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RESUMO

O principal carboidrato de armazenamento em plantas ¢ o amido, um recurso natural de
importancia global para alimentagdo que faz parte de alimentos para humanos, racao para
animais de criacdo, além de matéria prima para diversas industrias. No entanto, ndo ha
muitos estudos sobre a enzima que sintetiza este carboidrato, tanto em relagdo sobre sua
estrutura e fungdo como sua historia evolutiva no contexto geral das angiospermas. Este
estudo utiliza uma analise filogenética abrangente do gene Waxy que codificam a enzima
GBSS (Granule-Bound Starch Synthse) para compreender melhor sua histéria evolutiva.
Além disso, a estrutura proteica contém duas isoformas. Para determinar as estruturas foi
utilizado modelagem por homologia, além de alinhamento estrutural para verificar
regides conservadas. A analise filogenética mostrou que o gene que codifica a enzima
GBSS ¢ bastante conservado em angiospermas, separando bem grandes grupos
filogenéticos como monocotiledoneas e dicotiledoneas. A enzima contém duas isoformas,
GBSSI e GBSSII e essa diversificacao pode estar relacionada a processos de duplicagdo
nos genomas de plantas. Apesar da estrutura geral das isoformas ser similar, ha variagdo
estrutural na sequéncia de aminoacidos. Este estudo fornece uma compreensao
abrangente da histdria evolutiva e estrutural da principal enzima envolvida na sintese do
amido e esses resultados devem apoiar estudos futuros que visam aumentar a
compreensdo da biossintese de amido e a divergéncia evolutiva e funcional da GBSS em

plantas.

Palavras-Chave: Abordagens computacionais. Angiospermas. Historia evolutiva.

Sintese de amido.



ABSTRACT

The main storage carbohydrate in plants is starch, a natural resource of global importance
for consumption that is part of human food, stock animal feed, as well as raw material for
several industries. However, there are not many studies on the enzyme that synthesizes
this carbohydrate, both in terms of its structure and function and its evolutionary history
in the general context of angiosperms. This study uses a comprehensive phylogenetic
analysis of the Waxy gene encoding the GBSS (Granule-Bound Starch Synthase) enzyme
to better understand its evolutionary history. Furthermore, the protein structure contains
two isoforms. To determine the structures, homology modeling was used, in addition to
structural alignment to verify conserved regions. Phylogenetic analysis showed that the
gene encoding the GBSS enzyme is highly conserved in angiosperms, separating large
phylogenetic groups such as monocotyledons and dicotyledons. The enzyme contains two
isoforms, GBSSI and GBSSII, and this diversification may be related to duplication
processes in plant genomes. Although the general structure of the isoforms is similar,
there is structural variation in the amino acid sequence. This study provides a
comprehensive understanding of the evolutionary and structural history of the main
enzyme involved in starch synthesis and these results should support future studies that
aim to increase the understanding of starch biosynthesis and the evolutionary and

functional divergence of GBSS in plants.

Key words: angiosperms. computational approaches. evolutionary history. starch

synthesis.
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INTRODUCAO GERAL

Molecular and structural evolution of the Granule-Bound Starch

Synthase (GBSS) in flowering plants

O que é a pesquisa?

O estudo investigou a evolugao molecular do gene que codifica a enzima (GBSS)
evolvida na sintese de amido em plantas, além de realizar andlises estruturais sobre a
enzima utilizando métodos in silico, ou seja, programas e algoritmos de computador
buscando analisar a estrutura proteica e propor uma hipdtese filogenética para

compreender a histdria evolutiva desse gene em plantas.

O amido ¢ o principal carboidrato de armazenamento em plantas. Este actcar
natural ¢ muito importante para as plantas pois serve de reserva de energia fazendo parte
importante dos processos metabdlicos e manutengdo desses organismos, além de fazer

parte da nutrigao humana fazendo parte dos constituintes dos cereais, tubérculos e frutas.

O processo de sintese do amido ¢ principalmente realizado através da acdo da
enzima GBSS que ¢ codificada pelo gene Waxy que catalisa o processo de sintese na
transferéncia de residuos de glicose, atuando na formagdao de amilose e amilopectina,

cadeias lineares e ramificadas respectivamente.

Atualmente o estudo sobre o gene e a enzima GBSS ainda s3o poucos e estdo
focados em pequenos grupos de plantas, sendo que ainda nao ha um estudo mais amplo
envolvendo a diversidade de linhagens de angiospermas. Assim, este estudo pode auxiliar
numa compressdo mais ampla das classificagdes em diferentes niveis, além de

informagdes estruturais importantes relacionados a agdo enzimatica.
Como foi feita?

Nesta pesquisa, foram utilizados modelos matemdaticos e programas de
computador para analisar de forma comparativa as sequéncias de gene Waxy que foram
obtidas através da internet em bancos de dados digitais. Também foram utilizadas
sequencias de aminoacidos das enzimas para se chegar as estruturas proteicas através de
modelagem comparativa, também conhecida como modelagem por homologia, uma

abordagem que também utiliza programas de computador e servidor via web (Figura 1).
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4. ANALISE
FILOGENETICA

Nesta etapa séo utilizados
amatriz de alinhamento
e o modelo matemético
do passo anterior para
gerar um diagrama,
hipétese filogenética.

Todas as informagoes
sdo reunidas, filtradas e
organizadas para serem
alinhadas usando um
programa de
computador formando
uma matriz de

alinhamento.
F oY

A

7] 3. MODELO MATEMATICO
Busca em bancos de I, Através de um
dados digitais através =
da internet para obter
sequéncias do gene
GBSS.

5. INTERPRETA?EO
DOS DADO:!

A hipétese filogenética
programa de e ela pode revelar
computador é feita a quais os possiveis
escolha de um modelo eventos evolutivos
matematico mais podem estar correndo.
adequado aos dados.

Figura 1. Passos da analise filogenética.

A parte de modelagem por homologia segue a mesma logica da andlise
filogenética, mudando apenas o passo 3 onde ja se tem uma abordagem matematica e
computacional estabelecida e no passo 4 ha a criagcdo de um modelo que sera interpretado

e analisado no passo 5.

A analise filogenética parte da ideia de homologia (biologicamente a semelhanga
de caracteristicas entres os organismos, nesse caso o gene Waxy, possuem uma origem
comum, advindo de um ancestral comum) entdo este gene pode revelar a historia

evolutiva e mudangas na estrutura da enzima GBSS.

Os resultados mostraram que o gene que codifica a enzima GBSS ¢ muito similar
em diferentes tipos de plantas. Assim, dizemos que o gene ¢ conservado. Dois grandes
grupos de plantas conhecidos como monocotiledoneas e dicotiledoneas possuem suas
respectivas linhagens divergentes de GBSS. O gene GBSS possui uma linhagem ancestral
GBSSI da qual a linhagem GBSSII evoluiu, o que parece ter tido origem em
dicotiledoneas, tendo origem entre o ancestral mais recente entre rosideas e

superasterideas.

Os resultados da modelagem estrutural in silico resultaram em dois modelos
tedricos GBSSI e GBSSII pertencem ao mesmo sistema de classificagdo de familia
proteica e dominio estrutural, mas apresentam algumas caracteristicas estruturais
diferentes, como numero de estruturas secundarias e local de atividade enzimatica. Além

disso, a forma GBSSI da enzima interage com outros cofatores de ligagdo no seu sitio
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enzimatica além do ADP (Adenosina difosfato, composto organico importante no

metabolismo celular).
Qual a importancia?

Esses achados fornecem uma visdo mais ampla sobre os eventos histdricos
evolutivos envolvendo o gene Waxy que codifica a enzima GBSS. O processo de
diversificacdo desse gene no decorrer do tempo e o surgimento de um gene alternativo
GBSSII provavelmente foi vital para o processo de sintese de amido em alguns grupos

plantas.

