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Starch 
Starch is a carbohydrate that consists of two different types of glucose polymers, 
the linear α-1,4 linked amylose and the branched α-1,4, α-1,6 linked amylopectin 
[1]. Starch is produced by green plants where it functions as the major means to 
store energy gained from photosynthesis. It is usually stored in granules which, 
depending on the producing plant, differ in size and shape. Starch granules are 
commonly stored in seeds, fruits, rhizomes or tubers. Starch is a major carbon 
and caloric source in the human diet. In addition starch is also used in non-food 
applications such as adhesives, paper making, stiffing textiles and detergents. For 
most of these applications starch granules need to be solubilized and modified 
or (partly) degraded. 

 
Figure 1: Schematic representation of the organization of starch granules; A: SEM image of a wheat 
starch granule (2000x) treated with MaAmyA for 48 h (chapter 2); B: model showing the layers in 
a starch granule; C: organization of amylopectin (black) and amylose (blue) in starch granules and 
their relation to the layers; D: structures of amylose and amylopectin.

Starch granules mainly consist of highly organized amylose and amylopectin 
polymers which form semi-crystalline structures [1]. Three starch crystallinity 
types (A, B and C) have been identified which originate from different botanical 
origin. Type A crystallinity is mainly found in cereal starches such as wheat starch, 
type B is more common in potato starch and type C in seeds [2]. Starch granules 
consist of semicrystalline and amorphous layers (Fig. 1). In the semicrystalline 
layers the amylose molecules are highly organized and densely packed together, 
which makes them poorly accessible for enzymatic degradation by amylases 
[2,3]. To utilize the energy stored in starch granules, plants employ the enzyme 
glucan water dikinase (GWD) which phosphorylates the granular amylose and 
amylopectin polymers, making them accessible for degradation by β-amylase 
[4,5]. Most other organisms, including humans, do not have GWD enzymes, 
and are therefore unable to efficiently degrade granular starch and utilize it for 
catabolism. 
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Most foods are processed and heated during preparation. This causes starch 
granules to swell and take up water. If this continues the starch granule loses 
its original highly organized structure and breaks apart, making the starch 
accessible for degradation by amylases. The process of starch granule swelling 
and losing its organized structure is called gelatinization [6]. Gelatinization plays 
an important role in the texture of various foods such as soup and sauces. Starch 
thus is not only a carbon and energy source but also adds functionality to various 
foods.

Degradation of starch in the human digestive system
Starch degradation in humans starts in the mouth where during chewing salivary 
α-amylase is mixed with the food. Degradation continues in the duodenum where 
pancreatic α-amylase is added. These endo-acting α-amylases degrade starch to 
short gluco-oligosaccharides like maltose and maltotriose. In the small intestine 
the gluco-oligosaccharides are degraded into glucose by brush border enzymes 
such as exo-acting α-glucosidase. The released glucose is then absorbed into the 
bloodstream [7]. Depending on how fast starches are degraded into glucose by 
these human gastrointestinal tract (GIT) enzymes, they are classified as either 
Rapidly Digestible Starch (RDS), Slowly Digestible Starch (SDS) or Resistant Starch 
(RS). The classification is based on an in vitro test called the Englyst test, which 
simulates in vivo digestion [8,9]. Starches which are degraded within 20 min 
are defined as RDS. Starches that are degraded between 20 and 120 min are 
defined as SDS. Starches that are not degraded within 120 min are defined as 
RS. Resistant starches are categorized in different types (RS1-5) based on the 
mechanism which makes them resistant (Table 1) [10,11]. Starch granules belong 
to RS2; due to their crystallinity these granules are resistant and therefore only 
slowly hydrolyzed by regular α-amylases [8,10].

Until humans invented fire and started to cook food, RS1 (physical inaccessible 
starch) and RS2 were the only 2 types of resistant starches which were part of 
the human diet, and gut bacteria likely evolved the ability to degrade these 
resistant starches in the large intestine. When humans started to cook and 
process food, the amount of RS2 in those cooked foods was reduced, making 
more starch available for degradation by human GIT enzymes [8]. On the other 
hand, a new type of resistant starch was introduced, retrograded starch (RS3) 
which forms when starchy foods are cooked and then left to cool down [8]. It is 
likely that gut bacteria again adapted and evolved improved abilities to degrade 
RS3 starch. Today, we eat all kinds of foods which may include raw fruits and 
vegetables, which contain RS2, as well as precooked potatoes which contain RS3. 
Even though RS is not degraded by the human GIT enzymes, no RS1, RS2 or 
RS3 starch is found in the feces of healthy adult humans [8,12]. This shows that 
present day gut bacteria present in the large intestine are able to fully ferment 
all remaining starch, including these resistant starches. 
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The consumption of high quantities of RDS causes a high insulin response which 
is considered unhealthy and a risk factor in development of diabetes [7,11]. 
Consumption of SDS leads to a much lower insulin response [15]. The consumption 
of SDS and RS also has been linked to an increased butyrate concentration in the 
large intestine [15–18] which is linked to various health beneficial effects such as 
colon cancer prevention [16] and prevention of insulin resistance [19]. For this 
reason the food industry is interested in methods to decrease the amount of 
RDS in foods and increase the amount of SDS and RS. Since RS is only fermented 
in the large intestine it can be used as a prebiotic to stimulate the growth of 
beneficial gut bacteria. Although it has been shown that RS1, RS2 and RS3 are 
fully fermented in the large intestine [8,11], the exact mechanisms used by 
bacteria to degrade these resistant starches are not understood. 

