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Amylases are well known as soluble starch hydrolyzing enzymes, classified 
mainly in Glycosyl Hydrolase (GH) family 13, but also in GH70 and GH77 [20]. 
Less is known about amylases that are able to degrade raw starch. In this thesis 
we present the characterization of two novel raw starch degrading enzymes 
(Fig. 1) which were isolated from the Gram-positive bacterium Microbacterium 
aurum B8.A that is able to grow on starch granules as carbon- and energy source 
[125,127]. The study of these two enzymes provides new insights on raw starch 
degradation. 

Figure 1: Domain organization of MaAmyA, MaAmyB and the general conserved domain 
organization of the novel GH13_42 subfamily which includes MaAmyB. The gray background 
indicates the 484 amino acids which are highly conserved (99% identity on DNA level) 
between MaAmyA and MaAmyB which includes three FNIII domains that are highly similar 
to each other (>95% identity on DNA level). Colors indicate conserved regions or domains: □: 
signal sequence; ■: GH13 catalytic domain AB region; ■: GH13 catalytic domain C region;  
■: FNIII domain; ■: CBM25 domain; ■: CBM74, a novel CBM domain (chapter 3); ■: aberrant 
C-region found in all GH13_42 members. The total number of amino acids in MaAmyA and 
MaAmyB is indicated. 

The first enzyme, a large multi-domain α-amylase (an endo-acting enzyme) 
designated MaAmyA (148 kDa), is described in chapters 2 and 3. The second enzyme 
was characterized as a large multi-domain α-glucan 1,4-α-maltohexaosidase (an 
exo-acting enzyme), designated as MaAmyB (135 kDa) which is described in 
chapter 4. Both MaAmyA and MaAmyB contain 2 Carbohydrate Binding Module 
25 (CBM25) domains and an exceptionally high number (4) of Fibronectin type 
III (FNIII) domains (Fig. 1). Therefore, a detailed phylogenetic analysis of CBM25 
and FNIII domains in both these enzymes, as well as in carbohydrate acting 
bacterial enzymes in general, is presented in chapters 4 and 5.

CBM25 domains of MaAmyA are essential for raw starch 
degradation and pore formation 
A total of 74 CBM families have been characterized for their carbohydrate 
binding ability. Members of CBM 20, 21, 25, 26, 34, 41, 45, 48, 53, 58, 69 and 
74 are known to bind to starch and are therefore also known as starch binding 
domain (SBD) [20]. The presence of an SBD in amylase enzymes is known to 
enhance the catalytic efficiency of raw starch degradation [64,65]. In literature 
it has been shown that raw starch degrading enzymes may contain one or more 
CBM domains, and therefore have a relatively large molar mass (Chapter 1, Table 
2). Truncation experiments with various raw starch degrading enzymes in which 
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one or multiple CBM domains were removed have given contradicting results. 
In some cases the ability of the truncated enzyme to degrade raw starch was 
unaffected [76] while in other examples raw starch degradation activity was 
lower or completely lost upon removal of all CBMs [64]. It has been shown that 
various raw starch degrading enzymes are able to form pores in starch granules, 
but the relation between pore formation and presence of CBMs had not been 
studied. We studied the multi-domain α-amylase MaAmyA, which consists 
of a family GH13, subfamily 32 (GH13_32) α-amylase catalytic domain with 2 
CBM25 and 4 FNIII domains, and a C-terminal tail (Fig. 1). Various C-terminally 
truncated MaAmyA variants were constructed and characterized. Removal 
of the C-terminal tail had no significant effect on the raw starch degradation 
rate, but resulted in a significant reduction of the size of the pores formed by 
MaAmyA in starch granules (see Chapter 2, Fig. 7). The additional removal of the 
3 FNIII domains did not have a significant effect on pore formation or raw starch 
degradation. Further deletion of the 2 CBM25 domains did not affect the soluble 
starch degrading activity of MaAmyA (see Chapter 2, Table 1), but resulted in 
complete loss of raw starch degradation and pore formation (see Chapter 2, Fig. 
5, 6), revealing that in MaAmyA these domains have an essential role in the raw 
starch degrading activity of MaAmyA.

