * -0.771 * 0.021
RmGBE 0.947 * -0.804 * -0.269
TkGBE 0.884 * -0.706 * -0.318
TtGBE 0.859 * -0.777 * -0.518
Blank 0.751 * -0.601 -0.091
GH13 0.921 * -0.787 * -0.244
GH57 0.806 * -0.687 * -0.388
all GBEs 0.810 * -0.688 * -0.260

* Significant correlation (P ≤0.05); a Ratio between short (DP 9-12) and long (DP ≥13) chains

However, it is possible that other structural features of the substrate may

strongly  influence  the  product  as only  a  limited  number  of  factors  were
studied. Examples are the degree of branching or the internal chain length. In
Chapter 4, the degree of branching was not determined due to the incomplete
debranching  and  the  high  accumulation  of  glucose  in  the  products  which
would result in highly inaccurate estimations. A previous study on the modifi-
cation  of  samples  with  varying  amylose:amylopectin  ratio  indicated  some
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correlation between the degree of branching and amylose content [19] but the
behavior might be different on starches. In starches, the internal chain length is
positively  correlated  to  the  average  chain  length  [35].  Since  the  amount of
chains produced during GBE treatment was correlated to the amylose content
of substrates (Chapter 4), the internal chain length might be as well. Thus, the
effect of GBE treatment on both the degree of branching and internal chain
length would be of interest.

GBEs can be applied to generate highly branched starches which are less
susceptible to enzymatic digestion [36,37]. Even though the type of substrate
appears to be of little  consequence to the structure of the product obtained
through GBE modification (Chapter 4), it might play a role in the digestibility of
the products. The effect of GBE treatment on digestibility has not been studied
in this thesis. Therefore, this would be an important feature for further investi-
gation. Considering the positive correlation between the degree of branching

and  the  digestibility  of  gelatinized starches  (Chapter  3),  there  might  be  a
similar correlation for modified starches. This is supported by the observation
that  extended  treatment  of  cassava  starch  with  GBE  from  Geobacillus  ther-
moglucosidans led to a gradually increased resistance to digestibility [37]. If,
however, the substrate type does not influence the rate of enzymatic digestion,

the substrate can be selected based on its structural features. Starches can vary
significantly between botanical sources in their fine structure (Chapter 3). One
of the characteristics is the amylose content (Chapter 3). Amylose is not only
relatively insoluble in aqueous solutions [38] but also prone to retrogradation
[39]. Therefore, a low amylose content simplifies the preparation of the sample
and assures that the entire sample is subjected to enzyme treatment (Chapter
4). Furthermore, substrates could be used that are more readily available and
easy to produce, simplifying the process even more.

In conclusion, the here reported limited influence of the substrate structure
on the structure of GBE products could be explained by their ability to elongate
chains and could further simplify the choice of substrate for producing slowly
digestible starches. 
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De meeste organismen slaan koolhydraten als energiebron op in de vorm
van zetmeel  (in  planten)  of  glycogeen (in  bacteriën  en  dieren).  Zetmeel  en
glycogeen bestaan uit  α-D-anhydroglucose monomeren, gekoppeld door twee
type glycoside bindingen. De meerderheid van de anhydroglucose monomeren
is verbonden door -1,4-bindingen, resulterend in een lineaire keten. Een kleinα
deel is verbonden door -1,6-bindingen, welke zorgen voor vertakkingen inα
het polymeer. Deze vertakkingen kunnen variëren in lengte, aantal en positie
in het polymeer. Glycogeen heeft een grote hoeveelheid willekeurig verdeelde
vertakkingen,  waardoor  het  een  typische  globulaire  vorm  krijgt.  Zetmeel
bestaat uit twee type polymeren; het vrijwel onvertakt, langketige amylose en
het vertakt amylopectine, dat qua opbouw op glycogeen lijkt. De clusters van
vertakkingen in amylopectine hebben een polymerisatiegraad (PG) van onge-
veer 18 anhydroglucose monomeren. 