Nas ciéncias biologicas, a area de estudo denominada filogenética ¢ um ramo que
utiliza de conhecimentos da area de exatas, estatistica, onde ¢ possivel verificar relagdes
evolutivas entre os organismos. Para este estudo, sdo utilizadas informagdes genéticas
(genes ou genoma) que, por meio de aplicativos de computador, podem ser processadas
e analisadas gerando modelos que podem explicar a historia evolutiva de um organismo

de interesse.
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Abstract

Starch is the main storage carbohydrate in plants, being a natural resource of global importance for human
consumption and raw material for some industries. Granule-Bound Starch Synthase (GBSS) is the main
enzyme responsible for the synthesis of starch. Nevertheless, this crucial enzyme is still poorly understood,
both in terms of structure and function and its evolutionary history in the general context of flowering
plants. This study applies a comprehensive phylogenetic analysis of genes encoding the GBSS enzyme to
better understand its evolutionary history and structural constraints. To determine structural evolution,
computational approaches were used to verify conserved regions, through structural alignment.
Phylogenetic analysis showed that the gene encoding the GBSS enzyme is highly conserved in angiosperms
and that the enzyme contains two isoforms, GBSSI and GBSSII. This molecular diversification may be
related to duplication processes in plant genomes. Their structures, despite being similar, show structural

variation, deletions, and amino acid mutations. This study provides a more comprehensive understanding
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of the evolutionary and structural history of the main enzyme involved in starch synthesis, and these data
should support future studies that aim to increase our understanding of starch biosynthesis and the
evolutionary and functional divergence of GBSS in plants. We also highlight that caution regarding

isoforms is needed when using GBSS for reconstructing phylogenetic trees.

Key words: starch synthesis, evolutionary history, computational approaches, angiosperms.
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1 Introduction

In the process of starch synthesis, the main gene involved is known as Waxy, which encodes the
enzyme Granule-bound starch synthase (GBSS) (Miao et al. 2014; Li et al. 2019). Molecular evolution and
computational analysis of this synthesis in plants have been studied to understand the metabolism and
evolutionary relationships of the main enzymes involved. Due to the low number of copies of the gene that
encodes this enzyme, it has been widely used to study phylogenetic and evolutionary relationships in plants
(Cheng et al. 2012). However, most of these studies are focused on small phylogenetic groups (e.g., Cheng
et al. 2012; Li et al. 2012). There are still few computational studies on the structure of this enzyme and
functional aspects that can bring a better understanding of its function (e.g., Momma and Fujimoto 2012;
Cuesta-Seijo et al. 2013). Thus, evolutionary and theoretical computational studies can bring new insights
into the evolutionary history of this enzyme and important structural aspects, such as classification and
protein domains that are related to enzyme function, as well as to what possible events promoted the

diversification of this enzyme.

Starch is the main storage carbohydrate produced by plants (Seung et al. 2020). It is widely used
in human nutrition and is one of the main constituents of cereals, tubers, legumes, and fruits (Miao et al.
2014; do Carmo et al. 2020; Seung et al. 2020). It is found in the form of semi-crystalline insoluble granules
and contains in its constitution two types of polymers: amylopectin and amylose (Cheng et al. 2012; Miao
et al. 2014; do Carmo et al. 2020; Seung et al. 2020), which vary in their relative proportions. Amylose
consists of a linear polymer, formed by glucose residues that are linked by a-1,4 bonds. Amylopectin also
contains linear chains with a-1,4 bonds plus branched chains with a-1,6 bonds (Kato et al. 2019; Seung et
al. 2020). The production of this carbohydrate in plants is notorious due to the amount produced and stored.

The use of amylose for plant growth and survival remains unclear (Seung et al. 2020).

The synthesis of amylose is relatively simple and is catalyzed by the enzyme GBSS, which
transfers glucose residues from ADP-Glucose producing long chains of amylose, and which also acts on
the side chains (Cheng et al. 2012). In most cereals studied so far, GBSS consists of two isoforms, GBSSI
and GBSSII. The GBSSI gene seems to be expressed exclusively in storage tissues, such as endosperm and
seed embryos, while the GBSSII gene is expressed in tissues such as the leaf, stem, root, and pericarp
(Vrinten and Nakamura 2000; Dian et al. 2003; Cheng et al. 2012). In addition, there may be a difference
in the expression profiles of further isoforms, GBSSIa and GBSSIb genes in cereals and other monocots
(Vrinten and Nakamura 2000; Dian et al. 2003; Cheng et al. 2012). For instance, in peas, these two GBSSI
isoforms, GBSSIa and GBSSIb, are differentially expressed, where a high expression of GBSSIa is found
in embryos, while GBSSIDb is highly expressed in leaves (Edwards et al. 2002)

The isoenzymes involved in starch synthesis have been widely reported in monocots and dicots.
A phylogenetic analysis of the GBSS gene by Lu et al. (2012) showed that the monocots form a group
containing a GBSSI isoform and the dicots, a GBSSII isoform. This suggests that there was a divergence
in the enzyme responsible for starch synthesis in plants. Another study to evaluate the variation of the
GBSSI enzyme in a group of Poaceae showed that there is conservation between exons/introns (Shapter et

al. 2009). The characterization of a new gene in Amaranthus cruentus L. (CrGBSSIb) and its phylogenetic
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analysis found results that corroborated studies already carried out by Cheng et al (2012), where GBSSII
form a group in dicots and GBSSI in monocots (Park et al. 2017).

A study on the evolution of the GBSS genes of angiosperms showed a duplication 251 million
years ago (Lu et al. 2012; Cheng et al. 2012). Other studies involving GBSS and other genes that participate
in starch synthesis indicate that there were one or two gene duplication processes before grasses diverged
(Cheng et al. 2012). In monocots, these genes are divided into two gene families: GBSSI and GBSSII (Miao
et al. 2014). Furthermore, there are some structural similarities between GBSS and soluble starch synthases

(SSs), which may be related to common ancestry and duplication events (Qu et al. 2018).

Although there are studies on phylogenetic relationships using genes that synthesize starch in
plants, including the GBSS enzyme, comprehensive studies involving all sequences known for flowering
plants are still scarce. In addition, structural analysis of these enzymes, together with gene trees, can
enhance our understanding of the evolutionary aspects of this gene in flowering plants. Here, we present
the phylogenetic analysis of the GBSS enzyme and its isoforms I and II to understand the evolutionary
history of this enzyme in the context of flowering plants' evolution, in addition to a structural in silico

elucidation of the isoforms and structural comparison. We further classify protein families and domains.

2 Material and methods
2.1 Data acquisition

Data on the gene encoding the enzyme Granule-bound starch synthase (GBSS) were obtained from
NCBI (https://www.ncbi.nlm.nih.gov/) (Benson et al. 1990). An extensive search of the maximum number
of taxa available in the database was carried out with the aid of the algorithm BLAST (Altschul et al. 1997)
through the reference sequence NM103023.4 from Arabidopsis thaliana L. Heynh. General BLAST
parameters: maximum target sequences: 100, short queries: automatically adjusted for short input
sequences, expectation threshold: 0.05, word size: 28, maximum matches in a query range: O.
Match/mismatch scores: 1, -2, gap cost: linear. Filter: low complexity regions, mask: mask for lookup table

only.

After obtaining information about GBSS, coding DNA sequences (CDSs) of the enzyme were
obtained. Only complete CDSs were selected for analysis. As a complement to the information already
obtained in the database, we recovered sequences of taxa with unannotated genomes, from an optimized
BLASTn using the same reference sequence, NM103023.4. In this case, only genomes of taxa without any
representative recovered by the first search were added. General BLASTn parameters: maximum target

sequences: 100, short queries: automatically adjusted for short input sequences, expectation threshold: 0.05,
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word size: 11, maximum matches in a query range: 0. Match/mismatch scores: 2, -3, gap cost: existence:

5, extension: 2. Filter: low complexity regions, mask: mask for lookup table only.

To annotate the coding and non-coding regions, exons, and introns of the recovered genome
fragments, we used the program AUGUSTUS (Stanke and Waack 2003), which is used for gene prediction
through genomic fragments through a web server (https://bioinf.uni-greifswald.de/augustus/) (Stanke et al.
2004). This genetic prediction tool can use predictions with annotated reference information and ab initio
(Stanke et al. 2006, 2008). All predicted genes were validated through the BLAST algorithm against the

NCBI database to verify similarity with other GBSS genes already predicted.

In the end, 732 accessions were obtained, including CDSs of GBSSI and GBSSII, in addition to
101 genes isolated from unannotated genomes. We eliminated repeated data, very short sequences (< 500

bp) which resulted in 353 sequences of GBSS genes that were then used in subsequent analyses.

