
 
 

 

IN SILICO STUDY OF LEGUME AND LEGUME-TYPE LECTINS 

___________________________ 

 

A Dissertation 

Presented to 

The Faculty of the Graduate School 

At the University of Missouri-Columbia 

_______________________________________________________ 

In Partial Fulfillment 

Of the Requirements for the Degree 

Doctor of Philosophy 

_____________________________________________________ 

By 

CUONG THE NGUYEN 

 

Dr. Gary Stacey, PhD 

Dissertation Supervisor 

 

 

NOVEMBER 2016  



 
 

The undersigned, appointed by the Dean of the Graduate School, 

have examined the Dissertation entitled: 

 

IN SILICO STUDY OF LEGUME AND LEGUME-TYPE LECTINS 

 

Presented by CUONG THE NGUYEN 

A candidate for the degree of Doctor of Philosophy of  

Plant Breeding, Genetics, and Genomics 

And hereby certify that, in their opinion, it is worthy of acceptance. 

 

______________________________________________________________ 

Professor Gary Stacey 

 

______________________________________________________________ 

Professor Dong Xu 

 

______________________________________________________________ 

Professor Melissa Goellner Mitchum 

 

______________________________________________________________ 

Professor James Schoelz 

  



i 
 

ACKNOWLEDGEMENTS 
  

 My special thanks to my advisor, Dr. Gary Stacey, for giving me the privilege and 

a great opportunity to work in his lab under his whole-hearted guidance during my Ph.D. 

program. My sincere thanks to the Advisory Committee members, Dr. Dong Xu, Dr. 

Melissa G. Mitchum, and Dr. James Schoelz, who gave me valuable, constructive advice 

and directions for this project. My appreciation also goes to Dr. Jianlin Cheng, who 

provided me opportunity to work in his lab in the first two years. 

 I would like to extend my deepest gratitude to Dr. Jerry Nelson, who first 

introduced the University of Missouri (MU) to me and then helped me to settle in 

Columbia during my first days in the United States. Thanks to his dedicated help and 

strong support, my time as a graduate student at the University has been a very 

memorable and productive experience.  

 I would like to give my thanks to Dr. Kiwamu Tanaka, Dr. Bing Stacey, other 

members and colleagues in the laboratories of Dr. Gary Stacey, Dr. Dong Xu, and Dr. 

Jianlin Cheng for their time and help on my projects; and for the joyful and happy 

moments they have shared with me. I am grateful to all of my friends; especially those 

in Columbia, Missouri and in my hometown in Cantho, Vietnam for their continuous 

support. 

  

 



ii 
 

 I must express my heartfelt gratitude to my parents, parents-in-law, my wife, 

and two wonderful daughters who are always with me in hard times and during happy 

moments. Without their dedicated love, encouragement, patience and constant 

support, I would not be able to achieve one of my major goals in life today.  

 I would like to thank the Vietnamese International Education Development, the 

US Department of Energy, the US National Institute of Health, and the Systems and 

Synthetic Agrobiotech Center of Korea for their funding support. 

 

  



iii 
 

TABLE OF CONTENTS 

 
ACKNOWLEDGEMENTS ________________________________________________________ i 

TABLE OF CONTENTS _________________________________________________________ iii 

LIST OF TABLES _____________________________________________________________ vi 

LIST OF FIGURES ___________________________________________________________ vii 

ABSTRACT _________________________________________________________________ ix 

Chapter 1 - GENERAL INTRODUCTION _______________________________________ 1 

I. Research rationale: ________________________________________________________ 1 

II. Literature review: _________________________________________________________ 3 
1. Lectin super family: _______________________________________________________________ 3 
2. L-type lectin proteins (LLPs): _______________________________________________________ 7 
3. L-type lectin receptor-like kinases (LLRKs): ___________________________________________ 14 
4. Animal legume-like lectins: _______________________________________________________ 18 
5. Genome-scale analysis, expansion mechanisms and molecular evolution of LLDPs ___________ 20 

III. Outline of the dissertation ________________________________________________ 23 

Chapter 2 - ORIGIN, DISTRIBUTION, DIVERSIFICATION AND EVOLUTION OF PROTEINS 
CONTAINING THE L-TYPE LECTIN DOMAIN __________________________________ 25 

Abstract __________________________________________________________________ 25 

I. Introduction _____________________________________________________________ 26 

II. Materials and methods ___________________________________________________ 28 
1. Sequence databases used for identification of LLDPs ___________________________________ 28 
2. Computational tools used for identification of LLDPs ___________________________________ 29 
3. Computational approaches to identify members of the LLDP family _______________________ 30 
4. Folding recognition and template search ____________________________________________ 32 
5. Analysis of PFAM domains in association with L-type lectin domain of LLDPs _______________ 32 
6. Linear structural analysis of plant LLDP genes _________________________________________ 33 
7. LLDP phylogenetic tree reconstruction ______________________________________________ 33 
8. Analysis of expansion mechanisms of LLDPs in soybean genome _________________________ 35 
10. Analysis of LLDP gene expression patterns in soybean _________________________________ 37 
11. Gene ontology (GO) term enrichment analysis for soybean LLDPs _______________________ 37 

III. Results ________________________________________________________________ 38 
1. Global searching for LLDPs ________________________________________________________ 38 
2. Distribution of LLDPs in bacteria ___________________________________________________ 39 
3. Distribution of the LLDP family in eukaryotes _________________________________________ 41 
4. Genome-wide distribution of LLDPs in the plant kingdom _______________________________ 43 
5. Fold topology of bacterial and lower eukaryote LLDs ___________________________________ 47 



iv 
 

6. Domain architectures of the LLDP family_____________________________________________ 48 
7. Exon and intron structure of LLDP family members ____________________________________ 51 
8. Phylogenetic analysis of the LLDP family _____________________________________________ 55 
9. Duplication and expansion of the LLDP gene family in the soybean genome ________________ 61 
10. Distribution of soybean LLDP genes on the chromosomes ______________________________ 64 
12. The nature of selection pressure acting on soybean LLDP coding genes ___________________ 66 
13. Expression profiles of soybean LLDP genes in different tissues and development stages _____ 68 
14. Gene ontology (GO) enrichment of soybean LLDPs and functional implication _____________ 73 

IV. Discussion _____________________________________________________________ 75 
1. Occurrence and origin of LLDPs ____________________________________________________ 76 
2. Domain diversification of LLDPs across the kingdoms __________________________________ 78 
3. Gene exon and intron structure and divergence of plant LLDPs __________________________ 80 
4. Expansion of the plant and soybean LLDP family ______________________________________ 82 
5. Purifying selection of the soybean LLDP family ________________________________________ 84 
6. Molecular evolution of the LLDPs __________________________________________________ 85 
7. Involvement of LLDP genes in soybean growth and development _________________________ 88 
8. Functional implication of the LLDP family members ____________________________________ 88 

V. Concluding remarks ______________________________________________________ 90 

VI. Supplementary figures ___________________________________________________ 91 

VII. Supplementary tables ___________________________________________________ 96 

Chapter 3 - COMPUTATIONAL ANALYSIS OF THE LIGAND BINDING SITE OF THE 
EXTRACELLULAR ATP RECEPTOR, DORN1 __________________________________ 104 

Abstract _________________________________________________________________ 104 

I. Introduction ____________________________________________________________ 105 

II. Materials and Methods __________________________________________________ 108 
1.  In silico design for three dimensional (3D) modeling, binding site prediction and ligand docking of 

eATP to the DORN1 L-type lectin domain ___________________________________________ 108 
2. Folding recognition and template search ___________________________________________ 109 
3. Alignment, homology modeling and quality assessment of DORN1 models ________________ 110 
4. Molecular dynamic simulation ____________________________________________________ 111 
5. Identification of ligand binding sites _______________________________________________ 112 
6. In vitro ATP binding assay for site-directed mutagenesis _______________________________ 113 
7. Template redocking experiments _________________________________________________ 116 
8. Target docking experiments ______________________________________________________ 116 

III. Results _______________________________________________________________ 117 
1. Fold topology, template search and sequence-structure alignment ______________________ 117 
2. Homology model of the DORN1 lectin domain _______________________________________ 121 
3. Prediction of ATP binding sites on the DORN1 lectin domain ___________________________ 123 
4. Site-directed mutagenesis studies for the ATP binding site _____________________________ 124 
5. High-resolution, template and target docking _______________________________________ 127 



v 
 

IV. Discussion ____________________________________________________________ 130 

V. Conclusion _____________________________________________________________ 133 

VI. Supplementary figures __________________________________________________ 134 

VI. Supplementary tables ___________________________________________________ 140 

BIBLIOGRAPHY ___________________________________________________________ 143 

VITA ____________________________________________________________________ 158 
 

 
  



vi 
 

LIST OF TABLES 

Table 1.1. Plant lectin families. ........................................................................................... 6 
Table 1.2. Brief summary of studied plant LLRKs and their biological functions. ............ 16 
Table 2.1. Summary of the databases used and results from searching for potential 

LLDPs................................................................................................................. 39 
Table 2.2. The distribution of LLDPs in bacteria. .............................................................. 40 
Table 2.3. The distribution of the LLDPs in various eukaryote phyla. .............................. 41 
Table 2.4. The percentage of protein-coding genes of the LLDP family in seven selected 

plant genomes. ................................................................................................. 46 
Table 2.5. Results from fold topology prediction of the bacterial LLDs using the 

sequence-structure homology recognition method. ....................................... 47 
Table 2.6. Results from fold topology prediction of lower eukaryote LLDs using the 

sequence-structure homology recognition method. ....................................... 48 
Table 2.7. Syntenic gene pairs found in co-linear syntenic genomic blocks in the 

Arabidopsis and soybean genomes. ................................................................. 59 
Table 2.8. Expansion of LLP and LLRK genes by duplication mechanisms in the soybean 

genome. ............................................................................................................ 62 
Table 2.9. Estimates of molecular evolution rates based on two major duplication modes 

of L-type lectin domain proteins. ..................................................................... 67 
Table 2.10. Summary of the LLDP gene expression profile in different soybean tissues 

and development stages by duplication mechanisms. .................................... 69 
Table 2.11. Divergent expression of LLDP genes in nine different soybean tissues and 

development stages. ........................................................................................ 70 
Table 2.12. Gene ontology term assignment and classification of LLP genes in the 

soybean genome. ............................................................................................. 74 
Table 2.13. Gene ontology term assignment and classification of LLRK genes in the 

soybean genome. ............................................................................................. 74 
Table 3.1. Search statistics of three selected legume lectin templates used for homology 

modeling of the DORN1 L-type lectin domain. .............................................. 118 
Table 3.2. List of DORN1 interacting residues with ATP obtained from prediction and 

target docking. ................................................................................................ 124 
 

  



vii 
 

LIST OF FIGURES 

Figure 1.1. A stereo-schematic representation of an LLP - the soybean agglutinin ......... 10 
Figure 1.2. Visualization of the ligands and metal ion binding sites generated from the 

crystal structure alignment of four LLPs .......................................................... 11 
Figure 1.3. The schematic representations of different quaternary complexes. ............. 13 
Figure 1.4. Ribbon cartoon representations of human L-like lectin - ERGIC53 and 

superimposed 3D structures of ERGIC53 and concanavalin A. ........................ 19 
Figure 1.5. A pairwise sequence alignment between a human L-like lectin (ERGIC53) and 

soybean agglutinin (SBA), showing 17.7% sequence identity.......................... 20 
Figure 2.1. A working flowchart for identification and verification of LLDPs in proteome 

databases.......................................................................................................... 31 
Figure 2.2. Evolutionary relationships between selected plant species harboring LLDP 

homologs and their corresponding proteome size. ......................................... 44 
Figure 2.3. Variation in sizes of LLPs and LLRKs subfamilies in selected genomes of plant 

species .............................................................................................................. 46 
Figure 2.4. Schematic representation of domain architectures of LLDPs across different 

kingdoms of life.. .............................................................................................. 50 
Figure 2.5. Exon and intron structure arrangement of Arabidopsis LLP genes. ............... 52 
Figure 2.6. Exon and intron structure arrangements of Arabidopsis LLRK genes. ........... 53 
Figure 2.7. Number of LLP genes with no intron, 1, 2 and more than 2 introns in the 

selected plant species. ..................................................................................... 54 
Figure 2.8. Number of LLRK genes with no intron, 1, 2 and more than 2 introns of 

selected plant species ...................................................................................... 55 
Figure 2.9. A phylogenetic tree for the LLDP family members across the kingdoms of life

 .......................................................................................................................... 56 
Figure 2.10. A maximum likelihood (ML) phylogeny of LLDPs of Amborella (A. 

trichopoda), rice (O. sativa), Arabidopsis (A. thaliana), soybean (G. max) and 
common bean (P. vulgaris)............................................................................... 58 

Figure 2.11. A maximum likelihood (ML) phylogeny of L-type lectin domains of all 
Arabidopsis LLDPs, and LLPs of 44 crystallized structures of native legume 
lectins ............................................................................................................... 60 

Figure 2.12. Contribution of various duplication mechanisms to the expansion of the 
LLDP family in soybean. .................................................................................... 61 

Figure 2.13. Phylogenetic reconstruction of the LLDP genes in soybean. ........................ 63 
Figure 2.14. Distribution of LLDP genes on 19/20 soybean chromosomes. ..................... 66 
Figure 2.15. Molecular evolution divergence of L-type lectin domain genes based on two 

major duplication mechanisms in Glycine max.. .............................................. 67 



viii 
 

Figure 2.16. Expression profiles (log2 base values) of LLP genes in 9 soybean tissues and 
different development stages from two datasets mining from the SoyKB and 
SoyBase database. ............................................................................................ 71 

Figure 2.17. Expression profiles (log2 base values) of LLRK genes in 9 soybean tissues 
and different development stages from two datasets mining from the SoyKB 
and SoyBase database. ..................................................................................... 73 

Figure 2.18. A hypothetical and simplified phylogenetic model of the molecular 
evolution of LLDPs. ........................................................................................... 86 

Figure 3.1. Workflow for homology modeling and molecular docking of the DORN1 L-
type lectin domain. ......................................................................................... 109 

Figure 3.2. Schematic representation and loop deletion information of DORN1 for site-
directed mutagenesis binding assays. ............................................................ 114 

Figure 3.3. Multiple sequence-structural alignment of the DORN1 L-type lectin domain 
and three selected templates. ....................................................................... 119 

Figure 3.4. Ribbon style representations of the DORN1 models and superimposed 
models. ........................................................................................................... 122 

Figure 3.5. In vitro binding activities of ATP and DORN1 wild-types and deletion mutants.
 ........................................................................................................................ 126 

Figure 3.6. Cartoon representation of the ATP binding site and interacting residues of 
DORN1. ........................................................................................................... 129 

 

  



ix 
 

ABSTRACT 

 In contemporary biological research, bioinformatics and computational biology 

are essential fields that can help biologists solve and understand complex biological 

problems and mechanisms. Indeed, recent advances in DNA sequencing technology 

have helped us to gain insight into the origin, distribution, and evolution of genes and 

gene families in living organisms. A large-scale genomic study was conducted to search 

for putative proteins containing the legume-type lectin domain (LLDP) across kingdoms, 

followed by comprehensive genomics and phylogenetic analyses. Many homologous 

sequences of the plant LLDP family were newly identified in bacteria and lower 

eukaryotes, but far fewer than those found universally in land plants. Analyses of the 

evolution of LLDP genes across kingdoms revealed that members share a common 

ancestor suggesting a species-specific divergence and expansion of members of the 

LLDP family in plants. Detailed investigation of LLDP gene pools in sequenced genomes 

demonstrates that segmental and tandem duplications are two key factors in the rapid 

expansion of this family in land plants. Calculation of nucleotide substitution rates 

shows that purifying selection is likely the main driving force for stabilizing selection and 

evolution of the soybean LLDP genes. Analysis of soybean LLDP gene expression 

suggests that duplicate genes tend to differ and diverge regarding expression levels and 

expression partitioning in different studied tissues and development stages. A gene set 

enrichment study of soybean LLDPs demonstrated a functional conservation among 

members towards carbohydrate binding and kinase activity. In addition, molecular 

modeling and docking studies were also performed on the LLD domain of DORN1 

protein, an important plant receptor-like kinase of the LLDP family, leading to the 

identification and in vitro characterization of its ligand-binding site and key binding 

residues interacting with an adenosine triphosphate substrate. 
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CHAPTER 1 - GENERAL INTRODUCTION 

 

I. Research rationale: 

L-type lectins, initially found in seeds of leguminous plants, are a class of 

carbohydrate-binding proteins that can specifically recognize various sugar substrates 

and regulate a multitude of cellular processes (Van Damme et al., 1998). L-type lectins 

and their close homologs (referred to here as L-type lectin domain containing proteins, 

LLDPs) are plentiful in plants, but less frequent in other kingdoms of life, and none have 

been found in viruses.  

The LLDP family, including L-type lectin protein (LLP) and L-type lectin receptor-

like kinase (LLRK), is also the most thoroughly studied group amongst the various, 

defined lectin groups in plants. They are very well characterized in terms of their tertiary 

and quaternary structures, and their interactions with various carbohydrate molecules 

(Damme et al., 1998). Interestingly, some LLDPs have been found to bind non-

carbohydrate molecules, such as short peptides containing the YPY motif (Oldenburg et 

al., 1992; Scott et al., 1992), phyto-hormones (Etzler et al., 2009) and adenosin tri-

phosphate (Choi et al., 2014). There have been numerous studies showing that L-type 

lectins play various biological functions in plants i.e. serving as storage proteins; 

enhancement of rhizobial attachment to legume root hair cells; involvement in growth 

and development, and in signaling activities during biotic and abiotic stress, and in 

defense mechanisms to insects and pathogens (Arnaud et al., 2012; Bourne et al., 1994; 

Bouwmeester et al., 2013; Brewin and Kardailsky, 1997; Choi et al., 2014; Deng et al., 
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2010; Desclos-Theveniau et al., 2012; Díaz et al., 1989; Etzler et al., 2009; He et al., 

2004; Hervé et al., 1996; Navarro-Gochicoa et al., 2003; Nishiguchi et al., 2002; Riou et 

al., 2002; Rodríguez-Navarro et al., 2007; Singh et al., 2012; Sreevidya et al., 2005; Wan 

et al., 2008; Wang et al., 2015; Wu et al., 2014).  

Although many plant L-type lectins have been characterized and known for quite 

a long time as compared to other plant lectins, their specific and accurate biological 

function is still unclear and continues to be subject to subsequent and more detailed 

studies in order to understand their biological role and activity. Little is also known 

about their distribution across different kingdoms of life, their domain structure, and 

evolutionary history, as well as their in vivo functions. Molecular interactions with 

ligands other than carbohydrates in plants remain ambiguous, especially under 

conditions of various biotic and abiotic stresses. In addition, there has been limited, 

genome-scale analysis of the LLDP protein family; such as, studies of molecular 

evolution and sub-/neofunctionalization after gene duplication, which is prevalent in 

this family of land plants.  

The objectives of this research focused on 1) studying the distribution of the 

LLDP family in different kingdoms of life and their expansion mechanisms in land plants, 

2) analyzing domain architectures and evolutionary relationships of members of the 

LLDP family, 3) identifying and analyzing gene expression patterns in various tissues and 

development stages of the LLDP family in soybean and 4) performing modeling and 

docking studies of a typical L-type lectin receptor-like kinase (LLRK), DORN1 with ATP.  
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The dissertation research provides an outline of the LLDP family, the distribution 

of its members in different living organisms, their evolutionary relationships, and 

advances the understanding of plant LLDP genes in the context of lineage-specific 

expansion, with a special focus on land plants and soybean. It also gives insight into their 

functions in plant growth, development and response to biotic and abiotic stress 

conditions through a comprehensive analysis of their expression profile in soybean, one 

of the most important crops widely grown on a global scale. In addition, a modeling and 

docking study of DORN1 gives a better understanding at the molecular level of the 

interaction between extracellular ATP and this archetypal receptor in Arabidopsis and 

provides  useful information for further studies of plant, extracellular nucleotide 

receptors.  