Table 1: Resistant Starch (RS), types and classification

RS-type Description Example Note Reference

RS1 Physically  
inaccessible Whole grain wheat Resistance can be reduced 

by milling, chewing [8]

RS2 Granular starch Raw potato starch
Resistance can be reduced 
by cooking, food process-
ing

[8]

RS3 Retrograded 
starch

Cooked and then 
cooled starchy 
foods 

Resistance can be partly 
reduced by re-heating [8]

RS4
Chemically 
modified  
starches

Cross-linked  
starches

Resistance depends on 
chemical modification 
used

[13]

RS5 Amylose lipid 
complexes

Stearic acid com-
plexed high amylose 
starch

Resistance depends on 
the Amylose lipid complex [14]

For health beneficial effects the RDS content of our food may be reduced by 
replacing it by granular starch (RS2). Starch granules may be degraded in the 
large intestinal tract by bacteria that employ pore forming enzymes, especially 
those enzymes employing Carbohydrate Binding Module 74 (chapter 3). 

Bioinformatics of carbohydrate acting enzymes
Due to advances in technology, the role of bioinformatics in molecular biology 
research is increasing quickly. Previously when a bacterial strain with an 
interesting feature was found a lot of molecular work, such as the construction 
and screening of a gene library, was required to identify the genes related to 
that feature. Nowadays sequencing costs have reached levels at which it is 
affordable to sequence the full genome. Bioinformatics is then used to identify 
potentially interesting genes, in our case genes that encode starch acting 
enzymes. Most genes are identified based on sequence similarity with known 
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genes, and DNA regions lacking predicted genes need to be examined in more 
detail to find potential genes encoding novel enzymes. All genes of interest can 
then be cloned, or synthesized, the encoded proteins expressed, purified and 
characterized. A variety of bioinformatics tools and databases were used for the 
analysis of the enzymes and protein domains studied in this thesis. The most 
important ones are briefly described in the following paragraphs. 

The Carbohydrate-Active enZYmes Database
The Carbohydrate-Active enZYmes (CAZy) Database [20] is one of the tools 
commonly used in carbohydrate research. It lists all carbohydrate acting enzymes 
found in finished genome sequences as well as those that have been fully 
characterized. The enzymes are grouped into different classes based on their 
activity. Currently 5 classes are defined: Glycoside Hydrolases (GHs); Glycosyl 
Transferases (GTs); Polysaccharide Lyases (PLs); Carbohydrate Esterases (CEs) 
and Auxiliary Activities (AAs). The classes are subdivided into numbered families 
based on the primary structure of the enzymes. Some larger families have been 
further subdivided into subfamilies also based on the primary structure. Most 
families have been grouped into clans based upon their fold (3D structure) and 
catalytic machinery [20]. Apart from enzyme classes, CAZy also lists conserved 
domains that are commonly associated with carbohydrate acting enzymes. 
These domains are usually part of carbohydrate acting enzymes but have an 
independent fold and 3D structure. Currently, only a single type of associated 
domain has been defined in CAZy: Carbohydrate Binding Modules (CBMs). The 
publicly available version of the CAZy database does not contain information 
about the exact domain organization of the enzymes. CAZy also does not give 
information about other conserved domains, such as FNIII (fibronectin) domains. 

The Conserved Domain Database (CDD)
After it became apparent that the primary structure of protein domains is 
commonly highly conserved, databases such as the Conserved Domain Database 
(CDD) [21] were made. CDD contains sequence alignment models for many 
different protein domains and also includes models from the SMART [22], Pfam 
[21], COG [23], TIGRFAM [24] and NCBI Clusters databases [25]. Protein domain 
models are defined based on the consensus sequences from an alignment of 
all (potential) members and 3D structure information is used to improve the 
prediction of protein domain model boundaries. For each protein domain model 
a Position-Specific Scoring Matrix (PSSM) is calculated and a PSSM ID is assigned. 
CDD can be used through its search program “CD-search” which uses the PSSMs 
and BLAST (Basic Local Alignment Search Tool) to indicate all conserved domains 
currently in CDD in one or many query amino acid sequences [21]. Since CDD 
is not coupled to the CAZy database, it does not indicate all domains in these 
enzymes. In addition domains can be listed under another name which does not 
match to the names used by the CAZy database. This is especially true for CBMs.
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DataBase for automated Carbohydrate-active enzyme ANnotation (dbCAN) 
Another bioinformatics tool is dbCAN [26] which works similar to “CD-search” 
but focuses on carbohydrate acting enzyme domains. It is able to identify all 
protein domains with their CAZy names and, unlike CDD, is able to find most 
carbohydrate acting enzymes domains. In contrast to CDD, dbCAN contains 
domain models based on Hidden Markov models (HMM) [27] build from the 
multiple sequence alignment for each domain [26]. No 3D structure information 
is used to make or improve these protein domain models. Since the borders of 
protein domains generally show more sequence variation, these borders cannot 
unambiguously be identified. Therefore they are commonly not (completely) 
included in the HMM models. As a result, dbCAN typically shows domains a 
bit shorter than their full length based on their 3D structure. Since the dbCAN 
database only contains information about carbohydrate acting enzyme domains, 
other domains such as FNIII domains are not included. Therefore a combination 
of both CDD and dbCAN data was used during the work described in this thesis. 

