
 

1 

Understanding the Binding of Starch Fragments to 1 

Granule-Bound Starch Synthase 2 

Shaobo Zhang, Cheng Li, Robert G. Gilbert,* Alpeshkumar K. Malde* 3 

AUTHOR INFORMATION 4 

Corresponding Authors 5 

 6 

Alpeshkumar K. Malde - Centre for Nutrition and Food Sciences, Queensland Alliance for 7 

Agriculture and Food Innovation, The University of Queensland, Brisbane, QLD, 4072, Australia; 8 

Present address: Institute for Glycomics, Griffith University, Gold Coast, QLD 4222 Australia; 9 

orcid.org/0000-0002-8181-1619; Email: a.malde@griffith.edu.au 10 

Robert G. Gilbert - Centre for Nutrition and Food Sciences, Queensland Alliance for Agriculture 11 

and Food Innovation, The University of Queensland, Brisbane, QLD, 4072, Australia; Jiangsu Key 12 

Laboratory of Crop Genetics and Physiology, Joint International Research Laboratory of 13 

Agriculture and Agri-Product Safety, Co-Innovation Center for Modern Production Technology of 14 

Grain Crops of Jiangsu, Yangzhou University, Yangzhou, Jiangsu 225009, China; orcid.org/0000-15 

0001-6988-114X; Email: b.gilbert@uq.edu.au 16 

 17 

Authors 18 

Shaobo Zhang - Jiangsu Key Laboratory of Crop Genetics and Physiology, Joint International 19 



 

2 

Research Laboratory of Agriculture and Agri-Product Safety, Co-Innovation Center for Modern 1 

Production Technology of Grain Crops of Jiangsu, Yangzhou University, Yangzhou, Jiangsu 2 

225009, China; Centre for Nutrition and Food Sciences, Queensland Alliance for Agriculture and 3 

Food Innovation, The University of Queensland, Brisbane, QLD, 4072, Australia 4 

Cheng Li - Joint International Research Laboratory of Agriculture and Agri-Product Safety of 5 

Ministry of Education of China, Yangzhou University, Yangzhou, 225009, Jiangsu Province, China; 6 

School of Medical Instrument and Food Engineering, University of Shanghai for Science and 7 

Technology, Shanghai, 200093, China 8 

 9 

  10 



 

3 

ABSTRACT  1 

Granule-bound starch synthase (GBSS) plays a major role, that of chain elongation, in the 2 

biosynthesis of amylose, a starch component with mostly (1→4)-α connected long chains of 3 

glucose with a few (1→6)-α branch points. Chain-length distributions (CLDs) of amylose affect 4 

functional properties, which can be controlled by changing appropriate residues on granule-bound 5 

starch synthase (GBSS). Knowing the binding of GBSS and amylose at a molecular level can help 6 

better determine the key amino acids on GBSS which affect the CLDs of amylose, for subsequent 7 

use in molecular engineering. Atomistic molecular dynamics simulations with explicit solvent and 8 

docking approaches were used in this study to build a model of the binding between rice GBSS 9 

and amylose. Amylose fragments containing 3 – 12 linearly linked glucose units were built to 10 

represent the starch fragments. The stability of the complexes, interactions between GBSS and 11 

sugars and difference in structure/conformation of bound and free starch fragments were analyzed. 12 

The study found that starch/amylose fragments with 5 or 6 glucose units were suitable for 13 

modelling starch binding to GBSS. The removal of an inter-domain disulfide on GBSS was found 14 

to affect both GBSS and starch stability. Key residues that could affect the binding ability were 15 

also indicated. This model can help rationalize the design of mutants and suggest ways to make 16 

single-point mutations which could be used to develop plants producing starches with improved 17 

functional properties.  18 
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1. INTRODUCTION  1 

Starch is a complex branched glucose polymer with two main forms: amylose with a few long 2 

branches, and amylopectin with a large number of short branches.1 The in vivo digestion rate of 3 

starch in foods is related to some chronic diseases such as diabetes and obesity, which are currently 4 

major and rapidly growing health problems world-wide. The digestion rate of starch is affected by 5 

a number of factors, including its molecular structure, e.g. amylose content (AC) and chain-length 6 

distribution (CLD).2-4 This molecular fine structure of both amylopectin and amylose can affect 7 

the digestion rate and mouth-feel of foods,5-7 and so substantial efforts have been devoted to control 8 

the fine structure of starch.8 These methods can improve functional properties controlled by the AC 9 

and CLD through RNA interference of the parent grain or tuber, but this may result in negative 10 

effects on the mouthfeel and/or yield of the food product, since multiple enzymes may be affected. 11 

