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ABSTRACT

Native starch-degrading a-amylases offer opportunities for more sustainable starch-processing strategies. While
individual native starch-degrading a-amylases have been studied, systematic quantitative and comparative an-
alyses are scarce and often limited to single-time-point measurements. Here, we present a rapid comparative
approach to evaluate the hydrolytic performance of various a-amylases on native and gelatinised starch across six
time points. Maximum native starch hydrolysis levels after 24 h of incubation at 40°C and pH 5.0 ranged from
4 % to 47 %, while native starch binding capacities toward wheat starch varied from 12 to 86 %. Native starch
binding capacity correlated positively with both maximum native starch hydrolysis (Pearson's r = 0.57, p < 0.05)
and the initial native starch hydrolysis rate (Pearson's r=0.68, p < 0.01), indicating that it is a valuable pre-
liminary parameter for assessing native starch hydrolysis potential. Hydrolysis profiling combined with native
starch binding capacity assessment provides a rapid and effective framework for identifying promising native
starch-degrading a-amylases.

Abbreviations medicine. Interest in the direct hydrolysis of native starch has increased
_ i due to the shift toward a more cost-effective and sustainable

EZBIA g::;‘;i;j::gi?ﬁ;ﬁ;nig;iir{;ylase starch-processing industry [3,4]. However, the semi-crystalline granular
SBS Surface binding site starch structure often limits the hydrolytic potential of a-amylases. To
LOS Logarithm of Slope overcome this limitation, native starch is usually first gelatinised by
GH Glycoside hydrolase heating it in the presence of (excess) water, resulting in loss of crystal-
A Maximum starch hydrolysis (%) linity and solubilisation of amylose. Gelatinisation makes starch more
kg Pseudo-first-order rate constant (1/h) ibl llowi hvdrolysis t d if 1 d effi
v Tnitial hydrolysis rate (%/h) accessible, allowing hydrolysis to proceed more uniformly and effi-

ciently, as both enzyme and substrate are in solution. Despite its effec-

1. Introduction

tiveness, gelatinisation is an energy-intensive process because it requires
heating starch suspensions above gelatinisation temperatures (>50°C
for cereal starches) [5-7]. To reduce these energy demands, interest in
native starch-degrading a-amylases (NSDAs) has increased. NSDAs are
defined as a-amylases that can efficiently hydrolyse native starch

Starch is the primary energy reserve in cereals, roots, tubers and
legumes, and is synthesised as semi-crystalline granular structures [1,2].
The hydrolysis of starch is essential for the production of fermentable
sugars and dextrins, with applications across a variety of fields,
including food, feed, chemistry, paper, waste management, and

granules below gelatinisation temperatures [7,8].

On a molecular level, starch is composed of two polymers: amylose
and amylopectin. Amylose is a mostly linear polymer composed of
glucose units linked by a-(1,4)-glycosidic bonds with very few branches.
In contrast, amylopectin is a highly branched structure containing
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approximately 5 % a-(1,6)-glycosidic linkages that form the branching
points. The ratio of amylose to amylopectin in starch granules varies
with the botanical origin. At the supramolecular level, amylose chains
form single helical structures, whereas the linear segments of amylo-
pectin form double helical structures, with the branching points forming
amorphous regions. These amylopectin chains are organised into alter-
nating crystalline and amorphous lamellae, which aggregate into
blocklets and subsequently into growth rings that constitute starch
granules. Consequently, amylopectin is the main contributor to the
semi-crystalline structure of starch granules [2,9-12]. Among cereal
starches, different morphologies, granular sizes and surface porosities
are observed [1,2].

a-Amylases hydrolyse native starch heterogeneously through two
distinct stages. To initiate hydrolysis, adsorption and binding of
a-amylase to the starch granule are required, followed by hydrolysis of
the substrate in the active site [11,13]. The efficiency of binding is
determined by the starch granule size, the binding sites of the a-amylase,
the structural composition of the starch granule surface (pores, cracks,
surface-exposed a-glucan chains, amorphous structures, etc.), and the
degree of gelatinisation of the starch [13-15]. The adsorption and
binding of a-amylase to the starch surface is described as the
rate-limiting step of hydrolysis [7,16]. Upon gelatinisation, the
rate-limiting step is no longer the adsorption and binding of a-amylase to
the starch surface, but rather the rate of hydrolysis in the active site [3,7,
10]. The hydrolytic efficiency of NSDAs toward native starch is often
attributed to their additional binding sites, namely surface binding sites
(SBSs) and/or carbohydrate-binding modules (CBMs) [7,8,17]. SBSs are
non-catalytic binding sites present on the catalytic module, which pro-
mote native starch hydrolysis by disrupting the granular structure,
facilitating product coordination toward the active site, targeting
surface-exposed a-glucans on the starch granule, and assisting in catal-
ysis [7,8,17]. In contrast, CBMs are independent non-catalytic modules
which are attached by a flexible linker to the catalytic module. CBMs
improve the hydrolytic efficiency of NSDAs by specifically binding to
native starch granules, altering their structure, and enhancing substrate
proximity to the catalytic site [3,7]. It has been shown that mutation of
the SBSs or removal of CBMs from NSDAs results in a decreased hy-
drolytic efficiency toward native starch [17-19].

In the literature, several NSDAs have been assessed for their potential
to break down native starch, but differences in incubation conditions,
purification strategies, measures of hydrolysis efficiency, and the variety
of botanical origins of native starch make direct comparisons chal-
lenging [3,7]. Moreover, most studies evaluate the hydrolysis efficiency
of a-amylases at a single time point, thereby neglecting the hydrolysis
kinetics [20-24]. Nevertheless, the native starch hydrolysis rate by
a-amylase decreases logarithmically over time and is typically described
using a first-order kinetic model. In vitro digestion studies have even
demonstrated that the native starch hydrolysis follows a two-stage
first-order kinetic model [16,25,26]. Comparison based solely on sin-
gle time points does not reveal the hydrolysis stage at which a-amylases
are acting. By gaining insight into the hydrolysis process, native
starch-hydrolysis efficiency can be assessed more meaningfully by
comparing enzymes at equivalent stages, complemented by their kinetic
parameters. Additionally, gelatinised starch hydrolysis is rarely
considered in studies discussing NSDAs, although it could provide useful
reference information. For example, efficient NSDAs may be expected to
exhibit comparable hydrolysis performance toward both gelatinised and
native starch, suggesting reduced limitations imposed by adsorption,
binding and the semi-crystalline structure of the starch granule.