Identification of potential novel domains 
The tools mentioned above can only identify protein domains with a primary 
sequence which is similar to known domains that have been included in a 
database. After using these tools it is possible that a part of an (predicted) amino 
acid sequence that is being analyzed does not have any domain allocated to it. 
This part nevertheless may contain a novel unknown protein domain. To identify 
a potential novel domain this part of the sequence can be used in a regular 
protein BLAST search [28] to analyze whether the sequence is conserved in other 
proteins in the databases. If this is the case the sequence can be submitted to 
the Protein Homology/AnalogY Recognition Engine (Phyre2) server [29]. Phyre2 
predicts the secondary and tertiary structure of an amino acid sequence and 
compares them to known structures in the databases. For each possible hit it 
gives a confidence score based on how well the (predicted) structures match, 
as well as the sequence identity. A low sequence identity combined with a high 
confidence score indicates a potential novel domain. For confirmation, these 
potential domains need to be expressed and analyzed to determine activity or 
interaction (such as carbohydrate binding) or to resolve the 3D structure.

Degradation of starch 
Starch is degraded by various glycosidases (EC 3.2.1.-), of which α-amylases 
(EC 3.2.1.1) are the major enzymes involved (Fig. 2). The α-amylases are endo-
acting enzymes that hydrolyze the two main components of starch, amylose and 
amylopectin, into short malto-oligosaccharides. These are further degraded by 
exo-acting hydrolases into (α-D-)glucose monomers. For example in humans 
the exo-acting hydrolase, α-glucosidase (EC 3.2.1.20) is secreted in the small 
intestine to degrade short oligosaccharides into glucose (Fig. 2) which is then 
absorbed into the bloodstream. Other commonly found exo-acting hydrolases 
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include β-amylases (EC 3.2.1.2) which release maltose as final product, and 
γ-amylases (EC 3.2.1.3) which release (β-D-)glucose. Isoamylase (EC 3.2.1.68) 
is a debranching enzyme which hydrolyzes the α-1,6 glucosidic linkages found 
at branch points in amylopectin. Other enzymes active on starch include iso-
maltase (EC 3.2.1.10) and pullulanase (EC 3.2.1.41). 

Figure 2: Schematic representation of the reaction of α-amylase (blue arrow) and α-glucosidase 
(red arrow) on amylose. Both enzymes hydrolyze the α-1,4 glucosidic linkages between glucose 
monomers The endo-acting α-amylase releases oligosaccharides of various size, depending on 
where the enzyme acted on amylose. The exo-acting α-glucosidase releases one glucose monomer 
from the non-reducing end of amylose.

α-Amylase (EC 3.2.1.1)
α-Amylases are endo-acting enzymes which hydrolyze the α-1,4 glucosidic 
linkages between glucose monomers in amylose and amylopectin (Fig. 2). Since 
they are endo-acting enzymes they are able to hydrolyze at random positions in 
the polymer and therefore rapidly reduce the average length of the amylose and 
amylopectin polymers that make up starch. Due to this, α-amylases can rapidly 
decrease the viscosity of a gelled starch solution. Maltose and maltotriose are 
the smallest products released by typical α-amylases [30,31]. 

α-Amylases occur wide spread among all types of organisms and are well-known 
and studied [31–37]. Most amylases are part of the glycoside hydrolase family 
13 (GH13) which is part of the GH-H clan, together with GH70 and GH77. This 
clan is known for its typical 3D structure of the catalytic domain which consists 
of 8 alternating β-sheets and α-helices in a (β/α)8, also known as a TIM barrel 
(Fig.3) [38]. 
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The GH13 family has currently over 30,000 members listed in the CAZy database. 
The majority of them has been assigned to one of the 42 defined subfamilies 
based on the amino acid sequence of their catalytic domains. Thus far α-amylases 
have been found in the subfamilies 1, 5, 6, 7, 10, 12, 14, 15, 19, 10, 21, 24, 27, 28, 
32, 36, 39, as well as outside any defined subfamily [20,39]. A small number of 
known α-amylases have a catalytic domain with another 3D structure (without a 
TIM barrel). These belong to the GH57 or GH119 families and are not discussed 
in this thesis. Some well-known examples of α-amylases are human salivary 
amylase [36,40], human pancreatic amylase [41], pig pancreatic amylase (PPA) 
[32], Taka-amylase A from Aspergillus oryzae (TAA) [33] and Bacillus licheniformis 
amylase (BLA) [34].

Figure 3: Schematic representation of the catalytic domain of GH13 hydrolases. The upper part of 
the figure indicates the 8 β-sheets (blue arrows) and α-helices (red cylinders) that form the TIM 
barrel which are all part of region-A. Region-B is indicated by the B-box. Region-C is indicated by 
the C-box. The lower part shows the schematic domain organization of the catalytic domain. Red 
box: AB-regions of the catalytic domain. Yellow box: C-region of the catalytic domain.

All GH13 α-amylases possess three regions, indicated as A, B and C. The A-region 
contains the conserved catalytic residues and the 8 α-helices and β-sheets that 
form the TIM barrel (Fig. 3). The B-region is located between the 3rd β-sheet and 
3rd α-helix of the TIM barrel and contains a calcium binding site. The C-region is 
located after the TIM barrel and consists of only β-sheets, including a Greek key 
motif (Fig. 3) [33,34,42]. It forms a secondary structure that is separate from 
the AB-regions, and is therefore classified as a separate domain. Despite being 
a separate domain, the C-region is required for activity but the exact role of the 
domain is currently unknown. In some cases the C-region has been linked to raw 
starch binding [43,44]. However, this does not explain the requirement of the 
domain for activity on soluble substrates.