2.2 Phylogenetic analysis

For the phylogenetic analysis of the GBSS gene in flowering plants, an alignment was first
performed using the MUSCLE algorithm (Edgar 2004), implemented in Geneious Prime® version 20221.1
(https://www.geneious.com/prime/) using the default settings parameters. Gaps were kept as predicted by
the alignment algorithm. Phylogenetic analyzes were performed on the W-IQ-TREE web server
(Trifinopoulos et al. 2016). The construction of the phylogenetic tree was based on maximum likelihood
(ML = maximum likelihood) (Felsenstein 1981), where the substitution model was automated with an
ultrafast bootstrap with a value of 3,000 with a maximum of 2,000 iterations. The minimum correlation
coefficient was kept at 0.99. To support the branches, the SH-aLRT test was used with 2000 replicates
(Guindon et al. 2010) together with the approximate Bayes test (Anisimova et al. 2011). The best nucleotide

substitution model for the dataset was the GTR+F+I+G4.

2.3 Insilico structural modeling
The structure of the GBSS enzyme was obtained by comparative modeling on the SWISS-MODEL

server (Arnold et al. 2006; Biasini et al. 2014) (https://swissmodel.expasy.org/) The structure of the GBSS

enzyme was obtained by comparative modeling on the SWISS-MODEL server (Arnold et al. 2006; Biasini

et al. 2014) (https://swissmodel.expasy.org/). The modeling process steps are: (1) searching for models, (2)
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aligning the target sequence with the model, (3) building the model, and (4) evaluating the quality (Arnold
et al. 2006; Waterhouse et al. 2018). Eleven taxa were selected for modeling (Supplementary Material S2).

For structural comparison, taxa that share the two isoforms GBSSI and GBSSII were chosen (Table 1).

The search for models was carried out on the SWISS-MODEL server, and two structures were
found, for the GBSSI isoform the Oryza sativa subsp, japonica S. kato structure was used (PDB ID: 3VUE,
string A, resolution 2.7 A). For the GBSSII isoform, we selected the structure of Hordeum vulgare L. (PDB
ID: 4HLN, strand A, resolution 2.7 A). All the structures modeled had the regions of loops refined using a

script from the MODELLER program (Webb and Sali 2017).

The theoretical models were validated by stereochemical analysis using the Ramachandran plot
(Lovell et al. 2003), on the SWISS-MODEL server itself using MolProbity version 4.4 (Davis et al. 2007,
Chen et al. 2010). The quality of the stereochemistry of the models was performed as a function of the phi
and psi angles. Quality was also inferred through the QMEAN (Benkert et al. 2008, 2011), which is a
composite score that employs average strength statistical potentials (Sippl 1993). To verify possible errors
in the structures, an analysis was performed on the ProSa-Web server (Wiederstein and Sippl 2007)
(https://prosa.services.came.sbg.ac.at/prosa.php), which is a widely used tool to check errors in three-
dimensional protein structures. Error recognition can be done both in theoretical and experimentally
elucidated structures (Wiederstein and Sippl 2007). The quality of the models was inferred by the z score

and an energy graph.

The theoretical structures of the GBSS enzyme were aligned using the USCF Chimera software
(Pettersen et al. 2004). Through the structural alignment, a theoretical structure of Prunus avium (L.) L.
GBSSI and Musa acuminata Colla. GBSSII was selected. This choice was made based on the lowest value
of the mean squared deviation (RMSD). The structural comparison made it possible to identify and compare
conserved and non-conserved structural motifs, in addition to structural differences. Through these data, it
was possible to infer relevant structural aspects of the molecular function, as well as differences in the

catalytic sites of the enzyme.

To identify the protein family and domain, InterPro was used, which is a resource available from
the European Institute of Bioinformatics, the EMBL-EBI (Goujon et al. 2010; McWilliam et al. 2013). The
GenomeNet database was also used, which provides a MOTIF tool that also performs a functional search

through the amino acid sequence (Kanehisa 2002). The sequences used in the search were the same used in
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the comparative modeling together (Table 1). All sequences were aligned and compared to verify the

conserved regions.

3 Results
3.1 Phylogenetic analysis

Alignment using the MUSCLE algorithm resulted in an aligned matrix of 8,945 bp of coding
regions, with 13 exons recovered. Phylogenetic analysis, considering the well-known history of flowering
plants relationships, shows that the GBSS gene virtually reflects this history; particularly the clades
including monocots (branch support with 71.3% bootstrap) and eudicots (branch support 100% bootstrap)
(Figure 1). The region in violet in Figure 1 shows that diversification of GBSS II occurred in the most
recent common ancestor between rosids and superasterids. Overall, these results show that the GBSS gene
had an ancestral GBSSI lineage from which the GBSSII lineage evolved. The complete phylogeny with the

classification of groups and taxa is in Supplementary Material S1.

3.2 In silico structural modeling

The two isoforms of the GBSS enzyme are similar by having a low RMSD. The theoretical GBSSI
structural isoform presented mainly 16 beta-sheet and 18 alpha-helix, and only the structure of Solanum
tuberosum presented 15 beta-sheet and 19 alpha-helix. The GBSSII isoform presented 18 beta sheets and
21 alpha-helices. The structures in Prunus avium and Solanum tuberosum are also of the GBSSII isoform,
but they had three more Alpha-helix structures. Therefore, we conclude that the GBSSI and GBSSII

isoforms are different.

In addition to having different secondary structures, the GBSSII isoform contains a greater number
of loops, and it’s supposed binding site is located on the outside, while the GBSSI isoform contains a cavity
between the two N-terminal and C-terminal regions forming a pit (Figure 2 and 3). In total, 11 theoretical
structural models were obtained, all had stereochemistry values above 92%, good local energy parameters,
approximate z-score values of experimental models, and energy graph showed favorable values

(Supplementary Material S2).
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The structural alignment resulted in low RMSD values in relation to the theoretical GBSSI
structures compared to the 3VUE. In a model of Oryza sativa japonica, the structures are well correlated,
there was also low RMSD between the theoretical GBSSII structures in relation to the 4HLN. A model of
Hordeum vulgare shows an excellent structural relationship. The RMSD between the GBSSI and II
structures showed higher values (Table 3) due to structural differences such as the number of Beta-Sheet

and Alpha-helix, Supplementary Material S3.

The theoretical GBSSI structures presented, for the most part, 16 Beta-sheet and 18 Alpha-helix.
Only the structure of Solanum tuberosum presented 15 Beta-sheet and 19 Alpha-helix. The GBSSII
structures presented 18 Beta-Sheets and 21 Alpha-helices, and the Prunus avium and Solanum tuberosum

structures presented 3 more Alpha-helices structures.

Here, we present the theoretical structure of the Prunus avium Granule-Bound Starch Synthase |
(PaGBSSI) enzyme. The enzyme has 504 amino acids and two domains. The enzyme belongs to the
Bacteria/Plant glycogen synthesizer family (InterPro: [IPR011835). The starch synthesis domain is found in
the N-terminal region from residue 94-354, and the Glycosyl transferase domain, family 1 is found in the
C-terminal region from residue 408-524, compared to the structure of Oryza sativa japonica GBSSI
(OsGBSSI), the domains have good structural overlap (Figure 2). Both domains have overlapping B-o-f3

structures.

The structural alignment showed that ADP-binding residues were conserved in PaGBSSI. The
ADP-complexed structure shows an electron density map along with residue interactions (Fig. 3B). The
structure of PaGBSSI with the KTGGL motif can be seen on the loop part, in violet (Fig. 3A). All residues
that bind to ADP in (OsGBSSI) are conserved in the same position, except for residue His502, where in the

structure of Oryza sativa there is a GIn493.

The theoretical structure of the Granule-Bound Starch Synthase I enzyme from Musa acuminata
(MaGBSSII) contains 473 amino acids and belongs to the Bacteria/Plant glycogen synthesizer family
(InterPro: IPR0O11835). The enzyme also contains the two domains present in the PaGBSSI protein, the
starch synthesis domain is found in the N-terminal region going from residue 285-530, and the glycosyl
transferase domain, family 1 is in the C-terminal region and goes from residue 567-697. The structural

alignment of the MaGBSSII with the SSI of Hordeum vulgare (HvSSI) shows a good overlap of the two
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structural domains (Figure 4). The structural comparison showed that the HvSSI residues are all conserved

in the MaGBSSII structure. The structure bounds to maltopentaose (Figure 5).

In the comparison using the amino acid sequences was possible to observe the isoforms sharing
the same family and protein domains presented in the structure of PaGBSSI and MaGBSSII. Although they
underwent a process of diversification between GBSSI and GBSSII during evolution, they still share the

family and protein domains.