Two different systems appear to enable raw starch degradation 
This thesis shows a strong relation between the CBM25 domains of MaAmyA 
and its raw starch degrading activity. This relation has also been reported in 
literature for CBM25 and other SBDs on raw starch degradation (see Chapter 1, 
Table 1). However, this does not explain how other amylases lacking CBMs can 
degrade raw starch (see Chapter 1, Table 1). Our overview of fully sequenced 
raw starch degrading enzymes (see Chapter 1, Table 1) shows that amylases 
lacking CBMs usually belong to other GH13 subfamilies then amylases with 
CBMs, such as MaAmyA. For example, barley amylase degrades raw starch but 
lacks CBM domains; instead it uses binding regions located on the surface of the 
catalytic domain (AB- or C-region). These regions have been defined as surface 
binding sites (SBS) and their role in starch binding and degradation has been 
demonstrated [237]. Modification of essential amino acids in barley amylase 
SBS resulted in loss of starch binding and degradation [237]. In later studies 
SBS have also been identified in other amylases, including bacterial amylases 
[122]. Interestingly SBS are mainly found in GH13 subfamilies which contain raw 
starch degrading amylases that lack CBMs (see Chapter 1, Table 1) [122,238]. We 
therefore conclude that amylases have either SBS or CBMs to enable raw starch 
degradation, while amylases that lack both are inactive on raw starch. 
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A possible role for CBM74 in human GIT starch fermentation
Chapter 3 reports the identification and characterization of a novel protein domain 
at the C-terminal end of MaAmyA which enhances its pore forming ability. Starch 
granules were treated similarly with MaAmyA, or with the MaAmyA construct 
without CBM74. After examination by Scanning Electron Microscopy (SEM), the 
pores formed by the construct containing CBM74 are, on average, 3 times larger. 
To study this novel domain in more detail, the C-terminal tail was expressed 
separately and characterized as a novel CBM (CBM74), able to bind to both 
soluble and raw starch. Bioinformatics analysis showed that CBM74 members 
occur more widespread in bacterial amylases and are commonly part of very 
large and complex amylases which usually also contain additional CBMs. A large 
proportion of these amylases originate from bacteria which were isolated from 
(human) gut (related) environments (Chapter 3). It is well known that in healthy 
adults, all naturally occurring starches are completely degraded [126,198]. 
The human digestive enzymes cannot degrade raw starch, and this so-called 
resistant starch ends up in the large intestine where it is completely fermented 
by the resident bacterial population. The enzymes responsible for this bacterial 
starch degradation remain to be identified. In two independent human studies 
it was shown that obese subjects who were unable to fully ferment resistant 
starch (RS2 or RS3) had only relatively low numbers of Ruminococcus bromii 
and Bifidobacterium adolescentis [126,239] related strains in their feces, while 
no significant relation with other bacterial strains could be found. One study 
showed that raw starch degradation improved significantly when B. adolescentis 
or R. bromii were added to a feces sample of such a test subject, while two 
other bacterial strains tested had no significant effect [126]. The genomes of B. 
adolescentis and R. bromii both encode a large and multi-domain amylase with 
a CBM74 domain, while none of the other strains mentioned in these 2 studies 
[126,239] has such a CBM74 homolog. It therefore appears likely that the large 
complex amylases with a CBM74 domain are specialized in the degradation of 
raw starch in the Gastro Intestinal Tract (GIT) of humans and other mammals. 

