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Starch: structure, accessibility, and reactivity 

Starch	is	one	of	the	most	abundant	polysaccharides	in	nature	next	to	cellulose	and	

chitin	 and	 occurs	 as	 an	 insoluble	 storage	 polymer	 (Chapter	 1).	 It	 is	 widely	

distributed	in	the	form	of	granules	of	different	sizes	and	shapes.	Starch	is	composed	

of	 two	 polymers	 of	 glucose	 that	 have	 different	 composition,	 structure,	 and	

properties:	amylose	and	amylopectin	(1,	2).	The	distribution	and	amount	of	amylose	

and	amylopectin	define	the	structure	of	the	starch	granule,	which	in	turn	affects	the	

physicochemical	and	functional	properties	(2).		

	

Starch	 is	widely	 used	 as	 a	 raw	material	 for	 the	 production	 of	 a	 large	 variation	 of	

products	that	find	their	way	in	many	daily	life	commodities.	Numerous	studies	have	

been	 devoted	 to	 understanding	 the	 starch	 degradation	 process,	 due	 to	 the	

importance	 of	 starch	 as	 an	 industrial	 commodity	 and	 staple	 food	 for	 humans	 and	

animals.	 In	 general,	 native	 unmodified	 starch	 granules	 are	much	more	 difficult	 to	

degrade	then	soluble	starch.	Modifications	such	as	gelatinization,	phosphorylation,	

or	 oxidation,	 lead	 to	 an	 increased	 susceptibility	 of	 the	 granule	 for	 enzymatic	

degradation	 (3).	 Gelatinization	 disrupts	 the	 crystalline	 structure	 resulting	 in	 free	

amylose	and	amylopectin,	increasing	the	starch	susceptibility	to	amylolysis	(4).	The	

enzymatic	 degradation	 of	 native	 starch	 granules	 and	 its	 regulation	 are	 poorly	

understood	 (Chapter	1),	 except	 for	 the	 conversion	of	 transitory	 starch	present	 in	

leaves	or	the	degradation	of	starch	in	germinating	cereal	seeds	(5–8).	The	mode	of	

enzymatic	 degradation	 depends	 both	 on	 the	 starch	 and	 enzyme	 used	 (9).	 The	

molecular	architecture	of	starch	can	vary	depending	on	the	botanical	source,	which	

is	presumably	a	major	factor	contributing	to	the	α‐amylase	accessibility.	Differences	

in	the	resistance	to	enzyme	hydrolysis	can	also	be	attributed	to	the	starch	granule’s	

physical	 and	 chemical	 characteristics,	 such	 as	 their	 polymorphism,	 porosity,	

amylose/amylopectin	 ratio,	 and	 granule	 size	 and	 distributions	 that	 vary	 among	

starches	from	various	botanical	origins	(1).	Starch	granules	are	made	of	crystalline	

(ordered)	and	amorphous	(disordered)	parts	 in	 layers	as	can	clearly	be	seen	with	

polarized	light	or	wide‐angle	X‐ray	diffraction	(10,	11).		
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Starch	 granules	 need	 to	 be	 seen	 as	 inert	 substrates	 when	 it	 comes	 to	 enzymatic	

degradation.	 Parallels	 can	 be	 drawn	with	 the	 enzymatic	 degradation	 of	 plant	 cell	

walls	 containing	 (hemi)cellulose	 and	 pectin	 or	 the	 exoskeleton	 of	 insects	 and	

crustaceans,	 containing	 chitin	 (12).	 The	way	Nature	 overcomes	 the	 complexity	 of	

insoluble	substrates	has	mostly	been	studied	by	mimicking	enzymatic	degradation	

in‐vitro.	 As	 discussed	 in	 Chapter	 2,	 not	 all	 of	 the	 tropical	 starches	 tested	 were	

hydrolyzed	to	the	same	extent.	Various	tropical	starches	were	treated	in‐vitro	with	

the	commercial	enzyme	preparation	StargenTM	002,	which	is	used	to	convert	native	

no‐cook	 starch	 to	 glucose	 at	 moderate	 temperatures.	 Differences	 in	 enzyme	

susceptibility	were	observed	with	sweet	potato,	 sago,	and	corn	having	 the	highest	

degree	 of	 hydrolysis	 when	 incubated	 with	 StargenTM	 002	 for	 7	 h.	 Native	 edible	