II. Literature review: 

1. Lectin super family: 

Since the first lectin was discovered in 1888 by Stillmark in castor seeds (Ricinus 

communis), lectins have been the subject of extensive research because they are used 

as important tools in science, medicine and technology. They are also widely distributed 

in vertebrates, invertebrates, plants, microorganisms and viruses. Lectins are well 

known for their multivalent binding of sugars or carbohydrates, both specifically and 

reversibly (Van Damme et al., 1998). In addition, lectins are considered ‘sticky’ 

molecules since each lectin has at least two sugar binding sites that can cross-link cells 

having sugars or carbohydrate-containing macromolecules on their surface. Therefore, 

lectins were first defined as sugar binding proteins with non-immune activities that 
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agglutinate cells and precipitate polymeric carbohydrates and glycoproteins (Goldstein 

et al., 1980). Lectins bind to carbohydrates/glycoproteins but lack any enzymatic activity 

(Sharon and Lis, 2007).  

Some lectins are monovalent with respect to sugar binding so they lack 

agglutination capability. Hence, a modern formal definition of lectins would be 

carbohydrate-binding proteins that lack enzymatic activity acting on the bound ligands. 

By this definition, lectins may contain more than one binding site that interacts with 

ligands other than carbohydrates (Barondes, 1988). Taking these considerations into 

account, lectins were clarified as proteins that possess at least one non-catalytic 

domain, which binds to a specific mono- or polysaccharide in a reversible manner 

(Peumans and Damme, 1995).  

Plant lectins are ubiquitous and very diverse in nature, making it very difficult, if 

even possible, to have a good standard to classify them into different groups. Past 

attempts have subdivided plant lectins into groups based on a variety of criteria.  

An early effort tried to classify lectins into four groups based on their overall 

structure (Damme et al., 1998). In this system, merolectins are lectins with only one 

carbohydrate binding site and hololectins have at least two carbohydrate binding 

domains. Proteins in the hololectin group are di- or multivalent and hence agglutinate 

cells, as well as precipitate glycoproteins and polysaccharides. Most plant lectins belong 

to the hololectin group. The more complex chimerolectins combine one or more 

carbohydrate-binding domains in tandem and with unrelated domain(s). The latter 
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domains work independently and may have different biological functions. Superlectins 

are lectins that possess characteristics of both hololectin and chimerolectins, but can 

bind structurally unrelated carbohydrates. 

Another group classified lectins according to their carbohydrate binding 

specificities; such as, mannose-, manose/glucose-, manose/maltose-, galactose (Gal)/ N-

acetylgalactosamine (GalNAc), Gal/(GalNAc-)n, and fucose-lectins (Damme et al., 1998). 

This classification system is useful for the selection of lectins for specific applications, 

but is artificial and provides no information relevant to sequence similarity or 

evolutionary history.  

Most recently, plant lectins were grouped according to their evolutionary 

relationship and sequence similarities by taking advantage of the rapid progress in 

structural analysis and DNA sequencing (Jiang et al., 2010). Sequence comparison and 

phylogenetic analyses of available plant lectins distinguished 12 families of evolutionary 

related proteins as shown in Table 1.1 (De Schutter and Van Damme, 2015; Jiang et al., 

2010). 
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Table 1.1. Plant lectin families. 

Lectin family PFAM code* Major ligands Localization 

B (Bulb)-type 
lectin (Galanthus 
nivalis lectin-GNA) 

PF01453 D-mannose Membrane bound, 
vacuole, cytosol, nucleus 

Calreticulin PF00262 Manose Nucleus 

C (Calcium)-type 
lectin  PF00059 High mannose N-

glycans 
Vacuole, membrane 
bound 

EEA (Euonymus 
europaeus 
agglutinin) 

- Galactosides, high-
mannose N-glycans Cytosol, nucleus 

Galactose binding 
lectin PF02140 GlcNAc/GalNAc, 

Galactose Cytosol, nucleus 

Galectin PF00337 Mannose GalNAc 

Hevein (chitin 
binding lectin 1) PF00187 Chitin Vacuole 

Jacalin PF01419 
Mannose and 
galactose specific 
group 

Vacuole, cytosol, nucleus 

L-type lectin  PF00139 Mannose, glucose Membrane bound, 
vacuole, cytosol, nucleus 

LysM (lysin motif) PF01476 Chitin, peptidoglycan Membrane bound, 
vacuole, cytosol, nucleus 

Phloem (nictaba) - High mannose and 
complex N-glycans Cytosol, nucleus 

Ricin-B PF00652 Gal/GalNAc, Sialylated 
Gal/GalNAc Vacuole, cytosol, nucleus 

Note *PFAM codes are not available in the PFAM database. 
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 The ubiquitous occurrence of lectins and carbohydrate moieties in nature 

suggests that lectins likely have diverse functions. Indeed, many lectins of 

microorganisms such as viruses, bacteria, amoeba and fungi play important roles in 

infection of hosts and contribute to pathogenicity (Sharon and Lis, 2007). Lectins from 

plants contribute to plant growth, development, defense and symbiosis with nitrogen-

fixing bacteria. Animal lectins are involved in control of glycoprotein biosynthesis, innate 

immunity, regulation of cell growth and apoptosis, regulation of cell cycle, clearance of 

sulfated glycoprotein hormones, targeting of lysosomal enzymes, leukocyte homing, 

cell-cell interactions in the immune and neural system, and sperm-egg interaction 

(Sharon and Lis, 2004).  

2. L-type lectin proteins (LLPs): 

Most of the pioneering work and breakthroughs in lectin research have been 

achieved with plant L-type lectin proteins (LLPs), proteins with a single L-type lectin 

domain and they form a group of the LLDP family. The LLP group is generally considered 

as a good model for studying carbohydrate–lectin recognition and interaction. 

Therefore, in silico identification and genomic analyses of all LLDPs, including LLPs in 

plants and other organisms are necessary to advance ‘lectinology’ research. To the best 

of my knowledge, no study has previously been done focused on LLPs, as well as LLDPs, 

on organisms other than plants since they have been indicated as un-reviewed or un-

annotated proteins in the UniProt database.  
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The first discovery that LLPs are carbohydrate binding proteins came from 

experiments by Summer and Howell (1936) through the observation that cane sugar 

prevented the agglutination activity of concanavalin A.  Concanavalin A was also the first 

plant lectin characterized and crystallized (Sumner and Howell, 1936). Subsequent 

studies demonstrated the specificity of legume seed lectins since they agglutinate blood 

cells from some blood groups of the ABO system but not the cells from other groups 

(Renkonen K.O., 1948). The first LLP gene was cloned and isolated from soybean seeds 

(Vodkin et al., 1983). Since then, numerous LLPs have been cloned and sequenced using 

biochemical methods and then used for sequence comparison to different LLPs.  

Interestingly, the most recent LLP, named SmL1, was cloned from a non-

leguminous plant (Salvia miltiorrhiza Bunge), and the protein sequence of SmL1 shared 

29% to 40% identities with L-type lectins characterized from legume plants. Similar to 

leguminous L-type lectins, SmLs protein also demonstrated agglutination activity in vitro 

towards animal red blood cells, and exhibited anti-bacterial activity against diseases 

(Hua et al., 2015).  

Despite their differences in carbohydrate binding specificity, defined by a core of 

four variable loops (A, B, C and D), all LLPs share a high degree of sequence identity and 

conserved regions (Sharma and Surolia, 1997). Amongst all known lectins, LLPs form a 

large group of closely related proteins identified so far only in the Fabaceae plant family. 

In addition, LLPs are abundant in seeds, with lower amounts in other tissues. This group 

is the most thoroughly studied among the various, defined lectin groups.  
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LLPs are part of the LLDP family and the lectin superfamily and, therefore, bind 

to simple sugar substrates, such as glucose-mannose, galactose-N-acetyl galactosamine, 

fucose, and chitobiose, as well as complex carbohydrates (i.e., polysaccharides). Many 

LLPs also have the potential to agglutinate cells and to precipitate multivalent 

carbohydrates. The respective lectin sugar binding sites are highly conserved and 

composed of four amino acids coming from four different motifs or loops (loop A, B, C 

and D) in the protein structure (Loris et al., 1998). Interestingly, sugar binding activity of 

LLPs does not take place without the concomitant presence of both a calcium molecule 

and a transition metal ion located next to the sugar binding site (Figure 1.1). The amino 

acids that bind to these ions are very conserved in all crystallized LLP structures (Figure 

1.2), and their role helps stabilize the overall structure (Hardman et al., 1982).  

In addition to carbohydrate binding ability, LLPs can also interact with non-

carbohydrate ligands having structural mimicry at either the carbohydrate binding sites 

(Oldenburg et al., 1992; Scott et al., 1992) or at other locations (Hamelryck et al., 1999). 

Many LLPs, but not all, are modified post-translationally by  glycosylation and possess at 

least one to several glycan chains of either the high-manose or complex type (Sturm and 

Chrispeels, 1986; Sturm et al., 1992).  

Glycosylation of LLPs often results in formation of quaternary complexes of LLPs, 

either stabilizing or destabilizing the non-covalent association of the subunits to either 

form the dimeric assembly or prevent formation of the tetrameric assembly from the 
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dimers, respectively (Damme et al., 1998). So far, there is no evidence that glycan chains 

play any structural role in ligand recognition or binding by LLPs. 

 

Figure 1.1. A stereo-schematic representation of an LLP - the soybean agglutinin (PDB 

code: 2SBA) (Dessen et al., 1995). Tertiary structure (3D) complexes with galactose 

(gray), Ca+2 (green) and Mn+2 (magenta) ions. A view from the front face towards the 

back face of the 3D structure.  

 Plant LLPs are very well characterized in terms of their tertiary structures and 

their interactions with various carbohydrate molecules. Single units or L-type lectin 

domains of all crystallized LLPs are very conserved in terms of structural topology, 

similar to a ‘jelly roll’ or a ‘β sandwich’ architecture. Each structural unit contains of 

about 250 amino acids and is built from 13 β strands, seven in the front face and six in 

the back face interconnected by loops and β-turns. No α-helix is found and about a half 

of the residues in the domain consist of loops and turns (Figure 1.1). The anti-parallel 
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arrangement of the β strands of the front and back faces causes very strong connectivity 

within the monomer via many hydrogen bonds (Damme et al., 1998).   

 

Figure 1.2. Visualization of the ligands and metal ion binding sites generated from the 

crystal structure alignment of four LLPs (PDB code: 1FAT-brown, 1JBC-cyan, 1LTE-

magenta, and 1SBA-green).  

(A) Letters within green background columns are conserved residues that form ionic 

bonds with Ca2+ and Mn2+. Black dots are missing residues due to insertions or deletions 

(B) Ribbon representation of metal ions and sugar bound 3D structures in the 

superimpose mode of 4 LLPs. Ca2+ and Mn2+ ions are green and magenta balls, 
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respectively. Sugar (bottom right) molecules and corresponding binding residues are in 

stick modes. Red dots are water molecules surrounding the binding sites. 

At a higher structural order (i.e., quaternary, Figure 1.3), an association of LLP 

subunits is mainly found in the forms of homo- or hetero-dimer, tetramer, or octamer, 

but are highly variable in an overall complex arrangement of similar or dissimilar 

subunits. Consequently, these protein complexes have multiple sugar-binding sites and 

the ability to precipitate glycoproteins and branched multivalent oligosaccharides. Some 

complexes also possess a number of adjacent binding pockets that can harbor 

hydrophobic ligands such as adenine or some hormones. The variation in subunit 

association also results in a higher level of binding specificity, as well as affinity, than 

that of the single unit. 

 The combination of subunits ultimately leads to a variety of biological signal 

transduction processes and biological activities, such as mitogenic activities (Loris et al., 

1998). A few LLPs are combined from two chains, beta (corresponds to the N-terminal) 

and alpha (corresponds to the C-terminal) resulting from proteolysis during post-

translation. However, a reverse order is observed in the LLP concanavalin A in common 

bean (Phaseolus vulgaris) with the alpha chain located in the N-terminus and the beta 

chain in the C-terminus (Carrington et al., 1985).  
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Figure 1.3. The schematic representations of different quaternary complexes. 

A)  soybean agglutinin (PDB: 2SBA), and B) concanavalin A (PDB: 5CNA) (Bouckaert et al., 

1995). Carbohydrate substrates, metal ions Ca2+ and Mn2+ (green and magenta balls, 

respectively) are present in each subunit structure of both tetramer complexes. 

Plant LLPs have attracted special interest from the biological research 

community because they are very useful tools in biotechnology, the chemical industry 

and medical sciences. This has led to a situation in which a great deal is known about 

the proteins, their binding specificity/affinity, structure, etc., but virtually nothing is 

known about their biological function in the organism from which they are extracted. 

Therefore, while exact functions of LLPs in plants in vivo remain unclear, the available 

reports suggest a variety of roles, including mediating bacterial attachment to plant 

roots (Brewin and Kardailsky, 1997),  serving as storage protein (Etzler et al., 2009) and 



14 
 

mediating responses to a variety of carbohydrate signals during plant growth and 

development (Sharon and Lis, 2007).   

3. L-type lectin receptor-like kinases (LLRKs): 

In plants, the super family of receptor-like kinases (RLKs) is one of the largest 

gene families, comprising about 25 predicted families, with a few hundred to a thousand 

genes found in each species (Shiu and Bleecker, 2001). Typical family members possess 

an extracellular domain, a transmembrane motif and an intracellular kinase domain 

(Hervé et al., 1996). To date, the functions of most RLKs in plants remain unknown, but 

this protein family has received considerable research interest with evidence that 

several members play roles in plant growth, development and plant response to biotic 

and abiotic stress, including plant-microbe interactions (De Smet et al., 2009).  

A global-scale analysis of genomic sequences among several genomes revealed 

an unbalanced distribution of RLKs in plant species. More than 1000 RLKs were found in 

rice and poplar, 610 in Arabidopsis thaliana, 329 in mosses, but only two in 

Chlamydomonas. The expanded number of members within the RLK family in 

Arabidopsis and other plants is possibly due to gene duplication events during 

evolutionary history (Lehti-Shiu et al., 2012). Among RLK families defined in Arabidopsis, 

the lectin receptor-like kinase family is the second largest group comprised of more than 

80 members with three major types, namely L-type, G-type and C-type (see above). In 

each case, the lectin domain is extracellular, coupled to a transmembrane domain and 

intracellular kinase domain (Shiu and Bleecker, 2001).  
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Ath.LecRK1 from Arabidopsis was one of the first L-type lectin receptor-like 

kinases (LLRK) characterized and cloned, and its extracellular domain shares 39% 

sequence identity with a Medicago truncatula LLP (Hervé et al., 1996). The extracellular 

domain of LLRKs resembles LLPs in terms of high sequence similarity and structural 

configuration, suggesting some LLRKs, including Ath.LecRK1, could be involved in 

carbohydrate signal recognition and transduction. For example, four LLRKs from 

Medicago truncatula (MtLecRK1.1, MtLecRK7.1-3) appear to have all conserved residues 

necessary for Ca2+ and Mn2+ binding, but the residues critical for interaction with  

carbohydrates are variable (Navarro-Gochicoa et al., 2003; Hervé et al., 1996).  

Although few LLRKs have been studied in detail (Table 1.2), it remains unclear if 

any LecRK in legume and non-legume plant species exhibits carbohydrate-binding and 

signaling activity. All LLRKs possess an extracellular L-type lectin domain, suggesting that 

these LLRKs may be involved in the transduction of carbohydrate and plant hormone 

signals. Interestingly, a recent study by Choi et al (2014) identified the first receptor for 

extracellular ATP in Arabidopsis, so-called DORN1 (does not respond to nucleotides 1), 

which is a L-type lectin receptor kinase. DORN1 is the founding member of the new P2K 

family of purinergic receptors. The DORN1 ectodomain was shown to bind ATP, a non-

carbohydrate molecule with high affinity, at nanomolar level. The recognition of 

extracellular ATP by DORN1 increases intracellular calcium concentration, triggers 

mitogen-activated protein kinases, and induces gene expression in response to biotic 

and abiotic stresses (Cao et al., 2014). In addition, DORN1 has also been found to play 

important roles in cell wall and plasma adhesions through protein - protein interaction 
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with the RGD motif containing proteins (Gouget et al., 2006), and in resistance to 

Phytophthora infestans infection (Bouwmeester et al., 2013). At present, DORN1 

structural and functional studies have been major foci to better understand the 

physiological role of this interesting protein in plants.  

Table 1.2. Brief summary of studied plant LLRKs and their biological functions. 

Acc. number Biological function Species Reference 

NP_191529.1 The first LLRK studied, 
involved in plant hormone 
signaling  

A. thaliana (Hervé et al., 1996) 

BAA82556.1 Expressed in roots, mature 
leaves and calli;  response 
to wounding 

Populus nigra (Nishiguchi et al., 
2002) 

NP_191529.1 Response to 
oligogalacturonides and 
wounding for 
development and adaptive 
processes 

A. thaliana (Riou et al., 2002) 

AY358027.1 Highly expressed in roots 
and involved in nodulation 

Medicago 
truncatula 

(Navarro-Gochicoa 
et al., 2003) 

NM_114410 Expressed in root, flower 
and leaf, but not in stem; 
response to salt stress 

A. thaliana (He et al., 2004) 

AY487461 Expressed in boll, shoot, 
bud and stem, but not in 
leaves; plays role in fiber 
development 

Gossypium 
hirsutum 

(Zuo et al., 2004) 

NP_200838.1 Involved in protein – 
protein interactions, and 
mediates plasma 
membrane-cell wall 
adhesion 

A. thaliana (Gouget et al., 
2006) 
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AB265221.1 Response to infestin 1 
(INF1) and bacterial elicitor 
hairpin, involved in 
pathogen defense 
response 

Tobacco BY-2 cells (Sasabe et al., 2007) 

BAG68210.1 Recognizes Phytopthora 
infestans INF1 and elicits 
the hypersensitive 
response (HR) signal  

Nicotiana 
benthamiana 

(Kanzaki et al., 
2008) 

NP_190949.1 High expression in anther 
before flowers open, 
involved in pollen 
development 

A. thaliana (Wan et al., 2008) 

NP_177170.1 Localized in plasma 
membrane and forms 
homodimers via lectin 
domain 

A. thaliana (Deng et al., 2010) 

NP_177170.1 Expressed during seed 
germination and induced 
by ABA, salt, and osmotic 
stress 

A. thaliana (Deng et al., 2009) 

NM_120232.2, 
NM_120233.1, 
NM_120234.3 

Expressed in seeds and 
leaves, response to 
abscisic acid (ABA) during 
seed germination 

A. thaliana (Xin et al., 2009) 

EU041719 Expressed in root and 
shoot under drought, 
temperature, and salt 
stresses  

P. sativum (Joshi et al., 2010) 

Q9LSR8 Enhanced tolerance to 
pathogens by reducing 
disruption of the cell wall–
plasma membrane links 

A. thaliana (Bouwmeester et 
al., 2011) 

NP_191529.1 Negative regulation of 
stomata closure in 
response to pathogen-

A. thaliana (Desclos-Theveniau 
et al., 2012) 
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associated molecular 
patterns (PAMP) 

NP_195774.1 Mediates PTI (PAMP-
triggered immunity) 
response when  induced 
by β-aminobutyric acid 
(BABA) as a PAMP 
molecule 

A. thaliana (Singh et al., 2012) 

NP_191529.1 Negative regulation of 
stomata immunity 

A. thaliana (Arnaud et al., 
2012) 

NP_200838.1 
(DORN1, 
Q9LSR8) 

Aids perception of 
extracellular adenosine 
triphosphate (ATP) and 
improve plant resistance 
to stress 

A. thaliana (Choi et al., 2014) 

4. Animal legume-like lectins: 

Recently, a group of related lectins were shown to be members of a new class of 

lectins, termed legume-like or L-like lectins (PFAM identifier PF03388). These lectins 

were identified in vertebrates, invertebrates, fungi and sporadically in bacteria, 

amoebozoa, protists, stramenopiles, and protozoa but not in plants. Two L-like lectins, 

VIP36 and ERGIC-53, were the first members characterized and crystallized from this 

family (Fiedler and Simons, 1994). They share high structural similarity (jelly-roll 

topology) but have significantly lower sequence similarity to plant LLPs (Figure 1.4 and 

1.5), suggesting divergent evolution between these two families from a common 

ancestor.  
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Figure 1.4. Ribbon cartoon representations of A) human L-like lectin - ERGIC53 (Nishio 

et al., 2010) and B) superimposed 3D structures of ERGIC53 and concanavalin A (PDB: 

5CNA, cyan) (Bouckaert et al., 1995). Carbohydrate substrates, metal ions Ca2+ and 

Mn2+ (green and magenta balls, respectively) are shown. Note that ERGIC53 contains 

two Ca2+ ions, and the root mean square difference between corresponding atoms of 

the two structures is 1.73 angstroms. 