Thus, changing the expression level of one enzyme by single point mutation is a reasonable strategy 12 

to control the fine structure of starch while reducing deleterious effects on other characteristics.9, 10 13 

 14 

Granule-Bound Starch Synthase (GBSS), belonging to the GT5 glucosyltransferases family, is a 15 

key enzyme responsible for amylose synthesis. There is only limited information on the structure 16 

of GBSS, but the crystal structures of some GT5 glucosyltransferases have been determined. 17 

Possible roles of the amino acids located in the catalytic domain, namely the substrate binding 18 

pocket in these glucosyltransferases, have been suggested.11-13 Analyzing the structural 19 

transformation and ligand status of these enzymes could help develop hypotheses on the 20 

contributions of the corresponding amino acid residues in GBSSI to its activity. Based on the 21 
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structural similarity of GT5 family enzymes, it is possible to study GBSSI by comparing the 1 

mechanisms of other enzyme functions of the GT5 family, and the locations of key amino acid 2 

residues.14 However, molecular-level details of the interactions between GBSS and amylose are 3 

unclear.15 Improved understanding could advance methods for the natural selection or genetic 4 

modification of GBSS in plants, leading to changes of starch properties that better fit various human 5 

needs. However, no crystal structure of rice GBSS with a bound glucan has yet been obtained. The 6 

present study takes the approaches of molecular dynamics simulations and docking to build a model 7 

of the binding between GBSS and representative amylose fragments.  8 

Although amylose contains at least 100 glucose units (and usually many more), only a few of these 9 

units are likely to interact with the GBSS binding cavity. Here, glucose chains with 3, 4, 5, 6, 8, 10, 10 

and 12 glucose units, which should span the binding cavity, have been built to represent amylose. 11 

The dependences of these models on the calculated activity and binding preference of GBSS are 12 

discussed. As discussed in previous work on starch branching enzyme,10 in the future, different 13 

GBSS mutants could be constructed both in vitro and in planta, and the CLD of the resulting rice 14 

starch could be measured to verify the effects of these residues on the starch fine structure. The 15 

results may assist in the design of mutations of GBSS in plants, with the ultimate goal being to 16 

develop plants producing starch with desirable properties. 17 

 18 

2. COMPUTATIONAL METHODS 19 

2.1 Protein and simulation notations 20 

The Protein Data Base (PDB) is a database for the three-dimensional structural data of large 21 
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biological molecules, such as proteins and nucleic acids. The selected PDB files and their structural 1 

information in this paper are listed in Table 1. 2 

Table 1. Structural information for the PDB files used in the present work 3 

 4 

PDB Resolution (Å) Organism Enzyme 

3VUE  2.7 Rice (Oryza sativa) Granule-bound starch synthase I 

4HLN 2.7 Barley (Hordeum vulgare) Starch synthase I 

3CX4 2.29 E. coli (E377A mutant) Glycogen synthase 

3L01 3.0 Pyrococcus abyssi Glycogen synthase 

6GNE 2.55 Arabidopsis thaliana Starch synthase IV 

6GNF 2.2 Cyanobacterium sp. CLg1 Granule-bound starch synthase 

6GNG 2.95 Cyanophora paradoxa Granule Bound Starch Synthase I 

 5 

In the amino-acid sequence of a protein, the following notation is used. Apo GBSS means the 6 

GBSS structure without any ligands attached. G3 – G12 represent glucose monomer units in starch 7 

(fragments) containing 3 –12 (1→4)-α linearly linked glucose units. 8 

 9 

2.2 Simulation methodology summary 10 

The simulation used here finds the minimum energy of a system comprising point particles 11 

interacting with their neighbors through assumed potential functions. The initial structure of the 12 
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prefusion form of the GBSS protein was obtained from PDB (3VUE).15 The fixed GBSS structure 1 

and starch fragments were built by Modeller version 9.2116 and Pymol 2.3.3.17-19   2 

The all-atom molecular dynamics (MD) simulations with fixed bonds and explicit water solvent 3 

TIP3P20 were performed using the GPU version of Amber1921, 22 on the Wiener GPU-cluster at the 4 

University of Queensland. Protein and the cofactor ADP were modelled using Amber14SB23 force 5 

fields, and starch polymer fragments were modelled using the Glycam06j24 force fields. Three sets 6 

of simulation systems were set up in duplicate. This comprised (i) GBSS with the inter-domain 7 

disulfide bond complexed with starch fragments; (ii) GBSS without the disulfide bond complexed 8 

with starch fragments; and (iii) free starch fragments in water. Starch fragments of varying length 9 