canna	and	potato	starches	were	more	resistant	to	hydrolysis	(Fig.	2.2).	This	result	is	

in	 agreement	with	work	by	 Sarikaya	et	al.	 (2000)	 that	 showed	 that	 the	 degree	 of	

hydrolysis	depends	on	the	botanical	source	of	the	starch	granule	(13).	Rice	and	corn	

starches	were	found	to	be	easily	hydrolyzed,	while	potato	starch	was	reported	to	be	

more	resistant	to	degradation	by	α‐	and	β‐amylases.	Similar	results	have	also	been	

reported	for	the	α‐amylase	of	Bacillus	sp.	IMD370	(14).		

	

The	high	crystallinity	of	starch	gives	an	ordered	and	tightly	packed	structure	which	

limits	 α‐amylases	 to	 penetrate	 these	 organized	 structural	 entities.	 Potato	 starch	

granules	 are	 among	 the	 most	 difficult	 starch	 granules	 as	 they	 have	 a	 B‐type	

crystallinity	 and	 no	 pores	 or	 cracks	 on	 the	 granule’s	 surface	 (Chapter	 1).	 An	

efficient	native	potato	starch	degrading	bacterial	strain	was	isolated	from	the	waste‐

water	treatment	plant	of	a	potato	starch	processing	factory	(Chapter	3).	This	isolate	

was	identified	as	a	new	Microbacterium	aurum	strain,	named	M.	aurum	B8.A.	Where	

the	type	strain	DSMZ8600	did	not	degrade	native	potato	starch	granules,	 this	new	

isolate	 did	 by	 drilling	 small	 pores	 in	 the	 starch	 granule	 (Fig.	 3.2).	 Native	 potato	

starch	 degrading	 activity	 was	 detected	 in	 the	 culture	 medium	 of	M.	 aurum	 B8.A	

grown	on	potato	starch	granules,	while	the	type	strain	DSMZ8600	did	not	produce	

any	 potato	 starch	 degrading	 enzyme	 activity	 (Fig.	3.3).	 Hoover	 and	 Zhou	 (2003)	

also	 reported	 that	 normal	 cereal	 starch	 granules	 (A‐type)	 are	most	 susceptible	 to	

amylolytic	 degradation	 compared	 to	 granules	 of	 potato,	 high	 amylose	 starches								



 General Discussion 

 

 

Page | 194

(B‐type),	 or	 legume	 starch	 granules	 (C‐type)	 (15).	 Normal	 cereal	 starches	 have	 a	

smaller	 granular	 size	 than	 tuber	 or	 legume	 starches	 and	 in	 addition	 have	 a	 less	

perfect	crystalline	structure	(16).	A‐type	starch	granules	also	show	more	pores	on	

the	surface	than	the	B‐type	starch	granules	(16,	17).	The	presence	of	pores	on	the	

surface	of	starch	granules	enables	α‐amylases	to	diffuse	into	the	granules.	According	

to	 Oates	 (1997),	 degradation	 of	 A‐type	 corn	 starch	 starts	 at	 susceptible	 areas	

followed	 by	 pore	 formation	 (18).	 The	 smooth	 surface	 structure	 of	 arrowroot	 and	

potato	starch	limits	the	enzyme	diffusion,	and	hence,	the	degradation	takes	place	on	

the	surface	(exocorrosion).	After	enzyme	treatment,	corn	and	sago	starch	granules	

were	extensively	damaged	and	showed	the	most	porous	structures	while	arrowroot	

or	 potato	 granules	 were	 slightly	 scratched	 or	 pitted	 (Fig.	 2.3).	 The	 variation	 in	

hydrolysis	efficiency	 is	most	 likely	correlated	 to	 the	crystallinity	of	 the	starch	and	

morphology	of	the	granular	surface.	