Against this background, this study presents a comparative evalua-
tion of a-amylases from various origins. Eight NSDAs, reported in the
literature to have high potential for hydrolysing native starch, were
selected and produced in-house. Additionally, six commercially avail-
able a-amylases were included. Hydrolysis of both native and gelatinised
starch was measured at six time points, allowing for the comparison of
native starch hydrolysis among different a-amylases. Finally, the native
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starch binding capacity of each a-amylase was assessed and correlated
with its native starch hydrolysis efficiency.

2. Materials & methods
2.1. Materials

Plasmids for the in-house production of eight a-amylases were or-
dered at Twist Bioscience (South San Francisco, California, USA).
Escherichia coli BL21 (DE3) cells were purchased from Thermo Fisher
Scientific (Waltham, Massachusetts, USA). Sodium chloride, dibasic
sodium phosphate, calcium dichloride, sodium acetate, and acetic acid
were obtained from VWR Chemicals (Amsterdam, The Netherlands).
Isopropyl p-p-lthiogalactopyranoside was purchased from Promega
Benelux (Leiden, The Netherlands). Solvents required for the Ceralpha
analysis, namely Ceralpha stopping reagent and Ceralpha HR reagent,
were purchased from Megazyme (Neogen, Bray, Ireland). Yeast extract,
agar, and tryptone for the Luria-Bertani (LB) medium were obtained
from Neogen (Lansing, Michigan, USA). Wheat (Triticum aestivum L.)
starch (purity + 100 %) was obtained from Cargill (Vilvoorde, Belgium).
All other chemicals were purchased from Merck (Darmstadt, Germany).

2.2. Methods

2.2.1. Expression of native starch-degrading amylases

Eight reported native starch-degrading o-amylases were selected
from the literature based on the availability of their amino acid se-
quences, diversity in non-catalytic modules, and reported hydrolysis
efficiency on native starch, and were expressed in-house. In addition, six
commercially available a-amylases were included for assessment
alongside the reported NSDAs. An overview of the a-amylases, including
their UniProt accession number, glycoside hydrolyse (GH) family, GH
subfamily, and carbohydrate-binding module (CBM) family is provided
in Table 1.

The sequences of each a-amylase were codon-optimised for expres-
sion in E. coli and cloned into a pET-29 (+)-expression vector. A stop
codon was introduced before the C-terminal His-tag. E. coli BL21 (DE3)
cells were transformed with the respective vectors. Protein expression
was carried out analogously to the expression of p-xylanase in B. subtilis,
as described by Pollet et al. (2009) [27], with minor adjustments to the
induction conditions. Cultures expressing a-amylases from B. subtilis and
Bacillus sp. TS-23 were induced with lactose (0.1 mg/mL) and incubated
for 16-18 h under continuous shaking (150 rpm) at 30°C. Luria-Bertani
(LB) medium containing 100 pg/mL kanamycin was used as a growth
medium. Other cultures were grown under continuous stirring
(150 rpm) at 37°C until an ODggp of 0.5-0.6 was reached. Protein
expression was then induced by adding 0.1mM iso-
propyl-p-n-thiogalactopyranoside (IPTG), followed by incubation for
16-18h under continuous shaking (150rpm). Cultures expressing
a-amylases from A. awamori, Bacillus sp., and M. aureum were incubated
at 30°C, whereas those expressing a-amylases from Alicyclobacillus, R.
stolonifera, and S. bovis were incubated at 18°C.

Cells were harvested by centrifugation (2800 g, 20 min). The cell
pellets were resuspended in lysis buffer (20 mM NaaHPO4/NaH3PO4, pH
7.4, containing 300 mM NaCl and 2mM MgCl,) to achieve a 50-fold
concentration of the original culture density. Lysozyme (1.0 mg/mL),
the protease inhibitor Pefabloc SC (1.0 mM) and DNase 1 (0.1 mg/mL)
were added to initiate the cell lysis, protect the a-amylases and degrade
DNA. Three freeze-thaw cycles were performed, followed by 5min of
sonication to complete cell disruption.

Next, a buffer exchange into sodium acetate buffer (50 mM, pH 5.0,
containing 5.0 mM CaCl; and 25 mg/L bovine serum albumin (BSA))
was performed. For this, Amicon® Ultra Centrifugal Filters (30 kDa;
Merck, Darmstadt, Germany) were loaded with the lysate and centri-
fuged (5000 g, 20 min). After three washing steps with sodium acetate
buffer (50 mM, pH 5.0, containing 5.0 mM CaCly), the residual cell
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Table 1
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Overview of the a-amylases used from various microorganisms. The UniProt accession numbers, glycoside hydrolase (GH) families, GH subfamilies and carbohydrate-
binding module (CBM) families are provided. Data were obtained from the UniProt, InterPro and CAZy databases (Blum et al., 2025; Carbohydrate-Active Enzymes

Database, n.d.; Drula et al., 2022).

