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ABSTRACT: Degradation of starch granules by a psychrophilic -amylase, AHA, from the Antarctic bacterium Pseudoalteromonas haloplanktis TAB23 was facilitated by C-terminal fusion to a starch-binding domain (SBD) from either Aspergillus niger glucoamylase (SBDGA) or Arabidopsis thaliana glucan, water dikinase 3 (SBDGWD3) via a decapeptide linker. Depending on the waxy, normal or high-amylose starch type and the botanical source, the AHA-SBD fusion enzymes showed up to 3 times higher activity than AHA wild-type. The SBD-fusion thus increased the density of enzyme attack-sites and binding-sites on the starch granules by up to 5- and 7-fold, respectively, as measured using an interfacial catalysis approach that combined conventional Michaelis-Menten kinetics, with the substrate in excess, and inverse kinetics, having enzyme in excess, with enzyme-starch granule adsorption isotherms. Higher substrate affinity of the SBDGA compared to SBDGWD3 was accompanied by the superior activity of AHA-SBDGA in agreement with the Sabatier principle of adsorption limited heterogenous catalysis.
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1. INTRODUCTION
Starch is regarded as a sustainable form of energy storage and one of the most abundant components in human food and animal feed. Starch also serves as constituent of novel biomaterials, in biorefineries for production of ethanol as well as other chemical commodities and as part of biomass feedstocks for fuel energy.1–3 Storage starch is synthesized and deposited in seeds, roots and tubers as compact supramolecular granules of different shapes and sizes ranging from about 1 m to more than 100 m having conspicuous alternating concentric amorphous and crystalline layers.4,5 Normal starch contains in a ratio of about 1:3 (w:w) the essentially linear -1,4-linked -glucan amylose of 250103 kDa and amylopectin of 104106 kDa, that has about 5% -1,6-branch points connecting -1,4-linked chains.6
[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK8][bookmark: OLE_LINK7]Starch is hydrolyzed by -amylases (EC 3.2.1.1) and different enzymes acting on -1,4 and -1,6-glucosidic linkages with formation of linear and branched maltooligosaccharides, maltose and glucose.7 Heterogeneous enzyme catalysis of starch granule degradation occurs in planta during seed germination and to secure night-time respiration in leaves, by starch utilization in animal and human digestive tracts and by microbial attack on plant-biomass.8,9 In industry, the raw starch is gelatinized at elevated temperatures to disintegrate the granular structure and ease the contact between substrate and catalytic domains (CDs) of amylolytic enzymes.10 α-Amylases occur widely in bacteria, archaea, plants and animals11 and most belong to glycoside hydrolase family 13 (GH13) as organized in the Carbohydrate-Active enZymes database, CAZy (http://www.cazy.org/).12 Enzymes from psychrophilic bacteria hold promise for energy-saving operations on raw starch at moderate temperature,13 even though conventionally the microbial α-amylases selected for industrial processes are thermostable and/or active at extreme pH values.14 Notably, psychrophilic enzymes usually have up to 10-fold higher activity at low and moderate temperatures as compared to their mesophilic homologues.15 Since enzymes hydrolyse granular starch less efficiently than gelatinized starch,16 one strategy to enhance degradation efficacy is by increasing the substrate contact such as through fusion of starch binding domains (SBDs) to the CDs by protein engineering. 
[bookmark: _Hlk106531297]SBDs are carbohydrate binding modules (CBMs) found in many multi-modular enzymes with ability to bind to and convert -glucans, including starch granules, soluble polysaccharides and the starch mimic -cyclodextrin.17,18 SBDs are organized in 15 sequence-based CBM families (http://www.cazy.org/),12 all, except for the larger CBM74, having an immunoglobulin-like fold of about 100 amino acid residues.18 SBDs can bind onto starch granules with micromolar affinity19 and were hypothesized to disentangle double helical -glucan chains, which facilitates reaction with the CD,18,20,21 as well as to guide the single chains to the active site crevice.22,23 Engineered -amylase SBD-fusions in fact imitate natural -amylases possessing SBDs.24 In this manner, barley -amylase added a C-terminal SBD obtained 2.3-fold increased activity on starch granules,25 by enhancing its endogenous affinity controlled by a couple of surface binding sites.20,26 Different ways to boost -amylase activity towards starch granules exemplify interfacial catalysis of vital natural processes.8,9,27 
[bookmark: _Hlk106531952][bookmark: _Hlk106532772]Earlier studies used the Michaelis-Menten (MM) approach to determine kinetic parameters of -amylase hydrolysis of granular starch.28 As for enzymes acting on soluble substrates,29 MM analysis may be applicable on granular starch when substrate is in (molar) excess. However, this requirement is not readily assessed for an insoluble substrate that represents an undefined molarity and where only a small and unknown fraction is accessible to the enzyme.30 To address this situation, we here, motivated by heterogenous catalysis of cellulases acting on cellulose,31 applied interfacial kinetics analysis to measure the attack site density, ﻿kinΓmax, for granules of different starch types. Recently, we used interfacial kinetics to describe the mechanism of the glucoamylase from Aspergillus niger, serving as a model for degradation of nutritionally important resistant starch in the gut.32 The ﻿kinΓmax parameter (in mol/g) enumerates loci on the substrate surface where the enzyme forms a productive complex. As deduced from cellulase-cellulose systems,33 we anticipated that ﻿kinΓmax depends on properties of both enzyme and substrate such as binding strength of enzyme-starch granule complexes, granule surface area, crystallinity etc. In practice, ﻿kinΓmax provides a conversion factor between the mass load of solid substrate (which is usually known from experimental data) and an apparent molar concentration of attack sites. This opens for a more stringent kinetic analysis31,34 as exemplified in Materials and Methods (section 2.5. Interfacial kinetics analysis on granular starch).
Enzyme reaction on granular starch is attractive, as it avoids dealing with issues related to high viscosity and instability due to retrogradation of -glucan chains,35 and also represents a clean and energy-saving advancement compared to processes using heat-gelatinized starch. Here one of the best characterized psychrophilic -amylases, AHA, from the Antarctic bacterium Pseudoalteromonas haloplanktis TAB23 having maximum activity at 25 C,36–39 is chosen for degradation of starch granules after C-terminal fusion with SBDs of family CBM20 from either Aspergillus niger glucoamylase (AHA-SBDGA) or glucan water dikinase 3 (phosphoglucan, water dikinase) (AHA-SBDGWD3) from Arabidopsis thaliana.21,22,40,41 The interfacial kinetic analysis of AHA-SBDGA and AHA-SBDGWD3 describes the positive impact by the SBD-fusion on starch granule hydrolysis. This application of the inverse MM approach gave new insights into the heterogeneous catalysis providing a foundation for rational improvement of hydrolysis of starch granules from different crops and of different types by -amylases.