	

Starch Hydrolyzing Enzyme Systems 

Like	 starch,	 cellulose	 possesses	 a	 crystalline	 structure,	 which	 makes	 it	 highly	

resistant	 to	 enzymatic	 attack	 (19).	 Cellulose	 is	 composed	 of	 two	 different	 crystal	

forms	 co‐existing	 within	 a	 single	 microfibril	 (20).	 There	 are	 two	 well	 studied	

cellulolytic	 systems:	 the	non	–complex	 and	 the	 complex	 system.	The	non‐complex	

cellulolytic	 system	 is	mainly	 found	 in	 aerobic	 bacteria	 and	 filamentous	 fungi	 (21,	

22).	 This	 system	 is	 comprised	 of	 at	 least	 3	 types	 of	 free	 cellulases,	 that	 act	

sequentially	 and	 synergistically	 for	 effective	 cellulose	 hydrolysis	 into	 sugars	 (23,	

24).	Anaerobic	cellulolytic	bacteria	produce	complex	cellulase	systems	that	consists	

of	large	cell	wall‐bound	extracellular	multi‐enzymes	complexes,	called	cellulosomes	

(20,	 24–27).	 Cellulosomes	 usually	 are	 attached	 to	 the	 cell	 surface	 and	 mediate	

efficient	 uptake	 of	 the	 hydrolysis	 products	 (20,	 27,	 28).	 Cellulosomes	 consist	 of	

several	 different	 cellulases	 and	 related	 enzymes	 which	 are	 assembled	 by	 unique	

scaffoldin	 subunits	 each	 containing	 a	 dockerin	 domain	 (20,	 27).	 Cellulose	

degradation	is	initially	mediated	by	binding	of	the	enzyme	to	the	cellulose	substrate	

by	 the	 cellulose‐binding	 domain	 (CBD)	 (20).	 The	 presence	 of	 CBD	 was	 first	

discovered	for	the	Trichoderma	reesei	cellobiohydrolase,	showing	binding	activity	to	
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cellulose	and	 functioning	 independently	of	 the	catalytic	domain	(29–31).	Later	on,	

the	name	of	this	module	was	changed	to	carbohydrate‐binding	module	(CBM),	as	it	

was	 found	 that	 similar	 modules	 were	 also	 present	 in	 other	 carbohydrate‐active	

enzymes.	

	

As	 starch	 has	 a	 complex	 crystalline	 structure,	 the	 combined	 action	 of	 various	

different	enzymes	 is	required	to	convert	starch	polymer	 into	soluble	sugars.	Many	

microbial	 amylolytic	 enzymes	 have	 one	 or	 more	 CBMs	 that	 interact	 with	 the	

crystalline	 part	 of	 starch	 (32,	 33).	 The	 CBMs	 found	 in	 glycoside	 hydrolase	 (GH)	

family	13	enzymes	have	been	classified	 into	the	 families	20,	21,	25,	26,	34,	41,	45,	

48,	58,	and	69,	and	are	commonly	known	as	starch‐binding	domains	(SBDs)	(34).		

	

An	 extracellular	 α‐amylase	 of	 the	Microbacterium	 aurum	 B8.A	 isolate	 (MaAmyA)	

that	 is	 described	 in	 Chapter	 3,	 is	 unusually	 large	 with	 1409	 amino	 acids	 and	 a	

predicted	mass	of	148	kDa	(Fig	4.1).	The	MaAmyA	protein	consists	of	7	domains:	1.	

One	 catalytic	 domain,	 having	 a	 clear	 similarity	 to	 subfamily	 GH13_32;	 2.	 Four	

fibronectin	 type	 III	 domains	 (FnIII);	 3.	 Two	 CBM25	 domains;	 and	 4.	 A	 C‐terminal	

domain	 of	 331	 amino	 acids	 of	which	 the	 function	 is	 not	 known	 (Chapter	4).	 The	

effects	of	 truncation	of	 the	CBMs	of	 the	MaAmyA	on	 its	activity	with	potato	starch	

granules	 was	 investigated.	 This	 α‐amylase	 initiates	 degradation	 of	 potato	 starch	

granules	by	making	small	pores	into	the	granules	(Fig.	4.6).	The	truncated	MaAmyA	

mutant	showed	almost	no	activity	towards	starch	granules	(insoluble	starch),	while	

it	was	still	active	on	soluble	starch.	This	suggests	that	the	CBMs	clearly	play	a	role	in	

the	adsorption	of	the	enzyme	onto	starch	granules.	In	addition,	it	was	found	that	the	

CBMs	 also	 play	 a	 clear	 role	 in	 the	 pore	 formation	 (Fig.	 4.6).	 Several	 other	

investigations	 have	 also	 shown	 that	 removal	 of	 the	 CBMs	 of	 α‐amylases	 reduces	

their	hydrolytic	activity	on	starch	granules	 (35–37).	The	absence	of	 the	CBM	even	

led	 to	 the	 complete	 inactivation	 of	 Lactobacillus	 amylovorus	 α‐amylase	 (35).	