Source species of a-amylases UniProt Accession GH family GH subfamily CBM family
In-house -produced Alicyclobacillus F2VRZ2 13 39 34, 34
a-amylases Aspergillus awamori Q76L96 13 1 20
Bacillus sp. 024781 13 32 25, 25
Bacillus sp. TS-23 Q59222 9BACI 13 5 20
Bacillus subtilis M9TF80_BACIU 13 28 26
Microbacterium aureum AOA0G2T4B5 13 32 25, 25,74
Rhizopus stolonifera AO0A367KVU2 13 Not applicable None
Streptococcus bovis 050582 13 28 26, 26
Commercial Aspergillus oryzae POC1B3 13 1 None
wa-amylases Bacillus amyloliquifaciens P00692 13 5 None
Bacillus licheniformis P06278 13 5 None
Oat malt Unknown sequence Not available Not available Not available
Porcine pancreas P00690 13 24 None
Wheat malt P08117 13 6

lysate was diluted in sodium acetate buffer containing BSA to a final
volume of 15 mL. The resulting samples were used for further analysis.
Proper folding of the a-amylases was assumed based on their enzymatic
activity. Although partial misfolding cannot be fully excluded, extensive
folding verification was beyond the scope of this study. No laborious
purification of the in-house-produced a-amylases was conducted, as
accurate comparisons could be achieved using the lysate after buffer
exchange. To validate this approach, E. coli cells transformed with the
empty vector served as a negative control. As shown in Fig. S1, the
reducing sugar concentration increased minimally over time, confirm-
ing the absence of interference from side activities.

2.2.2. Measurement of a-amylase activity

The Ceralpha method by Megazyme (Wicklow, Ireland) was used to
quantify the o-amylase activity of both in-house-produced and
commercially available a-amylases [28]. After appropriately diluting
the samples in sodium acetate buffer (50 mM, pH 5.0, containing
5.0mM CaCly), the activity assay was performed by mixing 20 pL of
Amylase HR reagent with 20 pL of sample in a 96-well plate. After
20 min of incubation at room temperature, the reaction was stopped by
adding 300 pL of 20 % (w/v) tri-sodium phosphate solution. For blanks,
the stopping reagent was added before the addition of the Amylase HR
Reagent. The absorbance was measured at 415 nm using a Model 680
microplate reader (Bio-Rad, Hercules, California, USA). The a-amylase
activity was calculated using the extinction coefficient of p-nitrophenol
at 415 nm of 15,000 M 'em™! [28,29] and a path length of 1 cm. The
a-amylase activity was expressed in Ceralpha units per mL (CU/mL) and
determined in triplicate.

2.2.3. Assessing the hydrolysis potential of a-amylases on native and
gelatinised starch

A native starch suspension (1.0 mg/mL) was prepared in sodium
acetate buffer (50 mM, pH 5.0, containing 5.0 mM CacCly). Native starch
was gelatinised using the Rapid Visco Analyser (RVA) Super 4 (Perten
Instruments, Hagersten, Sweden). The starch suspension was equili-
brated at 50°C for 10 min and initially stirred at 900 rpm for 7 s, after
which the stirring speed was reduced to 160 rpm. The temperature was
then increased to 95°C at 11.25°C/min, and held at 95°C for 10 min.
Subsequently, the temperature was decreased to 50°C at 4.5 °C/min and
maintained isothermally for 10 min. The resulting gelatinised starch
dispersion was then collected for further use.

Prior to incubation of native starch with oat and wheat malt extracts,
interfering p-amylase activity was selectively inactivated by a 3-min
heat treatment at 68°C, as described by De Schepper et al. (2021)
[30]. The a-amylases were diluted to 0.10 CU/mL in sodium acetate
buffer (50 mM, pH 5.0, containing 5.0 mM CaCl, and 25 mg/mL BSA).
For the assay, 1 mL of a-amylase solution (pH 5.0, 0.10 CU/mL) was

preincubated at 40°C for 5min, after which 0.5mL of native wheat
starch suspension or gelatinised wheat starch dispersion was added.
Samples were incubated at 40°C for 24 h under continuous shaking at
1000 rpm in a Thermomixer Thermal Shake lite (VWR, Amsterdam, The
Netherlands). The stirring speed was selected to prevent starch granule
sedimentation and ensure a uniform distribution of starch granules.
Incubations were performed in triplicate. Aliquots of 200 pL were
collected at 0, 1, 2, 4, 6, and 24 h during continuous shaking, followed
by heat inactivation of the a-amylases at 99°C for 30 min using a Mas-
tercycler Gradient PCR device (Eppendorf, Hamburg, Germany).

After inactivation, the samples were centrifuged (5000 g, 15 min),
and the reducing sugar concentration in the supernatant was quantified
using the bicinchoninic acid (BCA) assay. The BCA solutions were pre-
pared as described by Coddens et al. (2026) [31]. Samples were diluted
in a 96-well PCR plate to a final volume of 100 pL, ensuring that each
dilution produced an absorbance reading within the linear range of the
colourimetric standard curve. Following dilution, 100 pL of BCA solu-
tion C was added. After incubation of 35 min at 80°C in the PCR device,
150 pL. of the samples was transferred to a 96-well plate, and the
absorbance was measured at 540nm with a Model 680 microplate
reader (Bio-Rad, Hercules, California, USA). The time-zero samples
served as blanks, accounting for background absorbance from native
components. A maltose standard curve (0-23 pM) was used to quantify
the reducing sugar concentration in the samples. Starch hydrolysis was
expressed as the relative reducing sugar concentration at a specific time
point divided by the theoretical reducing sugar concentration expected
after complete hydrolysis of starch to glucose.

A single first-order fractional conversion model was applied to
describe both gelatinised and native starch hydrolysis by the a-amylases
[25,32]. Kinetic parameters were determined by fitting the first-order
fractional conversion model to the time-course data using JMP Stu-
dent Edition 19 (SAS Institute Inc., Cary, North Carolina, USA). The
following formula describes the first-order fractional conversion model
for starch hydrolysis by a-amylases at time t:

Starch hydrolysis, = A, (1 — e ")

where A, is the maximum relative starch hydrolysis achieved by the
a-amylase at the end of the reaction, and kg is the pseudo-first-order rate
constant [25,32]. The initial hydrolysis rate (v;) was determined as the
derivative of the first-order fractional conversion model at time zero.
This can be calculated by multiplying the maximum starch hydrolysis
(As)with the pseudo-first-order rate constant (kg) [25,32].