4 Discussion

In this study, we sought to analyze the molecular evolution of the enzyme Granule-Bound Starch
Synthase (GBSS) in flowering plants from a phylogenetic and structural approach. Phylogenetic analysis
showed that the GBSS gene is conserved in flowering plants, reflecting the classification of large
phylogenetic groups. The GBSSII isoform is a lineage that evolved from an ancestral GBSSI lineage. The
GBSSI and GBSSII enzyme isoforms retain the same protein family and the same domains, but the binding
site is different. In addition, the GBSSI isoform has an affinity with other binding cofactors besides ADP.
We conclude that the GBSS enzyme in plants is conserved and presents different isoforms with different

structural characteristics, shapes, and binding sites.

Phylogenetic analysis of coding DNA sequences (CDSs) using the Maximum Likelihood method
(Felsenstein 1981), showed conservation in relation to large phylogenetic groups, such as Commelinids,
Superasterids, and Superrosids, in addition to the clustering of two major phylogenetic classification groups
of plants, monocots, and eudicots. These data agree with the classification made by other phylogenetic
studies using other molecular markers already used in phylogenetic studies, such as the APG Il and APGIV
system (Bremer et al. 2009; Chase et al. 2016), highlighting the usefulness of GBSS to recover phylogenetic

histories in flowering plant groups.

The GBSS enzyme diversification process that occurred between the two large groups monocots
and eudicots may be associated with a major duplication event of the entire genomes (Cheng et al. 2012).
About 150 to 270 million years ago, there was a whole genome duplication event that is strongly associated
with this GBSS enzyme diversification process in plants (Qu et al. 2018). Thus, the duplication of the
ancestral GBSS gene in angiosperms was probably the result of a duplication of the entire genome (Cheng

et al. 2012; Qu et al. 2018).
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A typical GT-B structure and a peculiar Rossmann fold present in OsGBSSI are identified in the
N and C-terminal domain (MOMMA and FUJIIMOTO 2012). Another important structural feature observed
in PaGBSSI is the presence of a KTGGL motif in the N-terminal region. Studies with Escherichia coli
glycogen synthase complexed with ADP and maltooligosaccharides showed a closed dynamic movement
with two Rossmann fold domains associated with the KTGGL motif (Momma and Fujimoto 2012). The
mean square deviation value of the atomic positions was 0.340 A, suggesting that the structure PaGBSSI is
very similar to the structure OsGBSSI and probably has a closed active state. The way ADP binds to the
structure and involves the N-terminal and C-terminal domains may be a factor that contributes to the closed
state of the enzyme (Momma and Fujimoto 2012). All residues that bind to ADP are conserved in the
structure PaGBSSI, except for the change from Gly493 to His502 (Figure 3). This change can alter the

binding stability of ADP at the binding site.

The theoretical structure of GBSSII compared to the structure of HvSSI also had high structural
overlap, as the HvSSI adopts a characteristic GT-B fold (a double Rossmann fold) and it is possible to
verify that the MaGBSSII structure also has the same characteristic (Cuesta-Seijo et al. 2013). The
MaGBSSII structure, unlike the GBSSI structure of PaGBSSI, does not have a KTGGL domain, despite
having high similarity and an RMSD below 1A. In contrast, the large N-terminal region present in
MaGbSSII and HvSSI is absent in PaGBSSI. This region is characterized by an extensive loop and may be
related to the dynamics of the structure after binding with a cofactor (Cuesta-Seijo et al. 2013). The structure
of MaGBSSII has an active site characteristic of GT5 as well as HvSSI, the amino acid residues of both

domains have a closed conformation (Cuesta-Seijo et al. 2013).

Here we report the evolutionary history of the gene encoding the enzyme Granule-Bound Starch
Synthase (GBSS) in the general context of flowering plants. The Waxy gene encoding the enzyme GBSS
is well conserved in flowering plants and may be potentially useful to investigate phylogenetic relationships
in plants, but it is necessary to be cautious because of the presence of two isoforms. In particular, some taxa
of monocots are within the eudicots clades, nested within the GBSSII divergence, likely due to convergence
processes acting on this gene. The structures of the PaGBSSI and MaGBSSII isoforms elucidated in silico
provide clues as to how possibly the same binding mechanisms can form with the ADP and pentasaccharide
molecule can bind to GBSSI and GBSSII respectively, the two isoforms share the same motifs and protein
domains and presenting an N-terminal and C-terminal domain with Rossmann folds characteristic of these

classes of proteins. The PaGBSSI structure presents a KTGGL domain in the N-terminal region, while this
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309 motif is absent in the MaGBSSII isoform. In both structures, the residues that bind to cofactors are the
310 same, except in the PaGBSSI structure where there is a change from Gly to His. Together, these findings
311 provide new insight that increases our understanding of the evolutionary history, structure, and function of
312 the main enzyme involved in starch synthesis in plants.
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425 Table 1. Taxa used in in silico structural modeling.
Species Order Higher classification
Musa acuminata GBSSII o o
. Zingiberales Comelinids Monocots
Musa acuminata GBSSI
Prunus avium GBSSI
Rosales
Prunus avium GBSSII .
) i Superrosids
Glycine soja GBSSI
Fabales
Glycine soja GBSSII
Solanum tuberosum GBSSI Eudicots
Solanales
Solanum tuberosum GBSSII
Arabidopsis thaliana GBSSI Brassicales Superasterids
Coffea euginoides GBSSI .
Gentianales
Coffea euginoides GBSSI
426
427 Table 2. SWISS-MODEL web search results: identity values, coverage, and resolution of the model
428 structures. All accession models were obtained by x-ray.
Accession Species Enzyme Template Identity Coverage Resolution
NP _174566.1 Arabidopsis thaliana GBSSI  3VUE. A 69.45 0.86 27A
XP _027182769.1 Coffea eugenioides GBSSI 3VUE.A  70.78 0.86 27A
XP 028182166.1 Glycine soja GBSSI 3VUE.A 69.83 0.87 2.7A
AHAS1121.1 Musa acuminata GBSSI 3VUE.A 73.43 0.76 2.7A
XP 021822644.1 Prunus avium GBSSI  3VUE.A 70.97 0.85 2.7A
XP 015162571.1 Solanum tuberosum GBSSI 3VUE.A 69.45 0.83 2.7A

XP 027153219.1 Coffea eugenioides  GBSSII 4HLN.A  50.82 0.62 27A




XP 028195575.1 Glycine soja GBSSII 4HLN.A 5247  0.63 2.7 A

AHAS51125.1 Musa acuminata GBSSII 4HLN.A  50.53 0.62 27 A
XP_021812457.1 Prunus avium GBSSII 4HLN.A 50.41 0.63 27 A
NP 001274977.1 Solanum tuberosum GBSSII 4HLN.A 50.92 0.63 2.7A
429
430
431
432
433 Table 3. RMSD values result from structural alignment between targets and models.
Targets + GBSSI 3VUF) Enzyme RMSD A Targets + SS1 (4HLN) RMSD A Enzyme
Arabidopsis thaliana GBSSI 0.340 Arabidopsis thaliana 0.884 GBSSI
Coffea eugenioides GBSSI 0.344 Coffea eugenioides 0.883 GBSSI
Glycine soja GBSSI 0.360 Glycine soja 0.854 GBSSI
Musa acuminata GBSSI 0.345 Musa acuminata 0.862 GBSSI
Prunus avium GBSSI 0.340 Prunus avium 0.838 GBSSI
Solanum tuberosum GBSSI 0.365 Solanum tuberosum 0.867 GBSSI
Hordeum vulgare 4HLN ~ SSI 0.903 Oryza sativa Japonica ~ 0.903 GBSSI
Coffea eugenioides GBSSII 0.961 Coffea eugenioides 0.259 GBSSII
Glycine soja GBSSII 0.910 Glycine soja 0.388 GBSSII
Musa acuminata GBSSII 0.894 Musa acuminata 0.204 GBSSII
Prunus avium GBSSII 0.910 Prunus avium 0.220 GBSSII
Solanum tuberosum GBSSII 0.948 Solanum tuberosum 0.466 GBSSII
434
435
436
437
438

439
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440
441
442 Figures
[}
7 = =
-
443
444 Figure 1 Maximum likelihood phylogenetic analysis of the GBSS enzyme in flowering plants. The tree is
445 derived from the alignment of nucleotide sequences of CDS coding regions. In blue are the taxa belonging
446 to the classification of eudicots, in green are the monocots, and in violet are the taxa that share the GBSSII
447 isoform. There is a representation of two organisms, Musa acuminata in monocots and Prunus avium in
448 eudicots. The structures of GBSSI are more similar to each other than compared to GBSSII from the same
449 taxa. Bootstrap values for all branches can be seen in Supplementary Material S1.
450

451
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452

453

454

C-domain
a

455

456 Figure 2 Representation of the theoretical model and structural alignment of GBSS. (a) PaGBSSI structure:
457 the region in blue represents the region of the N-terminal domain and in red the C-terminal domain. (b)
458 view of the structural alignment between PaGBSSI and OsGBSSI. The N-terminal and C-terminal domains
459 are represented by pink and yellow respectively. The green arrow shows the Adenosine Diphosphate
460 molecule linked to the OsGBSSI structure.