Despite sequence and functional divergences, animal L-like lectins possess a 

domain with a carbohydrate recognition ability and share mechanisms of carbohydrate 

binding similar to plant LLPs, (Itin et al., 1996; Kamiya et al., 2005; Satoh et al., 2006). 

The crystal structures of animal L-type lectins are highly conserved when superposed on 

crystal structures of plant LLPs (Figure 1.4B), with a 'sandwich' topology of seven β-

strands in the front, and five to six β-strands in the back (Figure 1.4A). However, plant 

LLPs and animal L-like lectins are very divergent in terms of sequence identity and 
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similarity, normally less than 20% sequence identity (Figure 1.5). They likely have 

different biological properties and functions. Most plant LLPs are soluble and secreted 

proteins and found in high concentration in individual tissues, whereas animal L-like 

lectins are luminal proteins and found at low concentrations in different tissues. These 

discrepances between animal L-like lectin and plant L-type lectin proteins reveal that 

they likely serve different functions in the cell (Sharon and Lis, 2007).  

 

Figure 1.5. A pairwise sequence alignment between a human L-like lectin (ERGIC53) 

and soybean agglutinin (SBA), showing 17.7% sequence identity. 

5. Genome-scale analysis, expansion mechanisms and molecular evolution of LLDPs 

Recent advances in high-throughput sequencing technology have allowed large-

scale analysis of genomes and helped us to delve deeper insight into genome 

architectures and evolution in living organisms. Indeed, integrated and comparative 

studies of complete plant genomes have indicated that polyploidy (or whole genome 

duplication -WGD) following by subsequent genome rearrangement events or genomic 

responses has occurred frequently during plant evolution, and it has also played an 
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important role of specification and diversification in plants, especially in angiosperms 

(Soltis et al., 2015).  

The consequence of WGD has normally led to different genomic responses. 

These responses can be categorized into so-called immediate responses and long-term 

responses. Short-term responses after a polyploidy event include a change in DNA 

content and expression level responses. Illegitimate recombination, unequal 

homologous recombination, mutation losses of duplicate genes, proliferation and 

mobility of transposable elements are clear examples of short-term or immediate 

responses to polyploidy events. Expression responses include alteration and variation in 

expression patterns of duplicate genes in various cell and tissue types, and in response 

to different stress conditions. Meanwhile, long-term responses encompass large-scale 

genome structural reorganizations,  pseudonization, subfunctionalization, 

neofunctionalization and fractionation of duplicate genes in different gene families 

(Wendel et al., 2016). They, all together, have been key players contributing to the 

expansion or contraction of gene families after WGD, and ultimately to the evolution of 

plant genomes and the divergence and diversity of plants (Soltis et al., 2015).  

Few published studies have examined the molecular evolution of LLDPs in an 

integrated analysis, especially those including LLDPs from different kingdoms of life. In 

addition, previous studies focused on a certain plant or group of plant species and did 

not include many representative sequences because of a lack of gene sequences or 

availability of good phylogenetic analysis tools. Genome-scale studies of LLRKs have 
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quantified and analyzed expansion mechanisms and evolutionary relationships in 

Arabidopsis, between Arabidopsis and rice, and among several plant species of the 

Brassicaeae family. These studies identified 43 and 72 LLRKs from Arabidopsis and rice, 

respectively; and provided evidences of different gene duplication mechanisms leading 

to the expansion of the LLRK family (Bouwmeester and Govers, 2009; Hofberger et al., 

2015; Vaid et al., 2012). The most recent study by Van Holle and Van Damme (2015) 

performed a genome-wide survey and evolution study on the lectin super-family in the 

soybean genome, including the L-type lectin domain protein family. However, this study 

does not provide an insight view as well as a comprehensive analysis of the LLDP family 

in this important crop plant.  

Early evolutionary studies of LLPs and their homologs [i.e., arcelin (ARC), 

phytohemagglutinin (PHA), α-amylase inhibitor (α-AI) of common bean and P. lunatus 

(Lima bean)] revealed a long history of gene duplication events, suggesting these genes 

arose from an ancestral LLP gene. Subsequently, duplications of the ancestor gene 

produced LLPs and the predecessor of ARC and α-AI before the divergence of common 

bean and lima bean about 3.8 million years ago (Mirkov et al., 1994; Sparvoli et al., 

2001).  

Phylogenetic analyses of Arabidopsis (Bouwmeester and Govers, 2009) and rice 

LLRKs (Vaid et al., 2012) attempted to identify all putative LLRKs in these two sequenced 

genomes and to group them based on sequence similarity, but without a specific effort 

to place them into an evolutionary context relative to other higher plants or their 
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progenitors. The study by Hofberger et al. (2015) gave more details on the 

identification, classification, expansion mechanisms and evolution of the LLDP family of 

nine Brassicaeae species, including Arabidopsis. This study confirmed all previous 

predicted LLRKs, and showed that tandem and segmental duplication (also refered as 

whole-genome duplication) were major mechanisms, contributing 55% and 37%, 

respectively, to the expansion of the LLDP family in the Arabidopsis genome.  

III. Outline of the dissertation 

This dissertation consists of three chapters. The first chapter is largely 

introductory, consisting of research rationale and objectives, review of literature and 

the dissertation outline. The second chapter is dedicated to understanding the 

distribution and evolutionary history of the LLDP family across kingdoms, with special 

focus on land plants and soybean. For that chapter, all LLDPs were identified in silico and 

validated using the profile Hidden Markov Model search approach (Eddy, 2011) that was 

followed by manual checking and annotation. This allowed the identification of a large 

number of putative LLDPs present in well-annotated genomes of several model and crop 

plants, which were then used for further analyses.  

Different bioinformatics and computational tools were used and in-house 

computer code were developed to analyze genomic features and construct phylogenetic 

trees of representative LLDPs using their carbohydrate binding domain or full length 

sequences. A hypothetical model was proposed for the evolutionary relationships of 

LLDPs across kingdoms. Expression profiles of LLDP genes in soybean were used as an 
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example to elucidate patterns of co-expression, leading to hypotheses related to cellular 

function and impact of gene duplication.  

Chapter three is focused on computational modeling, docking and analysis of the 

ligand binding site of an archetypal plant LLRK for extracellular ATP, DORN1 

(AT5G60300). A three dimensional model of its L-type lectin domain (LLD) was selected 

from a pool of 2000 models generated from the multiple sequence alignment between 

DORN1 LLD and crystallized structures of selected templates. Subsequently, the model 

was used to predict ATP binding sites by blind docking and using prediction tools for 

ligand protein binding. The putative binding sites were specifically mutated and tested 

using wet-lab direct binding assays. Finally, ATP interacting residues and binding affinity 

of DORN1 were predicted and elucidated by docking of the ATP molecule to the binding 

site of the DORN1 model.  
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CHAPTER 2 - ORIGIN, DISTRIBUTION, DIVERSIFICATION AND EVOLUTION 

OF PROTEINS CONTAINING THE L-TYPE LECTIN DOMAIN 

 

Abstract 

 Comparative genomics and bioinformatics approaches were used to gain insight 

into the origin, distribution, diversification and evolution of proteins containing the L-

type lectin domain (LLDP) across kingdoms of life, with a special focus on land plant 

lineages and soybean. Initial sequence surveys and profile hidden Markov model 

searches for the L-type lectin domain (LLD) against major sequence databases 

demonstrated the ubiquitous presence of LLDPs in the plant kingdom, but this domain 

was sparsely distributed in bacteria and lower eukaryotes, while no L-type lectin domain 

proteins could be identified in viruses and animals. However, the biological functions 

and evolution history of the LLDP family remain largely unknown. Analysis of domain 

association revealed a large protein family, the L-type lectin receptor-like kinase 

subfamily (LLRK), which is found exclusively in land plant species suggesting a critical 

role in plant growth, development, and stress responses. Subsequent investigation 

showed that the LLDP family of land plants and soybean has evolved and expanded 

through segmental and tandem duplication. Expression data show a diverse spatial and 

temporal expression of soybean LLDP genes. Estimation of Kn/Ks ratios of soybean LLDP 

genes reveals that purifying selection is likely the main driving force acting on the 

evolution of the soybean LLDP gene family. Finally, a hypothetical model for the 
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evolutionary history of the LLDP family is also proposed, as well as a discussion of the 

biological function and overall significance of this important protein family.  

I. Introduction 

 The availability of an ever-increasing number of whole genome sequences has 

generated an enormous resource for genome-wide comparative analyses, especially in 

the context of phylogenetic and evolutionary questions. Most studies of this type focus 

only on the identification and characterization of a particular protein family or 

superfamily, usually from one or a combination of several representative species. The 

ultimate goal is to better understand the origin, genome structure, evolutionary 

relationships, expression and functional prediction of the studied gene families. 

Examples of such studies include Yang et al. (2016), Wang et al. (2015), Lopes-Caitar et 

al. (2013), and Gingerich et al. (2007). 

As mentioned in the introductory chapter, proteins containing the L-type lectin 

domain (LLDP) occur widely and abundantly in leguminous plants, with a high 

concentration in mature seeds and lesser amounts in vegetative tissues such as leaves, 

stems, roots, nodules, and bark. Each tissue can possess two or more LLDPs that are 

encoded by different genes (Damme et al., 1998). However, most studies of the 

distribution of these proteins have focused on individual genes or only a few legume 

species to determine, for example, gene expression profiles or measure protein 

amounts in different tissues.  
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Few attempts have been made to understand the genome-wide distribution of 

close homologs of legume L-type lectins (Bouwmeester and Govers, 2009; Dang and Van 

Damme, 2016; Vaid et al., 2012; Yang et al., 2016). Studies that extend the analysis of 

the LLDP family over all available sequenced genomes should provide a more insightful 

picture of the distribution, diversification, and evolutionary history of this important 

protein family.  A major goal should be to use these approaches to gain better insight 

into the various biological functions played by specific members of the LLDP family.  

Soybean is one of the most important crops widely grown in different regions of 

the world, from tropical and subtropical to temperate climates. The soybean genome-

sequencing project finished in 2009 has provided many opportunities for comparative 

genomic analysis and molecular evolution studies of soybean genes and gene families. 

Soybean shares with all other legume species a whole genome duplication (WGD) dated 

to approximately 59 million years ago and followed by a species-specific WGD about 13 

million years ago. After every WGD event, a series of local genome rearrangements has 

occurred, including chromosomal rearrangement, unequal crossover, gene 

diversification and gene loss. Different from other diploid plants, nearly 75% of soybean 

genes possess multiple copies in the genome (Schmutz et al., 2010).  

This study seeks to provide a more expanded view of the LLDP family by using a 

variety of comparative genomic approaches to identify and characterize LLDPs across all 

kingdoms of life. Initially, LLDP family sequences were identified by searching for the L-

type lectin domain using the profile hidden Markov model (HMM) against UniProtKB 

(http://www.uniprot.org/) and Phytozome (https://phytozome.jgi.doe.gov), two major 
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sequence databases. A substantial quantity of LLDPs, especially members of the LLRK 

sub-family, were found in land plant genomes, relative to species in other kingdoms. 

Subsequently, comprehensive phylogenetic analyses were performed to unravel the 

evolutionary relationship of LLDP family members across kingdoms. Next, expansion 

mechanisms of the LLDP family were investigated in land plant genomes and the results 

showed that segmental (SD) and tandem duplication (TD) have played an important role 

in the lineage-specific increase of the LLDP family. Analyses of divergence and adaptive 

evolution revealed average Kn/Ks (non-synonymous per synonymous substitutions per 

site) ratios were less than 0.4, suggesting purifying selection of the soybean LLDP gene 

family. Gene expression profiles and gene ontology enrichment analysis of all members 

of the LLDP family in a number of different soybean tissues and development stages 

were examined to further explore the possible biological function of the LLDP family in 

this important legume crop. Finally, an evolution model for all predicted LLDPs across 

kingdoms of life is also suggested and followed by a discussion on the biological function 

and overall significance of this important protein family. 

II. Materials and methods 

1. Sequence databases used for identification of LLDPs 

 Three major databases were used in this study; 1) the Universal Protein Resource 

Knowledgebase or the UniProtKB (The UniProt Consortium, 2012), 2) the Phytozome 

database (Goodstein et al., 2012) and 3) the Protein Family database - PFAM (Punta et 

al., 2011). The UnitProtKB database is the most universal and comprehensive repository 

for protein sequence and annotation. When the research commenced (July 2015), the 
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UniProtKB had 45,196 proteomes integrated from 3,942 reference (complete) 

proteomes and 41,254 other proteomes (incomplete). This sample included 40,610 

bacterial proteomes, 3,392 viral proteomes, 328 archaea proteomes and 866 eukaryote 

proteomes. A total of over 61 million sequences had been deposited in the database, 

consisting of 550,552 reviewed and manually annotated sequences in the Swiss-Prot 

section; and 60,971,489 un-reviewed and automatically annotated sequences in the 

TrEMBL section. The Phytozome database is a plant specific, up-to-date and complete 

genome database. It currently contains 59 plant species genomes. The PFAM database is 

an online archive of all protein domain families generated from multiple sequence 

alignments and HMM (Eddy, 1998). The most recent version (PFAM29.0) has 16,295 

protein families. The three databases were downloaded from their corresponding FTP 

websites and stored on a local server. 

2. Computational tools used for identification of LLDPs 

All computational tools utilized in this work are free and open source, including 

the bio-sequence analysis program using profile hidden Markov models - HMMER 

version 3 (Eddy, 2011),  FUGUE version 2.0 (Shi et al., 2001), SMART version 7 (Letunic et 

al., 2011), InterProScan version 5 (Jones et al., 2014), Phobius (Kall et al., 2007), SignalP 

(Petersen et al., 2011) and TMHMM2.0 version (Krogh et al., 2001). HMMER3.0 is a 

software suite developed for searching homologs of DNA or proteins in sequence 

databases using statistical models, such as profile hidden Markov models (HMM) that 

identify distantly related sequence homologs for any protein family. FUGUE is a program 

using a sequence-structure comparison approach to detect remote homologs for a 
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query sequence or a multiple sequence alignment. InterProScan5 is the large-scale and 

integrated software for analysis of molecular sequences by combining various protein 

signature databases, detection methods and searching tools. Phobius, SignalP, and 

TMHMM are among the most popular tools for predicting a signal peptide and/or a 

transmembrane domain present in a protein sequence. Due to a large amount of 

sequence data, several standalone versions of these tools were selected, downloaded 

from their original website, and installed on a local and dedicated Linux server. 

Additionally, customized Perl, BioPerl and Linux shell scripts were developed to 

manipulate and extract sequences from the databases and summarize data from output 

files.  

3. Computational approaches to identify members of the LLDP family 

The Figure 2.1 illustrates approaches, steps and computational tools used to 

build the LLDP hidden Markov model profile from the known and reviewed LLDPs and to 

identify and verify putative LLDPs from the UniProtKB and Phytozome databases.  

In brief, a multiple sequence alignment (MSA) of 109 manually and well-

annotated (seed) sequences of LLDPs was downloaded from the PFAM database with 

only the L-type lectin domain (LLD) of the protein sequence collected. A profile HMM 

model of the MSA of the LLDP domain was built using HMMBUILD. The profile was 

utilized to search against the downloaded proteome databases using the HMMSEARCH 

module with a default threshold (E-value <= 1). This guaranteed that no LLDPs were 

missed in this initial search step.  
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Figure 2.1. A working flowchart for identification and verification of LLDPs in 

proteome databases. MSA denotes the Multiple Sequence Alignment of the LLDP family 

with an identifier number PF00139 in the PFAM database. HMMBUILD and 

HMMSEARCH are two separate modules of the HMMER3.0 program. 

All predicted LLDPs were validated by the InterProscan5 and SMART tools with 

default parameters, and again verified by a manual screening of LLDPs found with high 

E-values (between 10 and 10-5) and very short sequences (fewer than 35 amino acids) to 

make sure they all possessed at least one LLDP domain. Analyses of signal peptides and 

transmembrane domains of LLDPs were performed with standalone versions of Phobius, 

SignalP, and TMHMM. First, all putative LLDPs were categorized and analyzed within the 

UniProtKB database or between the UniProtKB and the Phytozome databases to 

understand their overall distribution and occurrence without consideration of sequence 

redundancy. Later, the genome-wide study and expansion analysis were carried out for 

LLDPs identified in the Phytozome database.  

SMART, InterproScan 
Phobius, TMHMM, SignalP 
Manual screening 

HMMBUILD 

HMMSEARC
 

MSA of PFAM L-type lectin 
domain 

 

Profile HMM of PF00139 

LLDPs and LLDP associated domain proteins 

Proteome Databases 
 



32 
 

4. Folding recognition and template search 

Aside from the sequence comparison approach, folding recognition is a popular 

method to detect structural similarities between uncharacterized protein sequences and 

crystallized protein structures. This method takes advantage of the extra information 

embedded in the three-dimensional protein template structure, and complements the 

sequence-only comparison method (Jones and Thornton, 1993). LLDs of predicted LLDPs 

in kingdoms other than plants were extracted and aligned using the L-INS-i algorithm for 

one conserved domain of the MFFT stand-alone software (version 7) (Katoh and 

Standley, 2013), with the substitution matrix BLOSUM 62 and gap opening penalty = 2. 

The alignments were fed into the FUGUE server tool (Shi et al., 2001) for fold topology 

confirmation of the corresponding alignments in order to verify the overall structural 

fold was similar to that of crystallized LLPs in plants.  

5. Analysis of PFAM domains in association with L-type lectin domain of LLDPs 

 The annotated alignment of different protein domains found in association with 

the L-type lectin domain (LLD) in the PFAM database was retrieved and used to build its 

corresponding profile HMM model. Each profile HMM model search was then 

performed against all identified LLDPs obtained from UniProtKB database for their 

domain architectures, with E-value threshold ≤10-3. Other sequence features (i.e., signal 

peptides and transmembrane domains) were analyzed using the Phobius, SignalP, and 

TMHMM tools. 
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LLDP sequences were again checked using the SMART stand-alone software (the 

latest version 7) and a manual screen performed for conserved domains and for 

identification of new domains not present in the current PFAM database. Finally, LLDP 

sequences were grouped according to their conserved domain organization. Domain 

architectures found in more than five sequences were used to illustrate the overall 

diversity of the family.  

6. Linear structural analysis of plant LLDP genes  

 The genomic DNA and coding (CDS) sequences of LLDP genes of the four selected 

plant genomes, including green algae (Ostreococcus lucimarinus), green moss 

(Physcomitrella patens), Arabidopsis (Arabidopsis thaliana), and soybean (Glycine max) 

were retrieved from the Phytozome database. The number of exons, introns, domains 

and motifs of LLDP genes were determined by mapping CDS and the corresponding 

coordinates of domains and motifs onto their corresponding genomic sequences. 