2.2.4. Quantifying the native starch binding capacity of a-amylases
The method for quantifying the native starch binding capacity of the
different a-amylases was adapted from Li et al. (2018b) [33], and Moers
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et al. (2007) [34]. To prevent amylolytic activity and thus starch hy-
drolysis, incubations were performed at 4°C for 10 min by adding
0.25mL of a-amylase solution (pH 5.0, 0.10 CU/mL) to 0.25mL of
native wheat starch (12 mg/mL) under continuous shaking (250 rpm).
Following incubation, samples were centrifuged (2 min, 5000 g, 4°C),
and the residual a-amylase activity in the supernatant was determined as
described in §2.2.2. The residual a-amylase activity is a measure for the
unbound o-amylase remaining in solution after incubation with the
starch granules. As a control, 0.5 mL of native wheat starch (12 mg/mL)
was incubated and centrifuged under the same conditions. Subse-
quently, 0.25mL of the supernatant was mixed with 0.25mL of
a-amylase solution (pH 5.0, 0.10 CU/mL) and the residual a-amylase
activity was measured. All binding assays were performed in triplicate.
The native starch binding capacity was calculated using the following
formula:

Native starch binding capacity (%) =1

Residual amylase activity in supernatant y

— — 100
Initial amylase activity

2.2.5. Statistical analysis

The first-order fractional conversion model was fitted to native and
gelatinised wheat starch hydrolysis data using non-linear least squares
regression in JMP Student Edition 19 (SAS Institute Inc., Cary, North
Carolina, USA). Differences in kinetic parameters A,, and kg between
native and gelatinised starch for each a-amylase were assessed using
Wald-tests. Differences in kinetic parameters among the different
a-amylases are assessed by R Statistical software (version 4.5.1, R Core
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Team, Austria) using a Wald test combined with a Tukey multiple
comparison. Differences were considered significant at p < 0.05.

The remaining statistical analyses were conducted with JMP Student
Edition 19 (SAS Institute Inc., Cary, North Carolina, USA). Significant
differences (p < 0.05) in native starch binding capacities among the
a-amylases were determined by a global F-test, followed by a post-hoc
Tukey-Kramer test when significant differences were detected. Analo-
gous procedures were used to assess differences in initial a-amylase
activities and residual a-amylase activities. Principal component anal-
ysis (PCA) was conducted on autoscaled data (mean-centred and scaled
to unit variance) to explore associations among kinetic parameters and
native starch binding capacities. Pairwise Pearson correlations were
computed to assess relationships between kinetic parameters, native
starch binding capacity, initial a-amylase activity and relative residual
a-amylase activity. Correlations were reported as significant when the p-
value was below 0.05.

3. Results and discussion

3.1. Comparative hydrolysis of native and gelatinised wheat starch by
a-amylases

The a-amylases listed in Table 1 were incubated with native wheat
starch and, in parallel, with gelatinised wheat starch. Comparing the
hydrolysis of these two substrates enables assessment of the extent to
which the semi-crystalline structure of starch granules restricts
a-amylase activity. Incubations were performed at 40°C and pH 5.0. The
temperature was selected to approximate the expected optimal
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Fig. 1. Hydrolysis of (A) gelatinised and (B) native wheat starch by a-amylases (%) as a function of time at 40°C and pH 5.0. Starch hydrolysis (%) is expressed as the
reducing sugar concentration divided by the theoretical reducing sugar concentration obtained after complete hydrolysis of starch to glucose. Zoom-ins of the
hydrolysis from O to 4 h are included, with markers indicating the respective a-amylase. Diamond markers represent in-house-produced a-amylases, whereas round
markers represent commercial a-amylases. Dotted lines indicate the first-order fractional conversion model fitted to the native and gelatinised wheat starch data. The
corresponding kinetic parameters (kg, Ao, Vi) are shown in Table 2. The hydrolysis curves of gelatinised and native wheat starch for each a-amylase separately are

provided in Fig. S2.
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temperatures of the a-amylases, while preventing starch gelatinisation.
The pH was chosen to resemble conditions encountered in cereal-based
processing applications, such as starch slurry hydrolysis or food
fermentations.

Fig. 1 shows the hydrolysis of gelatinised (A) and native (B) wheat
starch by the different a-amylases as a function of time. The hydrolysis
of gelatinised starch (Fig. 1A) differed among the a-amylases. For the
24h-time point, approaching the maximal hydrolysis for each a-amylase,
the enzymes can be divided into three groups. The a-amylase from
Rhizopus stolonifera showed the highest gelatinised starch hydrolysis
after 24h, reaching 85% starch hydrolysis. Complete hydrolysis
(100 %) corresponds to the full conversion of starch to glucose. There-
fore, the a-amylase of R. stolonifera seems to be able to hydrolyse starch
beyond maltose production, as hydrolysis would otherwise not exceed
approximately 50 %. The second group, consisting of the a-amylases
from Microbacterium aureum, oat malt, Streptococcus bovis, porcine
pancreas, wheat malt, and Bacillus sp., achieved approximately 45-55 %
starch hydrolysis after 24h of incubation. Although these enzymes
reached comparable final hydrolysis levels after 24 h, the rates at which
these levels were attained differed substantially. Fig. 1A indicates that
the a-amylases from oat malt, S. bovis and Bacillus sp. Reached their
maximum levels within 6 h, whereas the a-amylases from M. aureum,
porcine pancreas, and wheat malt required up to 24 h to achieve similar
levels. One possible explanation for these slower hydrolysis rates is
competitive inhibition by the hydrolysis products, e.g. maltose and
maltotriose, a mechanism documented for the a-amylase of porcine
pancreas [35-38]. However, it remains unclear whether a similar
inhibitory effect occurs under the conditions investigated in this study.
Therefore, this reasoning remains hypothetical, and further studies are
needed to understand the mechanisms underlying the observed differ-
ences in hydrolysis behaviour. These results highlight the importance of
considering multiple time points when evaluating native starch hydro-
lysis potential, as single-time-point analyses at extended incubation
times may overlook differences in hydrolysis rates among a-amylases.