Functional collaboration of MaAmyA and MaAmyB 
The raw starch degradation capability of MaAmyA was compared to that of 
culture fluid from M. aurum B8.A grown on MMTV medium which had granular 
potato starch as major carbon source. The resulting culture fluid contained 
all enzymes secreted by the bacterium. The samples had an equal activity of 
300 U on the soluble substrate CNPG3 (2-chloro-4-nitrophenol (CNP) group 
coupled to maltotriose (G3)). Results showed that when raw starch is used as a 
substrate, MaAmyA alone was unable to achieve the fast and high degradation 
rates obtained by the culture fluid (Fig. 2). This resulted in a search for and the 
discovery of a second large multi-domain GH13 enzyme which was designated 
MaAmyB, again with 2 CBM25 domains and 4 FNIII domains (Fig. 1). The gene 
encoding MaAmyB is located directly downstream of the gene encoding MaAmyA 
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on the genome of M. aurum B8.A. The MaAmyB enzyme was characterized as 
an α-glucan 1,4-α-maltohexaosidase which is an exo-acting amylase (Chapter 4). 
The MaAmyB enzyme has an exceptionally large catalytic domain, with 3 peptide 
inserts. Based on a bioinformatics analysis we showed that MaAmyB is part of a 
new GH13 subfamily, GH13_42, which currently has 165 members, mostly from 
Streptomyces species; none of these putative enzymes had been characterized. 
Most members have the same general domain organization, with 2 CBM25 
domains but with only 1 FNIII domain located N-terminally of the catalytic 
domain (Fig. 1). The strong conservation of the CBM25 tandem in GH13_42 
members, in combination with the finding that the presence of the CBM25 
domains in MaAmyA had a strong effect on raw starch degradation, suggest that 
also GH13_42 members are likely involved in raw starch degradation. However, 
since these large enzymes are difficult to handle and express, we have been 
unable to characterize MaAmyB in detail biochemically. Bioinformatics analysis 
revealed that the C-region of GH13_42 members is aberrant and unlike most 
C-regions outside GH13_42 has usually no additional domains attached to it: 
The CBM25 tandem is located at the N-terminus in GH13_42 enzymes while in 
most other cases it is located C-terminally of the catalytic domain. Therefore we 
speculate that the C-region of GH13_42 members has a function, which would 
be hindered if additional domains were attached to it. Additional research is 
needed to gain insight in the functions of these aberrant C-regions.

Figure 2: Comparison of granular wheat starch degradation rates and SEM images of MaAmyA and 
M. aurum B8.A culture fluid. Both SEM images have a magnification of 5000x. Culture fluid was 
obtained from cells grown on MMTV medium supplemented with granular starch (see Chapter 
2). Starch degradation was determined by the Anthrone method (see Chapter 2). Dashed lines 
indicate the time point used for the SEM image. The bar graph shows the measured sizes of the 
pores for each of the 2 starch granules. Since the culture fluid (CF) treated granules also contained 
some extremely large pores (LP), these were included separately in the graph (CF LP). For the 
negative control, an empty vector construct was used and treated similar to MaAmyA. Granules 
treated with negative control did not contain any pores after 48 hours (Fig. 6C, Chapter 2). This 
figure is a combination of figures 5, 6 and 7 from Chapter 2. 
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The finding that MaAmyB functions as an exo-amylase leads to the speculation 
that MaAmyA and MaAmyB act together in the degradation of starch granules in 
a similar way as has been reported for α-amylases and glucoamylases [202–205]. 
This is further supported by the fact that in the genomes of various Streptomyces 
species, genes encoding MaAmyB homologs are often located in close proximity 
to genes encoding a potential raw starch degrading amylase which belongs 
to the same GH13_32 subfamily as MaAmyA and includes one or more SBDs 
(Chapter 4). We hypothesize that the α-amylase (MaAmyA) initiates the attack 
and forms pores in the granules. These pores allow the exo-amylase (MaAmyB) 
access to the inside of the granule after which the granules are rapidly further 
degraded from the inside. This hypothesis would explain the results obtained for 
MaAmyA and M. aurum B8.A culture fluid during the granular starch degradation 
experiments described in Chapter 2 and summarized in Figure 2. MaAmyA is 
present in both samples and initiates starch granule degradation by formation 
of pores. When the first pores are made, MaAmyB which is only present in 
the culture fluid sample, presumably is able to enter the granules and rapidly 
degrades the granular starch from the inside. This process causes the increase in 
the degradation rate after 6 hours (Fig. 2). The MaAmyA treated sample shows a 
decrease after 6h instead. We excluded that this was due to enzyme instability as 
the addition of fresh MaAmyA after 24 h or 48 h did not result in an increase of 
the degradation rate. The SEM images taken from the culture fluid samples after 
6 h of incubation show only a few big pores combined with numerous small pores 
which make the granules look porous. In contrast, even after 48 h the MaAmyA 
treated granules are still solid granules with many small pores (Fig. 2). This finding 
also corresponds to literature which describes that the outer layer of the granule 
is more difficult to hydrolyze [240,241], so it makes sense that a specialized 
enzyme (MaAmyA) has been recruited to act on it to form the initial pores. The 
finding that the initial degradation rates (first 6 h) are similar for granules treated 
with only amylases or with a mixture of amylase and an exo-amylase, has not 
been reported as such in current literature that describes synergy between 
α-amylase and glucoamylase enzymes for raw starch degradation. This could 
be due to the fact that often higher enzyme concentrations have been used. 
As explained in Chapter 2, we used low concentrations of MaAmyA since the 
expression yield of the enzyme was relatively low. It should also be noted that in 
many studies limited data was collected at the initial stage of the reaction. The 
similarity in degradation rates in the first stages of granular starch degradation 
may therefore have been overlooked [202–205]. Based on our experiments, it 
appears likely that MaAmyA and MaAmyB work in synergy: MaAmyA introduces 
pores in the granular surfaces, allowing MaAmyB to enter the starch granules and 
to degrade the starch using its exo-acting activity. The latter may be based on the 
mechanism of starch granule degradation as reported in earlier studies[242]. In 
future work it would be interesting to compare the rate of granule degradation 
only involving an exo-amylase, entering the granular core via surface cracks and 
pores, with that of the synergistically acting MaAmyA and MaAmyB system.
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FNIII domains act as flexible stable linkers in carbohydrate acting enzymes.