461

, «.C-domain
21 @ ‘
a . ('Y
N
K471
K462
462
463 Figure 3 PaGBSSI structure with KTGGL motif and comparison with ADP-complexed structure of

464 OsGBSSI. (a) density map of the PaGBSSI structure with protein motif in the N-terminal region. The motif



465
466
467

468

469
470

471
472
473
474

475
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is highlighted with a violet-colored region and arrow. (b) superposition of OsGBSSI structure (green color
residues, PDB 3VUF) complexed with ADP with electron density map. Prunus avium GBSSI residues are

shown in blue.

N-domain

Figure 4 Representation of the theoretical model and structural alignment. (a) MaGBSSII structure. The
region in blue represents the N-terminal domain and in red the C-terminal domain. (b) view of the structural
alignment between PaGBSSI and HvSSI. The N-terminal and C-terminal domains are represented by pink
and yellow respectively. The green arrow shows the Adenosine Diphosphate molecule linked to the HvSSI

structure.
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K422
K413

R417

Figure 5 Pentasaccharide with an electron density map complexed to the SSI protein structure. Residues in
green belong to the SSI structure of HvSSI (PDB 4 HLN), and residues in blue are from the GBSSII
structure of MaGBSSII.
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KZ772737.1 Marchantia_polymorpha GBSSI
GL377589.1 Selaginella_moellendorffii_GBSSI
CM018377.1 Nymphaea_colorata_GBSSI
JAANDHO010002564.1 Nymphaea thermarum_ GBSSI
KI1394904.1 Amborella_trichopoda_GBSSI
JAJHSJI010000007.1 Magnolia_officinalis GBSSI
XM 010919674.3 Elaeis guineensis_GBSSI
XM _006664739.2 Oryza_brachyantha GBSSIb
KM264356.1 Oryza_officinalis_ GBSSII
XM 010233636.3 Brachypodium_distachyon_GBSSIb
XM 020291318.1 Aegilops_tauschii_GBSSIb
AF109395.1 Triticum_aestivum_GBSSII
XM 047216272.1 Lolium_rigidum_ GBSSI
CM033333.1 Lolium_perene_GBSSI
JAGFMEQ010001387.1 Phragmites_australis_ GBSSSI
XM _025945474.1 Panicum_hallii GBSSIb
XM 004955977.3 Setaria_italica_ GBSSIb
XM 034725264.1 Setaria viridis_GBSSIb
CM039685.1 Paspalum_notatum_GBSSI
EUY970982.1 Zea mays GBSSI
EF471312.1 Zea mays GBSSIla
CM019825.1 Coix_lacryma_jobi GBSSI
EF472254.1 Sorghum_bicolor GBSSII
RXID01011010.1_Trichopus_zeylancicus GBSS
XM 039278906.1 Dioscorea_cayenensis_GBSSIb
XM 028693380.1 Dendrobium_catenatum_GBSSIb
XM 020418034.1 Asparagus_officinalis_GBSSIb
MH635255.1 Agave tequilana_GBSSI
MJHOO01000018.1_Xerophyta viscosa_GBSSI
CM034128.1_Acanthochlamys_bracteata_GBSSI
KP179405.1 Lilium davidii GBSSI
MF101407.2_Lilium_hybrid GBSSI
EL930538.1 Oil palm GBSSI
XM _008777080.3_Phoenix_dactylifera GBSSI
LTAE01003797.1 Pontederia_paniculata_GBSSI
XM 042595029.1 Zingiber officinale GBSS1b
CM017191.1 Musa balbisiana_GBSSI
KF512020.1 Musa_acuminata_Brazilian GBSSI
HQ646360.4_Musa_acuminata_Tianbao GBSSI
DT338975.1 Ananas_comosus_GBSSI
XM 020256953.1 Ananas_comosus_GBSSI
CX264760.1 Eleusine coracana_GBSSI
UBIK01004003.1_Saccharum_hybrid_cultivar GBSSI
U23945.1 Sorghum_bicolor GBSSI
NM 001280821.1 Setaria_italica GBSSI
XM 034735693.1 Setaria viridis GBSSI
XM 039951454.1 Panicum_virgatum_GBSSI
XM 025956275.1 Panicum_hallii_ GBSSI
XM 006655691.2 Oryza_brachyantha GBSSI
FJ750947.1 Oryza_sativa_Asian_GBSSI
X62134.1 Oryza_sativa_Jap GBSSI
CM039678.1 _Hordeum_marinum_GBSSI
AF486517.1 Hordeum_vulgare GBSSI
AB154357.1 Hordeum_bulbosum_GBSSI
XM 037567554.1 Triticum_dicoccoides GBSSI
KC572695.1 Secale cereale GBSSI
LT934123.1 Tricum_turgidum GBSSI
AY050174.1 Triticum_aestivum GBSSI
JAGFBQO010000174.1 Persa_americana_GBSSI
CM031235.1 Taxus wallichiana_GBSSI
CMU039665.1 Aristolochia_contorta GBSSI
CM034079.1 Aristolochia_fimbriata GBSSI
QPKB01000006.1 Cinnamomum_micranthum_GBSSI
MT946654.1 Canna_indica_GBSSI
CM031882.1 Cucurbita_argyrosperma_GBSSI
CM026414.1 Corymbia_citriodora_GBSSI
BY808548.1 Eutrema_halophilum _GBSSI
CM039125.1 Microstegium_vimineum_GBSSI
XM 016023856.2 Ziziphus jujuba GBSSII
XM 011469653.1 Fragaria vesca_vesca_GBSSII
XM 024326183.1 Rosa_chinensis_GBSSII
XM 009362344.2_Pyrus x_bretschneideri GBSSII
XM 021956765.1 Prunus_avium_ GBSSII
XM 008232551.2 Prunus_mume_GBSSII
XM _034350649.1 Prunus_dulcis GBSSII
XM 007214906.2 Prunus_persica_GBSSII
XM 030629335.1 Cannabis_sativa_GBSSII
XM 022301095.1 Momordica charantia GBSSII
XM 023127941.1 Cucurbita_maxima_GBSSII
XM 023079922.1 Cucurbita_moschata GBSSII
XM 023670812.1 Cucurbita_pepo_pepo GBSSII
XM 039047831.1 Benincasa_hispida_GBSSII
XM _008445178.2 Cucumis_melo_GBSSII
XM 011653933.2 Cucumis_sativus_GBSSII
XM _018960424.2 Juglans regia_GBSSII
XM 031098390.1 Quercus_lobata_GBSSII
XM 024056954.1 Quercus suber GBSSII
XM 034852170.1 Vitis_riparia_GBSSII
XM 010662770.2 Vitis_vinifera GBSSII
XM _010694942.2 Beta_vulgaris GBSSII
XM 022004933.1 Spinacia_oleracea_GBSSII
XM 021910183.1 Chenopodium_quinoa_GBSSII
XM _020839340.2_Dendrobium_catenatum_GBSSII
XM 010919557.3 Elaeis_guineensis_GBSSII
XM 039134315.1 Phoenix_dactylifera GBSSII
KF512024.1 Musa_acuminata_Brazilian GBSSII1
XM _009397675.2 _Musa_acuminata_malaccensis_GBSSII
XM 028260933.1 Camellia_sinensis_GBSSII
XM 017380459.1 Daucus_carota_GBSSII
XM 025126964.1 Cynara_cardunculus GBSSII
XM 023917190.1 Lactuca_sativa_GBSSII
XM 022149818.2 Helianthus_annuus_GBSSII
XM 023005311.1 Olea_europaea_GBSSII
XM 012985895.1 Erythranthe guttatus GBSSII
XM 011100332.2_Sesamum_indicum_GBSSII
XM 027297418.1 Coffea_eugenioides GBSSII
XM 019301568.1 Ipomoea _nil GBSSII
XM 031238754.1 Ipomoea_triloba GBSSII
XM 019394936.1 Nicotiana_attenuata_GBSSII
XM 009780684.1 Nicotiana_sylvestris_GBSSII
XM 016637757.1 Nicotiana_tabacum_GBSSII
XM _009630475.3 Nicotiana_tomentosiformis_GBSSII
XM 016705911.1 Capsicum_annuum_GBSSII
NM 001288048.1 Solanum_tuberosum GBSSII
XM 004232171.4_Solanum_lycopersicum_GBSSII
XM 015210725.2_Solanum_pennellii GBSSII
XM 031398378.1 Pistacia_vera GBSSII
XM 006431102.2 Citrus_clementina_GBSSII
XM _006482543.3_Citrus_sinensis_GBSSII