Removal	 of	 the	 CBM	 of	 the	 Aspergillus	 niger	 glucoamylase	 reduced	 the	 enzyme	

activity	to	about	90%	of	the	original	activity	(38).	
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The	roles	of	fibronectin	III	(FnIII)	domain	in	carbohydrate	enzymes	are	still	unclear.	

Besides	being	 important	 for	mediating	protein‐protein	 interactions	 (42),	 FnIII	 has	

been	 shown	 to	 be	 important	 for	 hydrolysis	 of	 chitin	 of	 Bacillus	 circulans	WL‐12	

chitinase	A1	(39).	Truncation	of	FnIII	of	MaAmyA,	however,	did	not	abolish	activity	

against	 insoluble	 starch	 (Chapter	 4).	 It	 was	 suggested	 that	 FnIII	 domains	 are	 a	

stable	 linker	 between	 separate	 domains	 in	 cellobiohydrolase	 (40)	 and	 chitinase	

enzymes	 (41).	 The	 FnIII	 domains	 in	 MaAmyA	may	 play	 a	 similar	 role.	 FnIII	 type	

domains	also	seem	to	play	a	role	in	protein‐protein	interaction.	It	can	be	speculated	

that	 the	FnIII	domains	 in	MaAmyA	help	 this	enzyme	to	stick	 to	other	extracellular	

amylases	and	 in	 this	way	 form	a	modular,	multi‐enzyme	structure,	an	amylosome,	

similar	to	the	cellulosome.	M.	aurum	B8.A	has	at	least	two	extracellular	α‐amylases,	

of	which	one	is	MaAmyA;	the	other	α‐amylase	is	also	a	multi	domain	protein	with	at	

least	one	FnIII	domain	(van	der	Maarel,	personal	communication).	

	

α‐Amylase Mechanism 

Degradation	 of	 starch	 requires	 the	 action	 of	 several	 enzymes,	 among	 which																

α‐amylases	 (EC.	 3.2.1.1)	 play	 a	 key	 role.	 α‐Amylases	 are	 endoacting	 enzymes	 that	

catalyze	 the	 hydrolysis	 of	 starch	 and	 related	 carbohydrates	 into	 simple	 sugars.									

α‐Amylase	 is	 found	 abundantly	 in	 saliva	 and	 the	 small	 intestine,	 playing	 a	 pivotal	

role	 in	 the	 conversion	of	 starch	 to	 glucose	 (40).	Many	plants	 and	microorganisms	

also	 produce	 various	 α‐amylases	 (41,	 42).	 In	 most	 plant	 tissues,	 α‐amylase	 is	

produced	 to	utilize	 transitory	starch	as	a	 carbon	source,	which	 is	 synthesized	and	

stored	during	photosynthesis	(43).	α‐Amylases	are	also	found	in	tubers,	roots,	and	

seeds	 producing	 glucose	 for	 the	 young	 seedling.	 Bacteria	 and	 fungi	 secrete																	

α‐amylases	 into	 their	environment	 to	convert	starch	 into	 the	oligosaccharides	and	

glucose	that	are	then	taken	up	to	support	metabolism	and	growth	(44).		

	

Most	 reported	 α‐amylases	 are	 classified	 into	 family	 GH13	 based	 on	 amino	 acid	

similarities,	whereas	a	minority	of	α‐amylases	belongs	to	families	GH57	and	GH119.	

GH13	amylases	are	characterized	by	a	(β/α)8‐barrel	structure	with	a	deep	active	site	
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channel	harboring	the	conserved	catalytic	machinery,	consisting	of	the	nucleophilic	

residue	 Asp206,	 the	 acid/base	 residue	 Glu230,	 and	 transition‐state	 stabilizer	

residue	Asp297	(Taka	amylase	A,	TAA,	numbering).	 Several	 studies	have	reported	

that	α‐amylase	mutants	lacking	one	of	the	three	catalytic	residues	barely	hydrolyzed	

starch	(45,	46).		