2. MATERIALS AND METHODS
   2.1. Substrates. Amylose, amylopectin, and soluble starch (all from potato), oyster glycogen, and -, - and -cyclodextrins were purchased from Sigma-Aldrich Co. Ltd (St. Louis, MO, USA). Normal potato starch (NPS) and high-amylose/high-phosphate potato starch (HPPS) were extracted from the cultivar Dianella respectively a dual RNA interference starch branching enzyme I and II line in the Dianella genetic background, as previously described.42,43 Starch from an RNA interference GBSS line (waxy potato starch, WPS) was a kind gift of Lyckeby Stärkelsen, Sweden. Normal wheat starch (NWS) was generously provided by Lantmännen, Sweden. Waxy maize starch (WMS) was a kind gift of Cargill, USA, normal maize starch (NMS) of Archer Daniels Midland (ADM, Decatur, IL) and high-amylose maize starches G50, G80 of Penford Australia Ltd. (Lane Cove, NSW, Australia). The high-amylose maize starch AE 35 was obtained from experimental fields of Northwest A&F University, Yangling, China. The amylose content and crystalline polymorph were previously determined of the starch granules (Table 1).42–45 
   2.2. Construction, Production, and Purification of AHA and AHA-SBD Fusions. The AHA -amylase from Pseudoalteromonas haloplanktis TAB23 (GenBank Accession CAA41481.1), AHA-SBDGA and AHA-SBDGWD3 were produced recombinantly essentially as described.46 The fusions contained full length AHA connected C-terminally to the SBD via a decapeptide linker, TSSASGLTKV (see Supporting Information for details on construction, production and purification). Protein concentrations were determined spectrophotometrically at 280 nm (Nanodrop Lite, Thermo Scientific, USA) using predicted molar extinction coefficients () of 94,310, 125,250 and 123,300 M-1cm-1 for AHA, AHA-SBDGA and AHA-SBDGWD3 having theoretical molecular masses of 49,343.1, 61,703.7 and 61,231.5 Da, respectively (https://web.expasy.org/protparam/). The purity of AHA, AHA-SBDGA and AHA-SBDGWD3 was verified by SDS-PAGE.
   2.3. Activity Assays. Amylose (40 mg) in 1 mL MilliQ water was dissolved by adding 1 mL 2 M NaOH and neutralized before use by 1:1 (v:v) 1 M HCl. For standard activity assay, 100 L enzyme (20 nM, final concentration) acted on 1 mg/mL amylose in 900 L assay buffer: 100 mM Hepes, 50 mM NaCl, 10 mM MgCl2, pH 7.1 (25 °C, 300 rpm, 30 min). The reaction was stopped by addition of DNS reagent (1:1 (v:v)) and heated (95 °C, 5 min), as previously described.47 After cooling, absorbance was measured at 520 nm using a microplate reader (PowerWave XS, BIO-TEK). One unit of activity was defined as the amount of enzyme releasing 1 μmol/s reducing sugar under the above conditions using glucose (05 mM) for the standard curve. The pH activity dependence was determined at the optimum temperature 25 °C using the standard assay in universal buffer,48 20 mM MES, 20 mM Hepes, 150 mM NaCl, pH 4.010.0. Temperature activity dependence was determined at the optimum pH 7.0 in the above buffer. 
The specific activity of 20 nM enzyme was determined towards 1 mg/mL (w:v) amylose, amylopectin, glycogen, soluble starch, -, - and -cyclodextrins as described above. Soluble starch (1 mg/mL) and amylopectin (1 mg/mL) were gelatinized (75 °C, 30 min, 1100 rpm) and cooled to 25 °C before the assay. Kinetic parameters were determined at six concentrations of amylose (0.6252.5 mg/mL, 1 mL assay volume) for 20 nM enzyme (final concentration) in assay buffer (25 °C, 300 rpm). Aliquots (100 L) were removed at 1, 2, 5, 10, 15 min, mixed with DNS reagent (100 L), heated (95 °C, 5 min), cooled and the absorbance measured at 520 nm as above. Vmax, KM and kcat were calculated by fitting of the MM equation to initial rates of product formation and substrate concentrations (GraphPad Prism 6, GraphPad Software Inc).
   2.4. Activity on Starch Granules. Granules of NPS, WPS, HPPS, NMS, WMS, AE, and NWS (25 mg/mL (w/v), 1 mL) were washed twice with MilliQ water and once with assay buffer. Enzyme (100 L, 20 nM final concentration) was added to granule samples, incubated (25 °C, 24 h, 1100 rpm) and the reaction was stopped by 200 L 1.8 M Na2CO3 followed by centrifugation (10,000 g, 5 min). Reducing sugar in the supernatant was determined using the DNS assay as described above. One unit of activity was defined as the amount of enzyme releasing 1 nmol/s reducing sugar under the above conditions and with glucose as standard. Products released by 20 nM AHA, AHA-SBDGA and AHA-SBDGWD3 from WMS (25 mg/mL (w:v)) after 30 min (25 °C, 1100 rpm) were analyzed by thin layer chromatography (TLC Silica gel 60 (Merck, USA); mobile phase, 1-butanol: ethanol: MilliQ water = 5:5:3). Released glucose was quantified using the GOPOD assay (D-Glucose Assay Kit, Megazyme) with glucose as standard.49 
   2.5. Interfacial Kinetics Analysis on Granular Starch. The kinetics on the insoluble substrates were studied by two complementary methods denoted conventional and inverse MM analyses. In conventional MM, initial rates are measured in a series of experiments with a fixed, low enzyme concentration and gradually increasing substrate loads. This is the usual MM framework, and saturation implies that all enzyme is engaged in a substrate complex. In the inverse approach, using a constant, low substrate load initial rates were measured for gradually increasing enzyme concentrations. In this case, saturation indicated that all available attack sites on the substrate surface are in complex with enzyme. We applied these two kinetic approaches to five types of maize starch granules of WMS, NMS, and three high-amylose maize starches (G50, G80, AE) with varying amylose contents and crystalline polymorphs (Table 1). In conventional MM experiments, starch granules at six different loads (25–150 mg/mL (w/v), 135 L) were pre-incubated (10 °C, 15 min, 1100 rpm), added enzyme (15 L, final concentration 30 nM) and incubated (10 °C, 1100 rpm). For inverse MM kinetics, 135 L starch granules (25 mg/mL (w/v)) were added enzyme (15 L) to six final concentrations (30–150 nM) and incubated (10 °C, 1100 rpm). After 30 min (within a linear reaction range according to MM kinetics, data not shown), aliquots (100 L) were transferred to new tubes, mixed with 20 L 1.8 M Na2CO3 to terminate the reaction, and centrifuged (10000 g, 5 min). The concentration of reducing sugar in the supernatant was determined using the DNS assay with glucose as standard.
The overall output of these measurements was 30 saturation curves: 15 conventional MM curves with the initial rates vs. substrate load, and 15 inverse curves with initial rates vs. enzyme concentration. These plots were analyzed by non-linear regression (GraphPad Prism 6, GraphPad Software Inc) against the conventional (eq. 1) respectively inverse (eq. 3) MM equations. Different aspects of the application of these equations to solid substrates have been discussed in more detail elsewhere,31,34,50 and here we briefly reiterate pertinent facets. The approach rests on the claim that a steady state description of enzyme reactions with solid substrate requires three kinetic parameters. Two of them are kcat (in s-1) and KM (in M), while the third is the attack site density, ﻿kinΓmax (in mol/g). 
Experiments with substrate excess can be analyzed by the conventional MM equation, eq. (1), where  is the substrate mass load and K½ is the mass load at substrate half-saturation. Eq. (1) was used for non-linear regression analyses of the data, and this analysis returned values of kcatE0 (in Ms-1) and K½ (in gL-1). 
	