α-Glucosidase (3.2.1.20)
α-Glucosidase enzymes are exo-acting glycoside hydrolases that release glucose as 
final product (Fig. 2). Most α-glucosidases belong to the GH13 family and have the 
same conserved regions (A, B, C) and structure with a (β/α)8 barrel as α-amylases 
(Fig. 3). So far α-glucosidases have been found in the GH13 subfamilies 17, 21, 
23, 29, 30, 31, 40 as well as outside any defined subfamily [20,39]. In addition to 
GH13, α-glucosidase enzymes have also been identified in the GH4, GH31, GH63, 
GH97, GH122 families as well as in GH enzymes which are currently not assigned 
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to a family. Some of these do not share all conserved regions and have a catalytic 
domain with a different 3D structure, consisting of only α-helices (α/α)6 [20,45]. 

Carbohydrate Binding Modules - CBMs
A Carbohydrate Binding Module (CBM) is defined as a contiguous amino acid 
sequence within a carbohydrate-active enzyme with a discrete fold which has 
carbohydrate binding activity but no enzymatic activity [46]. The domains are 
typically around 100 aa long and have an all β-sheet secondary structure (Fig. 
4) [20,47]. Each CBM type usually contains 2-3 conserved aromatic residues 
which are involved in the binding of carbohydrates. The interaction between 
CBMs and carbohydrates is mainly mediated through hydrogen bonds and 
hydrophobic interactions. The binding is relatively weak and reversible, with 
binding coefficients in the mili to micro molar range. Irriversible binding like 
cellulose cohesin-dockerin complexes have binding coefficients in the nano 
to picomolar range. Since CBM bind reversible, carbohydrate acting enzymes 
can use CBMs to bind to carbohydrates and dissociate after catalysis to bind 
to another carbohydrate chain. To increase the binding strength some CBM 
domains (such as CBM20) have more than one binding site [48]. Alternatively, 
enzymes also may contain multiple copies of a CBM. For example CBM25 which 
only has one functional binding site [49], commonly has multiple copies in a 
protein or is combined with other CBMs [20], (chapter 2). 

CBMs have currently been identified in about 10% of all GH enzymes listed 
in the CAZy database [20,50] (chapter 3). In 1978 mild proteolysis studies 
performed on a glucoamylase enzyme already described that a shorter active 
form of the enzyme was obtained after treatment which had decreased activity 
on soluble substrates [51]. Additional studies published in 1982 demonstrated 
starch binding for short catalytic inactive part of the protein which resulted in 
the proposal of starch binding domain (SBD) [52]. In 1986 similar studies on a 
cellulose enzyme resulted in the proposal of Cellulose binding domains (CBD) 
[53]. During the next decade more carbohydrate binding domains were found 
and described in various carbohydrate acting enzymes that either bound to 
cellulose [54–56] or starch [57,58] but also to other carbohydrates such as xylose 
[59] (xylan binding domains) and chitin [60] (chitin binding domains). When 
this became apparent it was decided in 1999 to rename all domains that were 
able to bind to a carbohydrate into Carbohydrate Binding Modules (CBM) and 
defied them in numbered CBM families based on the phylogeny of their primary 
structure (amino acid sequence). Currently, SBDs have been identified in CBM 
families 20, 21, 25, 26, 34, 41, 45, 48, 53, 58, and 69 [20]. Studies have shown 
that, using molecular tools, an SBD could be attached to an enzyme lacking an 
SBD which was unable to bind raw starch, were the engineered enzyme gained 
the ability to bind to raw starch [61–63]. It has also been shown that SBDs enable 
or enhance the ability of enzymes to degrade starch granules [64,65]. 
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Fibronectin type 3 domains (FNIII domains)
A Fibronectin type 3 (FNIII) domain is an evolutionary conserved protein domain 
that is about 100 aa long which consists of 7 β-sheets and does not have any sulfide 
bonds (Fig. 5) [66]. It was first identified as the third conserved internal repeat in 
the human plasma protein fibronectin and thus was named fibronectin repeat 3, 
shortened to FNIII [67]. FNIII domains are wide spread among eukaryotes were 
they usually function as linkers to arrange other domains in space, as is also 
the case (concluded from electron microscopy studies) for human fibronectin 
[66,68]. Some variants of FNIII domains have been shown to have a functional 
role in the formation of protein-protein interactions [68–70]. FNIII domains are 
commonly found in extracellular eukaryotic proteins, especially in animals, but 
also occur in plant and yeast proteins. While the other fibronectin repeats (FNI 
and FNII) are only found in proteins of Eukarya, FNIII domains also are found in 
proteins of Bacteria and Archaea. The first FNIII domains in prokaryotes were 
reported in the chitinase A1 from B. circulans WL-12A in 1990 [71]. Two years later 
it was found that the FNIII domain was also present in other bacterial enzymes 
acting on different carbohydrates [58]. More recently FNIII domains have also 
been found in bacterial proteins other than carbohydrate acting proteins [70]. 
Currently about 33% of all known FNIII domains are found in bacteria were they 
are wide spread among the various species and genera [22]. 

Figure 4: 3D Structure of 
CBM25. β-sheets are indicated 
as yellow broad arrows, 
α-helices as purple arrows. 
Image made in JSmol based 
on the data from PDB record 
2C3V, published in [49].
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The role of FNIII domains in carbohydrate acting enzymes has been studied but 
due to contradicting results no clear function for these domains in carbohydrate 
acting enzymes is known. They have been studied in most detail in chitinases and 
amylopullanases but results between various studies differ. For example deletion 
studies have shown that the FNIII domains of chitinase A1 from B. circulans WL12 
has a positive effect on the hydrolysis of insoluble chitin [60], while on the other 
hand the FNIII domains in B. licheniformis chitinase did not have any effect on 
hydrolysis [73]. Amylopullulanase studies also show contradicting results. In one 
study the FNIII domains could be completely removed without having any effect 
on enzyme activity or binding [74], while in another study, one FNIII domain had 
a positive effect on enzyme activity [75]. Since the function of FNIII domains 
in carbohydrate acting enzymes was unclear, we used bioinformatics analysis 
combined with literature study to determine the function of FNIII domains in 
carbohydrate acting enzymes (Chapter 5). 