	

A	new	type	of	α‐amylase	was	 isolated	 from	Bacillus	megaterium	NL3,	a	strain	 that	

lives	 on	 a	 sea	 anemone	 in	 the	 landlocked	 lake	 Kakaban,	 Indonesia.	 BmaN1	 has	 a	

characteristics	 (β/α)8‐barrel	 and	 exhibits	 high	 sequence	 similarity	with	 α‐amylases	

from	family	GH13	(Chapter	5).	Together	with	five	other	putative	α‐amylases	from	

various	 Bacilli,	 BmaN1	 represents	 a	 new	 subfamily	 of	 GH13	 (Fig.	5.3).	 However,	

BmaN1	as	well	as	the	other	five	putative	α‐amylases	have	two	peculiar	features.	The	

first	is	that	at	the	position	of	the	nucleophilic	residue	Asp206,	BmaN1	has	a	lysine,	

coming	from	a	completely	different	structural	element.	One	position	downstream	of	

this	lysine,	an	aspartate	residue	is	present,	very	likely	representing	the	nucleophilic	

residue	in	BmaN1.	The	lysine	insertion	very	probably	affects	the	active‐site	topology	

and	could	have	an	effect	on	the	enzyme’s	activity.	The	second	peculiar	feature	was	a	

big	surprise,	at	the	position	of	the	transition‐state	stabilizing	residue	Asp297	(TAA	

numbering)	a	histidine	(His	219,	BmaN1	numbering)	was	present.	This	was	not	only	

found	 in	 BmaN1	 but	 also	 in	 the	 five	 putative	 α‐amylases	 from	 other	 Bacilli.	 3D	

modelling	of	 the	BmaN1	protein	structure	confirmed	the	position	of	 the	His	at	 the	

position	where	in	all	other	α‐amylases	the	transition‐state	stabilizing	Asp	is	present.	

Resolving	 the	 crystal	 structure	of	 the	BmaN1	protein,	 ideally	with	 a	bound	model	

substrate,	may	shed	light	on	this	surprising	finding.	

	

The	question	remains	what	the	actual	substrate	is	for	BmaN1,	as	(granular)	starch	is	

almost	 certainly	 not	 present	 in	 the	 Kakaban	 lake.	 Many	 organisms,	 including	

bacteria,	 synthesize	 glycogen	 as	 an	 energy	 and	 carbon	 storage	 compound	 when	

carbon	compounds	are	abundantly	available.	Glycogen	is,	similar	to	amylopectin,	a	

polymer	 of	 glucose	 with	 α(14)	 and	 α(16)‐O‐glycosidic	 linkages.	 To	 degrade	

glycogen,	 bacteria	 use	 α‐amylases	 and	 debranching	 enzymes.	 B.	megaterium	 NL3	
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was	 isolated	 from	 a	 sea	 anemone	 of	 Kakaban	 lake.	 It	 is	 not	 known	 whether	 sea	

anemones	contain	glycogen	but	this	appears	very	likely.	Zierer	et	al.	(47,	48)	found	

that	 the	 glycogen	of	 the	marine	 sponge	Aplysina	 fulva	 has	 an	unusual	 glycogen	 as	

this	 contains	 sulphate	 groups	 at	 half	 of	 the	 non‐reducing	 ends.	 They	 stated	 that	

“these	 sulphate	 groups	 render	 the	 sponge	 glycogen	 more	 resistant	 to	 the	

degradative	enzymes	of	microorganisms	that	inhabit	the	sponge	canals”	(47).	It	can	

be	 speculated	 that	 the	 sea	 anemone	 also	 has	 a	 sulphated‐glycogen	 similar	 to	 the							

A.	 fulva	 and	 that	 the	 BmaN1	 is	 excreted	 by	B.	megaterium	NL3	 to	 hydrolyze	 this	

sulphated‐glycogen	to	glucose	and	maltose	(Chapter	5)	that	subsequently	are	used	

by	the	NL3	strain	for	growth.	A	sulphated‐glycogen	as	substrate	for	BmaN1	may	also	

explain	the	unusual	architecture	of	the	active	site,	with	the	nucleophilic	Asp	shifted	

one	 position,	 and	 the	His	 at	 the	 position	 of	 canonical	 Asp	 that	 normally	 acts	 as	 a	

transition‐state	stabilizer.	Further	studies	clearly	are	needed	here.	
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