The third group showed lower starch hydrolysis levels after 24 h of
incubation. The a-amylases of Aspergillus oryzae, Bacillus sp. TS-23,
Aspergillus awamori, Bacillus amyloliquefaciens, Bacillus licheniformis,
Alicyclobacillus, and Bacillus subtilis reached starch hydrolysis levels be-
tween 20 and 35 %. The lower levels of hydrolysis products released
may potentially be associated with non-competitive product inhibition
[35,39]. However, further studies are required to determine whether
such inhibition occurs under these conditions and whether it signifi-
cantly limits the overall hydrolysis potential.

Fig. 1B illustrates the potential of the various a-amylases to hydro-
lyse native wheat starch. The native starch hydrolysis levels after 24 h of
incubation can be divided into three groups. First, the a-amylases from
S. bovis, Bacillus sp., porcine pancreas, wheat malt, and R. stolonifera
showed a clearly higher potential to hydrolyse native starch, reaching
hydrolysis levels of 40-45% after 24 h of incubation. The a-amylase
from Bacillus sp. Reached these hydrolysis levels within 6 h, whereas the
other a-amylases required 24 h to achieve similar values. This illustrates
again the importance of including multiple time points in comparative
studies rather than relying on a single-time-point measure. Second, the
a-amylases from Bacillus sp. TS-23, B. subtilis, A. awamori, Alicycloba-
cillus, M. aureum, and oat malt showed clearly lower native starch hy-
drolysis levels compared to the first group, reaching only 15-20 %
hydrolysis after 24 h. These lower hydrolysis levels may result from
reduced enzymatic accessibility to the semi-crystalline starch structure.
At last, the a-amylases of B. licheniformis, B. amyloliquefaciens and
A. oryzae showed very low native starch hydrolysis levels (4-10 %) after
24 h of incubation. These a-amylases may be primarily limited to the
hydrolysis of surface-exposed a-glucan chains, which have been re-
ported to be efficiently degraded during the initial stages of hydrolysis
[14].
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3.2. Assessing the potential of a-amylases to hydrolyse native starch

A first-order fractional conversion model was fitted to the experi-
mental data obtained from the hydrolysis of gelatinised and native
starch by the various a-amylases. The kinetic parameters derived from
the first-order fractional conversion model for the different a-amylases
are presented in Table 2, and the fitted curves are shown in Fig. 1. From
the fitted first-order fractional conversion model, both the pseudo-first-
order rate constant (kg) and the maximum starch hydrolysis (A,) were
determined. The initial hydrolysis rate (v;) was calculated as the first
derivative of the first-order fractional conversion model at the start of
incubation (t = 0).

Based on the literature, native starch hydrolysis was expected to
result in lower hydrolysis rates and lower maximum starch hydrolysis
levels compared to gelatinised starch hydrolysis. This is attributed to the
rate-limiting adsorption and binding steps required for native starch
hydrolysis, as well as the structural constraints imposed by the semi-
crystalline starch granule, which are largely eliminated upon gelatini-
sation [7]. This trend was observed for six of the fourteen examined
a-amylases (Alicyclobacillus, M. aureum, A. oryzae, B. amyloliquefaciens,
B. licheniformis, and oat malt). However, several a-amylases showed
different behaviour when comparing the kinetic parameters for gelati-
nised and native starch hydrolysis.

First, the a-amylase from R. stolonifera showed no significant dif-
ference between kg NS and kg GS (Table 2), although A_GS was signifi-
cantly higher than A_NS (Fig. S2). This suggests that the adsorption and
binding to native starch were not initially rate-limiting for this enzyme.
Nevertheless, the maximum native starch hydrolysis was high
(39.57 +4.59 %) and did not differ significantly from the other a-amy-
lases with high A_NS. Secondly, additional deviations from the expected
behaviour were observed for the a-amylases from B. subtilis and S. bovis,
for which A_NS and A_GS did not differ significantly (p < 0.05) (Table 2,
Fig. S2). However, v; NS values were clearly lower than the corre-
sponding v;_GS (Table 2). This suggests that, for these enzymes, hydro-
lysis of native starch is primarily limited by adsorption and binding
kinetics rather than by the semi-crystalline starch structure itself. Lastly,
neither kinetic parameter (A nor k) differed significantly between the
substrates for the a-amylases from Bacillus sp., porcine pancreas, and
wheat malt (Table 2, Fig. S2). This finding suggests that, for these
a-amylases, hydrolysis of native starch is not limited by the semi-
crystalline starch organisation, supramolecular helical structures or
adsorption and binding constraints at the starch surface.

To examine the relationship between the kinetic parameters of
native and gelatinised starch hydrolysis, ratios of parameters for native
relative to gelatinised starch were calculated for each a-amylase and are
presented in Table 3. Expressing these parameters as ratios renders them
dimensionless, facilitating consistent comparison between enzymes
within this study and across published work, independent of method-
ology. In general, ratios below one were expected due to the previously
discussed limitations of native starch hydrolysis. However, this trend
was not observed for all a-amylases. Nonetheless, the use of ratios
provided additional insights into their hydrolytic behaviour. First, the
initial hydrolysis rates of native starch by a-amylases from A. awamori
and Bacillus sp. TS-23 were comparable to that of gelatinised starch
(ratios of 1.05 + 0.23 and 1.39 + 0.40, Table 3), despite lower maximal
hydrolysis levels for native starch. Moreover, the pseudo-first-order rate
constant for native starch hydrolysis was approximately twofold higher
than for gelatinised starch. Together, these findings suggest that struc-
tural constraints of native starch do not strongly limit the initial hy-
drolysis rate of the a-amylases, but become increasingly important as
hydrolysis progresses. Consequently, the higher pseudo-first-order rate
constant for native starch likely reflects its lower hydrolysis extent,
leading to a more rapid attainment of the maximum starch hydrolysis
level. While this hypothesis is consistent with the observed kinetics,
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Table 2
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Kinetic parameters of the hydrolysis of gelatinised and native starch by the various a-amylases. The pseudo-first-order rate constant, maximum starch hydrolysis, and
initial starch hydrolysis rate are indicated as kg, A, and v;, respectively. Significant differences (p < 0.05) between the kinetic parameters for native and gelatinised
starch hydrolysis within the same a-amylase are indicated by an asterisk. Significant differences (p < 0.05) of the kinetic parameters within one substrate amongst the

a-amylases are indicated by different letters.