Domain and motif coordinates of Arabidopsis LLDPs were predicted by the HMMSearch 

and SMART tools. As mentioned above, signal peptides were predicted using the 

Phobius tool (Kall et al., 2007) and the transmembrane domains were identified using 

the TMHMM tool (Krogh et al., 2001). 

7. LLDP phylogenetic tree reconstruction  

 In order to reduce the complexity of the domain architectures of a large number 

of LLDP sequences and to obtain an accurate alignment for constructing a phylogenetic 

tree, we selected five representative sets of LLDP domain sequences to be included in 
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the alignment. The first set included 108 well-annotated LLDs extracted mainly from 

characterized and well-annotated plant proteins. Two other sets of LLD sequences came 

from bacteria and lower eukaryotes obtained from the UniProtKB database. The 

remaining sets were representative domain sequences from the animal L-like lectin 

domain family (PF03388), as well as the LysM domain family, which was used for rooting 

the tree. Sequences of LLDs, L-like lectin proteins, and LysM proteins were aligned using 

the L-INS-i algorithm for one conserved domain of the MFFT stand-alone software 

(version 7) (Katoh and Standley, 2015), with the substitution matrix BLOSUM62 and gap 

opening penalty = 2. The MEGA (version 7) (Kumar et al., 2016) was utilized to construct 

phylogenetic trees for LLDPS using the minimum evolution (ME) option and neighbor-

joining method (NJ) with 1000 bootstrap replicates.  

Three other smaller trees were completed for a more comprehensive 

phylogenetic analysis of plant LLDPs and soybean. The first tree was constructed from a 

full-length sequence alignment of all predicted LLRKs of Amborella trichopoda, rice 

(Oryza sativa), Arabidopsis, soybean (Glycine max), and common bean (Phaseolus 

vulgaris). The second tree was obtained from LLDs of all Arabidopsis LLDPs and LLPs of 

44 crystallized structures of native legume lectins, including a soybean LLP (a well-

characterized and crystallized soybean agglutinin, Glyma.02G012600).  The third tree 

was reconstructedfor members of the soybean LLDP family. A similar alignment strategy 

was used but with a different phylogenetic construction approach and with more 

advanced options, including the maximum likelihood method (ML), the JTT+CAT model 

(Jones et al., 1992), and 1000 bootstrap replicates (Felsenstein, 1985). All trees were 
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constructed using the RAxML software (version 8) (Stamatakis, 2014) and MEGA7 

(Kumar et al., 2016). The trees were visualized and analyzed using Dendroscope (Huson 

and Scornavacca, 2012) and MEGA7 (Kumar et al., 2016).  

8. Analysis of expansion mechanisms of LLDPs in soybean genome 

 In order to understand mechanisms leading to the expansion of LLDPs in the 

soybean genome, two different strategies were used to identify different types of gene 

duplications. LLDP genes derived from a segmental duplication (SD) in the soybean 

genome were determined in the context of synteny relationships using the Synteny 

Mapping and Analysis Program (SyMap) embedded in the CoGe public platform (Lyons 

and Freeling, 2008). The SyMap was used to search for all possible syntenic blocks 

present in 20 soybean chromosomes, using the recommended parameters for plants. 

Subsequently, all syntenic blocks associated with the expansion of LLDP genes through 

SD were retrieved by in-house Perl scripts. The duplicated LLDP genes through SD could 

be identified and differentiated based on gene co-linearity on corresponding syntenic 

chromosome blocks. Tandem duplication of LLDP genes was deduced according to 

Hanada et al. (2008); i.e., the LLDP genes must belong to the same gene family (E-value 

< 10-25), their physical distance must be within 100kb on a chromosome, and they are 

interrupted by less than ten non-homologous genes. During the evolutionary process, 

homologs of a duplicated LLDP gene could maintain similar function (sub-

functionalization), gain a new function (neo-functionalization) or be totally lost in the 

genome. In addition, syntenic blocks could also be fragmented or lost following 

ancestral segmental or whole genome duplication (Freeling, 2009). Therefore, 
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homologous expansion of LLDPs other than SD and tandem duplication was classified as 

another duplication mechanism, including transposable element-related gene 

rearrangements, proximal and dispersed duplication. 

9. Kn and Ks calculation for LLDP duplicate genes in soybean 

 Expansion and the fate of homologous genes of a gene family after duplication 

events has been a subject of many studies (Freeling, 2009; Freeling and Thomas, 2006; 

Freeling et al., 2015; Lehti-Shiu et al., 2009, 2012, 2015), and one of the methods to 

understand such evolutionary dynamics of protein-coding genes in a protein family is to 

estimate non-synonymous (Kn), synonymous (Ks) substitution rates, and the their ratio 

omega (ω=Kn/Ks) (Jukes, 2000). It was shown that a Kn to Ks ratio of one (Kn/Ks=1) 

indicates neutral mutation or neutral selection; Kn greater than Ks, indicates positive or 

adaptive selection; and when Kn is less than Ks, indicates negative or purifying selection 

acting on duplicate genes (Yang and Nielsen, 2000).  

 In order to characterize the nature of selection pressure acting on protein-coding 

genes of the soybean LLDP family, pairwise non-synonymous (Kn), synonymous 

substitutions (Ks) and the Kn/Ks ratio (ω) were estimated using the method described by 

Nei and Gojobori (1986). First, pairwise sequence alignments of protein sequences of 

LLP and LLRK genes of TD and SD pairs were generated using the MAFFT alignment tool 

(Katoh and Standley, 2013), and they were used as a guide to align corresponding DNA 

sequences. Second, the PAL2NAL tool (Suyama et al., 2006) was used for codon-based 

alignments of the DNA sequence using the protein sequence alignments as the 

template. And finally, the CODEML program of PAML (Yang and Nielsen, 2000) was 
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utilized to generate Kn, Ks, and ω values. The Kn and Ks values between 0.0 and 2.0 

were retained and displayed for further analysis. The Boxplot and Gplot of R package 

were used to draw box-plots and density plots.  

10. Analysis of LLDP gene expression patterns in soybean  

 Soybean RNA-Seq data archived in the SoyKB (Joshi et al., 2012; Libault et al., 

2010) and SoyBase (Severin et al., 2010) databases were used to analyze the 

transcriptional patterns of LLDP genes in 9 tissues and development stages, including 

shoot apical meristem (SAM), leaves, stem, root hairs, roots, nodules, flower, pods (3 

stages: one cm pod, pod shell of 10 and 14 days after flowering) and seed (7 stages: 10, 

14, 21, 25, 28, 35, and 42 days after flowering). The expression data (normalized values) 

of all LLDPs expressed as FPKM in SoyKB (fragments per kilobases of transcript per 

million) and RPKM in SoyBase (reads per kilobases of transcript per million) were mined 

using in-house Perl scripts and standardized using Z-score for further analysis. 

Expression profiles of LLDPs genes were clustered based on their expression patterns 

using the MultiExperiment Viewer software (version 4.9.0), with parameters of Pearson 

correlation and average linkage clustering algorithm (Howe et al., 2011).  

11. Gene ontology (GO) term enrichment analysis for soybean LLDPs 

 The agriGO tool was used to assign gene ontology terms to members of the LLDP 

family. Gene ontology (GO) term enrichment analysis was performed using Fisher's 

exact test. The p-value was computed for the null hypothesis that there is no association 

between a subset of genes and a particular functional or domain category. Then the p-
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value was corrected with the total number of terms to account for multiple comparisons 

(Du et al., 2010). 

III. Results 

1. Global searching for LLDPs  

Three well-known sequence databases were used, the UniProtKB database to 

search for putative LLDPs in a broadspectrum of organisms, the Phytozome database for 

genome-scale identification of LLDPs in plants and the curated LLD alignment (PF00139) 

of the PFAM database to build a profile hidden Markov model (HMM). The profile HMM 

model was then used to search for potential homologs of the LLDP family in the 

UniProtKB and Phytozome databases.  

A total of 7161 LLDPs were identified as potential members of the LLDP family, of 

which 4442 LLDPs came from the UniProtKB database and 2719 unique LLDPs were 

obtained from the Phytozome database (Table 2.1). UniProtKB is a comprehensive 

protein database that consists of many plant proteins. Hence, there are many plant 

LLDPs found in both UniProtKB and Phytozome databases.  

The profile HMM search also showed there was no LLDP detected in 3,392 viral 

genomes and only a single LLDP homolog was found in 328 Archaea proteomes (Table 

2.1). This single, putative LLDP could be mistakenly annotated and included in the 

database. However, we cannot rule out the possibility that LLDPs exist in Archaea since 

members of this domain form a clade between bacteria and eukaryotes in the domain 

phylogeny (Woese et al., 1990) and many genomes of Archaea are yet to be sequenced. 
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Table 2.1. Summary of the databases used and results from searching for potential 

LLDPs. 

Domain Total number 
of proteomes 

Total number of 
protein sequences 

Number of putative 
LLDPs 

Marine sediment 
meta-genome N/A* N/A 2 

Virus 3,392 2,564,407 0 

Bacteria 40,610 38,473,933 238 

Archaea 328 1,148,964 1 

Eukaryote  925 20,364,855 6,920 

Total 45,255 62,552,159 7,161 

*N/A: not available. 

2. Distribution of LLDPs in bacteria 

The search against 40,610 bacterial proteomes revealed a sporadic distribution 

of LLDPs in various phyla (Table 2.2). Among 26 phyla currently classified in the NCBI 

taxonomy system (http://www.ncbi.nlm.nih.gov/), a total 238 LLDPs were found in 10 

phyla and 1 unclassified bacterium. None had been characterized or reported previously 

in a biological or biochemical study. Within the 209 bacterial proteomes possessing at 

least one putative LLDP, 193 proteomes hada single copy, 11 had two copies, and three 

proteomes had three LLDP genecopies of LLDPs. Two bacteria, namely Chthonomonas 

calidirosea and Carnobacterium maltaromaticum in the Armatimonadetes and 

Firmicutes phyla, respectively, possessed 6 and 8 copies of LLDPs. 

  

http://www.ncbi.nlm.nih.gov/Taxonomy/
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Table 2.2. The distribution of LLDPs in bacteria. 

Phyla 
Number of 

putative 
LLDPs 

Number of 
proteomes 

with LLDP(s) 

Total number 
of complete 
proteomes 

Actinobacteria* 6 4 4 

Armatimonadetes 8 2 6 

Bacteroidetes/Chlorobi group 29 27 804 

Chlamydiae/Verrucomicrobia group 2 2 243 

Chloroflexi 1 1 30 

 Cyanobacteria 5 4 191 

Fibrobacteres/Acidobacteria group 1 1 13 

Firmicutes* 149 131 16,216 

Planctomycetes 10 10 25 

Proteobacteria 26 26 17,326 

 Unclassified bacteria  1 1 1,250 

Total 238 209 36,108 

* Gram-positive bacteria 

Interestingly, LLDP homologs were also found on plasmids in three bacteria, 

Bacillus cereus in the Firmicutes phylum, Cyanothece sp. (strain PCC 7822) species in the 

Cyanobacteria phylum, and Herpetosiphon aurantiacus (strain ATCC 23779 / DSM 785) 

species in the Chloroflexi phylum. The species Cyanothece sp. PCC 7822 had LLDP 

encoded on both the chromosome and a plasmid, but Bacillus cereus and H. aurantiacus 

ATCC 23779 / DSM 785 had only a plasmid-encoded LLDP gene. A further prediction of 

signal peptides and transmembrane motifs in putative bacterial LLDP proteins revealed 
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that most (193 / 238 sequences) targeted to the secretion pathway and only 17 of the 

238 LLDP sequences were predicted to have a membrane localization. 

3. Distribution of the LLDP family in eukaryotes 

A total of 6,920 putative LLDPs were found from searching the LLD profile HMM 

model against 925 proteomes (866 in the UniProtKB and 59 in Phytozome). Among 23 

eukaryotic phyla, more than ten copies of LLDPs were found only in species of four phyla 

including amoebozoa, fungi, stramenopiles, and viridiplantae (plants). Very few or no 

LLDP were identified in species of other phyla, such as cryptophyta (only 1 lectin) or 

metazoa (no lectin), a result similar to that shown for the  genomes of pathogenic or 

beneficial fungi (i.e., no predicted  LLDPs). It should be noted that these results are only 

valid for the methods used and could have missed LLDP family members that are 

significantly divergent in sequence (Table 2.3). 

Table 2.3. The distribution of the LLDPs in various eukaryote phyla. 

Eukaryotic phyla Number of 
LLDPs 

Proteomes 
with LLDPs 

Number of 
complete 

proteomes 

Alveolata 0 0 58 

Amoebozoa 16 13 13 

Apusozoa1 2 0 0 

Breviatea 0 0 0 

Centroheliozoa 0 0 0 

Cercozoa 2 2 1 

Cryptophyta 1 1 1 
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Euglenozoa 0 0 21 

Fornicata 0 0 6 

Glaucocystophyceae 0 0 0 

Haptophyceae 1 1 2 

Heterolobosea 1 1 1 

Jakobida 0 0 0 

Katablepharidophyta 0 0 0 

Malawimonadidae 0 0 0 

Fungi  31 29 509 

Metazoa 0 0 163 

Oxymonadida 0 0 0 

Parabasalia 0 0 1 

Rhizaria 2 1 2 

Rhodophyta 1 1 2 

Stramenopiles 37 19 22 

Viridiplantae (UniProtKB)2 4,107 217 65 

Viridiplantae (Phytozome) 2,719 55 59 

Total 6,918 338 925 

1A classification system by NCBI taxonomy (http://www.ncbi.nlm.nih.gov/Taxonomy); 

2Including characterized LLDPs from species whose genome has not been fully 

sequenced. 

 Surprisingly, a large number of plant LLDPs were detected from characterized or 

reviewed proteins of the UniProtKB and Phytozome databases. As mentioned above, the 
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UniProtKB is a comprehensive and universal protein database and, therefore, archives 

hundreds of plant LLDPs characterized from species whose genomes have not been fully 

sequenced, as well as thousands of plant LLDPs from species with sequenced genomes. 

Meanwhile, plant genomes in the Phytozome database have been computationally 

annotated and deposited in the UniProtKB database, so there is expected overlap in 

these two databases. In order to avoid the redundant LLDP sequences, LLDPs in each 

database were used separately for different analyses.  

4. Genome-wide distribution of LLDPs in the plant kingdom 

 In order to determine the number of LLDPs in plants at a genome-scale, we used 

59 sequenced plant genomes downloaded from the Phytozome database. A total of 

2719 members of the LLDP family were identified in multiple green algal species and all 

land plants (S2.1 Table).  However, among seven chlorophyte algae genomes, no LLDP 

was found in four green algae genomes, whereas three LLDPs were present in each 

closely related genome of Micromonas pusilla CCMP1545, Micromonas sp. RCC299 and 

Ostreococcus lucimarinus (Figure 2.2). 
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Figure 2.2. Evolutionary relationships between selected plant species harboring LLDP 

homologs and their corresponding proteome size (1,000). A red bar on a branch 

denotes a whole genome duplication event; a blue bar indicates a whole genome 

triplication event (Lyons and Freeling, 2008). 

 Genes encoding members of the LLDP family were detected in all 52 surveyed 

genomes of land plants, ranging from 10 members in Physcomitrella patens to 143 in 

Panicum virgatum. The number of LLD proteins in specific plant genomes increased 

from 3.3-47.7 times, relative to Ostreococcus lucimarinus, which served as our basal, 

unduplicated reference genome. Hence, during the evolution of land plants, the LLDP 

family expanded considerably and continued to expand at different lineage-specific 
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rates (Figure 2.2, Table 2.4 and S2.1 Table). In addition, the percentage of LLDPs to total 

predicted genes in a plant genome varied between plant families, even among species 

of the same genus, such as A. lyrata (0.19) and A. thaliana (0.20).  

 In order to further investigate variation in sizes of the LLRK subfamily and to 

determine whether the LLP subfamily differs among plant species, all predicted LLDP 

sequences from seven, selected plant species were examined to determine the 

presence of kinase domains (PF00069 and PF07714). Indeed, there is considerable 

variation in sizes of two LLD subfamilies (LLP and LLRK) among seven plant species, 

especially in the LLRK subfamily. There was no kinase domain detected in O. lucimarinus 

LLDPs (algae), but LLD associated kinase domains were found in other species, and the 

number of copies per genome increased significantly during the evolution of land plants. 

The sizes of the LLP subfamily were about 25 to 50% smaller than those of the LLRK 

subfamily in flowering plants (Figure 2.3). 

 Further, the percentage of LLDPs in land plants is about double that of algae, 

except in S. moellendorffii and K. marnieriana (S2.1 Table). These data also suggest that 

the LLDP family may have evolved independently at various expansion rates and that 

the divergence of plant LLDPs may reflect their adaptation to a wide range of terrestrial 

environments inhabited by land plants and to a range and intensity of biotic stresses. 

Although the function of these genes in plants is still unclear, the expansion of this 

family in higher plants suggests that members of this family probably play important 

roles in plant growth and development associated with reproduction performance and 

in biotic and abiotic stress responses.   
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Figure 2.3. Variation in sizes of LLPs and LLRKs subfamilies in selected genomes of 

plant species, including a green algae (Olu, O. lucimarinus), moss (Ppa, P. patens), the 

most recent ancestral sister of angiosperms (Atri, A. trichopoda), rice (Osa, O. sativa), 

Arabidopsis (Ath, A. thaliana), soybean (Gma, G. max), and poplar (Ptri, P. trichocarpa). 

Table 2.4. The percentage of protein-coding genes of the LLDP family in seven selected 

plant genomes. 

Category Plant species Proteome 
size 

Number of 
putative LLDPs 

Percentage of LLDPs in 
proteome (%) 

Chlorophyta O. lucimarinus 7796 3 0.04 

Bryophyte P. patens 32926 10 0.03 

Angiosperm A. trichopoda 26846 42 0.16 

Monocots O. sativa 42189 95 0.23 

Malpighiales P. trichocarpa 41335 62 0.15 

Brassicaceae A. thaliana 27416 56 0.20 

Fabidae G. max 56044 93 0.17 

3 5 8

18
11

28

12

0
5

34

77

43

65

50

0
10
20
30
40
50
60
70
80
90

Olu Ppa Atri Osa Ath Gma Ptri

LLPs LLRKs



47 
 

5. Fold topology of bacterial and lower eukaryote LLDs 

Since LLDPs had not previously been predicted from bacteria and lower 

eukaryotes, it was necessary to verify their identification. This was done by confirming 

the LLD folding topology using the MAFFT tool to align LLDs of bacteria and lower 

eukaryotes. Each alignment was examined using the FUGUE online server to check for 

their similarity of fold architecture to that of known protein structures of plant LLDs. 

Indeed, the top hit topologies were the LLD family at very high Z-scores, 26.84 and 24.39 

for bacteria and lower eukaryotes, respectively. The animal L-like lectins (P58/ERGIC-53 

and Emp47p) yielded lower Z-scores in both cases (Table 2.5 and Table 2.6). This 

supports the conclusion that all predicted bacterial and low eukaryote lectins belong to 

the LLDP family.  

Table 2.5. Results from fold topology prediction of the bacterial LLDs using the 

sequence-structure homology recognition method (FUGUE). 

Profile hit1 Profile length2 Normalized Z-score3 Confidence level 

L-type lectin 281 26.84 CERTAIN 

P58/ERGIC-53 223 23.58 CERTAIN 

Emp47p  222 20.3 CERTAIN 

Laminin G-domain 391 6.58 MARGINAL 
1Profile name found in the HOMSTRAD database, a structural profile database used for 

fold recognition. 2The alignment length in the profile. 3Z-scores greater than 6 consider 

as having common folds. 
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Table 2.6. Results from fold topology prediction of lower eukaryote LLDs using the 

sequence-structure homology recognition method (FUGUE). 

