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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

136



 Summary, discussion and conclusion

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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