XM 021441869.1 Herrania_umbratica_GBSSII
XM _007032493.2_Theobroma_cacao_GBSSII
XM 022896195.1 Durio_zibethinus_GBSSII
XM 039161064.1 Hibiscus_syriacus_GBSSII
XM 017757301.1 Gossypium_arboreum GBSSII
XM 012585648.1 Gossypium_raimondii_GBSSII
XM 030613878.1 Syzygium_oleosum_GBSSII
XM _010034196.3 Eucalyptus_grandis GBSSII
XM 030691269.1 Rhodamnia_argentea_GBSSII
XM 031540374.1 Punica_granatum_GBSSII
XM 038839937.1 Tripterygium_wilfordii GBSSII
XM 011037461.1 Populus euphratica GBSSII
XM 035059611.1 Populus _alba GBSSII
XM 024589058.1 Populus_trichocarpa_GBSSII
XM _002531810.3_Ricinus_communis_GBSSII
XM 012229321.3 Jatropha_curcas_GBSSII
XM 021811900.1 Hevea brasiliensis GBSSII
AF173900.1 Manihot esculenta_GBSSII
XM _028903972.1 Prosopis_alba_GBSSII
XM 021114089.1 Arachis_ipaensis GBSSII
XM 021133442.1 Arachis_duranensis_GBSSII
XM _025768304.2_Arachis_hypogaea GBSSII
XM 019576894.1 Lupinus_angustifolius GBSSII
XM 004489340.3 Cicer_arietinum_GBSSII
XM 003618452.4 Medicago truncatula_GBSSII
X88790.1 Pisum_sativum GBSSI
XM 027503476.1 _Abrus_precatorius_ GBSSII
XM 020383469.2 Cajanus_cajan_GBSSII
XM 028339774.1 Glycine _soja_GBSSII
XM _028068587.1 Vigna unguiculata GBSSII
XM 017584229.1 Vigna _angularis GBSSII
XM 014658172.2 Vigna_radiata_GBSSII
OBIE01001706.1 Silene_latifolia GBSSI
CP092940.1 Vitis_rotundifolia_GBSSI
XM 002273572.3 Vitis vinifera GBSSI
LOMLO01642521.1 Vitis_aestivalis GBSSI
XM 034853152.1 Vitis_riparia_GBSSI
JAESVK010000717.1 Hamamelis_virginia GBSSI
XM 028226454.1 Camellia_sinensis_GBSSI
XM 025107777.1 Cynara_cardunculus GBSSI
XM 023906842.1 Lactuca_sativa_GBSSI
JAHAUY011916380.1 Artemisia_tridentada GBSSI
XM 022179920.2 Helianthus_annuus_GBSSI
CAJVGCO010000591.1 Senecio_squalidus GBSSI
CM035106.1 Panax_japonicus_GBSSI
CM035158.1 Panax_quinquefolis GBSSI
CM025787.1 Centella_asiatica GBSSII
CM020903.1_Apium_graveolens GBSSI
XM 017380066.1 Daucus carota_sativus_GBSSI
XM 006444669.2 Citrus _clementina_GBSSI
EU532433.1 Lotus_japonicus_GBSSIb
XM _004514866.3 Cicer_arietinum_GBSSI
AJ345045.1 Pisum_sativum_GBSSIb
EF153101.1 Glycine_max_GBSSI
ABI110011.1 Phaseolus vulgaris_pvGBSSIb
XM 028052463.1 Vigna_unguiculata_GBSSI
EF472253.1 Vigna unguiculata_GBSSIb
XM 018967242.2 Juglans regia_GBSSI
XM 031076019.1 Quercus lobata GBSSI
XM _024040855.1 Quercus_suber GBSSI
NM 001293907.1 Malus domestica_ GBSSI
XM _009368326.2_Pyrus_x_bretschneideri_GBSSI
XM 021966952.1 Prunus_avium_GBSSI
XM 034350037.1 Prunus_dulcis_GBSSI
XM 007218802.2 Prunus_persica_GBSSI
XM 042647576.1 Macadamia_integrifolia GBSSI
XM _043859845.1 Telopea_speciosissima_GBSSI
CM026571.1 Tetracentron_sinense_GBSSI
BEHA01001159.1 Eschscholzia_californica_GBSSI
NM 001302856.1 Nelumbo nucifera_GBSSI
XM 015722523.2 Ricinus_communis_GBSSI
XM 010050239.3 Eucalyptus_grandis GBSSI
CM024717.1 Eucalyptus globulus GBSSI
CM029468.1 Eucalyptus leucophloia_GBSSI
CM029435.1 Eucalyptus paniculata_GBSSI
CM018041.1 Nyssa_sinensis_GBSSI
CM025690.1 Diospyros_lotus GBSSI
CM018890.1 Actinidia_chinensis_GBSSI
MT451977.1 Actinidia_deliciosa_GBSSI
CMU036317.1 Rhododendron_henanense_GBSSI
BPLT01000028.1 Rhododendron_mucronatum_GBSSI
OWEW02003467.1 Fagopyrum_esculentum_GBSSI
LIEC01006840.1 Drosera_capensis_GBSSI
XM 010678629.2 Beta vulgaris GBSSI
HS411132.1 Suaeda glauca GBSSI
XM 021912251.1 Chenopodium_quinoa_GBSSI
XM 022001068.1 Spinacia_oleracea_GBSSI
BLYA01000199.1 Hydrangea macrophylla GBSSI
KJ470628.1 Codonopsis_pilosula_GBSSI
CM038464.1 Lonicera_japonica GBSSI
CM028330.1 Eucommia_ulmoides GBSSI
CAJIXV010000620.1 llex paraguariensis GBSSI
CMU016563.1 Echium_plantagineum GBSSI
JADFUCO010001317.1 Lithospermum_erythrohizon GBSSI
CAIGRE010027650.1 Fraximus_angustifolia GBSSI
XM 023012126.1 Olea_europaea_var_sylvestris GBSSI
CM032755.1 Avicennia_marina_GBSSI
AJ006293.1 Antirrhinum_majus_GBSSI
XM 011083059.2 Sesamum_indicum_GBSSI
XM 012989627.1 Erythranthe guttatus GBSSI
AF210699.1 Perilla_frutescens GBSSI
JOHZ01024412.1 Catharanthus roseus GBSSI
MEJB01000002.1 Rhazya stricta GBSSI
SRSMO01000337.1_Apocynum_venetum_GBSSI
MSXX01042769.1 Asclepias_syriaca_GBSSI
LVCA01005325.1 Calotropis_procera_GBSSI
BLIW01000008.1_Ophiorrhiza_pumila_GBSSI
CM034622.1 _Gynochthodes_officinalis_GBSSI
JAAGWI010019261.1 Galium_porrigens GBSSI
CM028757.1 Leptodemis_oblonga GBSSI
CM023103.1_Gardenia_jasminoides GBSSI
GT666278.1 Coffea_racemosa_GBSSI
XM 027326968.1 Coffea_eugenioides GBSSI
GT019494.1 Coffea_arabica GBSSI
HGY974435.1 Coffea_canephora_GBSSI
XM 019304969.1 Ipomoea_nil GBSSI
AB071604.1 Ipomoea_batatas GBSSI
XM 031268934.1 Ipomoea_triloba GBSSI
JACAFL010149700.1 Petunia_axillaris GBSSI
XM _009774003.1 Nicotiana_sylvestris_GBSSI
XM 016656420.1 Nicotiana_tabacum_GBSSI
XM 019403314.1 Nicotiana_attenuata_GBSSI
XM 016577486.1 Nicotiana_tabacum_GBSSI
XM 009624538.3 Nicotiana_tomentosiformis_GBSSI
CM008443.1 Capsicum_baccatum_GBSSI
XM 016709407.1 Capsicum_annuum_GBSSI
XM 015228972.2 Solanum_pennellii GBSSI
NM 001324528.1 Solanum_lycopersicum_GBSSI
XM 015307085.1 Solanum_tuberosum_GBSSI
CM032851.1 Solanum_stenotonum_GBSSI
WBIB01066016.1 Solanum_bukasovii_GBSSI
NXEKO01000080.1 Santalum_album GBSSI
0ZGG01001554.1 Sedum_album GBSSI
NOLWO01000067.1 Kalanchoe_fedtschenkoi GBSSSI
KF986868.1 Vitis _labrusca_x_Vitis_vinifera GBSSI
FC062348.1 Vitis_vinifera GBSSI
XM 031520418.1 Punica_granatum_GBSSI
CM029461.11 Eucalyptus_polyanthemos_GBSSI
XM 030617879.1 Syzygium_oleosum_GBSSI
XM 030684417.1 Rhodamnia_argentea_GBSSI
BCNHO02000005.1 Metrosideros_polymorpha GBSSI
RDRV01000029.1 Casuarina_equisetifolia_GBSSI
XM 043094698.1 Carya_illinoinensis_GBSSI
JN786149.1 Carya_cathayensis_GBSSI
KU162945.1 Castanea_mollissima_GBSSI
OwW028766.1 Quercus_robur GBSSI
FP051678.1 Quercus robur GBSSI
XM 016010712.2 Ziziphus jujuba GBSSI
XM 010101923.2_Morus_notabilis_ GBSSI
CM030879.1 Boehmeria_nivea GBSSI
XM _030644249.1 Cannabis_sativa_GBSSI
LD153160.1 Humulus lupulus GBSSI
XM 024317543.1 Rosa_chinensis_GBSSI
XM 011472582.1 Fragaria vesca_vesca GBSSI
XM _008247668.1 Prunus_mume_GBSSI