Figure 5: 3D Structure of FNIII. β-sheets are indicated as yellow broad arrows, α-helices as purple 
arrows. Image made in JSmol based on the data from PDB record 1FNA, published in [72].

Degradation of resistant and granular starches by bacterial enzymes
As mentioned before, human gastro-intestinal enzymes cannot degrade resistant 
starches. In the large intestine, RS1, RS2 and RS3 resistant starches nevertheless 
are fully fermented [8,12]. This indicates that bacteria present in the human 
gut have specialized enzymes and mechanisms to degrade these starches. 
Tables 2 and 3 show an overview of bacterial enzymes, obtained from various 
enviroments, which are described in literature as able to degrade raw granular 
starch (RS2). The enzymes are highly variable in size (53 – 148 kD) and absence 
or presence of SBDs. In larger amylases, removal of additional domains such as 
SBDs usually only had an effect on raw starch binding and or degradation. The 
ability to hydrolyze soluble starch was typically not affected [64,76–81]. 
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Table 2: Complete overview of all fully sequenced bacterial enzymes for which raw starch 
degradation was experimentally demonstrated and published. All enzymes are active on 
both granular and soluble starch. Protein size was calculated from the sequence information. 
GH-subfamily information was obtained from CAZy, C-region domain classification was 
obtained from CDD, CBM information was obtained from combined CDD and dbCAN data. 

Strain name
Enzyme 
type

Genbank Acces-
sion number [82] 

GH (sub)
family C-region CBM

Starch 
binding

Pore 
forming

Size 
(kDa) References Notes

Bacillus sp. B1018 CGT BAA14140.1 GH13_2 Amy_C CBM20 Yes note ND 77 [83–85] Raw starch degradation inhibited by EDTA while 
raw starch binding is unaffected

Bacillus sp. TS-23 Alpha AAA63900.1 GH13_5 DUF 1939 CBM20 Yes note Yes 54 [76,86] CBM20 not required for raw starch degradation 
but essential for raw starch binding.

Bacillus sp. no. 195 Alpha BAA22082 GH13_32 Amy_C 2x CBM25 Yes note ND 72 [64] Raw starch degradation decreased with CBM25 
copy, absent without CBM25

Kocuria varians Alpha BAJ52728.1 GH13_32 Amy_C 2x CBM25 Yes ND 77 [65]

Streptococcus bovis 148 Alpha BAA24177 GH13_28 Amy_C 2x CBM26 Yes LM 77 [87–89] LM: only light microscopy images

Lactobacillus plantarum A6 Alpha AAC45780.1 GH13_28 Amy_C 4x CBM26 ND Yes 100 [90,91]  

Thermobifida fusca Alpha ABF13430 GH13_32 Amy_C CBM20 ND ND 64 [92]  

Anoxybacillus contaminans Alpha CBX51726.1** GH13_5 Amy_C CBM20 Yes Yes 70 [93] Subfam based on AAA63900.1 

Bacillus cereus Beta BAA34650.1 GH14 None CBM20 ND Yes 62 [94]  

Bacillus firmus CGT AGR66230.1 GH13_2 Amy_C CBM20 Yes ND 80 [95]  

Bacillus subtilis strain AS01a Alpha AGC23389.1 GH13_28 Amy_C CBM26note ND Yes 72 [96] Additional CBMs may be present

Bacillus subtilis S8-18 Alpha AGJ03897.2 GH13_28 Amy_C CBM26note ND Yes 57 [97] Additional CBMs may be present

Unknown marine bact. (AmyP) Alpha ADK21254.1 GH13_39 None CBM69 ND Yes 70 [98,99]  

Cytophaga sp. Alpha AAF00567.1 GH13_5 DUF1939 None ND ND 58 [100]  

Geobacillus stearothermophilus Alpha ABH10675.1 GH13_5 DUF1939 None ND Yes 62 [101]  

Bacillus sp. YX-1 Alpha ABW87262 GH13_5 DUF1939 None ND ND 56 [102]  

Saccharomycopsis fibuligera KZ Alpha ADD80242.1 GH13_1 DUF1966 None No ND 54 [103]  

Bacillus amyloliquefaciens Alpha ADE44086.1 GH13_5 DUF1939 None Yes Yes 58 [94,104]  

Geobacillus thermoleovorans subsp. 
stromboliensis Alpha ADG45817.1 GH13_X cyc-maltodext_C None Yes LM 57 [105] No subfam in CAZy, only light microscopy images

Bacillus licheniformis ATCC 9945a Alpha AEM05860.1 GH13_5 DUF1939 None Yes LM 55 [106] Only light microscopy images

Bacillus licheniformis Alpha ABW90124.1 GH13_5 Aamy_C None ND ND 56 [107,108] Commercial enzymes Termamyl 60 L

Bacillus aquimaris MKSC 6.2 CGT* AER68125.1 GH13_x cyc-maltodext_C None Yes Yes 60 [109] No subfam in CAZy, paper: GH13_37

Microbacterium aurum B8.A (MaAmyA) Alpha AKG25402.1 GH13_32 Amy_C 2x CBM25 
CBM74 Yes Yes 148 Chapters 2-3 This thesis 

Microbacterium aurum B8.A (MaAmyB) Exo AOF40721.1 GH13_42 Novel 2x CBM25 Yes ND 135 Chapter 4 This thesis