De  synthese  van  vertakkingen  wordt  in  de  Natuur  gekatalyseerd  door
vertakkingsenzymen  (EC  2.4.1.18).  Deze  enzymen  introduceren  nieuwe
vertakkingen door eerst een -1,4-glycoside binding te verbreken, waarna eenα
oligosacharide  fragment  naar  een  nieuwe  keten  wordt  verplaatst  en  een
vertakking  in  de  vorm  van  een  -1,6-binding  wordt  gevormd.  Naast  dezeα
vertakkingsactiviteit hebben GVEs ook nog een hydrolytische en een cyclisatie
activiteit.  Glycogeen-vertakkingsenzymen  (GVEs),  zoals  die  in  de  Natuur  in
micro-organismen en dieren voorkomen, zijn van nature actief op glycogeen.
In  de  voedingsmiddelenindustrie  worden  GVEs  gebruikt  om  hoog  vertakte
zetmeel  structuren  te  produceren,  welke  een  hoge  vertakkingsdichtheid
hebben en langzamer verteren.  GVEs zijn nauw verwant aan zetmeelvertak-
kingsenzymen zoals  die  in  planten voorkomen.  Ze zijn  onderverdeeld in de
twee  glycoside hydrolase (GH) families,  GH13 en GH57.  Het  onderzoek aan
GVEs  is  een  uitdaging  omdat  voor  een  goede  karakterisering  van  deze
enzymen, die normaal actief zijn op complexe structuren, in het laboratorium
substraten  met  tien  of  meer  anhydroglucose  eenheden  (PG≥10)  nodig  zijn.
Dergelijke  substraten  zijn  niet  eenvoudig  te  maken.  Daarom  wordt  vaak
zetmeel of amylose gebruikt als substraat. Amylose heeft het voordeel dat het
lang-ketig en vrijwel lineair is. Elke nieuwe vertakking en korte keten in het
product  gemaakt  uit  amylose  is  een  direct  resultaat  van  de  GVE-activiteit.
Echter,  amylose is te groot om met gangbare methoden zoals size-exclusion
chromatografie  (SEC)  en  high-performance  anion  exchange  chromatografie
(HPAEC) te analyseren. Daarbij komt ook nog de uitdaging dat GVE-activiteit
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zich niet beperkt tot één enkele ketenlengte,  van zowel het substraat als de
gevormde vertakkingen. Hierdoor is het gevormde product even complex als
het substraat.   

De structurele complexiteit van zowel substraten als producten hindert de
bepaling van GVE-activiteit. Een van de snelste methodes om GVE-activiteit te
detecteren  is  met  een  jodiumtest,  welke  toepasbaar  is  tijdens  bijvoorbeeld
enzymzuivering. Deze methode is gebaseerd op een intens gekleurd complex
tussen jodium en lange, lineaire anhydroglucose ketens. De intensiteit van het
gevormde jodium-glucaan complex en de tint veranderen als gevolg van GVE-
activiteit.  In  hoofdstuk 2 is  deze jodium kleuringsmethode geoptimaliseerd
voor wat betreft de snelheid van de meting en de nauwkeurigheid door het
werken met microtiter platen in plaats van reactievaatjes en het introduceren
van metingen in de tijd. Op basis van de resultaten van een groot aantal experi-
menten is een wiskundige factor ontwikkeld welke dient als objectief criterium
om enzymatische activiteit  te kunnen onderscheiden van niet enzymatische,
achtergrond activiteit. 