	
	(1)


Since ﻿kinΓmax specifies the number of attack sites (mole) per gram substrate, a conversion of K½ to KM in molar units was conducted using eq. (2). In eq. (2), KM is the molar concentration of attack sites that gives half-saturation in conventional experiments, but due to the symmetry of E and S in the reaction scheme and the fact that one enzyme only occupies one attack site, this value is the same at the molar concentration of enzyme that gives half saturation in the inverse experiments.31 
	KM = K½･kinΓmax
	
	(2)


To analyze the inverse experiments we expressed the inverse MM equation as eq. (3), which was used in the nonlinear regression analysis of inverse MM data giving the parameters KM (in M) and invkcatS0mass (in gL-1s-1).
	
	
	(3)


This returned kcat (from conventional MM) and KM (from inverse MM), but the analysis also opens a way to find the attack site density. Thus, as both K½ in eq. (1) and KM in eq. (3) were calculated, the kinΓmax could be determined as the ratio of these parameters, kinΓmax=KM / K½. Analogous arguments have shown that kinΓmax can also be derived from the ratio of the two maximal specific rates.31 
It was concluded that the combined use of conventional and inverse kinetic analyses allowed a stringent kinetic description with three kinetic parameters kcat, K½ and kinΓmax. We will use these parameters for comparative analyses of the three AHA forms with particular focus on the functional roles of the SBD-fusions.
   2.6. Adsorption to Starch Granules. The enzyme binding capacity of starch granules (25 mg/mL (w:v), 135 L) was determined under the same conditions as used for the activity assay by adding 15 L enzyme to seven different final concentrations in the range of 10–100 nM. After 10 min incubation (10 °C, 1100 rpm) the mixtures were centrifuged (10,000 g, 5 min) and 100 μL supernatant was added to 100 μL 2.5-fold diluted Protein assay dye reagent (Bio-Rad). The enzyme in solution was quantified from the ratio of absorbance values at 590 over 450 nm51 using AHA, AHA-SBDGA and AHA-SBDGWD3 (02.0 M) as standards. The results were fitted with the Langmuir isotherm (eq. 4) using ﻿GraphPad Prism 6 (GraphPad Software Inc), where Kd is the dissociation constant and adsΓmax is the (apparent) saturation coverage.31
	