(containing 3, 4, 5, 6, 8, 10, and 12 (1→4)-α linearly linked glucose units) were built using the 10 

Glycam builder.25 Additional systems included duplicate MD runs of apo GBSS with and without 11 

the inter-domain disulfide. Starch fragments with different conformations were used as the starting 12 

conformations in duplicate runs, to see if the simulations yield the same result for each. At the start 13 

of each run, each atom had a random velocity taken from a Maxwell-Boltzmann distribution, 14 

subject to the constraint that fixed bonds are not allowed to move. 15 

The pressure was maintained at 1 bar by weakly coupling the system to a Berendsen barostat26 16 

using a coupling constant of 1 ps. A Langevin thermostat with a collision frequency of 2 ps–1 was 17 

employed for temperature regulation. A nonbonded interaction cut-off of 8 Å was used. The 18 

electrostatic interactions were treated with the particle-mesh Ewald27 (PME) method. Covalent 19 

bonds involving hydrogen were constrained with the SHAKE28 algorithm, allowing an integration 20 

time step of 2 fs. A total of 2.3 µs of MD simulations were performed. 21 
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3. RESULTS AND DISCUSSION 1 

3.1 GBSS sequence and structural similarities 2 

Sequences and structures of GBSSs from various plant and bacterial species are compared in Tables 3 

2 and 3. The sequence from rice was found to be significantly higher (> 60% sequence identity) 4 

with those of GBSS from wheat, rye, maize and sorghum. Recall that GBSS belongs to the Glycosyl 5 

Transferase family 5 (GT5) of enzymes, which includes glycogen synthase and starch synthase 6 

(Tables 1 and 2).  7 

Table 2. Sequence identity between GBSS from rice and other species 8 

Other species Number of 
identical residues 

Sequence identity 
(%) 

wheat 489 78.6 

rye 497 81.3 

maize 501 82.0 

sorghum 507 82.6 

sweet potato 390 63.2 

potato 381 61.5 

soybean 382 62.0 

kidney bean 384 62.0 

pea 375 61.3 

cassava 383 62.4 

Arabidopsis thaliana 379 61.1 

  9 
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Table 3. Sequence and structural similarity between GBSS and GT5 family enzymes. (Column and 1 

row headings refer to enzymes PDB 3VUE, 3CX4, 3L01, 6GNE, 6GNF, 6GNG) 2 

Sequence 
Identity (%) 

4HLN 3CX4 3L01 6GNE 6GNF 6GNG 

3VUE  31.4 25.9 17.6 14.4 36.1 38.3 

4HLN   25.4 17.4 17.2 27.4 27.1 

3CX4    23.2 13.6 26.6 24.5 

3L01    11.6 20.5 18.3 

6GNE     13.0 13.1 

6GNF      42.2 

RMSD (Å) 4HLN 3CX4 3L01 6GNE 6GNF 6GNG 

3VUE  4.3 1.4 2.0 1.8 1.1 1.4 

4HLN   4.4 4.1 4.9 3.8 4.7 

3CX4    2.4 1.5 1.5 1.2 

3L01    2.2 2.0 2.4 

6GNE     1.5 1.3 

6GNF      1.1 

 3 

Although the sequence identity between rice GBSS and GT5 enzymes from other species 4 

(including bacteria and yeast) is relatively low, the overall structures are nearly identical (RMSD 5 
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< 2.5 Å), indicating similar starch/glycogen processing mechanisms. Low sequence identity but 1 

high structure similarity and consequently identical or similar function has been reported for 2 

threonyl-tRNA synthetase.29 The overall structure is characterized by Rossmann fold, N- and C- 3 

domains connected by canonical two-hinge peptides and an inter-domain disulfide bond (Cys337 4 

and Cys529 in rice GBSS) that appears to be conserved in the Poaceae plant family, which includes 5 

rice and barley. This inter-domain disulfide is absent in glycogen synthase (E. coli), starch synthase 6 

(Arabidopsis thaliana) and GBSS (Cyanobacterium sp. CLg1 and Cyanophora paradoxa). This 7 

led us to test the effects on the GBSS/starch structure of the removal of the inter-domain disulfide 8 

link in GBSS.  9 

 10 

3.2 Structural aspects of GBSS affecting starch binding 11 

In the N-domain of rice GBSS in PDB 3VUE, residues 174-191, located at the gateway of the 12 

binding pocket, are missing, as shown in Fig. 1. When superimposed on the PDB 6GNF, this region 13 