Zetmeel van verschillende botanische bronnen varieert in type kristalstruc-
tuur, amylose gehalte en ketenlengte verdeling. Kennis van zetmeelstructuren
draagt  bij  tot  het  begrijpen  van  de  vertering  van  zetmeel  in  het  menselijk
lichaam. Het aantal studies dat uitgebreid verschillende soorten zetmeel verge-
lijkt op structurele eigenschappen is beperkt.  Hoofdstuk 3 beschrijft daarom
de karakterisering van acht verschillende soorten zetmeel van diverse botani-
sche oorsprong, inclusief mais, aardappel, erwt en tulp. Verschillende soorten
zetmeel  met  eenzelfde kristaltype bleken een vergelijkbare fijn structuur te
hebben.  De snelheid van enzymatische vertering was niet alleen gelijk voor
verschillende soorten zetmeel met een dezelfde kristaltypen, maar liet ook een
correlatie zien tussen verteerbaarheid en vertakkingsgraad. 

GVEs blijken substantieel te verschillen in de mate van activiteit, zowel in
vergelijking  met  elkaar  als  op  verschillende  substraten.  Omdat  de  meeste
studies aan GVEs vaak een enkel substraat of een enkel enzym beschrijven, is
er een onvolledig beeld van het mechanisme van GVEs. Er zijn geen algemene
eigenschappen beschreven die mogelijk van invloed kunnen zijn op de struc-
tuur van het product.  In  Hoofdstuk 4 wordt de activiteit van vijf GVEs (van
zowel  GH13  als  GH57)  op  vier  soorten  zetmeel  en  een  maltodextrine  mix
vergeleken. Analyse van het molecuulgewicht van de gevormde producten liet
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een  duidelijk  verschil  in  grootte  zien  tussen  de  producten  gemaakt  met
enzymen van de twee GH families. De ketenlengteverdeling heeft een specifiek
patroon  voor  elk  enzym.  Daarnaast  bleek  de  structuur  van  het  substraat
slechts  een  geringe  invloed  te  hebben  op  de  structuur  van  de  gevormde
producten. De meest duidelijke correlatie werd gevonden tussen het amylose
gehalte en de molecuulgrootte en het aantal ketens in het product. Ook bleek
er een correlatie  te zijn tussen het  type GVE en de vertakkingsgraad en de
ketenlengteverdeling van het product.   

In  Hoofdstuk 5 zijn drie GH13 GVEs  gebruikt voor modificatie van zeer
zuiver DP17-18.  Een verrassend resultaat  is  dat  alle  drie  deze GVEs  -1,4-α
transferase activiteit  vertoonden,  wat resulteerde in verlenging van lineaire
ketens.  Deze  transferase  activiteit  gebeurde  naast  de  synthese  van  nieuwe
vertakkingen, en leidde in eerste instantie tot het ontstaan van lineaire ketens
die  langer  waren  dan  het  substraat  zelf.  Na  verloop  van  tijd  werden  de
verlengde ketens gebruikt als substraat om nieuwe vertakkingen te maken. De
drie bestudeerde GVEs hebben een behoorlijke variatie in zowel de voorkeur
voor  de  specifieke  lengte  van  de  verplaatste  ketens  alsook  in  de  snelheid
waarmee deze ketens werden verplaatst.  Resultaten van de modificatie  van
amylose suggereren dat de transferase activiteit van GVEs ook gebruikt wordt
op complexe substraten zoals zetmeel. 

Samenvattend  heeft  dit  proefschrift  de  kennis  van  het  werkingsmecha-
nisme  van  GVE  vergroot  door  belangrijke  structurele  eigenschappen  van
substraten en producten van GVEs te bestuderen. De belangrijkste conclusie is
dat de microbiële bron van het GVE van groter belang is voor de structuur van
het product dan het type substraat.  Met andere woorden het maakt niet uit
welk type zetmeel gebruikt wordt. Het type GVE bepaalt uiteindelijk de struc-
tuur van het vertakte product. Dit wordt vrijwel zeker veroorzaakt door de α-
1,4-transferase  activiteit  oftewel  de  keten-verlengende  activiteit  welke  alle
drie de onderzochte GH13 GVEs bezitten. GVEs blijken veelzijdige enzymen te
zijn die de mate waarin ze verschillende activiteiten gebruiken afstemmen op
het beschikbare substraat.
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