Source species of a-amylases

Gelatinised starch hydrolysis

Native starch hydrolysis

kg GS (1/h) A_GS (%) vi.GS (%/h) kg NS(1/h) ANS (%) viNS(%/h)

In-house-produced Alicyclobacillus 0.363 + 0.047%0x 21.37 + 1.00%* 0.077 £0.011 0.178 +0.021%* 17.64 £ 0.90%* 0.031 £ 0.004
a-amylases Aspergillus awamori 0.170 + 0.030%* 30.58 + 2,370+ 0.052+0.010  0.325 +0.034%" 16.78 + 0.66°* 0.055 + 0.006
Bacillus sp. 0.410 £ 0.044° 44.16 +1.64% 0.181+0.020  0.331 +0.026" 43.60 +1.32¢ 0.144 +0.012

Bacillus sp. TS-23 0.175 + 0.031%* 38.98 -+ 3.41%* 0.068+0.014  0.381 +0.073% 24.81 +1.70%* 0.095 +0.019

B. subtilis 0.466 + 0.165™* 21.25 +2.51° 0.099+0.037  0.148 +0.0222%* 18.75 +1.23% 0.028 + 0.004

Microbacterium aureum  0.102 + 0.016* 55.09 + 4.00%* 0.056+0.010  0.059 + 0.004* 22.52+0.95%°* 0,013 +0.001

Rhizopus stolonifera 0.116 +£0.011% 85.65 + 3.63°* 0.100+0.010  0.088 +0.021° 39.57 + 4.594¢* 0.035 + 0.009

Streptococcus bovis 0.434 + 0.089"* 45.94 +3.18% 0.199 +0.043 0.146 +0.015%* 46.81 +2.13¢ 0.068 +0.008

Commercial Aspergillus oryzae 0.566 + 0.097"* 38.35 4+ 1.9%* 0.2174+0.039  0.096 +0.022%°% 4,14 4 0.45" 0.004 +0.001
a-amylases B. amyloliquifaciens 0.263 +0.035%"* 30.21 + 1.63%* 0.079 +0.011 0.129 +0.018%% 9.27 £ 0.59"* 0.012 +0.002
B. licheniformis 0.326 +0.061%"* 23.08 + 1.57"* 0.075 +0.015 0.120 + 0.035%%* 9.63 +1.27%* 0.012 +0.004

Oat malt 0.565 + 0.133* 45.94 + 3.26°%* 0.259+0.064  0.076 +0.016°* 18.17 +2.112b¢* 0.014 +0.003

Porcine pancreas 0.091 +0.017° 52.79 + 4.39% 0.048+0.010  0.125+0.010% 43.91 +1.55¢ 0.055 + 0.005

Wheat malt 0.088 +0.021% 52.66 + 6.24% 0.046+0.013  0.089 +0.016° 45.81 + 4.21¢ 0.041 +0.008

Table 3

Ratios of the kinetic parameter for native starch hydrolysis to those for gelatinised starch hydrolysis. Parameters include maximum starch hydrolysis (A), pseudo-first-

order rate constant (kg), and initial hydrolysis rate (v;).

Source species of a-amylases

Ratio kinetic parameters

kg NS/kg GS ANS/AGS vi.NS/v; GS
In-house-produced Alicyclobacillus 0.49 +0.09 0.83 +0.06 0.41 +0.08
wa-amylases Aspergillus awamori 1.91+0.39 0.55+0.05 1.05+0.23
Bacillus sp. 0.81+0.11 0.99 +0.05 0.80+0.11

Bacillus sp. TS-23 2.18+£0.57 0.64 +0.07 1.39+0.40

B. subtilis 0.324+0.12 0.88 +£0.12 0.28+0.11

Microbacterium aureum 0.58 £0.10 0.41 £0.03 0.24 +£0.05

Rhizopus stolonifera 0.76 +£0.20 0.46 +0.06 0.35+0.10

Streptococcus bovis 0.34+0.08 1.02+0.08 0.34+0.08

Commercial Aspergillus oryzae 0.17 £0.05 0.11+0.01 0.02+0.01
a-amylases B. amyloliquifaciens 0.49+0.10 0.31+0.03 0.15+0.03
B. licheniformis 0.37+0.13 0.42+0.06 0.15+0.06

Oat malt 0.134+0.04 0.40 +£0.05 0.05+0.02

Porcine pancreas 1.38+0.28 0.83 £0.08 1.14+£0.25

Wheat malt 1.01 +£0.30 0.87+0.13 0.88+0.30

additional analysis of hydrolysis products and detailed kinetic studies
are required to confirm the underlying mechanism. Second, the lack of a
significant difference in maximum hydrolysis between native and
gelatinised starch for the a-amylases of B. subtilis and S. bovis is reflected
in ratios of 0.88 +0.12 and 1.02 + 0.08, respectively (Table 3). Both
a-amylases further showed similar initial hydrolysis rate ratios, namely
0.28 £0.11 and 0.34 +0.08, respectively (Table 3). This suggests a
comparable hydrolytic behaviour, although further mechanistic inves-
tigation is required. Lastly, the ratios of the kinetic parameters for the
a-amylases of Bacillus sp., porcine pancreas, and wheat malt were close
to one, indicating that both substrates were hydrolysed at similar rates
and to a similar extent.