	
	(4)


   2.7. Homology Modelling. SWISS-MODEL (https://swissmodel.expasy.org/) was used for homology modelling. A. niger SBDGA (PDB: 1AC0) was used as template to generate an SBDGWD3 homology model. The GGQ domain of YaeJ protein from Escherichia coli (PDB: 2RTX) was used as template to obtain a homology model for the TSSASGLTKV linker.
   2.8. Statistical Analysis. Interfacial kinetics was analyzed in duplicate, all other experiments in triplicate. The statistical significance was assessed with one-way analysis of variance (ANOVA) using SPSS 20.0 (SPSS Inc., Chicago, USA). p values<0.05 were considered statistically significant throughout the study.
3. RESULTS
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]   3.1. Selection of -amylase and SBD Fusions. Different amylolytic enzymes of which -amylases are the most prominent catalyze hydrolysis of -1,4-glucosidic linkages in the starch -glucans (amylose and amylopectin), glycogen, and related oligosaccharides. -Amylases are organized in four glycoside hydrolase (GH) families, GH13, GH57, GH119 and GH126 in the CAZy database of carbohydrate active enzymes (http://www.cazy.org/).11,12 GH13, by far the largest family, is divided into 46 subfamilies harboring about 30 different specificities.52 -Amylases are found in 16 subfamilies (GH13_1, 5, 6, 7, 10, 15, 19, 21, 24, 27, 28, 32, 36, 37, 43, 45)12 as shown in a phylogenetic tree (Figure 1). Fungal -amylases, e.g. from Aspergillus niger are found in subfamily GH13_1; bacterial liquefying and saccharifying -amylases also used industrially are in GH13_5 and GH13_28. Plant -amylases belong to GH13_6; mammalian digestive and animal -amylases to GH13_15 and GH13_24.12,53 Notably, AHA from Pseudoalteromonas haloplanktis TAB23 and other Arctic and Antarctic bacterial cold-adapted -amylases, which receive attention for starch conversion in energy-saving processes,54 group in GH13_32, although some are found in GH13_5 and GH13_24 (asterisks in Figure 1). Psychrophilic enzymes of GH13_32 are suitable for hydrolytic degradation of granular starches with optimum activity at 1050 C (Table S1), compared to typical starch gelatinization performed at 6090 C. We selected the well-characterized AHA55 for SBD-fusion and analysis of heterogenous catalysis of starch granules. AHA has attractive pH and temperature activity optima of pH 7.0 and 25 C and excellent stability at 25 C (Figure S1).38,39
Two SBDs of CBM20 with different affinity for the starch mimic -cyclodextrin were C-terminally fused to AHA (Figure 2). 40,41,46 SBDGA from A. niger glucoamylase, widely used in industrial production of glucose syrups from starch, has been described in great detail,21,56 while the SBDGWD3 from Arabidopsis thaliana glucan, water dikinase 3 is involved in starch granule mobilization in planta.41,43 We used the decapeptide linker, TSSASGLTKV, which was found suitable for fusing a marine -amylase of GH13_37 (AmyP) from Cryptococcus sp. S-2 to an SBD of CBM69.57,58 
The SBD-fusions and wild type AHA were produced in 0.15–0.25 mg yields per 5 g E. coli cells. AHA, AHA-SBDGA and AHA-SBDGWD3 migrated in SDS-PAGE as single protein bands estimated to 49, 61 and 61 kDa, respectively in agreement with the theoretical molecular masses (Figure S2). Both starch binding sites on the SBDs appear to be exposed in the multi-modular AHA-SBD architectures (Figure 2A,B). Superposition of SBDGA and SBDGWD3 showed that tryptophan residues at SBDGWD3 putative starch binding sites 1 (W48) and 2 (W35 and W75) (GWD3 numbering; PDB: 1AC0 as template) co-localize with tryptophans in SBDGA binding sites 1 (W543 and W590) and 2 (W563) (PDB: 1AC0) (Figure 2A,CE). 
   3.2. Activity and Kinetics on Soluble Substrates. Fusion with the SBDs reduced activity of AHA on amylose by 1620%, whereas AHA wild type and the SBD-fusions all showed the same 25-fold lower activities on amylopectin, glycogen, and soluble starch (Table 2). The starch mimics -, - and -cyclodextrins were poor substrates showing 12% of the activity level on amylose (Table 2).
     The kinetic parameters KM and kcat on amylose were very similar for the three AHA forms (Table 3). Thus AHA-SBDGA displayed slightly higher kcat and KM than AHA, while kcat was the same and KM 1.5-fold higher for AHA-SBDGWD3 compared to AHA. Overall, the SBD-fusion seemed neither to improve nor hamper the action of AHA on soluble substrates (Tables 2 and 3). 
   3.3. Activity on Starch Granules. The -amylase activity on starch granules varied by two orders of magnitude with the starch types and botanical sources. The SBDs actually contributed specificity differences, thus AHA wild type was most active on waxy maize starch (WMS) and the SBD-fusions on normal maize starch (NMS) granules (Table 4). Moreover, AHA-SBDGA and AHA-SBDGWD3 were 1.61.9-fold more active on NMS and normal wheat starch (NWS) and 1.21.3-fold more active on WMS granules than AHA (Table 4). Although, specific activity of AHA towards granules of waxy, normal, and high amylose potato starch (WPS, NPS and HPPS) and high amylose maize starch (AE)  was only 0.93.3% of the activity for WMS, still, among these four notoriously poor substrates AHA-SBDGWD3 doubled activity for HPPS and AHA-SBDGA tripled activity for AE compared to AHA (Table 4). Notably, the activity decreased dramatically with increasing amylose content of the maize starch granules (Tables 1 and 4).
Distinct features of the two CBM20 domains and the substrates, are assumed to cause the relatively better improvement for AHA-SBDGWD3 towards WPS, NPS, and HPPS and for AHA-SBDGA towards WMS, NMS, and AE (Table 4). Although it is well-known that starch granules are recalcitrant for -amylolytic hydrolysis, highest activity of AHA, which was further increased by the SBD-fusions, was on the waxy starch (WMS, WPS) granules, despite its activity on soluble amylopectin being only 30% of the activity towards soluble amylose (Table 2). Clearly, diversity in structural features of the different starch granules seems to determine recognition and susceptibility to hydrolysis for the AHA forms and the various activity differences are proposed to be associated with granular morphologies and microstructures.59 WMS and NMS are of the A-type, while AE is of B-type crystalline polymorph (Table 1).45 Besides, the surface of the amylose-rich AE granules is smooth, whereas the amylopectin-rich WMS and NMS granules have more wrinkles on the surface.60 Wrinkled surfaces are speculated to possess more enzyme attack sites, as also supported by the attack site density parameter we established by interfacial kinetics analysis (see section 3.5.). Notably, the AHA-SBDGA and AHA-SBDGWD3 released large amounts of 1854 ± 28 and 986 ± 64 M glucose, respectively, during 30 min reaction on WMS, whereas AHA released  mostly maltose and maltotriose and only 218 ± 30 M glucose (Figure S3A). Thus, the SBD-fusion altered the product profile and possibly the C-terminal SBD orients non-reducing ends of -glucan chains on WMS towards the active site on the AHA CD leading to release of terminal glucose residues, whereas the AHA wild type maintained the endo-action mode (Figure S3B,C). Previously, preference for phosphorylating shorter chains was observed for potato ﻿glucan water, dikinase 1 (GWD1) after truncation of the natural SBD of family CBM45, indicating that the SBD supported interaction of longer chains with the enzyme CD, in turn influencing the substrate specificity.61