Profile Profile length Alignment score Normalized Z-score Prediction 

Legume lectin 281 359 24.39 CERTAIN 

P58/ERGIC-53 222 259 20.75 CERTAIN 

Emp47p  223 271 20.28 CERTAIN 

Laminin G-
domain 213 55 6.47 MARGINAL 

1Profile name found in the HOMSTRAD database, a structural profile database used for 

fold recognition. 2The alignment length in the profile. 3Z-scores greater than 6 consider 

as having common folds. 

6. Domain architectures of the LLDP family 

 Although the LLDP is a widespread protein module, the LLDP family is relatively 

small in size and less diverse in terms of domain architectures among the top 20 PFAM 

domain families (Finn et al., 2014). In the current version of the PFAM (v29) database, 

there are 2038 annotated LLDPs classified into 75 domain architectures (Finn et al., 

2014), of which only seven top domain architectures possess more than 10 protein 

sequences. Our analysis of domain architectures using profile HMM searches indicated 

the association of the LLD with a kinase domain was the most dominant domain 

architecture. It comprised more than 2/3rds (69.8%) of all LLDPs obtained from the 

UniProtKB database, although this architecture appears to be present exclusively in land 

plants, perhaps reflecting, in part, an overall abundance of receptor-like kinase proteins 

in plants (Zhang et al., 2007). 
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 In total, we identified 80 distinct domain architectures in members of LLDPs in 

bacteria, lower eukaryotes, and plants of the UniProtKB. The simplest module, 

containing either a single or multiple LLDs, representing 28.3% of the total, is the second 

most frequent architecture present in all three categories. This module was also 

identified in every land plant lineage but was sporadically distributed in certain species 

of bacteria, lower eukaryotes, and even lower plants. Interestingly, the architecture of 

the lectin domain fused with the Fibronectin type III domain (PF00041) was found 

among bacteria (less than 5 sequences) and lower eukaryote species, but not in land 

plants. This module was also a component of two other multiple domain architectures. 

Species in each category contain distinct domain architectures, and many were detected 

exclusively in some lineages (Figure 2.4 and S2.7-2.9 Tables). For example, the 

architectures of the LLD associated with the SHS2 domain (PF03876) or bZip_1 

(PF00170) domain were found only in the Oryza genus. Meanwhile, the LLD fused with 

the DNA binding protein S1FA (PF04689) was present only in the Brassica genus, and the 

architecture PF00139-PF00069-PF07727, a fusion of three different domains including 

lectin, kinase, and reverse transcriptase (Glyma.17G224300), was uniquely detected 

only in soybean. 
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Figure 2.4. Schematic representation of domain architectures of LLDPs across different 

kingdoms of life. Only domain architectures that appeared in more than five sequences 

are shown in the diagram (roughly to the scale). Domain architectures with a star sign 

are specific to that kingdom. Domains were labeled with the PFAM domain family 

names and identifiers. The area above the double-dashed line denotes the extracellular 

matrix and the area below the double-dashed line represent the intracellular matrix. 

Note, as shown, those proteins that span this dotted line appear to be plasma 

membrane localized but could also be localized to other cellular membranes due to the 

predicted presence of a transmembrane domain.  



51 
 

7. Exon and intron structure of LLDP family members 

 In order to gain insight into the possible structural diversity, evolution, and 

regulation of the LLDP gene family, exon-intron structure, organization, and intron 

phase were analyzed in Arabidopsis and soybean. The results show that the gene 

structures of Arabidopsis members of the LLDP family are relatively simple and 

conserved based on the number and size of the exons. All 11 intron-less genes were 

identified in the sub-group of LLP genes (Figure 2.5). Only seven single-intron genes and 

one double-intron genes were found in genomic sequences of all 54 predicted LLDPs in 

Arabidopsis (Figure 2.6). Genomic structures of soybean LLDP genes have more intron 

insertions, i.e. 5/28 LLP genes and 22/65 LLRK genes, respectively (S2.3 Figure and S2.4 

Figure). Additional analysis of the exon-intron structure of the LLDP gene family 

suggested that intron-less LLDP genes are dominant in plant genomes and that the 

ancestor gene of this gene family is an intron-less gene (Figure 2.7 and Figure 2.8).  

 Another important aspect of gene structure is an insertion of an intron between 

exons and between three bases of a codon. Insertion of an intron can occur in three 

different contexts; phase 0 has intron inserts between codons, phase 1 has an intron 

between the first base and the second base, and phase 2 has an intron between the 

second base and the third base. Analysis of codon phases in genomic sequences of LLDP 

genes of Arabidopsis (Figure 2.5 and Figure 2.6) and soybean (S2.3 Figure and S2.4 

Figure) show that introns occur very frequently between the first base and the second 

base, or between the second base and third codon base, i.e 7/8 in Arabidopsis and 

20/30 in soybean. In fact, the within-codon insertions could change frame-reading 
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fidelity and alternative splicing processes, eventually altering gene structure, function 

and expression. For example, a relatively long intron (810 nucleotides) is present 

between the second base (a guanine) and the third base (a guanine) of the DORN1 

(AT5G60300) gene, perhaps impacting the reading frame, splicing and the final product 

of the gene.  

 

Figure 2.5. Exon and intron structure arrangement of Arabidopsis LLP genes. CDS: gene 

coding sequence, Upstream/downstream: 5'/3'UTR, Coiled: coiled-coil motif, SP: signal 

peptide, L-type: LLDP domain, TM: transmembrane motif. 

 In addition, our further investigation of Arabidopsis and soybean LLDP genes 

indicates that intron insertions likely occurred after gene duplication events and most of 

the introns are short sequences (less than 300 bases). All 8 LLRK intron genes in 

Arabidopsis are TD or SD duplicates (Figure 2.6), and 25/27 soybean LLDP intron genes 

belong to TD or/and SD duplicates (S2.3 Figure and S2.4 Figure).  
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Figure 2.6. Exon and intron structure arrangements of Arabidopsis LLRK genes. CDS: 

gene coding sequence, Upstream/downstream: 5'/3'UTR, Coiled:  coiled-coil motif, SP: 

signal peptide, L-type: LLDP domain, TM: transmembrane motif, Kinase: kinase domain, 

Intron phase 0 means the intron locates between two codons, intron phase 1 indicates 
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the intron inserts between the first and the second codon base, while intron phase 2 

denotes the intron inserted between the second and the third codon base.  

 We also examined the number of introns inserted into genomic sequences of the 

LLDP gene family in selected plant species, including a green algae (O. lucimarinus), 

moss (P. patens), a most recent ancestral lineage of angiosperms (A. trichopoda), rice 

(O. sativa), soybean (G. max), and poplar (P. trichocarpa). A prevalence of intron-less 

LLDP genes in these genomes (>50% of total LLDP genes), and the variation of two or 

more than two exons could be due to deletions, insertions or both processes during 

lineage-specific evolution after duplication events (Figure 2.7 and Figure 2.8).  

 

Figure 2.7. Number of LLP genes with no intron, 1, 2 and more than 2 introns in the 

selected plant species, including a green algae (Olu, O. lucimarinus), moss (Ppa, P. 

patens), the most recent ancestral lineage of angiosperms (Atri, A. trichopoda), rice 

(Osa, O. sativa), Arabidopsis  (Ath, A. thaliana), soybean (Gma, G. max), and poplar (Ptri, 

P. trichocarpa).  
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Figure 2.8. Number of LLRK genes with no intron, 1, 2 and more than 2 introns of 

selected plant species, including a green algae (Olu, O. lucimarinus), moss (Ppa, P. 

patens), the most recent ancestral lineage of angiosperms (Atri, A. trichopoda), rice 

(Osa, O. sativa), Arabidopsis  (Ath, A. thaliana), soybean (Gma, G. max), and poplar (Ptri, 

P. trichocarpa).  

8. Phylogenetic analysis of the LLDP family 

 In order to investigate the evolutionary relationship between LLDPs, we 

constructed a global phylogenetic tree for representative LLDPs across kingdoms and 

three other smaller trees for non-leguminous and leguminous plant LLDPs (Figure 2.9). 

The global tree was created taking into account the presence of animal L-like lectin 

domains (PF03388) and bacterial LysM domains (PF01476). Three smaller trees were 

constructed to provide insight into the evolutionary relationships between non-

leguminous and leguminous plant LLRKs and LLPs. 
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Figure 2.9. A phylogenetic tree for the LLDP family members across the kingdoms of 

life. A neighbor-joining tree was reconstructed using 410 L-type lectin domains, 8 L-like 

lectin domains, and 4 LysM domains to root the tree. Individual labels were removed to 

provide better visualization. Magenta, cyan, red, black, pale, and blue correspond to 

LysMs, bacterial LLDs, animal L-like lectins, mixed bacterial and lower eukaryote (B-LE)  

LLDPs, lower eukaryote (LE) LLDPs, and plant LLDP subclades, respectively. 

 The global phylogenetic tree of the LLDP family members rooted by 

representative LysM domain sequences shows two large and distinct clades, 
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representing four different kingdoms and domain categories. One clade consists of all 

plant and lower eukaryote LLDs, plus a smaller group of bacterial LLDs.  The other big 

clade, nearest to the LysM domain subclade, contains a larger group of bacterial LLDs, 

and animal L-like lectin domains. Overall, the result suggests two possible divergent 

paths of LLDs from very ancient LLDs. The first route of LLD divergence was toward the 

establishment of species-specific LLDPs in plants from bacterial and/or lower eukaryote 

LLDs. The second route indicates a possible emergence of a new protein LLD lineage 

from bacteria, namely the animal L-like lectin domain-containing proteins (Figure 2.9).  

 A previous study classified Arabidopsis LLRKs based on a phylogenetic analysis 

(Bouwmeester and Govers, 2009) and, thus, provided useful clues for a general 

classification and phylogenetic analysis of soybean LLRKs. Taking a similar approach,  we 

generated two smaller phylogenetic trees using a maximum likelihood (ML) approach to 

generate trees for specific LLDP subfamilies. 

A certain number of distinct subclades and mixed subclades were formed by 

various groups of closely related LLDPs in each species and among species (Figure 2.10). 

For example, a subclade of 10 close members of Arabidopsis LLRKs grouped into a 

distinct subclade (in green with a red dot on the inner branch) and were all found in two 

tandem-duplicated clusters on Arabidopsis chromosomes 3 and 5. These LLDPs were 

earlier classified as LecRK-I.1 to LecRKI-11 (Bouwmeester and Govers, 2009). The LLDP 

species-specific subclades were likely formed by members of local gene duplications 

(Figure 2.10 and S2.5 Figure). 
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Figure 2.10. A maximum likelihood (ML) phylogeny of LLDPs of Amborella (A. 

trichopoda), rice (O. sativa), Arabidopsis (A. thaliana), soybean (G. max) and common 

bean (P. vulgaris). Yellow branches indicate specific subclades of Amborella. Blue 

branches illustrate specific subclades of rice. Green branches represent specific 

subclades of Arabidopsis. Brown branches represent specific subclades of legume 

species (soybean and common bean). Brown branches with a cyan dot denote specific 

subclade of LLPs and non-LLPs of common bean (P. vulgaris). Black branches denote 
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mixed subclades of LLDPs among plant species. Red, cyan and brown dots after node 

labels illustrate paired syntenic genes found in syntenic blocks between Arabidopsis and 

soybean genomes. 

 Mixed clades between species possibly came from LLDPs sharing syntenic 

relationships. Indeed, there were three mixed subclades, black subclades with colored 

round dots next to the node label, which contained three syntenic gene pairs (red, cyan 

and brown dots) between Arabidopsis and soybean. These LLDP genes likely share a 

common ancestor and they are probably orthologs to each other (Figure 2.10 and Table 

2.7).  

Table 2.7. Syntenic gene pairs found in co-linear syntenic genomic blocks in the 

Arabidopsis and soybean genomes. 

Soybean syntenic gene Arabidopsis syntenic gene E-value 

Glyma.06G292100 AT4G28350 1.40E-146 

Glyma.03G051100 AT5G01560 1.20E-111 

Glyma.14G013300 AT5G55830 8.50E-210 

  

 The phylogenetic tree of 44 native leguminous LLDs and 54 Arabidopsis LLDs 

consists of two major and distinct subclades, one containing all Arabidopsis LLDs and the 

other consisting of all leguminous LLDs. Evidence of local LLP gene duplications in 

leguminous genomes could also be observed on the phylogenetic tree without 

considering all members of the LLDP family in a particular genome (Figure 2.11). For 

example, a subclade was formed by four LLPs of Phaseolus vulgaris (Pvu), including 
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PHAL_PHAVU (Phvul.004G158300), LEA1_PHAVU (Phvul.004G158100), AR5A_PHAVU, 

and ARC1_PHAVU (Figure 2.10 and Figure 2.11).  

 

Figure 2.11. A maximum likelihood (ML) phylogeny of L-type lectin domains of all 

Arabidopsis LLDPs, and LLPs of 44 crystallized structures of native legume lectins, 

including a soybean LLP (soybean agglutinin: Gma.LEC_SOBN, Glyma.02G012600). A 

node label of native legume lectins starts with a species abbreviation followed by a dot 

and the UniProt gene name. 

 In fact, these duplicated genes were individually characterized and encoded for 

lectins, acrelins, and α-amylase inhibitors, and were biochemically shown to perform 

different functions despite the fact they share a high sequence identity (>60%) (Hoffman 
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and Donaldson, 1985; Moreno and Chrispeels, 1989; Osborni et al., 1988). Taken 

together, results obtained from analyzing plant LLDs, LLPs, and LLRKs phylogenies may 

suggest species-specific divergence of LLDPs in non-leguminous and leguminous plants 

from common ancestral sources of the LLP and LLRK families. 

9. Duplication and expansion of the LLDP gene family in the soybean genome 

 In order to understand the possible relationship between soybean LLDP 

duplicate genes and specific expansion mechanisms, we specifically examined two major 

mechanisms of duplication, segmental (SD) and tandem (TD), and their relationship 

during the evolution of this gene family. Whole genome duplication and duplication of 

large chromosome regions are considered as SD (Cannon et al., 2004), and TD is unequal 

crossover of smaller chromesome regions (Achaz et al., 2000). Interestingly, this analysis 

suggests that SD was the major force contributing to the expansion of the LLDP family, 

followed by TD. Of 93 predicted members of the LLDP family, there were 88 genes 

(94.62%) identified as SD and TD duplicates and only 5 genes (5.38%) considered as 

singletons (duplicates by other mechanisms) (Table 2.8 and Figure 2.12). 

 

Figure 2.12. Contribution of various duplication mechanisms to the expansion of the 

LLDP family in soybean. 
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Table 2.8. Expansion of LLP and LLRK genes by duplication mechanisms in the soybean 

genome. 

Category SD TD Both Singletons Total 

LLP 12 8 6 2 28 

LLRK 30 19 13 3 65 

Total 42 27 19 5 93 

SD: segmental duplication, TD: tandem duplication, Both: genes duplicate by SD and TD 

 Among 88 duplicate genes, there were 42 LLDP genes detected in synteny blocks 

by the SyMap tool and 27 genes were identified as tandem duplicates, and 19 were 

found in both synteny blocks and tandem arrays. TD genes on these clusters likely form 

small subclades in the LLDP phylogenetic tree (Figure 2.13). For example, 8 TD genes 

(Glyma.08G065500, Glyma.08G065600, Glyma.08G065700, Glyma.08G065800, 

Glyma.08G065900, Glyma.08G066000, Glyma.08G066100, Glyma.08G066200) of the 

LLRK subfamily grouped into a subclade together with their corresponding syntenic 

duplicates, including Glyma.07G183900, Glyma.07G184000, Glyma.13G255500, and 

Glyma.15G059200. Meanwhile, SD genes normally present in pairs on the phylogenetic 

tree, such as Glyma.01G109200 and Glyma.3G074300, Glyma.07G143000 and 

Glyma.18G193900, and Glyma.11G225900 and Glyma.18G0031400. Based on the 

duplication data and phylogenetic analysis,  we found that Glyma.08G065500 shared an 

intra-syntenic relationship with Glyma.07G184000, Glyma.13G255500, 

Glyma.15G059200; and Glyma.08G065600  shared an intra-syntenic relationship with 

Glyma.07G183900, and that only LLDP genes were expanded significantly on 
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chromosome 8 through TD relative to the other chromosomes (Figure 2.13). It is likely 

that the repertoire of ancestral genes expanded by whole genome duplication (Zhang et 

al., 2009) and then subsequently tandemly duplicated, ending in their current position 

due to rearrangements within the genome. This is reflected in the fact that the tandem 

clusters of LLDP genes are localized to specific soybean chromosomes and formed large 

tandem arrays onchromosome numbers 8, 14 and 17 (Figure2.13 and Figure 2.14). 

 

Figure 2.13. Phylogenetic reconstruction of the LLDP genes in soybean. A maximum 

likelihood tree reconstructed using the full-length protein sequences, with 1000 
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resampling bootstrap iterations. Blue and magenta subclades correspond to LLP and 

LLRK subgroups. Blue round, blue square, and red square dots represent SD and TD, SD, 

and TD genes, respectively. 

10. Distribution of soybean LLDP genes on the chromosomes 

 Physical locations of 93 LLDP genes were mapped on 20 soybean chromosomes 

using their DNA sequence coordinate, and visualized using the MapChart program 

(Voorrips, 2002). Members of the LLDP genes were present on 19/20 soybean 

chromosomes, except chromosome 19 and an LLDP was mapped to a scaffold. The 

Figure 2.14 clearly shows that 92 LLDP genes are unevenly distributed on 19 

chromosomes, and that some of LLDP genes tend to form large tandem clusters in 

certain chromosomes e.g. chromosome 8, 14 and 17. There are 15 tandem clusters with 

2 or more LLDP members found in 11 chromosomes. The size of the clusters varied 

across the soybean genome from 2 to 8 genes. Chromosome 8 has the highest number 

of LLDP genes (15, 16,3% mapped genes) with two large clusters harboring 6 and 8 

genes, while in chromosome 5, 6, 15, 16 and 20, no more than 3 LLDP genes could be 

identified, respectively. As indicated above, these cluster arrangement are thought to 

favour or facilitate nucleotide sequence exchange through unequal cross-over or 

recombination mispairing during miosis (Graur and Li, 2000). 
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Figure 2.14. Distribution of LLDP genes on 19/20 soybean chromosomes. The relative 

map position of 93 LLP and LLRK genes is shown on each of 19 chromosomes. 

Chromosome numbers are on the top of each chromosome. Gene names with 

underlines are LLPs. Blue circles are SD and TD duplicates, red squares represent TD 

duplicates, blue squares are SD duplicates. The black bar in between each chromosome 

denotes the centromere. 

12. The nature of selection pressure acting on soybean LLDP coding genes 

 Analyses of variation in the nature of selection pressure were performed to 

determine whether the L-type lectin and LLRK genes have been subjected to purifying, 

neutral or adaptive evolution following two major gene duplication events using 

maximum likelihood method embedded in the CODEML program of PAML package 

(Yang and Nielsen, 2000). Overall, the Kn/Ks calculated values of majority LLDP gene 

pairs are ranging from 0.23 to 0.40, suggesting a purifying selection constraint at the 

nucleotide level (Table 2.9 and Figure 2.15). The average ω ratios of the LLP group were 

slightly higher than that of the LLRK group, ω=0.37 and ω=0.40 vs ω=0.26 and ω=0.23, 

respectively. Duplication mechanisms also have a small influence on the purifying 

selection level on the two groups of the LLDP family, i.e. a higher ω ratio observed in the 

LLRK group of TD as compared to that of SD, and vice versa in the LLP group (Table 2.9). 