The comparative study demonstrated that all a-amylases were
capable of hydrolysing native starch, although to different extents. This
finding reveals a limitation in the current criteria for identifying
promising NSDAs, which are generally defined by their ability to effi-
ciently hydrolyse native starch below the gelatinisation temperature.
These results emphasise the need to move beyond evaluations based on a
single time point and instead adopt multiple-time-point analyses to
capture hydrolysis kinetics more comprehensively. Additionally, eval-
uating the gelatinised starch hydrolysis provides insights into enzymatic
performance independent of the constraints imposed by the semi-
crystalline starch structure. The data demonstrate that not all a-amy-
lases exhibit reduced hydrolysis rates or lower maximum hydrolysis
levels when acting on native starch. As a result, the definition of NSDAs

may require refinement. Native starch-degrading a-amylases can be
described as a-amylases that are only weakly constrained by adsorption
limitations and the semi-crystalline architecture of starch granules and
therefore efficiently hydrolyse native starch.

In light of this refined definition, the native starch-degrading potential
of the eight NSDAs included in this study was reassessed. Direct com-
parison of these a-amylases based on existing literature was not feasible,
as previous studies used different incubation conditions, purification
strategies, measures of hydrolysis efficiency, a variety of botanical origins
of native starch, and often relied on single-time-point measures. Overall,
the NSDAs showed greater native starch-hydrolysing potential than the
commercial a-amylases, except for the a-amylases of porcine pancreas
and wheat malt (Fig. 1). The greatest extent of native starch hydrolysis
was observed for three NSDAs (Bacillus sp., S. bovis and R. stolonifera) and
for two commercially available a-amylases (porcine pancreas and wheat
malt). The A_NS values of these a-amylases did not differ significantly,
ranging from 39.57 £4.59% to 46.81 + 2.13 %. For the a-amylase of
S. bovis, no significant differences were observed between A_GS and A_NS.
Furthermore, the a-amylase from Bacillus sp. Showed no significant dif-
ferences in either A NS and A_GS, or kg NS and kg GS. Together, the re-
sults indicate that the native starch hydrolysis potential of these
a-amylases is likely limited by different factors. Identifying these specific
limiting factors was beyond the scope of the present study, but it repre-
sents an interesting direction for future research. These findings highlight
the importance of evaluating the complete hydrolysis process, including
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the associated kinetic parameters, under identical experimental condi-
tions when identifying promising NSDAs.

Here, we aimed to establish a rapid and straightforward comparative
evaluation approach that can be used to select suitable a-amylases for
specific industrial applications. The incubation conditions can be
adapted depending on the intended application. However, some short-
comings of the current comparative study were identified and should be
addressed in future work. First, the initial a-amylase activity varied
between 0.02 CU/mL and 0.12 CU/mL among the different a-amylases.
In addition, not all a-amylases retained their initial a-amylase activity
throughout incubation, as reflected by the relative residual a-amylase
activity reported in Table S1. No significant Pearson correlations were
observed between the kinetic parameters, the initial a-amylase activity,
and the residual a-amylase activity (p > 0.05; Table S2). Second, the
study included six time points, which were too limited to reliably
establish a two-stage first-order kinetic model, as was previously sug-
gested for native starch hydrolysis [16,25,26]. Nevertheless, in view of
the set goals, fitting a single first-order fractional conversion model was
sufficient to enable a meaningful comparison among the different
a-amylases and between the hydrolysis of the two substrates.

3.3. Native starch binding capacity of a-amylases to starch granules

In the previous paragraphs, the native starch hydrolysis potential is
assessed, which is typically initiated by the adsorption and binding of
a-amylases onto the starch granule. Consequently, many studies eval-
uate the native starch binding capacity of a-amylases. Differences in
binding are often attributed to intrinsic structural features of the starch
granule, including granule size, the amylose-amylopectin ratio, and the
organisation of the granular surface (e.g., exposed a-glucan chains,
pores, and cracks) [13-15,40,41]. To eliminate the influence of botan-
ical variability, all binding assays in this study were performed using a
single starch source, namely wheat starch. The native starch binding
capacity of the a-amylases was subsequently quantified (Fig. 2). We
hypothesised that the native starch binding capacity of the a-amylases
could serve as a proxy for native starch hydrolysis potential, which is
discussed in more detail in section 3.4. As shown in Fig. 2, the native
starch binding capacities of the different a-amylases varied widely, from
11.56 £+ 1.27 % for the a-amylase from B. subtilis to 86.10 & 2.91 % for
the a-amylase from Bacillus sp. TS-23.

These differences are likely related to structural properties of the
a-amylases, such as catalytic domain conformation and the presence of

100% -
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90% 1 [ Commercial a-amylases

80% -
70% -
60% -
50%
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additional binding sites. First, the conformation of the catalytic domain
was examined in more detail. All a-amylases belong to the same GH
family (Table 1) and therefore share a conserved catalytic mechanism in
their active site. However, they originate from different GH subfamilies.
Within subfamilies, higher sequence similarity is observed, which is
associated with more conserved structural and functional characteristics
[42]. Secondly, the presence of additional binding sites needs to be
considered. Several studies have demonstrated the importance of SBSs
and CBMs for native starch binding [7,8,17,18,43]. However, no clear
conservation pattern of SBSs and CBMSs across subfamilies has been
established [44].

The GH subfamilies and CBM families are listed in Table 1.
Comprehensive information on the number of SBSs for the complete
sample set of a-amylases was not available. Given the relatively small
number of a-amylases (14), it is challenging to systematically evaluate
the influence of specific subfamilies, SBSs or CBMs on the native starch
binding capacity. No clear relationship was established between native
starch binding capacity and a particular GH subfamily or the presence of
a specific CBM family. As a result, the observed variation in native starch
binding capacity likely results from an interplay of multiple structural
features of the a-amylases, including characteristics of the GH domain,
the presence and configuration of SBSs, and associated CBMs. Deter-
mining the extent to which these individual structural differences
contribute to the native starch binding capacity would be valuable for
future research, as it could improve the understanding of a-amylase
adsorption to the starch surface.