   3.4. Adsorption to Starch Granules. SBD-fusion to AHA conferred increased binding to granular maize starches, illustrated by 37-fold higher binding site density (adsmax) depending on the starch type (Figure 3 and Table 1). For example, binding site density on WMS was 4.0- and 2.7-fold higher for AHA-SBDGA and AHA-SBDGWD3, respectively, than for AHA (Figure 3B) and the affinity (1/Kd) increased by 16- and 2.3-fold for AHA-SBDGA and AHA-SBDGWD3 (Figure 3D), a trend agreeing with Kd-values of 7.5 and 380 M for -cyclodextrin binding to SBDGA and SBDGWD3, respectively.41 This 50-fold difference indicated from binding to the SBDs alone rather than the 7-fold difference in Kd between AHA-SBDGWD3 and AHA-SBDGA, probably reflects distinct structural binding motifs of -cyclodextrin and the starch granule surface, and rigidity constraints contributed by the short decapeptide linker (Figure 3D). 
For protein fusions, intuitively a flexible linker would allow substantial inter-domain dynamics having impact on functionality, binding and orientation preferences. However, barley -amylase AMY1 fused C-terminally to SBDGA via a long natural linker (37 residues) from A. niger glucoamylase had just 5-fold higher affinity for barley starch granules than AMY1 itself.25 In that light, the overall 7.66-fold decreases in Kd for starch granules obtained by AHA-SBDGA are substantial (Figure 3).
   3.5. Interfacial Kinetics of Granular Starch Hydrolysis. Initially the heterogeneous catalysis by AHA-SBDGA of the WMS, NMS, and AE granular starches, was analyzed at the temperature optimum of the enzyme of 25 C (Figure S1A). Here we introduced K½ as the mass load at substrate half-saturation and KM as the molar concentration of enzyme that gives half-saturation in inverse MM experiments (for a detailed explanation see Materials and Methods section 2.5. Interfacial Kinetics Analysis on Granular Starch). This analysis of conventional and inverse MM kinetics gave the highest kcat/K½ of AHA-SBDGA towards WMS, followed by NMS and AE (Table S2). WMS also contained the highest attack site density of 0.80 followed by 0.64 and 0.27 nmol/g for NMS and AE, respectively. The superior substrate accessibility on WMS, may explain the faster degradation of this substrate (Figure S4 and Table S2). However, most of the experiments at 25 C did not approach enzyme saturation, hence, only allowing for specificity constants (kcat/K½), and not kcat and K½ to be extracted (Figure S4 and Table S2). To address this weakness, the same kinetic experiments were conducted at 10 C, where the three AHA forms displayed 7080% of their respective maximum activities at 25 C (Figure S1A). Now, K½ and KM were consistently lower and in practice this meant that we could get data to support linear regression of eqs. (1) and (3). The MM curves from both conventional and inverse kinetics and the derived kinetic parameters (Figure 4 A,B and Table S3) demonstrated all K½ and KM values to be within the used concentration range of the WMS granules, while it was reduced by 45-fold for the value of NMS and even more reduced for the high amylose starches, i.e. 811-fold for G50 and G80, and 1215-fold for AE (AE was not analysed for AHA wild type because the experiment did not approach enzyme saturation) (Figure 4E and Table S3).
The inverse kinetics experiments were conducted to determine and compare the number of attack sites (kinmax) on the granules (Figure 4F and Table S3). Different, albeit consistent, trends were observed both regarding the influence of the SBD-fusion and the type of substrate. For the effects of the different substrates, several properties followed the sequence WMS>NMS>G50>G80. This decrease tendency was found for both binding (adsmax) and attack (kinmax) site densities, and we therefore conclude that accessibility of susceptible bonds is much higher in WMS than for the more amylose-rich substrates G50 and G80.
The difference between the substrates fell in the range from 1.5- to 4-fold higher accessibility for WMS compared to G80. We did not detect any clear effect of the SBD type on this trend. In other words, the lower accessibility associated with more amylose-rich granular starches was not offset by the SBD. Also for glucoamylase from A. niger, Tian et al. noted a similar effect of decreasing accessibility with increasing amylose content.32 The higher accessibility found for WMS is in line with the rapid degradation of this substrate in the activity measurements (Table 4). However, the kinetic data (Figure 4C and Table S3) revealed that WMS is also characterized by a faster turnover rate. Hence, kcat decreased gradually for all three AHA forms with increasing amylose content and was typically an order of magnitude higher on WMS compared to G80 starch. It follows that the rapid degradation of WMS (Table 4) relies on additive effects of accessibility and turnover. It is of interest to consider the densities of binding- and attack sites through the series of the five maize substrates. Thus, the enzyme obviously needs to be in an adsorbed state to form a productive complex, but not all adsorbed enzyme molecules seem capable of attack. If there is a population of adsorbed but catalytically unproductive enzyme, we would expect that adsmax>kinmax as also illustrated by the A/B ratio (Figure 3C). Inspection of the data (Figure 3C and Table S3) revealed that this is consistently the case, and we conclude that a fraction of the adsorbed enzymes is catalytically unproductive for all investigated systems. However, this fraction is not large. Thus, on WMS, the productive population ranges from about three quarters for AHA wild type to two thirds for the AHA-SBD enzymes. Interestingly, the productive population was lower on the high amylose substrates, and fell between one third and half on G80. This observation implies that less accessible substrates, such as G50 and G80, challenge reactivity by both lower accessibility and a larger fraction of unproductively adsorbed enzyme.
3.6. Application of the Sabatier Principle in Starch Granule Degradation. According to the Sabatier principle, optimal catalysis occurs when the interactions between catalyst and substrate are of intermediary strength.34 To study the relationship between binding strength and turnover number, a relative standard free energy of enzyme-substrate binding (G) was calculated according to eq. (5), where K½,i is the Michaelis constant for the enzyme in question and K½,ref is the value for a reference,34 here chosen as the K½ for AHA-SBDGA acting on different starches.
	