Both MaAmyA and MaAmyB contain 4 FNIII domains, which is an exceptionally 
high number. The role of FNIII domains in carbohydrate acting enzymes had not 
been determined with certainty yet as previous literature showed contradicting 
results. Three functions have been suggested: surface modification of an 
insoluble substrate [152], substrate binding domain and linker region. A 
bioinformatics analysis was performed to gain insight in the function of FNIII 
domains in carbohydrate acting enzymes (Chapter 5). All FNIII domains present 
in carbohydrate acting enzymes listed in the CAZy database were traced. 
Through phylogenetic analysis it was demonstrated that two domains previously 
identified as FNIII in fact were not FNIII domains, but instead indicated as FNIII-
like 2 domains by CDD. Since these two domains were the only FNIII domains 
which were reported to function as surface modifier [152], this potential function 
could be rejected for FNIII domains in general. Additional bioinformatics analysis 
was performed in which the positions of the FNIII domains and CBMs (families 
1 through 67) of all carbohydrate acting enzymes listed in the CAZy database 
were determined and compared. This analysis revealed that FNIII domains are 
mainly located in between other domains, while CBM domains are commonly 
found at the termini of the enzymes. In addition FNIII domains are found in 
enzymes that act on various substrates while the specific CBM domains are 
found in enzymes acting on the carbohydrate which the CBM is able to bind 
to. We therefore conclude that it is likely that FNIII domains mainly function as 
stable flexible linkers in carbohydrate acting enzymes. In Chapter 2, we observed 
that the additional deletion of the 3 C-terminal FNIII domains from MaAmyA 
(Fig. 1) had no effect on pore formation and raw starch degradation by the 
truncated mutant MaAmyA protein (made possible by the 2 CBM25 domains). 
This indicates that these FNIII domains function as stable flexible linkers, putting 
CBM74 at a suitable and functional distance from the CBM25 domains. To study 
this further, construction of MaAmyA derivatives with the 1-3 C-terminal FNIII 
domains deleted, but with CBM74 present, is recommended. CBM74 has been 
identified as functional in introducing relatively large pores in starch granules. 
Characterization of these MaAmyA derivatives may provide insights in the 
specific roles of CBM25 and CBM74 domains present, and the role as stable 
flexible linker of the 1-3 FNIII domains.