Additional analysis of the ω ratio distributions of all duplicate lectin genes showed that 

92.3% of gene pairs had ω values lower than 0.5, and 7.7% of gene pairs had ω values 

more than 0.5 (Figure 2.15).  
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Table 2.9. Estimates of molecular evolution rates based on two major duplication 

modes of L-type lectin domain proteins. 

Duplication 

mechanism 

Lectin 
group 

Kn 

(Mean±SD) 

Ks 

(Mean±SD) 

Kn/Ks 

(Mean±SD) 

Tandem 
duplicaton 

L-type lectin 0.32±0.16 1.02±0.62 0.37±0.14 

LLRK 0.21±0.11 0.95±0.55 0.26±0.09 

Segmental 
duplication 

L-type lectin 0.27±0.23 0.79±0.85 0.39±0.13 

LLRK 0.21±0.14 0.92±0.66 0.23±0.08 

 

 

Figure 2.15. Molecular evolution of divergence of L-type lectin domain genes based on 

two major duplication mechanisms in Glycine max. (A) Box-plot representation of LLP 

and LLRK gene pairs based on Kn/Ks ratio, following tandem duplication (TD) and 

segmental duplication (SD). (B) Distribution of molecular evolution rates of LLP and LLRK 

gene pairs, following tandem duplication (TD) and segmental duplication (SD). 
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13. Expression profiles of soybean LLDP genes in different tissues and development 

stages 

Analysis of a gene expression profile, in combination with a computational 

genomics study of a multi-gene family, is a useful strategy to differentiate and decipher 

the possible biological function of each member in the family. This strategy also helps to 

gain insight into the relationship between gene expression pattern and duplication 

modes, as well as the genomic structures of members of the gene family. In this study, 

two different datasets of soybean RNA-seq transcriptome atlas from the SoyKB (Joshi et 

al., 2012; Libault et al., 2010) and SoyBase (Severin et al., 2010) databases were used as 

the first attempt to provide insights into potential functions of members of the soybean 

LLDP family. These two datasets contain 9 different tissue types in total, including shoot 

apical meristem (SAM), leaf, stem, root, root hair, nodule, flower, pod, and seed. Some 

tissues are overlapped, including flower, root, nodule, and leaf. Other tissues were 

collected at different development stages, i.e., seed (7 stages) and pod (3 stages). Two 

heat maps were generated for each gene group, LLPs and LLRKs (Figure 2.16 and Figure 

2.17). In order to summarize and analyze gene expression data, we joined these two 

datasets with same tissue types together and considered a gene as expressed if it is 

detected (normalize RPKM or FPKM values >0) in at least one of the two datasets. 

Overall, the expression patterns of soybean LLDP genes are highly diverse within 

and between two datasets, either in their transcriptional abundance or in their 

expression patterns under normal growth conditions and development stages in two 

different datasets, and genes with similar expression patterns are likely grouped into 
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same clusters (Figure 2.16 and Figure 2.17). As shown in the Table 2.10, 91 of 93 LLDP 

genes showed expression in at least 1 tissue, with normalize FPKM and RPKM > 0. There 

were 80 genes expressed at a high level at least in 1 tissue (normalized FPKM and RPKM 

>=1) and only 2 genes (Glyma.08G275000 and Glyma.09G201500) were undetectable in 

all tissues and development stages in both datasets. All of the low expressed (11) and 

undetected genes (2) are duplicate genes by SD, TD, or both SD and TD (Table 2.10).  

Table 2.10. Summary of the LLDP gene profile in different soybean tissues and 

development stages by duplication mechanisms. 

Duplication category Expression level1 Total 

High Low None 

Tandem duplication 23 2 2 27 

Segmental duplication 40 2  - 42 

TD and SD 12 7  - 19 

Singleton 5 -  -  5 

Total 80 11 2 93 

1High: expression level (normalize RPKM or FPKM values) of a gene >=1 in at least 1 

tissue. Low: expression level of a gene between 0 and 1 in at least 1 tissue. None: No 

expression in all tissue and development stages. 

Among 91 expressed genes, there are 8 genes expressed in all 9 tissues and 

every seed and pod developmental stage, 26 genes expressed in 9 tissues but not in 

every seed and pod developmental stage, 48 genes expressed in 3 or more than 3 

tissues, and 7 genes expressed in 2 tissues. There are only 2 genes expressed solely in 
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flower and shoot apical meristem. The expression data also show that a majority of LLDP 

genes were detected in a broad range of tissues, i.e. 36.6% in nine tissues and 51.6% in 

3 to 8 tissues (Table 2.11).  

Table 2.11. Divergent expression of LLDP genes in nine different soybean tissues and 

development stages. 

Duplication In 1 tissue In 2 
tissues 

In 3 to 8 
tissues 

In 9 
tissues 

In 9 tissues and 
development stages 

TD - 4 10 8 - 

SD - 1 22 15 4 

TD and SD 2 2 13 1 1 

Singleton 0 0 3 2 3 

Total 2 7 48 26 8 
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Figure 2.16. Expression profiles (log2 base values) of LLP genes in 9 soybean tissues 

and different development stages from two datasets mining from the SoyKB and 

SoyBase database. SK prefix: SoyKB dataset, SB prefix:  SoyBase dataset. Pearson 

correlation hierarchical clustering was used to group LLDP genes. The color intensity was 

set to 5 as a maximum. The scale bar on the top displays expression levels from no 

(black) to high (red). Blue boxes, red boxes and blue circles represent duplicate genes by 

SD, TD and both, respectively. 
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Figure 2.17. Expression profiles (log2 base values) of LLRK genes in 9 soybean tissues 

and different development stages from two datasets mining from the SoyKB and 

SoyBase database. SK prefix: SoyKB dataset, SB prefix:  SoyBase dataset. Pearson 

correlation hierarchical clustering was used to group LLDP genes. The color intensity was 

set to 5 as a maximum. The scale bar on the top displays expression levels from no 

(black) to high (red). Blue boxes, red boxes and blue circles represent duplicate genes by 

SD, TD and both, respectively. 

14. Gene ontology (GO) enrichment of soybean LLDPs and functional implication 

 Gene ontology enrichment analysis of soybean LLDP genes was performed to 

determine at annotation level their biological function and process and to further 

determine whether duplicate genes from different duplication mechanisms were 

divergent toward particular functions. The gene set enrichment analysis (GSEA) method 

was used to identify over-represented GO terms. Interestingly, all the lectins were 

computationally annotated to associate with at least one GO ontology of the similar 

function in broad terms. There are only two significant GO terms assigned to 28 LLP 

genes, and the most relevant GO terms are "carbohydrate -binding" indicated with the 

lowest p-value 1.4E-58 (Table 2.12). Among 28 LLP genes, the soybean agglutinin 

(Glyma.02G012600) gene was first cloned and characterized, and the X-ray crystal 

structure of this protein identified its binding ability to N-acetylgalactosamine and 

galactose (Olsen et al., 1997).  
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Table 2.12. Gene ontology term assignment and classification of LLP genes in the 

soybean genome. 

GO term Description Number of 
genes in the 

input list 

Number of genes 
in background 
/reference set 

p-value FDR 

GO:0030246 Carbohydrate 
binding 

28 239 1.4E-58 4.2E-58 

GO:0005488 Binding 28 17591 0.000001 7.8E-07 

 

 The assignment of GO terms to 65 members of the LLRK subfamily returned 

more diverse GO terms, because of additional domains associated with the basic L-type 

lectin domains, as well as more than one GO terms can be assigned to many LLRK genes.  

Similar to the LLP genes, carbohydrate-binding or carbohydrate-derived binding 

capability is the most relevant GO terminology (lowest p-value, p=4.1E-133) related to 

the biological process of the L-type lectin domain. The second (p=1E-68) and the third 

most (p=1.6E-68) relevant GO terms are kinase and phosphotransferase activities which 

reflect the biological activity of the protein kinase domains. Other less relevant GO 

terms with lower p-values are likely assigned to the kinase domain of LLRK proteins 

(Table 2.13). 

Table 2.13. Gene ontology term assignment and classification of LLRK genes in the 

soybean genome. 

GO term Description Number of 
genes in the 

input list 

Number of genes 
in background 
/reference set 

p-value FDR 

GO:0030246 carbohydrate binding 65 239 4.1E-133 2.4E-131 

http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598185550&GO=GO:0030246
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598185550&GO=GO:0005488
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598758143&GO=GO:0030246
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GO:0004672 protein kinase activity 65 2394 2.9E-71 8.4E-70 

GO:0016773 phosphotransferase 
activity, alcohol group 
as acceptor 

65 2624 1E-68 2E-67 

GO:0016301 kinase activity 65 2643 1.6E-68 2.4E-67 

GO:0016772 transferase activity, 
transferring 
phosphorus-
containing groups 

65 2985 4.1E-65 4.8E-64 

GO:0005524 ATP binding 65 3990 5.3E-57 5.2E-56 

GO:0032559 adenyl ribonucleotide 
binding 

65 4442 5.4E-54 4.5E-53 

GO:0001883 purine nucleoside 
binding 

65 4745 3.8E-52 2.3E-51 

GO:0001882 nucleoside binding 65 4747 3.9E-52 2.3E-51 

GO:0030554 adenyl nucleotide 
binding 

65 4745 3.8E-52 2.3E-51 

GO:0032555 purine ribonucleotide 
binding 

65 4867 2E-51 9.5E-51 

GO:0032553 ribonucleotide binding 65 4867 2E-51 9.5E-51 

GO:0016740 transferase activity 65 4916 3.7E-51 1.7E-50 

GO:0017076 purine nucleotide 
binding 

65 5181 1.1E-49 4.6E-49 

GO:0000166 nucleotide binding 65 5459 3.2E-48 1.3E-47 

GO:0003824 catalytic activity 65 13905 6.3E-22 2.3E-21 

GO:0005488 binding 65 17591 2.7E-15 9.2E-15 

 

IV. Discussion 

 The LLDP family was originally established from individually characterized 

proteins of leguminous plants (Sharon and Lis, 1990). Since then, several hundred LLDPs 

have been characterized from leguminous plant species mainly for applications in 

http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598758143&GO=GO:0004672
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598758143&GO=GO:0016773
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598758143&GO=GO:0016301
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598758143&GO=GO:0016772
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598758143&GO=GO:0005524
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598758143&GO=GO:0032559
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598758143&GO=GO:0001883
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598758143&GO=GO:0001882
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598758143&GO=GO:0030554
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598758143&GO=GO:0032555
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598758143&GO=GO:0032553
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598758143&GO=GO:0016740
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598758143&GO=GO:0017076
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598758143&GO=GO:0000166
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598758143&GO=GO:0003824
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=598758143&GO=GO:0005488
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biomedical research, biotechnology and industry (Sharon and Lis, 2007). More recently, 

members of this family have expanded through analysis of genome sequence 

information in several land plants (Bouwmeester and Govers, 2009; Hofberger et al., 

2015; Jiang et al., 2010; Vaid et al., 2012; Yang et al., 2016). However, no study has 

reported on comparative genomic analyses and evolution relationships of LLDPs across 

all kingdoms of life, especially all sequenced plant genomes deposited in the Phytozome 

database. In this study, comprehensive comparative genomics and bioinformatics 

approaches were used to gain insight into the origin, distribution, diversification and 

evolution of the L-type lectin domain containing protein (LLDP) family, with special 

interest on land plant lineages and soybean. 

1. Occurrence and origin of LLDPs  

 Our unique search for homologous members of the LLDP family across kingdoms 

in two protein database UniProt and Phytozome revealed that LLDPs are not only 

present universally and abundantly in land plants, but they are also appeared in bacteria 

and lower eukaryotes with lower frequency and in certain genera or families. 

Interestingly, there were no LLDPs found in viral, animal and certain algal genomes. 

Evolutionary divergence and degradation of members of this family by species-specific 

selection and adaptation may explain the lack of LLDPs in some lineages is species-

specific. Occurrence of LLDP genes in bacteria and lower eukaryotes had not been 

reported prior to this work, and these putative LLDP genes are predicted and 

annotatedas uncharacterized or un-reviewed proteins, and they are archived in the 

Universal Protein database (UniProtKB) (Magrane and Consortium, 2011). Therefore, 
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genomic and domain information of putative LLDP proteins in bacterial and lower 

eukaryote could provide useful clues for further characterization and in-depth study of 

biological roles and biochemical properties of these proteins. 

Additional literature investigation (Itin et al., 1996; Kamiya et al., 2005; Satoh et 

al., 2006) and database searches against the UniProt database showed that animals also 

possess proteins with a carbohydrate recognition domain. As indicated in the 

introduction chapter, the crystal structures of these proteins are highly conserved when 

superposed on crystal structures of plant LLPs. However, plant LLPs and animal L-like 

lectins are very divergent in terms of sequence identity and have different biological 

properties and functions (Sharon and Lis, 2007). Most plant LLPs are soluble and 

secreted proteins and are found in high concentration in specific tissues. In contrast, 

animal L-like lectins are luminal proteins and found at low levels in different tissues 

(Sharon and Lis, 2007). Our structural topology and folding prediction confirmed plant 

LLDPs (Table 2.5 and Table 2.6). 

Analysis of the global phylogenetic tree shows animal L-like lectins fall into a 

distinct subclade with many bacterial LLDPs. This suggests animal LLDPs and plant LLDPs 

may have a common bacterial origin, which gave rise to an independent lineage from 

that seen in higher plants. Among all predicted LLDPs across kingdoms, a significant 

number of LLRKs occur in every land plant genome and, indeed, are only found there; 

that is, not present in bacteria, lower eukaryotes, and lower plants. Protein domain 

analysis of LLDPs indicated that LLRKs were established after the divergence of lower 
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and higher plants, and then exclusively expanded and maintained in land plant lineages 

with species-specific manner. Establishment of this subfamily proposes an assumption 

of the formation of plant LLRKs from the fusion of a kinase protein with an LLP. This 

domain architecture was previously reported to be presented in rice, Arabidopsis, 

populus and Brassica species (Bouwmeester and Govers, 2009; Hofberger et al., 2015; 

Vaid et al., 2012; Yang et al., 2016). Indeed, there is a universal expansion of a variety of 

receptor-like kinase proteins in higher plants, which has been attributed to the role of 

these proteins in detecting environmental cues (Lehti-Shiu et al., 2012).  

2. Domain diversification of LLDPs across the kingdoms 

 A protein domain is often defined as an independent structural, 

functional and evolutionary unit of protein. The domain can either form a single domain 

protein or be a part of a multi-domain protein for it to be functional (Zhang et al., 2012). 

Domain combination is a process to create new genes and functional diversification 

from selective pressure during evolution (Vogel et al., 2004). Many proteins have 

deviated from their common ancestors by different associations and combinations of 

single domains through various duplication events and genetic shuffling (Bagowski et al., 

2010).  

LLDPs have been reported to possess a single LLD and the single LLD combined 

with the kinase domain in Arabidopsis (Hervé et al., 1996). Our domain architecture 

analysis across kingdoms showed that, besides the kinase domain, LLDPs can have 

various types of domains associated with their core LLD domain (Figure 2.4, and S2.1-
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S2.4 Table). For example, the LLP protein M5RKS5 (UniProt ID) of a marine bacterium 

(Rhodopirellula maiorica) can have up to four LLDs, whereas the SHS2 domain (PF03876) 

was found only in LLDPs of O. sativa (Japonica), six other wild rice species, and a nearest 

out-group species of the rice genus (Leersia perrieri). Surprisingly, only the simple core 

(only 1 LLD) with or without a signal peptide and/or a transmembrane domain is 

conserved across different kingdoms. Furthermore, each kingdom or even each genus 

has its own domain architecture, suggesting that LLDP genes have evolved and diverged 

differently during evolution for adaptive selection. One would assume that these unique 

domain architectures play specific roles important for each lineage. For instance, the 

Fibronectin III (Fn-III) domain associated with the L-type lectin domain was only found in 

bacteria and low eukaryote LLDPs, but not in plants. This domain consists of about 100 

amino acids and possesses a beta sandwich tertiary structure. The major function of the 

Fn-III domain is to mediate protein-protein interactions and it is required as a spacer 

molecule for a biological function occurred in the right place (Campbell and Spitzfaden, 

1994). 

It also draws from our attention that the single LLD domain and the LLD domain 

associated with the kinase domain are two prevalent architectures which belong to 909 

universal protein domains in land plants which were reported in a previous study by 

Zhang et al. (2012). Interestingly, these two conserved and dominant architectures tend 

to combine with other domains in a certain plant lineage leading to a divergence of the 

LLDP family in land plants. For example, the bZip_1 domain associated with the LLD 

domain and the SHS2 domain combined with the kinase domains to create unique 
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architectures in the sequenced genomes of the rice genus. The combination of several 

domains with the LLD domain or LLD-kinase domains to form new architectures can 

apparently contribute to the functional diversification of members in the LLDP super-

family of land plants.  

3. Gene exon and intron structure and divergence of plant LLDPs 

 As described above, the simplest domain architecture of LLDP proteins is 

composed of a single LLP domain of about 210-250 amino acids and this domain 

architecture was identified across kingdoms, including lower and land plants. Therefore, 

it is likely that the genomic sequence of the most recent ancestor of plant LLDP proteins 

contains no intron. Indeed, all 3 LLDP genes of primitive lower plants O. lucimarinus 

were found to have no intron present in their genomic sequences (S2.1 Figure). 

Surprisingly, intron-less LLP domain has also been retained in all LLP and 41/44 LLRK 

genes of the Arabidopsis genome. In addition, there were only 5 intron genes found in 

among 28 soybean LLP genes (Figure 2.7 and Figure 2.8). Analysis of gene exon/intron 

structures in six other plant species also showed their LLDPs maintained relatively 

simple and conserved structures, mostly without an intron insertion between the exons 

of LLDPs. This observation also supports our current assumption (in phylogenetic 

section) about a bacterial origin of plant LLDPs, with conservation of LLDP gene 

structures being associated with expansion and duplication mechanisms.  In fact, there 

was no intron inserted in all LLPs of the primitive lower plant O. lucimarinus. Conversely, 

introns were present with increased frequency in land plants, and unevenly distributed 

among plant species. They tend to occur in TD and SD genes of the LLDP family. For 
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example, 8/8 and 25/27 introns were identified in the L-type lectin domains and the 

kinase domains of SG and TD duplicate genes of Arabidopsis and soybean genomes, 

respectively (Figure 2.7, Figure 2.8 and S2.5. Figure).  

 The differences in the number of intron insertions in the LLDP family among 

studied species likely reveal that there has been largely gain or loss of introns during the 

evolution history of members of the LLDP family in land plants. The process of intron 

gain and loss is believed to be subject to natural selection after gene duplication events. 

In addition, accumulation or loss of introns in gene content is also influenced by 

biological factors, such as growth and development conditions, biotic and abiotic 

stresses (Jeffares et al., 2006; Lynch, 2002). There have been seven proposed 

mechanisms of intron gain, including intron transposition, intron transfer, and intron 

gain during double-strand break repair, insertion of a group II intron, intronization, 

transposon insertion, and tandem genomic duplication. However, these mechanisms 

remain elusive and controversial. Whereas, two mechanisms of intron loss are definitive 

and have been accepted consisting of reverse transcriptase-mediated intron loss and 

genomic deletions (Yenerall and Zhou, 2012). Introns do not encode for proteins, but 

they are essential components of gene expression regulation and alternative splicing 

processes, which can produce various proteins from an individual gene (Bicknell et al., 

2012; Rearick et al., 2011). 

Introns were primarily found between codon bases, rather than between codons 

and, in general, intron position was conserved among duplicated members of the plant 
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LLDP family. Added together, the presence of conserved structures and similar intron 

phase insertion between LLDPs suggests an association with the duplication 

mechanisms, relationships between the number of essential functions and numbers of 

gene exon/intron structures, and intron phase insertion in the plant LLDP gene family. 