	
	(5)


The relationship between kcat, invkcat and G using different enzymes and substrates (Figures 5 and S5) for all fits showed that kcat was negatively correlated with G, which means that the degradations of the starch granules by AHA and its SBD-fusions were adsorption limited reactions according to the Sabatier principle as described below.
The Sabatier principle has been used to analyze the relationship between catalysts and substrates of varying intermediary binding strength.62 For example ﻿the hydrolysis of cellulose using different cellulases as presented by a so-called volcano plot (Figure S6), is characteristic for the Sabatier principle.34 There are two situations applying to the Sabatier principle, namely desorption limited and adsorption limited reactions. For desorption limited reactions, the higher the affinity for the substrate, the lower the activity. By contrast, in adsorption limited reactions,  higher affinity between catalyst and substrate leads to higher activity. The fitting between kcat or invkcat and G for the three AHA forms showed that when the SBD-fusion increased the affinity (lower G) for starch granules, the rate of degrading (kcat) and the density of attack sites (invkcat) was faster and higher, respectively, than for the AHA. Besides, the higher affinity of AHA-SBDGA for starch granules led to both higher kcat and invkcat, in accordance with enzyme adsorption limited catalysis (Figures 5 and S5).
4. DISCUSSION
Notably, the SBD-fusion did not essentially adversely affect the performance of AHA on soluble substrates. Previously, C-terminal fusion of SBDGA to barley -amylase also did not alter activity for soluble starch, except at very low substrate concentration where the activity was doubled.25 Even though fusion with CBMs, in this case SBDs of family CBM20, may be expected to ameliorate interactions between enzyme and polysaccharide substrates, cases are reported of CBMs having been understood to hamper the interaction between CDs of naturally occurring multidomain enzymes and good substrates.63 However, for a cold-active -amylase from Saccharophagus degradans 2-40T that naturally contains a C-terminal linker-connected CBM20, in fact removal of linker and CBM20 dramatically reduced activity towards both solid and soluble substrates,64  in agreement with AHA in its own right allowing the functionally improving SBD-fusion. 
Then, with focus on heterogenous -amylase-catalyzed degradation of starch granules from different crops and of different types, we assessed impact of the SBD-fusion to AHA on the performance through comparing activity and kinetic parameters (Figure 4 and Table S3). Quite expectedly, connecting AHA to an SBD consistently improved affinity for granular starches. This was manifested, for example, in marked reduction in Kd and concomitant positive fold-changes in both binding site density (adsmax) and density of attack sites (kinmax) for the two AHA-SBD variants. As concluded from these data, we note that addition of an SBD led to systematic, albeit moderate increases in kcat. This effect further adds to the overall functional advantage of having an SBD. Notably, the impact of SBD-fusion was strongest for high-amylose substrates where the turnover went up by a factor 2. The SBD fusions moreover had increased density of attack sites (kinmax) for all the solid substrates and relatively most so for the high-amylose granular starches, which were overall characterized by rather low density of attack sites (Figure 4F and Table S3).
Looking closer into these parameters, we noticed that the catalytically productive fraction (determined as the ratio of kinmax over adsmax (Figure 3C, A/B ratio) was lower for SBD-fusions on all substrates, compared to the AHA wild type. Hence, we conclude that the SBDs promoted both enzyme accumulation on the surface of the granules and ability to create enzyme-ligand complexes, but that the catalytic performance was to some degree counteracted by an enlarged population of adsorbed unproductive enzymes. The productive interaction of the CD on starch granules is presumed to happen between the active site and substrate -glucan chains adopting a suitable conformation in the enzyme complex. Thus, the CD had a clear preference for interacting with so-called attack sites. By contrast, the SBDs, as well as