ND: Not Determined; DUF: domain of unknown function; LM: Light Microscopy images only (No 
SEM). 
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Enzyme type abbreviations:  Alpha: α-amylase  
   Beta: β-amylase  
   CGT: cyclomaltodextrin glucanotransferase 
   Exo: α-glucan 1,4-α-maltohexaosidase

 
 
 

 
* The enzyme is presented as an alpha-amylase, though experimental evidence for that is lacking. 
Its C-region is typical for cyclomaltodextrin glucanotransferase, hich also fits with the experimental 
results obtained for a similar enzyme which as shown to convert 100% soluble starch into 
α-cyclomaltodextrin [110]
**Although not confirmed by GenBank, this number is likely to refer to the protein described in 
the reference, since authors, time of publication and protein size are matching.

Strain name
Enzyme 
type

Genbank Acces-
sion number [82] 

GH (sub)
family C-region CBM

Starch 
binding

Pore 
forming

Size 
(kDa) References Notes

Bacillus sp. B1018 CGT BAA14140.1 GH13_2 Amy_C CBM20 Yes note ND 77 [83–85] Raw starch degradation inhibited by EDTA while 
raw starch binding is unaffected

Bacillus sp. TS-23 Alpha AAA63900.1 GH13_5 DUF 1939 CBM20 Yes note Yes 54 [76,86] CBM20 not required for raw starch degradation 
but essential for raw starch binding.

Bacillus sp. no. 195 Alpha BAA22082 GH13_32 Amy_C 2x CBM25 Yes note ND 72 [64] Raw starch degradation decreased with CBM25 
copy, absent without CBM25

Kocuria varians Alpha BAJ52728.1 GH13_32 Amy_C 2x CBM25 Yes ND 77 [65]

Streptococcus bovis 148 Alpha BAA24177 GH13_28 Amy_C 2x CBM26 Yes LM 77 [87–89] LM: only light microscopy images

Lactobacillus plantarum A6 Alpha AAC45780.1 GH13_28 Amy_C 4x CBM26 ND Yes 100 [90,91]  

Thermobifida fusca Alpha ABF13430 GH13_32 Amy_C CBM20 ND ND 64 [92]  

Anoxybacillus contaminans Alpha CBX51726.1** GH13_5 Amy_C CBM20 Yes Yes 70 [93] Subfam based on AAA63900.1 

Bacillus cereus Beta BAA34650.1 GH14 None CBM20 ND Yes 62 [94]  

Bacillus firmus CGT AGR66230.1 GH13_2 Amy_C CBM20 Yes ND 80 [95]  

Bacillus subtilis strain AS01a Alpha AGC23389.1 GH13_28 Amy_C CBM26note ND Yes 72 [96] Additional CBMs may be present

Bacillus subtilis S8-18 Alpha AGJ03897.2 GH13_28 Amy_C CBM26note ND Yes 57 [97] Additional CBMs may be present

Unknown marine bact. (AmyP) Alpha ADK21254.1 GH13_39 None CBM69 ND Yes 70 [98,99]  

Cytophaga sp. Alpha AAF00567.1 GH13_5 DUF1939 None ND ND 58 [100]  

Geobacillus stearothermophilus Alpha ABH10675.1 GH13_5 DUF1939 None ND Yes 62 [101]  

Bacillus sp. YX-1 Alpha ABW87262 GH13_5 DUF1939 None ND ND 56 [102]  

Saccharomycopsis fibuligera KZ Alpha ADD80242.1 GH13_1 DUF1966 None No ND 54 [103]  

Bacillus amyloliquefaciens Alpha ADE44086.1 GH13_5 DUF1939 None Yes Yes 58 [94,104]  

Geobacillus thermoleovorans subsp. 
stromboliensis Alpha ADG45817.1 GH13_X cyc-maltodext_C None Yes LM 57 [105] No subfam in CAZy, only light microscopy images

Bacillus licheniformis ATCC 9945a Alpha AEM05860.1 GH13_5 DUF1939 None Yes LM 55 [106] Only light microscopy images

Bacillus licheniformis Alpha ABW90124.1 GH13_5 Aamy_C None ND ND 56 [107,108] Commercial enzymes Termamyl 60 L

Bacillus aquimaris MKSC 6.2 CGT* AER68125.1 GH13_x cyc-maltodext_C None Yes Yes 60 [109] No subfam in CAZy, paper: GH13_37

Microbacterium aurum B8.A (MaAmyA) Alpha AKG25402.1 GH13_32 Amy_C 2x CBM25 
CBM74 Yes Yes 148 Chapters 2-3 This thesis 

Microbacterium aurum B8.A (MaAmyB) Exo AOF40721.1 GH13_42 Novel 2x CBM25 Yes ND 135 Chapter 4 This thesis
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Table 3: Complete overview of bacterial enzymes without sequence information for which raw 
starch degradation was experimentally demonstrated and published. All enzymes are active 
on granular and soluble starch. Protein size as mentioned in the corresponding literature. 
 