(residues 174-191) is seen to form a flexible loop at the entrance of the binding cavity, and would 14 

probably be important for binding to starch. As indicated in the sequence and structural similarities 15 

of the selected enzymes, the homology of the missing loop structure of 3VUE structure (Oryza 16 

sativa GBSS-I) closely resembles that of the rest of the enzymes. This missing loop was built using 17 

homology modelling. Based on the multiple sequence and structure alignments (Supporting 18 

Information, Fig. S2), the loop structure of 6GNF at the same location was selected as the template 19 

to build the missing loop in rice GBSS 3VUE. The structure alignment of the new structure 20 

3VUE_N (which includes the missing loop, green part in Fig.1) with 6GNF and 3VUE is shown 21 

in Fig. 1. The missing loop region of 3VUE_N exhibited 36% sequence identity with that region 22 

in 6GNF (dark blue in Fig.1). 23 

  24 
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  1 

 2 

Fig. 1 Structure alignment and part of the sequence alignment of 3VUE_N (cyan) with 6GNF 3 

(blue) and 3VUE (purple). Below the protein sequences is a key denoting conserved sequence 4 

(*), conservative mutations (:), semi-conservative mutations (.), and non-conservative mutations 5 

( ). 6 

Beside the loop structure, a disulfide bond (Fig. 1, red stick) near the gateway of the GBSS may 7 

also play an important role on the structure movement. This disulfide bond is connected by C337 8 

and C529, two cysteines locate in the two loop structures of the two domains of GBSS respectively. 9 

It can restrict the domain movement and may alter starch biosynthesis efficiency.  10 

 11 

3.3 The effect of the inter-domain disulfide on apo GBSS 12 

Atomistic MD simulations were performed to assess the stability of apo GBSS structure, both in 13 
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the presence and absence of the inter-domain disulfide. This disulfide bond is thought to be 1 

important in restricting the plant GBSS, bacterial and archaeal GS movements, as the absence of 2 

this disulfide could produce an overexpressed GBSS protein in a mutation study.15 It was reported 3 

that E. coli GS enzyme activity was reduced when the cysteine was mutated.30 Similar results were 4 

also found in barley SS: that the disulfide is responsible for the disorganization of the active site.31 5 

The activity assays of the SSI31 indicated that breaking the disulfide bond might reduce the SSI 6 

activity in plant plastids under oxidizing conditions. The RMSD and RMSF analyses are shown in 7 

Fig. 2. The RMSF analysis indicates that the fluctuations are relatively higher in the protein in the 8 

absence of the inter-domain disulfide. The RMSD analysis indicates that both proteins (with and 9 

without disulfide) are stable over the timescale of the MD simulations. The gate-keeper loop 10 

(residues 174-191) reorients to a stable conformation in the presence of the disulfide, while 11 

adopting multiple conformations in the absence of the disulfide. This indicates that the inter-12 

domain disulfide affects the dynamics of the gate-keeper loop, which in turn could affect the 13 

binding of starch and thus the resulting chain-length distribution. According to Wang et al.,32 CLD 14 

patterns of starches in potato, sweet potato and peas from the non- Poaceae family, were quite 15 

different from those of rice and maize from the Poaceae family, including the amylopectin long 16 

branches and amylose chains. It is noted that GBSS can be involved in amylopectin synthesis, 17 

especially for the long branches of the amylopectin.8, 33, 34 The CLD of starch is affected by multiple 18 

enzymes, the removal of the inter-domain disulfide in rice GBSS is likely to generate starches with 19 

different CLDs. 20 

  21 
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  1 

  2 

Fig. 2. Root mean square fluctuations (RMSF) of apo GBSS with and without disulfide bond (left); 3 

Root mean square deviation (RMSD) of loop structure and the apo GBSS with and without 4 

disulfide bonds (right). 5 

 6 

GBSSs catalyse the (1→4)-α-linked glucose chain elongation process (mainly in amylose) by 7 

adding glucose from ADP-glucose to the non-reducing end of the growing chain. The dynamic 8 

process is difficult to capture at an atomic level using current experimental approaches. A number 9 

of static crystal structures of GBSS complexed with ADP and starch fragments have been reported 10 

(Table 3). To understand the binding of starch/amylose fragments to GBSS, we investigated a series 11 

of GBSSs complexed with starch fragments (1→4)-α -linked linear glucose polymers) containing 12 

3, 4, 5, 6, 8, 10 and 12 glucose units. The GBSS structure with the inter-domain disulfide bridge 13 

and co-factor ADP, as observed in PDB 3VUE, was used. Glucan polymers (and polysaccharides 14 

in general) can adopt multiple conformations in a given environment. The conformational 15 

population can vary when bound to protein in a sterically restricted environment, compared to 16 

being free in solution. Figure 3 shows the root-mean-squared deviation (RMSD) calculated for the 17 
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heavy (C and O) atoms of glucan polymers using the initial structure in solution as the reference 1 

structure for each system. The first two columns show RMSD plots from two independent MD 2 

simulations in water and when bound to GBSS, with and without the disulfide. The corresponding 3 