possible additional surface binding sites (SBSs) on the CD,20 seem capable of binding to sites on the substrates without leading to catalytic cleavage by the CD.65 Similar results were obtained in heterogeneous catalysis of cellulose degradation by multi-modular ﻿cellobiohydrolases, thus truncation of the natural CBM1 of Cel7A from ﻿Trichoderma reesei resulted in an 8-fold decrease in its binding capability.31 However, all in all, the negative effect of SBD-fusion on performance was minor compared to the improved ability to recognize attack sites. Notably, attack and binding site densities (kinmax and adsmax) for the three AHAs forms were in the nmol/g range, corresponding with the level observed for glucoamylase acting on starch granules,32 whereas kinmax and adsmax for cellulases degrading cellulose were in the mol/g range.31 It has been shown that cellulase attacks in processive mode from the non-reducing end of the -1,4-glucan chain until degradation is arrested due to a much reduced chain length.66 However, the surface of starch granules is a more open structure than crystalline cellulose and the bonds susceptible to the CD are less concentrated. Secondly, -amylase seems to act near the non-reducing ends possibly after unwinding double helical -1,4-glucan chains (Figure S3), which also contributes to the lower kinmax and adsmax than found for cellulases.
   In conclusion, compared to AHA, SBD-fusion improved activity on both A- and B-type starch polymorphs, even though the AHA-SBDs had slightly reduced activity on amylose, the best soluble substrate. Interfacial kinetics analysis demonstrated that SBD-fusion increased attack- and binding site densities of AHA on all types of starch granules by up to 5- and 7-fold, respectively. Elevated activity of the AHA SBD-fusions accompanied increase in affinity for the starch granules according to the Sabatier principle of adsorption limited behaviour. The understanding gained from the careful analysis of the mode of action of AHA and SBD-fusions has general relevance for enzyme-catalyzed natural and biotechnological utilization of starch granules.

ABBREVIATIONS
AHA, -amylase from Pseudoalteromonas haloplanktis TAB23; A/B ratio, density of attack sites/density of binding sites; AE, high-amylose maize starch AE 35; CBM, carbohydrate binding module; CD, catalytic domain; G50, high-amylose maize starch Australia G50; G80, high-amylose maize starch Australia G80; GH, glycoside hydrolase; HPPS, high-amylose/high-phosphate potato starch; MM, Michaelis-Menten; NMS, normal maize starch; NPS, normal potato starch; NWS, normal wheat starch; SBD, starch binding domain; SBDGA, starch binding domain from Aspergillus niger glucoamylase; SBDGWD3, starch binding domain from Arabidopsis thaliana glucan, water dikinase 3; WMS, waxy maize starch; WPS, waxy potato starch.
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Figure Captions
Figure 1. Phylogenetic tree of characterized -amylases in glycoside hydrolase (GH) family 13 subfamilies.12,46 The origins are: fungi and yeasts, GH 13_1; bacteria, GH 13_5, GH13_19, GH13_21, GH13_27, GH13_28, GH13_32, GH13_36, GH13_37, GH13_43, and GH13_45; plants, GH13_6; archaea, GH13_7, GH13_10; insects, GH13_15; mammals and other animals, GH13_24. AHA from Pseudoalteromonas haloplanktis TAB23 (red asterisk) and other psychrophilic bacterial enzymes (green asterisks) are marked. Gene sequences and accession numbers were obtained from the NCBI database (https://www.ncbi.nlm.nih.gov/)

Figure 2. Domain architecture of AHA, AHA-SBDGA and AHA-SBDGWD3. (A) Schematics including the three catalytic acids ﻿Asp174, Glu200 and Asp264 (squares)38 and identified, respectively predicted aromatic residues at binding sites on SBDGA40 and SBDGWD3 (pentagons).41 (B) Surface representation of 3D models of AHA-SBDGA and AHA-SBDGWD3. AHA (red) with the inhibitor acarbose (light blue sticks) bound at the active site (PDB: 1AQH), SBDGA (blue; PDB: 1AC0), SBDGWD3 model (green; PDB: 1AC0 as template), and the decapeptide linker (TSSASGLTKV) model (white: PDB: 2RTX as template). (C) Superposition of SBDGA (blue; PDB: 1AC0) in complex with -cyclodextrin (cyan) and the modelled SBDGWD3 (green; PDB: 1AC0 as template). ﻿Close-up of superposition of SBDGA and SBDGWD3 showing aromatic residues at (D) binding site 1 and (E) binding site 2. 