 

Strain name
Enzyme 
type

Indication 
for CBM*

Raw starch 
binding Pore forming Size (kDa) References Notes

Bacillus circulans F-2 Alpha ND Yes Peeling note 93 [111–113] Peeled granules after 7 days incubating by the bacterium (full culture)

Bacillus sp. IMD 435 Alpha Yes Yes note ND 63, 44 [77] Only full length, a shorter 44 kDa was unable to bind or degrade granular 
starch

Bacillus sp. IMD 434 Alpha Yes Yes note ND 69, 44 [78] Only full length, a shorter 44 kDa was unable to bind or degrade granular 
starch

Bacillus sp. WN11 (76 kDa enzyme) Alpha Yes Yes ND 76 [79]  

Bacillus sp. WN11 (53 kDa enzyme) Alpha ND Yes ND 53 [79]  

Clostridium butyricum T-7 Alpha ND Yes ND 89 [114]  

Bacillus subtilis 65 Alpha ND No Yes 65 [115]

Bacillus subtilis IFO 3108 (67 kDa) Alpha Yes Yes note ND 67, 45 [80]
Binding was dependent on pH, at higher pH, binding was decreased on 
starch but degradation was hardly affected. Shorter 45 kDa version was 
unable to bind or degrade granular starch

Bacillus sp. UEB-S Alpha ND ND Yes 130 [116]

Bacillus sp. ALSHL3 Alpha Yes Yes note Yes 72, 55 [81] Only full length degrades raw starch and produces pores. A shorter 55 
kDa was unable to bind or degrade granular starch

Bacillus amyloliquifaciens ABBD Alpha ND ND Yes 97, 55, 45 [117]  Likely a heterodimer of 45 kDa and 55 kDa. 

Klebsiella pneumoniae AS-22 CGT ND Yes ND 75 [110] No hydrolysis on soluble starch but instead 100% conversion into al-
pha-cyclodextrin

Lactobacillus amylophilus GV6 AMP ND Yes ND 90 [118]

Bacillus stearothermophilus Alpha ND ND LM not reported [119] Only light microscopy images

Rhodopseudomonas sp T-20 Alpha ND Yes ND 58 [120]

ND: not determined; LM: Light Microscopy images only (No SEM).  
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Enzyme types abbreviations:  Alpha: α-amylase  
   AMP: amylopullulanase  
   CGT: cyclomaltodextrin glucanotransferase 

* Indications for presence of CBM are for example the observation of a shorter enzyme variant 
only active on soluble substrate in the same study. 

Strain name
Enzyme 
type

Indication 
for CBM*

Raw starch 
binding Pore forming Size (kDa) References Notes

Bacillus circulans F-2 Alpha ND Yes Peeling note 93 [111–113] Peeled granules after 7 days incubating by the bacterium (full culture)

Bacillus sp. IMD 435 Alpha Yes Yes note ND 63, 44 [77] Only full length, a shorter 44 kDa was unable to bind or degrade granular 
starch

Bacillus sp. IMD 434 Alpha Yes Yes note ND 69, 44 [78] Only full length, a shorter 44 kDa was unable to bind or degrade granular 
starch

Bacillus sp. WN11 (76 kDa enzyme) Alpha Yes Yes ND 76 [79]  

Bacillus sp. WN11 (53 kDa enzyme) Alpha ND Yes ND 53 [79]  

Clostridium butyricum T-7 Alpha ND Yes ND 89 [114]  

Bacillus subtilis 65 Alpha ND No Yes 65 [115]

Bacillus subtilis IFO 3108 (67 kDa) Alpha Yes Yes note ND 67, 45 [80]
Binding was dependent on pH, at higher pH, binding was decreased on 
starch but degradation was hardly affected. Shorter 45 kDa version was 
unable to bind or degrade granular starch

Bacillus sp. UEB-S Alpha ND ND Yes 130 [116]

Bacillus sp. ALSHL3 Alpha Yes Yes note Yes 72, 55 [81] Only full length degrades raw starch and produces pores. A shorter 55 
kDa was unable to bind or degrade granular starch

Bacillus amyloliquifaciens ABBD Alpha ND ND Yes 97, 55, 45 [117]  Likely a heterodimer of 45 kDa and 55 kDa. 

Klebsiella pneumoniae AS-22 CGT ND Yes ND 75 [110] No hydrolysis on soluble starch but instead 100% conversion into al-
pha-cyclodextrin

Lactobacillus amylophilus GV6 AMP ND Yes ND 90 [118]

Bacillus stearothermophilus Alpha ND ND LM not reported [119] Only light microscopy images

Rhodopseudomonas sp T-20 Alpha ND Yes ND 58 [120]
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The smaller amylases usually belong to other GH13 subfamilies then the larger 
enzymes with extra domains (Table 2). This indicates that the catalytic domain 
itself can also play an important role in the ability of the enzyme to degrade 
granular starch.

Upon examination of starch granules, which have been partly degraded by 
amylases, with Scanning Electron Microscopy (SEM), two different types of 
degradation can be observed. Some enzymes form pores in the granules 
[81,93,94,96,97,101,109,115–117]. One enzyme was reported to peel off layer 
after layer of the granules, making them gradually smaller until they are degraded 
[112]. There are however few studies that investigated a direct role of SBDs in 
pore formation as most studies employing microscopy do not include enzyme 
truncation studies, and vice versa. In part this is due to the lack of sequence 
information available at the time SEM imaging was performed. Since many 
protein sequences have now become available, an overview can be made of the 
domain organizations of amylases with reported activity on granular starches 
(Table 2). In only one study SEM images were made from starch granules treated 
with enzyme constructs with and without the SBD. Removal of the CBM20 from 
the GH13_5 α-amylase of Bacillus sp. strain TS-23 greatly reduced starch binding 
capacity of the enzyme but it had no effect on the raw starch degrading activity 
or pore formation, which was observed for both constructs [76]. Table 2 also 
reveals that many of the amylases that are active on granular starches lack 
starch binding domains. Most of these are relatively short and thus are unlikely 
to contain additional domains next to the catalytic domain. In addition they 
often belong to different GH13 subfamilies and have a different C-region. 