Bioinformatics tools 
For the work in this thesis, numerous bioinformatics tools and databases such 
as the Carbohydrate Acting enZYmes database (CAZy) [20], Conserved Domain 
Database (CDD) [135] and the database for Carbohydrate-active enzyme 
Annotation (dbCAN) [26], were commonly used. Especially to study the role 
of FNIII domains in carbohydrate acting enzymes a lot of protein domains 
were annotated in a large number of enzymes. Although all the enzymes used 
were listed in the CAZy database, other databases such as CDD [135] were 
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necessary to find the exact domain organization of the enzymes as well as to 
identify the FNIII domains . Since CDD does not contain information for all CBM 
domains, additional databases had to be employed, such as dbCAN. The use 
of different databases is not only inconvenient, but also leads to variations in 
results depending on the database used. For example for all proteins listed in 
the CAZy database approximately 5% more CBM domains were identified (of 
CBM families 1 through 67) when using dbCAN [26] (Chapter 5). CBM families 
68 through 74 are currently not part of any database and are therefore not 
recognized by domain annotation tools which use either dbCAN or CDD. Even 
when domains are recognized correctly, their exact size and position as indicated 
by the different search tools is often not corresponding. This is due to differences 
in the methods used by each database to generate consensus sequences and 
scoring matrix for each protein domain model. Amino acid sequences submitted 
to conserved domain database search tools (such as Conserved Domain search 
(CD-search), which is used to search CDD) are compared to these domain 
models (using their scoring matrixes) to identify conserved domains. CDD also 
uses 3D structural information in its domain models, while dbCAN only works 
with sequences. As a result the AB-region in amylases as identified by dbCAN 
lacks the first β-sheet and last α-helix of the TIM barrel, while CDD correctly 
identifies the full region. Another issue is that different databases use different 
classifications: for example, the GH13 subfamilies as defined by CAZy are not 
equivalent to the different GH13 models as identified by CDD. In literature these 
kind of differences have been mentioned before [20], and are the results of 
differences in strategies, thresholds, goals, methods, training sets and expert 
curation between the CAZy team and the other tools [20].

In our opinion, solving these issues would be greatly beneficial to the field of 
carbohydrate enzyme research. We propose coupling of CAZy with CDD such 
that CDD will be able to show all the domains with their CAZy names and also 
identify the domains currently missing. Coupling with CDD would be preferred 
over coupling with dbCAN, since CDD is already widely used and established, 
and uses structural data to show the placement of domains as accurately as 
possible. In addition, CDD is able to handle large datasets and already contains 
many more domains when compared to dbCAN. This might in turn help the 
carbohydrate field to identify other interesting domains to study such as we did 
with FNIII domains. 

MaAmyA and MaAmyB evolution in M. aurum B8.A
Throughout the work described in this thesis one observation was quite 
remarkable: MaAmyA and MaAmyB are both very distinctive from other known 
enzymes currently in databases. For example MaAmyA is the only GH13_32 
enzyme with FNIII domains and a CBM74 domain while MaAmyB has twice the 
number of FNIII domains as any of its GH13_42 homologs (Fig. 1,3). Currently M. 
aurum B8.A is the only Microbacterium strain known to have these proteins as 
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they are not encoded in any of the 25 genome sequences of other Microbacterium 
strains currently in databases. In addition, the M. aurum DSMZ 8600 type strain 
has no amylolytic activity [127]. We therefore speculate that MaAmyA and 
MaAmyB have originated from intense domain shuffling and heterologous gene 
transfer from other bacteria. This view is supported by the detailed sequence 
analysis of the amyA and amyB genes, which show extremely high identity (99%) 
for a large part of both enzymes including the 2 CBM25 and the following 3 FNIII 
domains (FNIII1,2 and 3) (Fig. 3). In addition there is high identity (>95%) among 
FNIII1,FNIII2 and FNIII3 (Fig.3) (Chapter 4). Further analysis revealed a hairpin 
loop in the DNA following the FNIII3 domain, which is an indication for a recent 
recombination [243]. 