RMSD distribution plots obtained using the combined trajectory for each system are given in Fig. 4 

3, column 3. The x axis is the RMSD and the y axis of the column 3 is the normalized population 5 

of the RMSD, which stands for the distributions of the RMSD in the simulations. The 6 

conformational populations show significant overlap between free and bound states for G3, G4, 7 

G5 and G6. For systems beyond 8 glucan polymers, multiple distinct conformational populations 8 

are observed in free and bound states. Also, there are distinct differences in the conformational 9 

populations of bound glucans in the presence and absence of the inter-domain disulfide in GBSS. 10 

The black plots in column 3 (Fig. 3) show that the RMSD distribution (conformational population) 11 

of glucans expands directly in proportion to the number of glucans in the polymer. The system 12 

containing 4 glucans show a clear distinct population in the presence and absence of the inter-13 

domain disulfide with a minimum overlap. 14 



 

15 

 15 

Fig. 3 RMSD plots (columns 1 and 2) of glucans when free in solution and bound to GBSS (with 16 
and without disulfides) from two independent MD simulations. RMSD distributions generated 17 
using a combined 100 ns trajectory for each system are shown in column 3. The starting 18 
conformation of glucan polymer in water is used as the reference frame for each system. Row 1 to 19 
Row 7: starch fragments G3, G4, G5, G6, G8, G10 and G12 (1) in the complex with disulfide 20 
bonds (red lines); (2) in the complex without disulfide bonds; and in water (black). 21 
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3.4 Binding of starch to GBSS 1 

The stability of GBSS-glucan complexes was analyzed by measuring the RMSD of the protein 2 

backbone atoms (Supporting Information, Fig. S3) and of the glucan structures (Supporting 3 

Information, Fig. S4). The first column of Fig. S4 shows (from two independent MD 4 

simulations with GBSS containing inter-domain disulfide) the RMSD of glucans relative to 5 

protein (accounting for translation and rotation of glucan polymer in the binding cavity). The 6 

same starting configuration of glucans in each system was used for the calculation of RMSD. 7 

The protein was found to be stable in all MD simulations as indicated by low RMSD (~2 Å) 8 

over the time scale of simulations (Fig. S3). The second and third column of Fig. S4 shows the 9 

snapshots of initial and final structures from two independent MD simulations. For systems 10 

containing G3 and G4, the RMSD of glucans relative to protein is relatively stable, with 11 

minimal fluctuations. The conformation of the gate-keeper loop did not change significantly 12 

upon binding of these glucan oligomers. This indicates that 4 glucose units at the non-reducing 13 

end act as a potential anchor when starch binds to GBSS for the elongation of the glucan chain. 14 

For systems containing five or more glucan polymers, the RMSD plots and snapshots indicate 15 

that large fluctuations mainly arise from the relative placement of glucans after the fourth 16 

glucose unit in each system. The relative placement of glucans with longer chains shows that 17 

the starch can bind to a larger area in and around the binding cavity, due to the interactions and 18 

flexibility of the gate-keeper loop at the entrance of the binding cavity. For systems with five 19 

or more glucans, glucose units at the reducing ends start interacting with the gate-keeper loop, 20 

and a longer amylose chain could be accommodated there due to the flexibility of the gate-21 
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keeper loop. For systems containing G8, G10 and G12, the MD simulations showed that the 1 

RMSD of the glucans relative to protein exhibited large fluctuations and alternate binding 2 

locations for the reducing ends. Comparing the initial structure of the glucan chains in duplicate 3 

runs of G12, the RMSDs are relatively stable, but there was a distinct population where the 4 

glucan polymer was trapped at the starting docked configuration and could not sample alternate 5 

binding locations for the reducing-end glycans. As indicated in the simulations, long glucan 6 

chains were very flexible and generated many possibilities on the surface binding site. Focusing 7 

on the binding pocket will make the simulations affordable with reliable results. Thus, to obtain 8 

a reasonable binding model of GBSS and glucan chains, the shorter glucan chains seem more 9 

suitable.  Additionally, short glucans chains, e.g. G3 or G4, are too short to interact with the 10 

gate-keeper loop of GBSS, whereas G5 or G6 contain a stable non-reducing end anchor of 4 11 

units, and reducing end glucans (1 or 2 units) can interact with the gate-keeper loop, making 12 

them potentially useful to study GBSS-amylose binding and to design and investigate in silico 13 

mutants which might in planta produce altered chain length distributions of glucose polymers.  14 