4. Expansion of the plant and soybean LLDP family 

 Duplications of local genes, genome segments, and whole genomes are major 

driving forces of gene diversification, distribution and evolution leading to new gene 

functions and expression patterns (Lynch and Conery, 2000). Plants are known to be 

unique in the way their whole genome duplicates more frequently than other 

eukaryotes (Cui et al., 2006). In combination with other duplication mechanisms i.e., 

segmental duplication, tandem duplication and transposition, a very large number of 

duplicate genes of every gene family had been generated during the evolutionary 

history of land plants which was followed by adaptation processes through gene 

retention or loss in a lineages-specific manner (Lehti-Shiu et al., 2012).  

 Duplication mechanisms of Arabidopsis LLRKs has been reported in several 

studies (Bouwmeester and Govers, 2009; Hofberger et al., 2015; Vaid et al., 2012), but 

they did not consider the whole family throughout the sequenced genomes of the plant 

kingdom. When analyzing duplication mechanisms of LLDPs in land plant genomes, we 

suspected an initial rapid increase of LLDPs due to the occurrence of one or more whole 

genome duplications (WGD) in the lineage-specific species. Evidence of WGD on the 

initial expansion of flowering plant LLDPs could be suggested by comparing numbers of 
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predicted LLDPs obtained from the A. trichopoda genome with two WGDs (Zeta and 

Epsilon), a most recent and single sister of flowering plants (Albert et al., 2013). That 

number is almost four times higher than those predicted in the S. moellendorffii genome 

(Banks et al., 2011), a moss that did not undergo WGD (42 vs 11 LLDPs) (Figure 2.2). 

However, so far, it is impossible to detect and distinguish duplication of LLDPs in A. 

trichopoda from its WGDs, because the genome has not been well-annotated, and many 

local genomics rearrangements and degeneration have occurred during evolution (Jiao 

et al., 2011).  

 More detailed studies on duplication and expansion mechanism of the LLDP 

family has previously done on nine core plant genomes (Hofberger et al., 2015) and 

cucumber (Dang and Van Damme, 2016), but not on the soybean genome. These studies 

demonstrated that tandem (TD) and segmental duplication (SG) had been major driving 

forces (more than 50%) contributing to the expansion of the LLDP family in most of the 

plant genomes. An exception was observed in the banana (Carica papaya) genome 

when SG and TD only contributed 11% and 16% to the total of 18 LLDP genes identified 

in the banana genome, respectively (Hofberger et al., 2015). The contribution of TD and 

SD to the expansion of the LLDP family in these genomes varied among different 

species, even among closely related species.  

It is clear from our analysis that SD, and followed by TD, are the major evolution 

forces underlying the expansion of the soybean LLDP gene family, especially LLRKs with 

more than 90% of total LLDP genes in soybean.  Rapid expansion and high retention rate 
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of members of the LLRK family in soybean due to SD and TD are consistent with previous 

findings on the receptor-like kinase (RLK) family of land plants (Dang and Van Damme, 

2016; Hofberger et al., 2015; Lehti-Shiu et al., 2012; Zhang et al., 2007; Zhou et al., 

2016). The expansion of the LLDP gene family involved gene duplication, subsequent 

retention, and degeneration, resulting in considerable variation in both sizes and gene 

structures, and possibly gene expression patterns of the LLDP family across the land 

plant genomes.  

5. Purifying selection of the soybean LLDP family 

 Duplicate genes are generally thought to have four different fates. First, negative 

or purifying selection acting on duplicate genes is very slow and not a very strong 

process, leading to the selective deletion of alleles that are harmful (fractionation). 

Second, neutral mutations can also act on the redundant copy until the duplicate turns 

into a pseudogene (pseudogenization). Third, beneficial mutations can occur on one of 

the duplicate copies that give it a different function other than its ancestor. This process 

is called neofunctionalization. Fourth, a subfunctionalization process can happen when 

both copies gain mutations and have a more specialized function than their ancestor 

(Force et al., 1999).  

The Kn/Ks analysis (with Kn/Ks ratios <0.4) of both segmental and tandem 

duplication pairs demonstrates that a functional constraint with negative or purifying 

selection acts on soybean LLDP protein coding sequences. However, a few tandem and 

segmental duplicate gene pairs also had the Kn/Ks ratios > 0.5, which demonstrated a 
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possible functional divergence after duplication events. The calculated Kn/Ks values are 

consistent with the Kn/Ks ratios reported in a previous study by Anne Roulin et al. 

(2012) on soybean duplicate genes. This study also showed that 92% of soybean 

duplicate genes had a Kn/Ks ratio <0.5 and there were negative relationships between 

Kn/Ks ratios and transcriptional divergence across the studied tissues, suggesting that 

subfunctionalization across the tissues has accelerated evolutionary pressures to retain 

function of duplicate genes (Roulin et al., 2012). The expression divergence of duplicate 

members of the LLDP family was also observed across soybean tissues and 

developmental stages, suggesting that the function of duplicate genes could be 

stabilized and retained through expression of subfunctionalization and probably through 

the purging of deleterious variations that may occur after duplication events (Roulin et 

al., 2012). 

6. Molecular evolution of the LLDPs 

 Phylogenies of LLPs or LLRKs of leguminous and non-leguminous plants have 

been studied and reported (Strosberg et al., 1983; Bouwmeester and Govers, 2009; 

Hofberger et al., 2015), but were focused on one or a few plant species, and they also 

did not cover all members of the LLDP family in species over different kingdoms. Here, 

we integrated all information on distribution, genomics features, domain architectures, 

and phylogenies of members of LLDPs from previous studies and this study to propose 

an outline model of molecular evolution of the LLDP gene family (Figure 2.18). In brief, 

the model has two main branches for LLDPs that evolved from a common and very 

ancestral sequence of the LLDP family. In one branch, the ancestral sequence undergoes 
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a divergent process, with a much faster pace on members of the animal L-type lectin 

family than a group of bacteria LLDPs. The other branch involves bacteria, lower 

eukaryotes, and plant LLDPs. On this branch, two separate groups of LLDPs are formed; 

one for bacteria and lower eukaryotes, and the other for plants.  In the plant group, 

LLRKs for non-leguminous and leguminous plants are formed from a recent common 

ancestor of lower and higher plant LLDPs by fusion of an LLD domain and a kinase 

domain. The common ancestor continues to evolve into non-leguminous and 

leguminous LLPs. Further, the common ancestor of leguminous LLPs gives rise to 

proteins whose functions are different from non-leguminous LLPs despite sharing high 

sequence identity (Figure 2.18).  

 

Figure 2.18. A hypothetical and simplified phylogenetic model of the molecular 

evolution of LLDPs. Differences in branch lengths are used only for visualization 
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purposes. Dashed branch implicates evolution of highly divergent members of the L-like 

lectin family from the ancient and common ancestor of the LLDP family. 

 Recently, an LLP from the non-leguminous plant, SmL1 (Salvia miltiorrhiza Bunge 

lectin) was discovered that had agglutination activity towards red blood cells of mouse 

and rabbit (Hua et al., 2015). That indicates a possibility exists for a group of non-

leguminous LLPs with carbohydrate recognition ability or agglutination activity. This 

assumption may be supported by our phylogenies for land plants with a group of mixed 

LLPs in the Figure 2.10. In addition, we identified many LLRKs in both non-leguminous, 

and leguminous plants as well as a smaller group of LLPs in non-leguminous plants, and 

their LLDs may possess carbohydrate-binding activity. Therefore, we do not rule out a 

possibility that some LLPs and LLRKs may recognize external and endogenous 

carbohydrate signal molecules and play an important role in carbohydrate signaling 

pathways. Furthermore, due to the high specificity and activity of LLD towards 

carbohydrate recognition (Loris et al., 1998), the corresponding LLD genes became more 

abundant by duplication and could be fractioned or silenced in the genome. During 

evolution and adaptation of land plants, these genes (LLPs or LLRKs) could be 

reactivated, or LLDs could be separated from the LLRKs by fission and then act as a 

common ancestor for the development of LLPs or non-LLPs. If these cases are true, the 

evolution model of the LLDP family will need to be readdressed. 
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7. Involvement of LLDP genes in soybean growth and development 

 Analysis of gene expression and GO enrichment analysis can help to provide 

insights into gene functions. Although soybean LLDPs are quite conserved in domain 

architectures and possibly gene structures, their expression profiles in various tissues 

and development stages are relatively dynamic and diverse. Under normal growth 

conditions, among all of the predicted LLDP genes, more than 95% (91/93) genes were 

expressed in at least one of 9 studied tissues and 10 development stages of the pod (3) 

and seed (7). Interestingly, there are more than 1/3 of duplicate genes (36.6%) were 

detected in all 9 soybean tissues and the expression of other LLDP genes varied 

significantly across tissues. Several genes were highly expressed in certain tissues and 

development stages, but low or not expressed in the other tissues. For example, 

Glyma.09G110500 is an LLRK gene highly expressed in soybean root; however, it was 

not detected in the pod, seed, and SAM; and it was detected with a lower level in the 

nodule, leaf, stem and flower. Based on the expression data and GO functional 

annotation, we could speculate that many LLDP genes could play important roles in the 

normal growth and development of soybean. 

8. Functional implication of the LLDP family members 

 Hundreds of leguminous LLPs have been characterized and well-studied in the 

last few decades, but with main attention on biomedical and biotechnological 

applications (Sharon and Lis, 2007). Functions have been proposed, and attempts have 

been made to elucidate biological roles of LLPs and LLRKs in plants, yet the exact 

functions of most LLPs and LLRKs in plants remain largely unknown.  
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 Initially, LLPs were found abundant in the seed of legume plants and are known 

to serve as storage proteins (Roopashree et al., 2006; Sparvoli et al., 2001a, 2001b). 

Some legume LLPs have defense ability against insects and pathogens (Brambl and 

Gade, 1985; Macedo et al., 2004; Osborni et al., 1988; Sadeghi et al., 2006). A less 

convincing hypothesis on function of LLPs is their ability to recognize glycan signals and 

establish a  symbiosis relationship with leguminous plants for nitrogen fixation (Brewin 

and Kardailsky, 1997). In addition, in our study, many LLPs were detected to have an LLD 

domain together with a signal peptide and a transmembrane domain. As a result, these 

LLPs may have a role as receptors and could be involved in carbohydrate signaling 

pathways. 

 Recently, attention has been focused on the LLRK family genes regarding their 

important roles in plant growth, development and stress responses (Arnaud et al., 2012; 

Bouwmeester et al., 2011; Cao et al., 2014; Deng et al., 2009; Desclos-Theveniau et al., 

2012; Singh et al., 2012; Wan et al., 2008; Wang et al., 2015; Xin et al., 2009), and these 

studies showed diverse functions of members of the LLRK family in plants. For example, 

Arabidopsis LecRK-IV.2 (AT3G53810) is a gene necessary for pollen development (Wan 

et al., 2008); whereas its close homologs such as LecRK-V.2 (AT1G70130) is a positive 

regulator of abscisic acid during seed germination and is involved in salt and osmotic 

stress (Deng et al., 2009), LecRK-V.5 (AT3G59700) is a negative regulator ofstomatal 

immunity against pathogenic bacteria (Arnaud et al., 2012), LecRK-VI.2 (AT5G01540)  

regulates disease resistance against two bacteria (Pseudomonas syringae and 

Pectobacterium carotovorum), LecRK-I.8 (AT5G60280) triggers defense mechanisms 
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upon recognition of Pieris brassicae egg-derived elicitors (Gouhier-Darimont et al., 

2013), and DORN1 (AT5G60300) is involved in an extracellular ATP signaling system (Cao 

et al., 2014). In contrast, very few studies show possible involvements of leguminous 

LLRKs (GenBank accession numbers AW692710, BF632073, and BE319405), mainly in 

nitrogen-fixation in the Rhizobium - Medicago symbiosis (Bauchrowitz et al., 1996; 

Frenzel et al., 2006; Navarro-Gochicoa et al., 2003). In addition to these lectins, a large 

number of LLRKs in both non-leguminous and leguminous plants remain untouched, and 

their functional roles related to recognition of endogenous and exogenous carbohydrate 

signals are still unknown.  

V. Concluding remarks 

 Advances in DNA sequencing have helped to expand our view and understanding 

origin, distribution and evolution of genes and gene families across kingdoms of life 

using comparative and bioinformatics approaches. Through a large-scale genomic 

search, we identified many homologous sequences of the plant LLDP family present in 

bacteria and lower eukaryotes. We also found a universal and unequal distribution of 

LLPs and LLRKs in all sequenced plant genomes deposited in the Phytozome database.  

Results from gene duplication investigation demonstrated that SD and TD duplication 

are two dominant mechanisms of gene amplification during the expansion of the LLDP 

family in land plant and soybean genomes. Analyzing nucleotide substitution rates show 

that purifying selection is likely the main driving forces for the stabilizing selection and 

evolution of members of the soybean LLDP family. Our phylogenetic analyses of the 

LLDP across kingdoms reveal that members of the LLDP genes shared a common 
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ancestor and suggested a species-specific divergence of members of the LLDP family in 

non-leguminous and leguminous plants. Expression analysis of soybean LLDP genes 

shows that duplicate genes of two different modes tend to differ and diverge in 

expression patterns regarding expression levels and expression partitioning in different 

tissues and development stages. Gene enrichment analysis of soybean LLPs and LLRKs 

demonstrates a functional conservation among their family members towards 

carbohydrate-binding and kinase activity. The results of this study will not only provide 

insight into our understanding of the origin, distribution, diversification and evolution of 

the LLDP genes but also will help to facilitate functional genomics studies of the LLDP 

genes in bacteria, lower eukaryotes and plants in general and soybean in particular. 

VI. Supplementary figures 

 

S2.1 Figure. Exon and intron structure arrangement of green algae (O. lucimarinus) LLP 

genes. CDS: gene coding sequence, Upstream/downstream: 5'/3'UTR, Coiled: coiled coil 

motif, SP: signal peptide, L-type: L-type lectin domain. 
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S2.2 Figure. Exon and intron structure arrangement of green moss (P. patens) LLP and 

LLRK genes. CDS: gene coding sequence, Upstream/downstream: 5'/3'UTR, SP: signal 

peptide, L-type: L-type lectindomain, TM: transmembrane motif. 

 

S2.3 Figure. Exon and intron structure arrangement of soybean (G. max) LLP genes. CDS: 

gene coding sequence, Upstream/downstream: 5'/3'UTR, Intron region. 
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S2.4 Figure. Exon and intron structure arrangement of soybean (G. max) LLRK genes. 

CDS: gene coding sequence, Upstream/downstream: 5'/3'UTR, Intron region. 
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S2.4 Figure (cont.). Exon and intron structure arrangement of soybean (G. max) LLRK 

genes. CDS: gene coding sequence, Upstream/downstream: 5'/3'UTR, Intron region. 
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S2.5 Figure. Molecular phylogenetic analysis for 43 LLRKs in Arabidopsis using the 

Maximum Likelihood (ML) method. The evolutionary history was inferred using the ML 

method based on the JTT matrix-based model (Jones et al., 1992). The bootstrap 

consensus tree inferred from 1000 replicates is taken to represent the evolutionary 

history of the taxa analyzed (Felsenstein, 1985). Branches corresponding to partitions 
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reproduced in less than 50% bootstrap replicates are collapsed. Initial tree(s) for the 

heuristic search were obtained automatically by applying Neighbor-Join and BioNJ 

algorithms to a matrix of pairwise distances estimated using a JTT model and then 

selecting the topology with the superior log likelihood value. The analysis involved 106 

amino acid sequences. All positions containing gaps and missing data were eliminated. 

There were a total of 79 positions in the final dataset. Evolutionary analyses were 

conducted in MEGA7 (Kumar et al., 2016). Vertical bars on the right denote groups of 

tandem duplicated genes. 

VII. Supplementary tables 

S2.1 Table.The percentage of protein-coding genes of the LLDP family in 59 plant 

genomes. 

Category Plant species Proteome 
size 

Putative 
LLDPs 

Percentage 
in proteome 

(%) 

Chlorophyta Chlamydomonas reinhardtii 17741 0 0 

Chlorophyta Coccomyxa subellipsoidea C-169 9629 0 0 

Chlorophyta Dunaliella salina 16697 0 0 

Chlorophyta Volvox carteri 14247 0 0 

Chlorophyta Ostreococcus lucimarinus 7796 3 0.04 

Chlorophyta Micromonas sp. RCC299 10103 3 0.03 

Chlorophyta Micromonas pusilla CCMP1545 10660 3 0.03 

Bryophyte Physcomitrella patens 32926 10 0.03 

Bryophyte Marchantia polymorpha 19287 39 0.20 
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Bryophyte Sphagnum fallax 26939 33 0.12 

Tracheophyte Selaginella moellendorffii 22285 11 0.05 

Angiosperm Amborella trichopoda 26846 42 0.16 

Angiosperm Musa acuminata 36528 41 0.11 

Angiosperm Spirodela polyrhiza 19623 25 0.13 

Monocots Zostera marina 20450 17 0.08 

Monocots Brachypodium distachyon 34310 68 0.20 

Monocots Triticum aestivum 99386 131 0.13 

Monocots Ananas comosus 27024 28 0.10 

Monocots Brachypodium stacei 29898 68 0.23 

Monocots Oryza sativa 42189 95 0.23 

Monocots Panicum hallii 37232 55 0.15 

Monocots Panicum virgatum 98007 143 0.15 

Monocots Setaria italica 34584 61 0.18 

Monocots Setaria viridis 35214 63 0.18 

Monocots Sorghum bicolor 34211 57 0.17 

Monocots Zea mays 63480 52 0.08 

Eudicot Aquilegia coerulea 30023 29 0.10 

Eudicot Amaranthus hypochondriacus 23038 21 0.09 

Eudicot - 
Pentapetalae Kalanchoe marnieriana 50461 11 0.02 

Eudicot - 
Pentapetalae Mimulus guttatus 28140 24 0.09 

Eudicot - 
Pentapetalae Solanum lycopersicum 34727 26 0.07 
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Eudicot - 
Pentapetalae Solanum tuberosum 35119 24 0.07 

Rosid Eucalyptus grandis 36349 131 0.36 

Rosid Vitis vinifera 26346 38 0.14 

Malpighiales Linum usitatissimum 43471 72 0.17 

Malpighiales Manihot esculenta 33033 53 0.16 

Malpighiales Populus trichocarpa 41335 62 0.15 

Malpighiales Ricinius communis 31221 45 0.14 

Malpighiales Salix purpurea 37865 41 0.11 

Citrus Citrus sinensis 25379 44 0.17 

Citrus Citrus clementina 24533 43 0.18 

Brassicales-
Malvales Carica papaya 27769 20 0.07 

Brassicales-
Malvales Gossypium raimondii 37505 61 0.16 

Brassicales-
Malvales Theobroma cacao 29452 41 0.14 

Brassicaceae Arabidopsis  halleri 25008 48 0.19 

Brassicaceae Arabidopsis  lyrata 32670 62 0.19 

Brassicaceae Arabidopsis  thaliana 27416 56 0.20 

Brassicaceae Boechera stricta 27416 68 0.25 

Brassicaceae Brassica rapa FPsc 40492 78 0.19 

Brassicaceae Capsella grandiflora 24805 47 0.19 

Brassicaceae Capsella rubella  26521 49 0.18 

Brassicaceae Eutrema salsugineum 26351 39 0.15 
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Fabidae Cucumis sativus 21503 26 0.12 

Fabidae Fragaria vesca 32831 43 0.13 

Fabidae Glycine max 56044 93 0.17 

Fabidae Malus domestica 63514 104 0.16 

Fabidae Medicago truncatula 50894 81 0.16 

Fabidae Phaseolus vulgaris 27197 52 0.19 

Fabidae Prunus persica 26873 41 0.15 

Total 1910308 2719   

 

S2.2 Table. Domain architectures of the LLDP family in bacteria. 