BJCG01002303.1_Prunus_yedoensis_Somei-Yoshiro GBSSI

CM039513.1 Begonia_masoniana_GBSSI
CM039469.1 Begonia_loranthoides GBSSI
CM039494.1 Begonia_darthvaderiana_GBSSI
CM039521.1 Begonia_peltatifolia_GBSSI

XM 023678638.1 Cucurbita_pepo_pepo GBSSI
XM 023139872.1 Cucurbita_maxima_GBSSI
XM 023102154.1 Cucurbita_moschata_GBSSI
XM 022304027.1 Momordica_charantia GBSSI
XM 004145826.3 Cucumis_sativus_GBSSI

XM 008439233.2 Cucumis_melo_GBSSI

XM 039050950.1 Benincasa_hispida_GBSSI
CM031034.1 _Citrullus_lanatus GBSSI

XM _028918838.1 Prosopis_alba_GBSSI
CM039428.1 Bauhinia_variegata GBSSI

XM 025818556.2_Arachis_hypogaea_GBSSI
XM _016084902.2 Arachis_duranensis_GBSSI
XM 021112679.1 Arachis_ipaensis_ GBSSI

XM 019575728.1 Lupinus_angustifolius GBSSI
AF097922.1 Astragalus membranaceus GBSSI
XM 3 045960903.1 Trifolium_pratense GBSSI
XM 013613423.3 Medicago truncatula GBSSI
EUS532432.1 Lotus_japonicus GBSSla

XM 027512038.1 Abrus_precatorius_GBSSI
XM 020381675.2 Cajanus_cajan_GBSSI
JAGTWZ010000001.1 Pueraria_montana_GBSSI
EU586117.1 Glycine_max_GBSSla

XM 028326365.1 Glycine_soja_GBSSI
CM023863.1 Phaseolus lunatus GBSSI
OBDZ01179700.1 Phaseolus coccineus GBSSI
AB029546.1 Phaseolus vulgaris GBSSI

XM 017555056.1 Vigna _angularis GBSSI
EF472252.1 Vigna unguiculata_ GBSSla
JAHDYUO010000004.1 Vigna mungo GBSSI

XM 022784504.1 Vigna radiata GBSSI
BDDD01001310.1 _Cephalotus_follicularis GBSSI
VEXP01000400.1 Aristotelia_chilensis GBSSI
XM _025099327.1 Citrus_sinensis_GBSSI
XM 5 044630931.1 Mangifera_indica_GBSSI
XM 031403239.1 Pistacia vera GBSSI

XM 021420728.1 Herrania_umbratica_GBSSI
XM 018117647.1 Theobroma_cacao_GBSSI
XM 039211773.1 Hibiscus_syriacus_GBSSI

XM 022906437.1 Durio_zibethinus GBSSI

XM 012584407.1 Gossypium_raimondii_GBSSI
XM 017778370.1 _Gossypium_arboreum_GBSSI
FJ415189.1 Gossypium_hirsutum_GBSSI
DT368230.1 Dimocarpus_longan GBSSI
NBIL01083996.1 Viola pubescens GBSSI

XM 024590333.1 Populus_trichocarpa_GBSSI
XM 035047899.1 Populus alba GBSSI

XM 011042297.1 Populus_euphratica_GBSSI
BG360496.1 Euphorbia_esula GBSSI

XM 037639636.1 Jatropha_curcas GBSSI

XM 021794931.1 Hevea brasiliensis GBSSI
X74160.1 Manihot_esculenta_GBSSI

XM 021748305.1 Manihot_esculenta_GBSSI
XM 038869723.1 Tripterygium_wilfordii_ GBSSI
XM 022044776.1 Carica_papaya GBSSI

XM 010531374.1 Tarenaya_hassleriana_GBSSI
XM _006415078.2 Eutrema_salsugineum_GBSSI
AK352769.1 Thellungiella halophila GBSSI
CM028248.1 Brassica_nigra GBSSI
CM033984.1 Raphanus_raphanistrum_GBSSI
XM 018637339.1 Raphanus_sativus_GBSSI

XM 013731200.1 Brassica_oleracea_GBSSI
JAATWRO010000005.1 Brassica_juncea GBSSI
XM 022714097.1 Brassica_napus_GBSSI

XM 009153210.2 Brassica_rapa_GBSSI
OVAUO01008868.1 Biscutella laevigata GBSSI
KE156929.1 Leavenworthia_alabamica_GBSSI
CM031539.1 Boechera_stricta_ GBSSI

XM 010480408.2_Camelina_sativa_GBSSI

XM 006306971.2 Capsella_rubella_GBSSI
AY123983.1 Arabidopsis_thaliana_GBSSI

NM 103023.4_Arabidopsis_thaliana_GBSSI
CAJIMY010001572.1 Arabdopsis_arenosa_GBSSI
FJVB01000063.1_Arabidopsis_hellaria GBSSI
XM 021010925.1 Arabidopsis_Iyrata_GBSSI
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Supplementary Material S2

S2 - Figure 1. Theoretical structure of the Granule-Bound Starch Synthase I enzyme from
Arabidopsis thaliana. (a) Stereochemical analysis, (b) QNEMAN composite score analysis, (¢) Z-

score, (d) Energy graph.

FS2 - Figure 2. Theoretical structure of the enzyme Granule-Bound Starch Synthase I enzyme
from Coffea eugenioides. (a) Stereochemical analysis, (b) QNEMAN composite score analysis, (c)

Z-score, (d) Energy graph.

S2 - Figure 3. Theoretical structure of the enzyme Granule-Bound Starch Synthase I enzyme from
Glycine soja. (a) Stereochemical analysis, (b) QNEMAN composite score analysis, (¢) Z-score,

(d) Energy graph.
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534

S2 - Figure 4. Theoretical structure of the enzyme Granule-Bound Starch Synthase I enzyme from
Musa acuminata. (a) Stereochemical analysis, (b) QNEMAN composite score analysis, (c) Z-

535 score, (d) Energy graph.