In 1998 it was found that barley amylase, which does not have any CBM, has 
specialized surface binding sites (SBS) for binding to raw starch [121]. It was 
demonstrated that SBS can bind to starches and also assist in their degradation 
[43].These sites are located in the catalytic domain at the A and C regions. 
Table 2 shows that the shorter raw starch degrading amylases mainly belong to 
GH13_1 and GH13_5, for which SBS have been identified [122–124] while larger 
enzymes with CBMs belong mainly to GH13_28 and GH13_32, in which no SBS 
have been identified. In addition, the truncation study of the GH13_5 amylase 
from Bacillus sp. strain TS-23 showed that even though a CBM was present, it 
was not required for raw starch degradation [76], while in the GH13_32 amylase 
from M. aurum B8.A, raw starch degradation and pore formation activity is lost 
upon deletion of its 2 CBM25 domains, while soluble starch activity remained 
similar (chapter 2). We therefore hypothesize that short, CBM lacking, raw 
starch degrading enzymes utilize SBS to degrade raw starch without the need for 
CBMs. This would explain why they belong to different subfamilies and contain 
aberrant C-regions such as DUF1939 or DUF1966.
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Microbacterium aurum B8.A

Based on its ability to grow on native granular potato starch, a bacterium was 
isolated from sludge obtained from a potato starch production plant waste 
water treatment facility [125]. The strain belongs to the Microbacteriaceae 
family (genus Microbacterium), which are Gram-positive soil dwelling bacteria. 
The Microbacteriaceae family is closely related to the Bifidobacteriaceae 
family, which is known for various probiotic bacteria such as Bifidobacterium 
adolescentis [126]. The isolate was identified as a Microbacterium aurum strain 
and designated Microbacterium aurum B8.A. It is a coccoid rod-shaped, non-
motile, gram-positive, aerobic bacterium that does not form spores [127]. It 
forms deep yellow colored colonies which gave the strain its name. Although 
there are currently 25 published Microbacterium genome sequences, no 
Microbacterium aurum genome sequence has yet been published. 

The Microbacteriaceae family is closely related to the Bifidobacteriaceae 
family, which is known for various probiotic bacteria such as Bifidobacterium 
adolescentis [126]. The isolate was identified as a Microbacterium aurum strain 
and designated Microbacterium aurum B8.A. It is a coccoid rod-shaped, non-
motile, gram-positive, aerobic bacterium that does not form spores [127]. It 
forms deep yellow colored colonies which gave the strain its name. Although 
there are currently 25 published Microbacterium genome sequences, no 
Microbacterium aurum genome sequence has yet been published. 

In previous work it was demonstrated that in contrast to the M. aurum DSMZ 
8600 type strain, the M. aurum B8.A strain secretes enzymes which degrade 
granular starches through pore formation [127]. The genome of the strain was 
sequenced and found to contain 111 carbohydrate acting enzyme homologs 
including 37 glycoside hydrolases, of which 15 belong to the GH13 family (Valk 
et al., manuscript in preparation). Interestingly two completely novel, large 
and multi-domain, GH13 enzymes were found located next to each other on 
the genome which are absent from other genome sequenced Microbacterium 
strains, while homologs for most of the other GH13 enzymes were present. In 
addition a large fragment of about 500 amino acids with most of the additional 
domains appeared to be duplicated between these two GH13 enzymes. This 
thesis describes the characterization of these two large multi-domain amylases, 
designated MaAmyA and MaAmyB. 
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Scanning electron microscope image of a partly degraded wheat starch granule after 72 hours of 
incubation with MaAmyA, a heterologously expressed α-amylase enzyme from Microbacterium 
aurum B8.A, capable of degrading raw starch granules through pore formation. 
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Aim of study

The aim of this study was to explore the amylolytic enzyme system employed by 
the Gram-positive bacterium Microbacterium aurum B8.A to degrade raw starch 
granules and to assess the roles of specific enzyme domains.

Chapter 2 describes the characterization of MaAmyA, a large multi-domain 
α-amylase, with 2 CBM25 domains, 4 FNIII domains and a novel C-terminal 
domain. Phylogenetic analysis showed that it differs greatly from other related 
amylases currently in databases. Mutant MaAmyA proteins with C-terminal 
deletions of different lengths revealed an essential role of the CBM25 domains 
in the granular starch utilization and pore forming ability of MaAmyA. 

Chapter 3 describes the characterization of the novel CBM74 located at the 
C-terminus of MaAmyA. Phylogenetic analysis showed that CBM74 is mainly 
found in large and complex α-amylases, many of which originate from bacteria 
isolated from human gut related environments. Therefore a role of CBM74 in 
degradation of resistant starches in the large intestine is suggested. 

Chapter 4 describes the characterization of MaAmyB, a member of a novel 
subfamily of GH13. This enzyme shows exo-acting activity with a preference 
to initially release maltohexaose, but is also able to degrade maltohexaose to 
maltose while releasing glucose. In addition the chapter discusses how MaAmyA 
and MaAmyB may have evolved from related bacterial enzymes. 

Chapter 5 studies the role of FNIII domains in MaAmyA and MaAmyB and other 
carbohydrate acting enzymes mainly using bioinformatics tools and approaches, 
and concludes that these domains are likely to function as flexible linkers 
between the various domains present. 

Chapter 6 summarizes the thesis contents. A model is proposed for the combined 
actions of MaAmyA and MaAmyB resulting in efficient degradation of granular 
starches, taking into account the specific roles of the various domains.
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MaAmyA, a modular, raw starch degrading α-amylase from M. aurum B8.A 
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