3.5 Effect of inter-domain disulfide 15 

Additional systems with GBSS complexed with G3, G4, G5, G6, G8, G10, G12 and without 16 

the inter-domain disulfide were investigated. The MD simulation of apo GBSS indicated that 17 

the gate-keeper loop is relatively more flexible in the absence of this disufide (Fig. 2). The 18 

conformational populations of bound glucans were distinct from those when the inter-domain 19 

disulfide was present (Fig. 3, column 3). The RMSD of glucans relative to protein (accounting 20 
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for the translation and rotation of glucans within the protein) is shown in Fig. S5 (column 1). 1 

The second and third column of Fig. S5 shows the snapshots of initial and final structures from 2 

two independent MD simulations. As opposed to the ones in the presence of the disulfide, the 3 

glucan, when bound to GBSS in the absence of the disulfide, adopted similar binding 4 

orientation, location and conformation up to 10 glucose units (Fig. S5). This is attributed to the 5 

removal of the disulfide bond leading to more flexibility of the gate-keeper loop and overall 6 

greater flexibility of GBSS (Fig. 2, RMSF plot), allowing glucans with longer chains (including 7 

amylose) to bind efficiently, which impacts the eventual chain-length distribution. A mutational 8 

study15 with this disulfide bond replacing the first cysteine with valine (C337V) caused an 9 

overexpression of protein, suggesting that the disulfide bond plays an important role in 10 

stabilizing the GBSS structure and improving the starch biosynthesis efficiency.  11 

4. ANALYSIS OF STARCH BINDING TO GBSS 12 

Residues forming hydrogen bonds with the glucans were analyzed from the simulation 13 

trajectories. Beside the non-bond van der Waals and electrostatic interactions, glucans mainly 14 

interact with their surrounding with hydrogen bond interactions. The frequency of the formation 15 

of hydrogen bond between glucan and the given amino acid in the binding cavity could be used 16 

as an indicator that mutating the residue is likely to alter the biding and CLD of starch/amylose.     17 

The percentage of the simulation time that a hydrogen bond lasts in the simulations of different 18 

systems are listed in Table 4. An in vivo study35 showed that mutations at diverse sites in rice 19 
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GBSS reduced its activity by affecting some or all of its starch-binding capacity, its ADP-1 

glucose-binding capability and/or its protein stability. Among the residues in Table 4, ARG408 2 

was examined, because it could improve GBSS enzyme activity by mutating to glycine in rice.35 3 

These residues formed hydrogen bonds with glucan chains throughout the simulation, and this 4 

hydrogen bond may play an important role in the GBSS’s starch-binding capacity, as well as 5 

GBSS stability and enzyme activity. For example, GLU180, ASP234 and GLU410 formed 6 

hydrogen bonds with all systems binding with glucan chains with 3 – 6 glucose units for more 7 

than 50% of the simulation time; these could also be residues which could be targets for 8 

mutation sites in in planta studies. Furthermore, applying different selection criteria besides 9 

hydrogen bonding may find more possible key residues in the simulations. As discussed in 10 

previous work on starch branching enzyme,10 in the future, different GBSS mutants could be 11 

constructed both in vitro and in planta, and the CLD of the resulting rice starch could be 12 

measured to verify the effects of these residues on the starch fine structure. 13 

Table 4 Residues retaining hydrogen bonding during the simulations in different systems 14 

Residue G3 G4 G5 G6 
Average 

Percentage 

THR98 9.4 7.3 7.6 24.4 12.2 

GLY99 25.0 3.7 0.1 – 7.2 

GLY100 – 0.1 19.0 – 4.8 

LEU101 7.6 0.1 5.2 32.7 11.4 

GLY179 – – 92.0 – 23.0 

GLU180 34.2 70.5 64.3 94.6 65.9 

LYS181 78.5 0.8 29.2 73.1 45.4 

ASP234 99.0 57.0 92.2 99.4 86.9 

ASN265 98.2 1.5 17.0 0.3 29.3 

TYR268 5.5 3.0 0.7 0.4 2.4 
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ARG408 0.4 1.1 7.0 – 2.1 