M. aurum B8.A has been isolated from the sludge of a potato waste water 
treatment plant [125], which was very rich in raw starch granules, which may 
well have been the driving force for the formation of enzymes like MaAmyA and 
MaAmyB. It is likely that other soil dwelling bacteria were also present in this 
environment and may have been the original donors of MaAmyA and MaAmyB 
precursors. One likely donor could be a Streptomyces species, as some species 
which have a homolog of MaAmyB, also have an α-amylase located nearby on 
the genome that belongs to the same GH13_32 subfamily as MaAmyA [82] 
(Fig. 3). The CBM74 typical for MaAmyA is also found as part of large multi-
domain GH13_28 or GH13_19 amylases in various soil dwelling bacteria such as 
Paenibacillus, which could have been the donor for this domain. The very high 
identity between FNIII1,FNIII2 and FNIII3 in MaAmyA and MaAmyB indicates 
that these domains have been recently duplicated. Since M. aurum B8.A uses 
MaAmyA and MaAmyB to efficiently degrade granular potato starch it is likely 
that the additional duplicated FNIII domains (FNIII1,2 and 3) are especially 
beneficial. The extra FNIII domains likely result in an optimal distance between 
the catalytic domain and the CBM(s). However, since we did not re-attach CBM74 
in MaAmyA after the removal of FNIII1, 2 and 3 domains or made any deletion 
constructs of MaAmyB, we can only speculate. It seems that M. aurum B8.A is a 
good example of a bacterium that has evolved successfully by strongly adapting 
its amylolytic enzymes to its environment. 
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Figure 3 A: Protein domain organization of MaAmyA and MaAmyB and 4 related proteins. All 
proteins are shown with the N-terminus on the left hand side. The dotted line box indicates a 
stretch of domains that is highly similar between MaAmyA and MaAmyB (>99% identity), 
suggesting a relatively recent duplication event. The FNIII domains that are identical in MaAmyA 
and MaAmyB are named FNIII1, FNIII2 and FNIII3. The first FNIII in MaAmyA is named FNIIIA and the 
fourth FNIII in MaAmyB is named FNIIIB. Equal fill patterns indicate domains with high similarity. 
Solid filled domains do not have similarity to any other domain shown. AmlB (CAB06622.1) 
and BAA22082.1 are included as representatives of GH13_32 with high similarity to MaAmyA. 
AmlC (CAB06816.1) is included as a representative of GH13_42 with high similarity to MaAmyB. 
BAB86376.1 is included as a representative of a group of chitinases containing FNIII domains 
with high similarity to FNIII1,FNIII2,FNIII3 and FNIIIB. CBM74 is a novel CBM domain (chapter 3).  
B: Schematic representation showing the orientations of the genes encoding theM. aurum B8.A 
(MaAmyA, MaAmyB) and S. lividans TK24 (AmlB, AmlC) α-amylases. 
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In conclusion
In this work we describe a synergistic enzyme system from M. aurum B8.A which 
is highly adapted to its environment. We characterized two large multi-domain 
enzymes, MaAmyA and MaAmyB, which are unlike any enzyme currently in 
databases, and speculate about their origin. We defined the novel GH13_42 
subfamily to which MaAmyB belongs and show that all members share a general 
conserved domain organization which differs from other GH13 amylases, 
including N-terminal CBM25 and a FNIII domains as well as an enlarged AB-
region and aberrant C-region. More research is needed to fully understand the 
structure/ function relations of this enzyme and gain insight in the roles of its 
additional domains. 

The data shows that the CBM25 domains in MaAmyA have a clear role in raw 
starch degradation and demonstrate their requirement for pore formation. 
We also defined and characterized the C-terminal tail of MaAmyA as the novel 
CBM74 domain which seems to be involved in resistant starch degradation in 
the mammalian gut. Although it is known that all natural resistant starches 
(RS1, 2 and 3) cannot be degraded by human GIT enzymes but are instead fully 
fermented in the large intestine [244–246], it is currently unknown how the 
bacteria degrade resistant starches. We show that CBM74 is commonly found in 
large and complex amylase enzymes which are obtained from bacteria isolated 
from the human gut and related environments (Chapter 3, Fig. 5). However such 
enzymes have not yet been studied. More research is needed to fully understand 
the role and function of the CBM74 domain in these large and complex enzymes 
(chapter 2,3).
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