3.4. Relation between the native starch binding capacity and the native
starch hydrolysis capacity of a-amylases

a-Amylases hydrolyse native starch heterogeneously through distinct
stages. Hydrolysis is initiated by the adsorption of the enzyme onto the
starch granule, followed by the catalytic cleavage of the substrate within
the active site. The efficiency of these sequential steps may influence the
initial hydrolysis rate. In contrast, limitations in the enzymatic accessi-
bility to the supramolecular starch structure are more likely to affect the
maximum extent of starch hydrolysis. Accordingly, measurement of the
native starch binding capacity may reflect both the efficiency of
a-amylase adsorption and binding to the starch granule and the acces-
sibility constraints associated with the supramolecular starch structure.
It was, therefore, explored whether the native starch binding capacity
could serve as a suitable proxy for the native starch hydrolysis potential.
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Fig. 2. Binding (%) of a-amylases to starch. Native starch binding capacity is expressed as the relative a-amylase activity bound to the starch granules after in-
cubation, divided by the initial a-amylase activity in the system. Native starch binding capacities are considered significantly different (p < 0.05) when they do not

share the same capital letter.
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Fig. 3. PCA loading plot showing two principal components explaining 70.1 %
of the variance in the dataset. The X-axis represents Principal Component 1
(PC1) and the Y-axis represents Principal Component 2 (PC2). The native starch
(NS, @) and gelatinised starch (GS, marker: W) initial hydrolysis rate (v; NS and
v;_GS), maximum hydrolysis (ANS and A_GS), and the native starch binding
capacity (dashed arrow) are displayed in the loading plot.

Fig. 3 shows a Principal Component Analysis (PCA) exploring the
relationships between the kinetic parameters of native and gelatinised
starch hydrolysis and the native starch binding capacity. The parameters
were mean-centred and auto-scaled prior to analysis. The two principal
components together explained 70.1 % of the variance in the dataset.
Principal Component 1 (PC1) accounted for 49.1 % of the variance, with
A_NS having the highest absolute loading. The parameters v; NS, native
starch binding capacity, and A_GS also loaded positively on PC1. PC2,
explaining 21.0 % of the total variance, was primarily associated with
vi_GS, which showed the highest absolute loading on this component.
The low absolute loadings of the native starch kinetic parameters (A_NS
and vi NS) on PC2 indicate that no direct relationship with v; GS was
observed. This suggests that a high initial hydrolysis rate for gelatinised
starch does not necessarily translate into a high initial hydrolysis rate for
native starch, implying that different action mechanisms and structural
features are required for efficient initial hydrolysis of these substrates.
This finding is consistent with distinct rate-limiting steps for native and
gelatinised starch hydrolysis. Gelatinisation eliminates the need for
adsorption and binding of a-amylase to the starch granule, which is
considered the rate-limiting step in native starch hydrolysis [3,7,10].
Both A_GS and A_NS loaded positively on PC1 (0.57 and 0.90, respec-
tively), suggesting that the maximum hydrolysis for both substrates is
driven by common intrinsic a-amylase characteristics. This interpreta-
tion is also supported by a significant positive Pearson correlation
(Pearson r = 0.61, p < 0.05). However, it is important to emphasise that
the present study includes a limited number of a-amylases, making the
correlations sensitive to the specific a-amylases examined. Within the
current data set, five of the fourteen a-amylases (B. subtilis, Bacillus sp.,
S. bovis, porcine pancreas, and wheat malt) exhibit no significant dif-
ference between A_GS and A_NS (§ 3.2), even though the mechanisms
limiting maximum starch hydrolysis for native and gelatinised starch
differ, as discussed in § 3.1. Validation using a broader and more diverse
panel of a-amylases will be necessary to confirm the robustness of this
relationship. The native starch binding capacity co-varied positively
with both the vi NS and the A_NS, suggesting common a-amylase
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characteristics likely drive these parameters. This observation was
further supported by a strong positive Pearson correlation between the
native starch binding capacity and the v; NS (Pearson r = 0.68, p < 0.01)
and a moderate positive Pearson correlation between the native starch
binding capacity and the A_NS (Pearson r = 0.57, p < 0.05) (Table S2).

Based on the PCA analysis, a positive correlation between native
starch binding capacity and native starch hydrolysis potential was
identified. Native starch binding capacity thus appears to be a rapid,
single-point measurement that could serve as a preliminary measure for
the proposed starch hydrolysis analysis assay. Subsequently, the starch
hydrolysis analysis assay, containing six time points spanning the
different phases of starch hydrolysis, can be applied to evaluate native
and gelatinised starch hydrolysis potential under application-relevant
industrial conditions for the selection of promising NSDAs. By adopt-
ing this stepwise approach, the need for extensive and laborious
experimental characterisation of a-amylase action patterns and struc-
tural characteristics can be reduced, allowing subsequent analysis to be
focused on the most promising a-amylases.

4. Conclusion

Growing demands for more sustainable starch processing have
increased interest in native starch-degrading a-amylases. However, the
limited availability of systematic comparative studies, coupled with the
widespread use of single-time-point analyses, restricts insights into hy-
drolysis kinetics and the industrial applicability of these enzymes. This
study emphasises the importance of evaluating hydrolysis over time,
alongside performance on gelatinised starch, to identify the most
promising native starch-degrading a-amylases. Furthermore, the native
starch binding capacity, which positively correlates with both the initial
native starch hydrolysis rate and the maximum native starch hydrolysis,
provides a valuable parameter for preliminary assessment of the native
starch hydrolysis potential of a-amylases. By combining native starch
binding capacity measurements with comparative hydrolysis analyses,
this approach enables rapid identification of promising native starch-
degrading a-amylases under industrially relevant conditions, reducing
the need for extensive experimental characterisation.
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