S2 - Figure 5. Theoretical structure of the enzyme Granule-Bound Starch Synthase I enzyme from
Prunus avium. (a) Stereochemical analysis, (b) QNEMAN composite score analysis, (¢) Z-score,

(d) Energy graph.

536

S2 - Figure 6. Theoretical structure of the enzyme Granule-Bound Starch Synthase I enzyme from
Solanum tuberosum. (a) Stereochemical analysis, (b) QNEMAN composite score analysis, (¢) Z-

537 score, (d) Energy graph.

538
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S2 - Figure 7. Theoretical structure of the enzyme Granule-Bound Starch Synthase II from Coffea
eugenioides. (a) Stereochemical analysis, (b) QNEMAN composite score analysis, (¢) Z-score, (d)

Energy graph.
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S2 - Figure 8. Theoretical structure of the enzyme Granule-Bound Starch Synthésé 1I from
Glycine soja. (a) Stereochemical analysis, (b) QNEMAN composite score analysis, (c¢) Z-score,
540 (d) Energy graph.
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S2 - Figure 9. Theoretical structure of the enzyme Granule-Bound Starch Synthase II from Musa
acuminata. (a) Stereochemical analysis, (b) QNEMAN composite score analysis, (¢) Z-score, (d)

541 Energy graph.

542
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S2 - Figure 10. Theoretical structure of the enzyme Granule-Bound Starch Synthase II from
Prunus avium. (a) Stereochemical analysis, (b) QNEMAN composite score analysis, (¢) Z-score,

543 (d) Energy graph.

S2 - Figure 11. Theoretical structure of the enzyme Granule-Bound Starch Synthase II from
Solanum tuberosum. (a) Stereochemical analysis, (b) QNEMAN composite score analysis, (¢) Z-
544 score, (d) Energy graph.
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556 Supplementary Material S3

S3 - Figure 1. Structural alignment of the model structure of Oriza sativa 3VUE.A GBSSI with predicted theoretical
structures of GBSSI. The green arrow shows the ADP cofactor complexed with the structure. The catalytic domain of starch
synthesis 1s identified in blue (INTERPRO: IPR013534). In red, the Glycosyl transferase family 1 domain (INTERPRO:

557 IPR01296).

S3 - Figure 2. Structural alignment of the model structure of Hordeum vulgare 4HLN.A SSI with predicted theoretical
structures of GBSSII. The green arrow shows the maltooligosaccharide bound to the surface of the structure. The catalytic
domain of starch synthesis 1s identified in blue (INTERPRO: IPR013534). In red, the Glycosyl transferase famuly 1 domain

558 (INTERPRO: IPR01296).



Académicas.

Comentarios a coordenacdao do PPGBEES:

O tema do trabalho é interessante e a abordagem utilizada pelo discente esta adequada ao
cumprimento dos objetivos apresentados. No entanto, percebem-se varios equivocos na realizacdo
da metodologia e na interpretacdo dos resultados que, na visdo do presente parecerista, ndo
suportam as conclusées apresentadas no final do trabalho. No manuscrito enviado também é
possivel observar equivocos em conceitos importantes (paralogos, ortélogos, isoformas, etc.). Faltam
detalhes importantes na descricdo da metodologia empregada, como: caracteristicas do alinhamento
utilizados, limite de corte entre paralogos e ortélogos, tratamento dos gaps, teste de hipoteses
alternativas, método de enraizamento, uso das sequéncias de aminoacidos, verificacdo de coédons,
tratamento de regibes da proteina sem cobertura de moldes, etc. Embora as figuras e tabelas
estejam bem apresentadas, as legendas precisam de uma maior quantidade de informagées. O
resumo do trabalho precisa de uma profunda revisdo pois ndo esta bem descrito. A escrita em lingua
inglesa esta compreensivel, no entanto, uma revisdo é recomendada. Tais corregdes sdo essenciais a
qualidade do trabalho e por tal motivo, o meu parecer ¢ APROVADO COM CORRECOES. Ressalto
que as corregdes sao necessarias e me coloco a disposicao (email ou videoconferéncia) para caso o
discente tenha duvidas ou questionamentos em relagdo ao meu parecer ou as corregdes

encaminhadas em anexo (na forma de anotagdes no arquivo .pdf enviado).

Avaliacdo final do projeto de dissertacdo de mestrado

I - Aprovada (X) - Com correcdes.

Aprovada: indica que o revisor aprova a dissertacao sem ou com
correcdes. Na existéncia de correcoes, estas devem ser indicadas nos
comentarios a coordenacao e/ou no préprio documento da dissertacao.

IV - Reprovada ( )

Reprovada: indica que a dissertacdo ndo é adequada.

Nome do membro da banca: Jodo Paulo Matos Santos Lima (UFRN)
Data: 30/11/2022

Assinatura:



Art. 65. Apds a apresentagao da dissertacédo em sesséo publica, o discente tera até 60
dias corridos para entregar a versdo final da dissertacdo, contendo a ficha
catalografica, conforme artigo 60 deste regimento, sob pena de nao diplomacao até
que a versao final seja devidamente submetida no Sistema de Gestao de Atividades
Académicas.

Comentarios a coordenacido do PPGBEES:

Junto aos documentos para avaliagao foi enviado o arquivo pdf “Regras basicas para as Introducoes
Gerais”. Este topico € obrigatério? Pois ndo o encontrei na dissertagdo enviada.

Avaliacgao final do projeto de dissertagao de mestrado

| - Aprovada (X)

Aprovada: indica que o revisor aprova a dissertacao sem ou com
correcOes. Na existéncia de correcoes, estas devem ser indicadas nos
comentarios a coordenacao e/ou no préprio documento da dissertacao.

IV - Reprovada ( )

Reprovada: indica que a dissertagdo nao é adequada.

Nome do membro da banca: Gabriel Iketani Coelho
Data: 28/11/2022

Assinatura:

Documento assinado digitalmente

b GABRIEL IKETANI COELHO
g il Data: 28/11/2022 18:22:56-0300

Verifique em https:/ fverificador.iti.br



Comentarios a coordenagao do PPGBEES:

Embora a dissertagéo apresente um artigo adequado a um produto esperado do mestrado no
programa, com aderéncia e potencial de publicagao, a dissertagdo apresentada esta incompleta e
nao deve ser aprovada pelo colegiado. O discente n&o incluiu a introdugao geral, obrigatério pelo
formato de dissertagdo do PPGBEES. Esse formato foi aprovado pelo colegiado do curso, que
reconhece a importancia da apresentagéo da introdugao geral tanto quanto exercicio de escrita de
divulgacéo cientifica por parte do mestre a ser formado, quanto do texto em si como parte de
compreensao acessivel que constara na versao final do texto. A aprovagéo do texto do discente
faltando essa parte crucial da dissertagdo abre um precedente que pode invalidar o formato atual da
dissertacdo do Programa.

Como esse pré-requisito pode ndo estar claro para membros avaliadores da banca que sejam
externos ao curso, eu sugiro ao colegiado, que reprove a dissertagdo, dando ao discente o prazo
regimental para apresentagao de uma versao que se adeque as exigéncias do curso, e vinculando a
aprovacao (caso o numero total de pareceres ja emitidos para a dissertagao seja positivo) a
apresentagao da dissertagdo com a introdugéao geral.

A excegado da auséncia da introdugdo geral, nos demais quesitos a dissertagéo apresenta um artigo
na area de evolugao, com potencial de alto impacto, e necessita apenas de pequenas adequagdes.
Caso a dissertacdo estivesse completa, ou seja, com a introdugao geral, a minha recomendacgao seria
a aprovagao. Alguns pontos a serem destacados sao:

Com relagdo a escrita, ha algumas sugestdes de corregdes e melhorias no texto. Algumas frases
estdo truncadas ou incompletas. Nos resultados, ha uma parte que deveria estar em Materiais e
Métodos. A citagao e respectivas referéncias precisam ser padronizadas. Todos os comentarios
estdo detalhados no arquivo da dissertagdo que acompanha essa avaliagao.

Avaliagao final do projeto de dissertagdao de mestrado

I - Aprovada ( )

Aprovada: indica que o revisor aprova a dissertagdo sem ou com correcdes. Na existéncia de
corregoes, estas devem ser indicadas nos comentarios a coordenagao e/ou no proprio
documento da dissertagao.

IV - Reprovada (X)

Reprovada: indica que a dissertagao nao € adequada.

Nome do membro da banca: Thais Elias Almeida
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