Figure 3. Adsorption to different granular maize starches by AHA wild type and SBD-fusions at 10 °C and pH 7.1. (A) ﻿Binding isotherms for AHA, AHA-SBDGA, and AHA-SBDGWD3. Lines represent best fits of the Langmuir equation (eq. (4)) for the starches (see Table 1) WMS, black; NMS, red; G50, green; G80, dark purple; AE, light purple (AHA was not analyzed on AE starch). Parameters for AHA (red), AHA-SBDGA (purple), and AHA-SBDGWD3 (green) with the different starches (B) adsmax (binding site density); (C) Attack site density / binding density site (A/B ratio; see also section 3.5); (D) Kd. 

Figure 4. Interfacial catalysis of granular starches by AHA wild type and SBD fusions at 10 °C and pH 7.1. (A) Conventional and (B) inverse kinetics for AHA, AHA-SBDGA, and AHA-SBDGWD3 on WMS (black), NMS (red), G50 (green), G80 (dark purple), and AE (light purple). Lines represent best fits of the Michaelis-Menten kinetics. (C) kcat, (D) K½, (E) kcat/K½, and (F) kinmax for AHA (red), AHA-SBDGA (purple), and AHA-SBDGWD3 (green) for the different granular starches. AHA was not analysed with AE starch.

Figure 5. Fitting of kcat with G for AHA and AHA-SBD fusions acting on different starch granules at 10°C and pH 7.1. Lines represent best linear fits. K½ for AHA-SBDGA acting on individual starches were selected as K½,ref to fix the G for AHA-SBDGA as zero (eq.5).

Table 1. Characteristics of Starch Granules
	Name of starch type
	Abbreviation
	Amylose content (%)
	Crystalline polymorph

	Waxy maize starch
	WMS
	  0.7
	A-type

	Normal maize starch
	NMS
	20.7
	A-type

	Australia G50
	G50
	40.5
	B-type

	Australia G80
	G80
	50.5
	B-type

	AE 35 maize starch
	AE
	72.2
	B-type

	Normal potato starch
	NPS
	26.3
	B-type

	High-amylose/high-phosphate potato starch
	HPPS
	35.2
	B-type

	Waxy potato starch
	WPS
	  1.9
	B-type

	Normal wheat starch
	NWS
	33.1
	A-type





Table 2. Specific Activity of AHA, AHA-SBDGA and AHA-SBDGWD3 towards Soluble -glucans and Cyclodextrins at 25 C and pH 7.1 
	Substratea
	AHA
	AHA-SBDGA
	AHA-SBDGWD3

	Amylose
	247 ± 32b (100 c)
	199 ± 8 (80.6)
	207 ± 5 (83.8)

	Amylopectin
	  75 ±   5 (30.4)
	  69 ± 9 (27.9)
	  73 ± 2 (29.6)

	Soluble starch
	  90 ±   6 (36.4)
	  90 ± 1 (36.4)
	  92 ± 2 (37.2)

	Glycogen
	  47 ± 12 (19.0)
	  45 ± 4 (18.2)
	  41 ± 1 (16.6)

	-cyclodextrin
	    4 ±   0.04 (1.6)
	    4 ± 1 (1.6)
	    2 ± 1 (0.8)

	-cyclodextrin
	    3 ±   1 (1.2)
	    2 ± 0.3 (0.8)
	    2 ± 0.2 (0.9)

	-cyclodextrin
	    4 ±   0.04 (1.6)
	    1 ± 1 (0.4)
	    3 ± 0.4 (1.2)


a Substrates are described in the Materials and Methods (section 2.1.).b Specific activity (mol/s)/mol protein.c Percentage of the specific activity of AHA on amylose (100%) is given in parenthesis.

Table 3. Kinetic Parameters of AHA, AHA-SBDGA and AHA-SBDGWD3 towards Amylose at 25 C and pH 7.1 
	
	  AHA
	AHA-SBDGA
	AHA-SBDGWD3

	KM (mg/L)
	  145 ± 21
	  190 ± 13
	  217 ±   52

	kcat (s-1)
	2310 ± 81
	2939 ± 64
	2432 ± 319

	kcat/KM (L∙[mg∙s]-1)
	    16 ±   2
	    16 ±   0.1
	    11 ±     1




Table 4. Specific Activity of AHA, AHA-SBDGA and AHA-SBDGWD3 towards Different Starch Granules at 25 C and pH 7.1
	Substratea
	AHA
	AHA-SBDGA
	AHA-SBDGWD3

	NWS
	398 ± 19b (100c)
	754 ± 10 (189.4)
	629 ±   9 (158.0)

	WPS
	  16 ±   4 (4.0)
	  15 ±   8 (3.8)
	  19 ±   9 (4.8)

	NPS
	  10 ±   3 (2.5)
	  19 ±   6 (4.8)
	  13 ±   3 (3.3)

	HPPS
	    4 ±   1 (1.0)
	    7 ±   5 (1.8)
	    9 ±   2 (2.3)

	WMS
	462 ±   5 (116.1)
	589 ± 51 (148.0)
	535 ± 31 (134.4)

	NMS
	  83 ±   6 (20.9)
	148 ± 44 (37.2)
	135 ± 16 (33.9)

	AE
	    9 ±   7 (2.3)
	  29 ±   7 (7.3)
	  11 ±   4 (2.8)


a Substrates are described in Materials and Methods (section 2.1.). b Specific activity (nmol/s)/mol protein; c Percentage of the specific activity of AHA on NWS (100%) is given in parenthesis.
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