GLU410 98.3 8.3 89.5 77.5 68.4 

THR437 – 12.2 28.7 52.2 23.3 

GLY438 0.2 22.0 24.5 15.3 15.5 

LYS462 – – 0.2 0.4 0.2 

PHE463 – – 0.2 0.3 0.1 

4.1 Mechanism of GBSS chain extension as inferred from simulations  1 

A postulated mechanism for the GBSS elongation process is shown in Fig. 4. In step (i), the 2 

glucan chain occupies the starch binding site inside the GBSS binding pocket near the C-3 

terminal domain while the ADP-glucose occupies the N-terminal domain. In step (ii), a glucose 4 

molecule is released from the bound ADP-glucose and added to the reducing end of the glucan 5 

chain, leading to the elongation and shifting of the glucan chain. In step (iii), the ADP leaves 6 

the binding pocket, the glucan chain becomes longer and then the reaction can start again. With 7 

the ADP molecule occupying the donor position and a glucan with various chain lengths 8 

occupying the acceptor position, different systems studied here mimic the end of the elongation 9 

process of GBSS. The GBSS stability is affected by the starch as well as by the ADP, and to 10 

study the effect of mutation on GBSS, a suitable glucan chain model is needed. Different chain 11 

length glucans have different characteristics in the binding procedure. Long chains such as G12 12 

can occupy different sites outside the binding pockets and change the chain conformation in 13 

wild-type GBSS. Short glucan chains, which occupy the binding cavity as well as interact with 14 

the gate-keeper loop, could be used to study the effect of various mutations in GBSS. 15 
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 1 

Fig. 4. Qualitative sketch of the GBSS binding mechanism. GBSS is light blue, ADP-glucose 2 

is dark blue, glucose trimer is orange with hydroxyl group (red and white) 3 

 4 

5. CONCLUSIONS 5 

An in-depth structural model of the binding of starch fragments to GBSS was built using 6 

multiple sequence and structure alignments. A series of amylose/starch fragments containing 3 7 

– 12 glucose units were docked onto GBSS and the configurations predicted using MD 8 

simulations. It was found that the conformations of these glucose oligomers were stable both 9 

in free solution and within the binding cavity of GBSS, where longer glucan chains could 10 

occupy different locations in the cavity. Comparing the root-mean-square deviations and 11 

structures in different systems, glucan chains with 5 and 6 glucose units were deemed most 12 

suitable as representative GBSS-starch systems for in silico studies of GBSS mutants. 13 

Additionally, the structures of both GBSS and glucan chains were significantly affected by the 14 

removal the inter-domain disulfide bond of GBSS, which could be a potential mutant to study 15 

in vivo. If simulations indicate that there is a significant change in the binding site of a mutant, 16 

then it is likely that this mutant will produce a significantly different chain-length distribution. 17 
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This in turn would result in significantly different functional properties of chains catalyzed by 1 

that mutant, such as the chain-length distribution and thus digestion rate in vivo. To test the 2 

simulation results, both in vivo and in planta experiments could be implemented in the future. 3 

This study may help the design of mutations of GBSS in plants and develop plants producing 4 

starch with desirable properties, such as having both slow digestion rice and acceptable taste. 5 

SUPPORTING INFORMATION 6 

Computational details; structure alignment of GBSS with ligands (Fig.S1); structure alignment 7 

of selected GBSS (Fig.S2); RMSD analysis of GBSS backbone atoms (Fig. S3); structure 8 

analysis of different systems with disulfide bond (Fig. S4); structure analysis of different 9 

systems without disulfide bond (Fig. S5). 10 
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 2 

1. DETAILS OF COMPUTATIONAL METHODS  3 

A molecular dynamics (MD) simulation such as the present is best commenced using a known 4 

crystal structure of the target, or of a related, system. Each of the systems in the simulation was 5 

placed in a periodic truncated octahedral periodic box of TIP3P water molecules with a 10 Å 6 

distance between the molecule surface and the box edge. A single disulfide bond between Cys337 7 

and Cys529 was explicitly specified for the systems with disulfide. The force-field topologies were 8 

generated using the tleap module of Amber. The protonation states of the titratable residues (Glu, 9 

Arg, Lys and Asp) were set as appropriate for the experimental pH of 7.5. The N- and C-terminals 10 

were charged. The histidine residues were singly protonated (neutral overall charge), with the 11 

location of the proton assigned manually depending on the local environment. The total charge of 12 

the system was –1.0 for the protein but no counter-ion was added, since the system was very large.  13 

Each system was energy minimized for 1000 steps using steepest-descent method followed by an 14 

equilibration MD simulation for 5 ns. The production MD simulations were performed for 50 ns 15 

in duplicate, starting with different docked structures and/or initial velocity distribution for each 16 

system. All coordinates, velocities, forces and energies were saved every 10,000 steps for analysis. 17 

A total of 2.3 µs of MD simulations were performed. The stability of the complexes was evaluated 18 

by measuring the root-mean-square deviation (RMSD) of protein backbone atoms. 19 

2. Structural Details 20 

The loop region missing in the diffraction data (residues 174 to 191) of GBSS (PDB ID 3VUE 21 

from Oryza sativa) was built by Modeller version 9.21 using the loop structure of GBSS (PDB 22 

6GNF from Cynaobacterium sp.) as the template. With the first 120 amino acid sequence of 6GNF 23 

as template, multiple alignments were run with Modeller and a loop structure identical to the 6GNF 24 



was generated for 3VUE structure. The ADP and glucose trimer molecules were docked onto the 1 

GBSS (PDB 3VUE) manually by superimposing them onto the glycogen synthase (PDB 3CX4; 2 

see below). 3 

3. Docking Details 4 

Starch fragments containing 3, 4, 5, 6, 8, 10, and 12 α-(1 → 4)-D-glucose units was generated by 5 

Carbohydrate Builder on glycam.org using the GLYCAM06j-1 forcefield.1 AutoDockTools-1.5.6 6 

was used to build the initial structure of the starch fragments. Firstly, the glucose trimer ligand in 7 

complex with GBSS (as described in the previous section) was taken as reference to generate the 8 

grid box parameters (Autodock parameters) that match the position. The structure of GBSS, 9 

including the co-factor ADP, was taken as a reference structure to generate 8 possible 10 

conformations of each protein-glucan system. Two conformations that were similar to the GBSS – 11 

tri-glucose complex, but extended in different orientations, were selected to be used as ligands 12 

using the visualization software Pymol 2.3.32-4 to observe the details. The glucan polymers with 13 

the reducing end facing away from the cavity and the non-reducing end close to ADP were chosen 14 

to be used as the G polymer for the study. These structures were used to set up MD simulations. 15 

As indicated in the docking details, the glucan chain in 3CX4 (E. coli GS) was used as reference 16 

in the docking of the 3VUE_N (Oryza sativa GBSS-I) with different length glucan chains. To 17 

verify the docking results, the structure alignments of 3VUE_N and other glucan-bound enzyme 18 

were shown in Fig. S2. As shown in Fig. S2 (left), the glucan inside the 3VUE_N (highlight orange) 19 

perfectly placed in the same position as the glucan of the E. coli GS 3CX4 (highlight cyan). The 20 

structure alignment of glucan-bound 3VUE_N and the cyanobacterial GBSS 6GNF was also 21 

shown in Fig. S2 (right). Although the ligand inside the binding pocket of 6GNF is the beta-22 

acarbose, the glucan inside the 3VUE_N (highlight orange) occupied very similar position as the 23 



beta-acarbose inside the 6GNF (highlight megenta). The structure alignment showed that the 1 

glucan ligand was docked into the 3VUE_N binding pocket properly. 2 

 3 

Fig. S1 Structure alignment of glucan-bound 3VUE_N (orange) and  3CX4 (cyan, left), 6GNF 4 

(megenta, right). 5 

 6 

 7 

Fig. S2 Structure alignment of 3VUE (blue) and (a) 3CX4, (b) 4HLN, (c) 3L01, (d) 6GNE, (e) 8 

6GNG, (f) 6GNF. 9 
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  Fig. S3 The RMSD of the backbone atoms of GBSS in production runs and duplicate runs with and without 1 
disulfide bonds. 2 
  3 



 1 
Fig. S4. Rows 1 – 7: systems containing glucan chains G3, G4, G5, G6, G8, G10 and G12 2 
respectively. The RMSD of glucan chains have various lengths with respect to protein in 3 
production runs (red) and duplicate run (cyan) in seven systems of GBSS containing the inter-4 
domain disulfide with glucan chains and an ADP molecule (1st column). The first structure of the 5 



production run was used as reference for the calculations of both runs. Snapshots of the initial 1 
structure of the glucan chains (2nd column) in production runs (blue) and duplicate runs (yellow), 2 
and the final structure of glucan chains (3rd column) in production runs (red) and duplicate runs 3 
(cyan). 4 
  5 



 1 



Fig. S5. Rows 1 – 7: systems containing glucan chains G3, G4, G5, G6, G8, G10 and G12, 1 
respectively. The RMSD of different length glucan chains with respect to protein in production 2 
runs (red) and duplicate run (cyan) in seven systems of GBSS without the inter-domain disulfide 3 
with glucan chains and ADP molecule (1st column). The first structure of the production run was 4 
used as reference for the calculations of both runs. The snapshots of the initial structure of the 5 
glucan chains (2nd column) in production runs (blue) and duplication runs (yellow), as well as 6 
the final structure of glucan chains (3rd column) in production runs (red) and duplicate runs 7 
(cyan). 8 
 9 
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