Domain architecture Number of LLDPs 

PF00139 100 

PF00139, PF06458 86 

PF03160, PF16841, PF14252, PF07995, PF00139 9 

PF00139, PF07589 4 

PF00041, PF00139 4 

PF02368, PF00139, PF00395 3 

PF00139, PF13731 3 

PF00353, PF00139 3 

PF03442, PF00139 2 

PF02369, PF02368, PF00041, PF00139, PF00395 2 

PF00139, PF00801 2 

PF07995, PF00139 1 
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PF03442, PF04122, PF05345, PF00139 1 

PF01345, PF00139, PF13731 1 

PF16364, PF05738, PF01345, PF00139 1 

PF00139, PF06458, PF13731 1 

PF03160, PF14252, PF07995, PF00139 1 

PF05738, PF01345, PF00139 1 

PF13860, PF00139 1 

PF03781, PF00139 1 

PF00139, PF05593 1 

PF13403, PF00139 1 

PF00139, PF00395 1 

PF09479, PF00139, PF13306, PF00395 1 

PF05860, PF00139 1 

PF02369, PF00139, PF00395 1 

PF16403, PF00139 1 

PF07995, PF05345, PF00139 1 

PF02415, PF00139 1 

PF03160, PF05738, PF13448, PF00139, PF05593 1 

PF03160, PF00353, PF00139 1 

Total 238 
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S2.3 Table. Domain architectures of the LLDP family in lower eukaryotes. 

Domain architecture Number of LLDPs 

PF00139 42 

PF00139, PF01841 29 

PF00041, PF00139, PF01833 12 

PF00630, PF00139 3 

PF00139, PF04721, PF01841 2 

PF00139, PF00017 1 

PF00139, PF08324, PF01841 1 

PF00139, PF00069, PF03835, PF00621 1 

PF06920, PF14429, PF00139 1 

PF00041, PF00139 1 

PF00139, PF03835 1 

Total 94 

 

S2.4 Table. Domain architectures of the LLDP family in higher plants. 

Domain architecture Number of LLDPs 

PF00139, PF00069 2490 

PF00139 1115 

PF00139, PF07714 376 

PF00139, PF00069, PF07714 55 

PF00139, PF00069, PF03876 8 
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PF00170, PF00139 7 

PF00139, PF00069, PF02341 7 

PF00139, PF00069, PF04689 5 

PF00139, PF00481 4 

PF00139, PF00069, PF13639 3 

PF00332, PF00139 3 

PF00106, PF00139, PF00069 3 

PF00139, PF00311 2 

PF00011, PF00139, PF00069 2 

PF00385, PF05173, PF01113, PF00139 1 

PF00139, PF00069, PF00078 1 

PF00139, PF00069, PF07714, PF13966 1 

PF00139, PF00067, PF00069 1 

PF00139, PF00069, PF07714, PF01657 1 

PF00139, PF00069, PF14541, PF14543 1 

PF04646, PF00139 1 

PF00139, PF00069, PF07727 1 

PF00139, PF00069, PF04758 1 

PF00139, PF00311, PF00069 1 

PF00232, PF00139 1 

PF16211, PF00139 1 

PF00385, PF00139, PF00069, PF00665, PF00078 1 

PF00487, PF00139, PF00069 1 
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PF00139, PF00069, PF09783 1 

PF01490, PF00139 1 

PF02298, PF00139, PF00069 1 

PF07944, PF00139 1 

PF07213, PF00139 1 

PF13178, PF00139, PF00069, PF09368, PF04000 1 

PF13968, PF00139, PF07714 1 

PF13532, PF00139, PF00069 1 

PF00139, PF07714, PF04640 1 

PF13968, PF04578, PF00139, PF00069 1 

PF00139, PF07717, PF00069 1 

PF00139, PF13091 1 

PF00139, PF02902, PF00069 1 

Total 4107 
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CHAPTER 3 - COMPUTATIONAL ANALYSIS OF THE LIGAND BINDING SITE 

OF THE EXTRACELLULAR ATP RECEPTOR, DORN1 

 
Abstract 

 

 DORN1 (also known as P2K1) is a plant receptor for extracellular ATP, which 

belongs to a large gene family of legume-type (L-type) lectin receptor kinases. 

Extracellular ATP binds to DORN1 with strong affinity through its lectin domain, and the 

binding triggers a variety of intracellular activities in response to biotic and abiotic 

stresses (Cao et al., 2014; Tanaka et al., 2014). However, information on the tertiary 

structure of the ligand binding site of DORN1 is lacking, which hampers efforts to fully 

elucidate the mechanism of receptor action. Available data of the crystal structures 

from more than 50 L-type lectins enable us to perform an in silico study of molecular 

interaction between DORN1 and ATP. In this study, we employed a computational 

approach to develop a tertiary structure model of the DORN1 lectin domain. A blind 

docking analysis demonstrated that ATP binds to a cavity made by four loops (defined as 

loops A B, C and D) of the DORN1 lectin domain with high affinity. In silico target docking 

of ATP to the DORN1 binding site predicted interaction with 11 residues, located on the 

four loops, via hydrogen bonds and hydrophobic interactions. The ATP binding pocket is 

structurally similar in location to the carbohydrate binding pocket of the canonical L-

type lectins. However, four of the residues predicted to interact with ATP are not 

conserved between DORN1 and the other carbohydrate-binding lectins, suggesting that 

diversifying selection acting on these key residues may have led to the ATP binding 
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activity of DORN1. The in silico model was validated by in vitro ATP binding assays using 

the purified extracellular lectin domain of wild-type DORN1, as well as mutated DORN1 

lacking key ATP binding residues (Nguyen et al. 2016).  

I. Introduction 

The adenine 5'-tri-phosphate (ATP) is an essential, energy-rich molecule found in 

all living cells. ATP not only serves as a key substrate and co-factor in a variety of 

intracellular biochemical reactions and signaling processes, but also can be exported to 

the extracellular matrix where it serves as an intercellular signaling molecule (Boyum 

and Guidotti, 1997; Holton, 1959; Ivanova et al., 2006; Parish and Weibel, 1980; Thomas 

et al., 2000). In plants, the extracellular release of ATP can be triggered by  touch (Jeter 

et al., 2004; Weerasinghe et al., 2009), wounding (Song et al., 2006), biotic (Kim et al., 

2006; Šrobárová et al., 2009; Wu et al., 2007) and abiotic stresses (Jeter et al., 2004; Kim 

et al., 2009), and during normal growth and development (Chivasa et al., 2005; Clark et 

al., 2010; Kim et al., 2006; Wu et al., 2008).  In both plants and animals, recognition of 

extracellular ATP (eATP) triggers an increase in cytoplasmic Ca2+ influx, increase in 

reactive oxygen species (ROS), elevation of nitric oxide levels and specific gene 

expression (Choi et al., 2014; Tanaka et al., 2014). The recognition of eATP in animals is 

mediated by two classes of purinoreceptors, P2X and P2Y (Khakh and Burnstock, 2009). 

Activation of P2X receptors gates ion flux, while activation of P2Y receptors recruits 

heteromeric G proteins that activate other intracellular processes. In contrast, plants 

appear to lack both P2X and P2Y receptors. Therefore, there was considerable interest 

in the recent elucidation of the first plant purinoreceptor, DORN1 (DOes not Respond to 
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Nucleotides 1), which represents a new, kinase family of purinoreceptors P2K 

(Purinergic 2K receptors, K is for kinase) (Choi et al., 2014). DORN1 is a typical receptor-

like protein kinase, with a N-terminal signal peptide, an extracellular L (legume)-type 

lectin domain, a transmembrane domain, and a C-terminal, active kinase domain. The 

lectin domain of DORN1 shares remarkable sequence similarity to other L-type lectins; 

that is, 30 to 35% sequence identity or 47.5% to 52.7% sequence similarity to well-

studied L-type lectins. In addition, secondary structural prediction suggests a significant 

resemblance in the folding pattern of DORN1 relative to other L-type lectins (Gouget et 

al., 2006).  

L-type lectins bind carbohydrates reversibly and specifically without enzymatic 

modification of the carbohydrate. L-type lectins are ubiquitous in land plants and they 

represent the largest and most thoroughly studied group among other lectin families 

(Loris et al., 1998; Sharon and Lis, 1990). Currently, 248 tertiary structures and 

quaternary complexes of 54 L-type lectins, with or without carbohydrates and other 

small ligands, have been crystallized and deposited into the Protein Data Bank (PDB) 

(Rose et al., 2012). Most of these lectins dimerize or tetramerize to form homomeric or 

heteromeric complexes. The tertiary structures of L-type lectin subunits or protomers 

are in the shape of a dome, and they are almost superimposable. The protomers are 

made of a relatively flat six-stranded β-sheet (called back face) and a curved seven-

stranded β-sheet (called front face), interconnected by β-turns and loops. The strands 

run back and forth between the front and back sheets, and anti-parallel to each other 

within each sheet, therefore strengthening and stabilizing the core structure (Loris et al., 
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1998). Each L-type lectin harbors a carbohydrate combining site, and two adjacent 

conserved metal binding sites for Ca2+ and Mn2+ (Loris et al., 1998; Sharon and Lis, 1990). 

These divalent cations are essential and play important roles in carbohydrate interaction 

(Bouckaert et al., 1995). In general, the carbohydrate binding site is structurally 

conserved among L-type lectins and consists of residues from four separate loops A, B, C 

and D located at the top of the dome. Sequence comparison of a number of L-type 

lectins displays a variability not only in sequence conservation but also in size of the four 

binding loops, which likely define the carbohydrate binding specificity and affinity for 

each lectin. However, several key binding residues in the respective four loops are highly 

conserved (Sharma and Surolia, 1997). Many L-type lectins, but not all, are  post-

translationally modified by  glycosylation and possess at least one to several glycan 

chains of either the high-mannose or complex type (Sturm and Chrispeels, 1986; Sturm 

et al., 1992). Glycosylation of L-type lectins often results in the formation of the 

quaternary complexes of L-type lectins, either stabilizing or destabilizing the non-

covalent association of the subunits to form the dimeric assembly or preventing the 

formation of the tetrameric assembly from the dimers, respectively (Damme et al., 

1998). So far, there is no evidence that the glycan chains play any structural role in 

ligand binding by L-type lectins. 

In this study, in order to further our understanding of DORN1 function, we 

combined and integrated various in silico approaches to predict the DORN1 eATP 

binding pocket and to identify the key amino acids involved in binding. The predictions 

were then validated by in vitro studies using the purified, wild-type DORN1 ectodomain, 
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as well as those from mutant proteins lacking key eATP binding residues. Our results 

give insight into the molecular interactions between DORN1 and eATP, providing useful 

information for further studies of plant, extracellular nucleotide receptors.  

II. Materials and Methods 

1.  In silico design for three dimensional (3D) modeling, binding site prediction and 

ligand docking of eATP to the DORN1 L-type lectin domain 

In silico experimental design and the work flowcharts for 3D modeling and 

binding site prediction of the lectin domain of DORN1 are shown in Figure 3.1A and 

Figure 3.1B. In brief, the sequence of the lectin domain of DORN1 was obtained from 

the UniProt database (Magrane and Consortium, 2011) and first checked for its folding 

topology. This information was used to search for structurally similar candidates in the 

PDB. Once good template candidates were identified, the protein sequence of the 

DORN1 lectin domain was aligned with their crystal structures. Initially, a pool of 3D 

models of the DORN1 lectin domain was created using a homology modeling approach. 

Subsequently, a number of best energy ranked models were chosen for the evaluation 

of their stereochemistry properties (Figure 3.1A). The top quality 3D model was selected 

and optimized with molecular dynamic simulation. The optimized 3D model was utilized 

to predict the ATP binding site using either free docking of ATP to the 3D model or 

template-based binding site prediction tools. After the candidate binding site was 

identified by docking and confirmed by direct-binding assays, target docking of ATP to 

the confirmed site was performed by superimposing a binding grid to cover the entire 
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site. The ATP-DORN1 binding complex was analyzed to retrieve the best binding mode 

and key interacting residues (Figure 3.1B). 

 

Figure 3.1. Workflow for homology modeling and molecular docking of the DORN1 L-

type lectin domain.The molecular modeling of DORN1 consists of two major prediction 

processes, (A) comparative modeling and (B) protein - ligand docking. Homology 

modeling of DORN1 involves fold assignment, template search, target - template 

alignment, model generation, and model evaluation and validation. DORN1 - ligand 

docking includes energy minimization with molecular dynamic simulation, binding site 

prediction, and DORN1 - ligand docking and analysis. 

2. Folding recognition and template search 

The sequence of 236 amino acids of the DORN1 lectin domain was retrieved 

from the UniProtKB database (entry code Q9LSR8). The sequence was fed into the 
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FUGUE server tool (Shi et al., 2001) for fold topology confirmation of the DORN1 

extracellular domain in order to confirm the overall structural fold similarity to that of 

crystallized L-type lectins. The next step used the same sequence to search against the 

PDB for templates by the HHSEARCH online tool (Söding, 2005). Candidate templates 

were selected based on three major criteria: high percentage of sequence identity, 

crystal structural quality (low resolution), and sequence coverage in the alignment.  

3. Alignment, homology modeling and quality assessment of DORN1 models 

Alignment is an important procedure in homology modeling, because it 

determines the quality of a target structure. Aligning a target sequence to template 

structures provides better models than using template sequences because protein 

structure is more conserved than sequence (Illergård et al., 2009). The crystal structures 

of the chosen templates were downloaded from the PDB and filtered to retain only 

monomer structures. Each monomer was selected from complexes that had no missing 

residues as denoted by a chain number after the structural identifier (Table 3.1). The 

ectodomain sequence (236 amino acids) of DORN1 was aligned with the crystal 

structure of the templates using the Align2D module of the Modeller (version 9.14) 

(Eswar et al., 2001) and then manually checked to ensure a proper alignment, which 

influenced the quality of the 3-D models (Figure 3.3). Since the specific metal binding 

sites are well resolved structures and highly conserved, two divalent cationsCa2+ and 

Mn2+ of the 3IPV (SPL) structure were also added in the alignment, which allowed these 

cations to be included in the DORN1 model. 
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From the alignment, a pool of 2000 models for DORN1 was generated using the 

Model-ligand module of the Modeller. A reasonable model was selected and analyzed 

based on the Modeller’s probability density function with a low discrete optimized 

protein energy score (DOPE). Again, the residue-by-residue and overall structural 

geometry of the model was checked using the Verify3D web server (Eisenberg et al., 

1997) and the Ramachandran plot (Laskowski et al., 1993) embedded in the Rampage 

web server (Lovell et al., 2003). If any residue(s) in the model was detected to have a 

‘bad’ geometry (i.e., ‘residues in outlier regions’), the model was repeatedly refined 

using the Loop refine module of the Modeller until no residue was found in the outlier 

regions based on the Ramachandran plot. In addition, the best 3D structure of the 

model was checked against its templates by superimposing their structures and 

calculating the root mean square difference (RMSD) values among their corresponding 

residues. 

4. Molecular dynamic simulation 

 Initially, the DORN1 model was optimized by Modeller. However, we found that 

the model could be further improved using molecular dynamic (MD) simulation. We 

performed the MD simulation to optimize the DORN1 structure prior to the docking 

experiments. The refined model was subjected to molecular dynamic simulations (MD) 

for energy minimization of side chains, keeping the rigid backbone. The MD calculation 

used the all-atom CHARMM22 protein force field (Cornell et al., 1995) at a constant 

temperature of 300 K and a pressure of 1 bar, using the method described by Pedretti 

(2004). The model was checked, fixed for errors and coordinates normalized using the 
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VegaZZ tool (Pedretti et al., 2004). The charge and hydrogen atoms were added to the 

target structure and additional CHARMM22 parameters for the VegaZZ were also 

generated. Finally, NAMD version 2.10 (NAno scale Molecular Dynamics program) 

(Phillips et al., 2005) embedded in the VegaZZ tool was used to perform the MD 

simulation on the target model. MD results were generated using the VMD-Visual 

Molecular Dynamic tool (Humphrey et al., 1996). We also attempted to perform an MD 

simulation using a flexible backbone, but the whole structure was distorted when 

superposed on the template structures and it could not be utilized for the docking 

experiments. 

5. Identification of ligand binding sites  

The model obtained in the MD simulation step was used for ligand binding site 

predictions. The eATP binding pocket was predicted using either the blind docking 

method or online binding site prediction tools. In blind docking, a large grid box was 

created on the entire surface of the target protein structure for the screening and 

detection of possible binding pockets and binding modes of the ligand (S3.1A Figure). 

The blind docking experiments used the MGL tool (version 1.5.6) (Morris et al., 2009) 

and the docking algorithm embedded in the AutoDockVina tool, a popular and free 

docking tool (Trott and Olson, 2010). The online tools predicted an eATP binding pocket 

based on template sequences and structures, pre-calculated pocket sizes and 

physicochemical properties of the model. These online prediction tools included COACH 

(Yang et al., 2013), COFACTOR (Roy et al., 2012), FINDSITE (Brylinski and Skolnick, 2008), 

and TM-Site (Yang et al., 2013). Binding sites obtained from these methods were 
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combined and filtered, and the putative sites were tested using in vitro ATP binding 

assays for site-directed mutagenesis. Target dockings were then performed on the site 

confirmed by the direct-binding assay to predict key interacting residues. 

6. In vitro ATP binding assay for site-directed mutagenesis 

In this study, our primary purpose is to reveal DORN1’s structural contribution to 

the ligand binding. Previous binding studies between legume lectins and carbohydrate 

revealed that the length of four binding loops varies among lectins (Sharma and Surolia, 

1997). Furthermore, both the loop B and loop C are critical for their binding activity. 

Therefore, we tested loop deletions for the ATP binding activity of DORN1. Initial in vitro 

binding assays were conducted to confirm the importance of identified binding loops 

since there were two possible ATP binding sites obtained from the in silico predictions. 

Detailed information of DORN1 linear structure and DORN1 mutant proteins is provided 

in Figure 3.2A and Figure 3.2B, respectively.  

Briefly, the extracellular domain of DORN1 was PCR amplified with a gene 

specific primer set: 5’-CGCGGATCCAACAAGAGACAAGCTTTGTCTAT-3’ and 5’-

TTCCTCGAGTTATGTAGATACTTTCTTATGTGGAGC-3’. The PCR product was digested with 

BamHI and XhoI and cloned into the pGEX-5X-GST vector (GE Healthcare). This clone 

was used as a template for DpnI-mediated site-directed mutagenesis using the following 

primer set: 5'-GTGCTTTGGTGCCTAAGCCAGGCCATGGTATTGTCTTTGT-3' and 5'-

ACAAAGACAATACCATGGCCTGGCTTAGGCACCAAAGCAC-3' for the loop A deletion (GFEG 

deletion); 5'-ATGGACTTTACTCACGCAGAATACTTGGGGATTTTCAATGCTTC-3' and 5'-

GAAGCATTGAAAATCCCCAAGTATTCTGCGTGAGTAAAGTCCAT-3' for the loop B (STR 
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deletion); 5'-CACGTACTTGCTGTTGAGCTTGATTTCAAAGATATTGACCAC-3' and 5'-

GTGGTCAATATCTTTGAAATCAAGCTCAACAGCAAGTACGTG-3' for Loop-C (DTIWNP 

deletion); 5'-GGTTCTCTGCAGCAACAGGGAGTGATCAATATATTCTCTG-3' and 5'-

CAGAGAATATATTGATCACTCCCTGTTGCTGCAGAGAACC-3' the loop D (GTA deletion); 5'-

ATAGCTTCAGCATCTTACTATAATGAAAGCATAAACCTCTTG-3' and 5'-

CAAGAGGTTTATGCTTTCATTATAGTAAGATGCTGAAGCTAT-3' for the extended loop 1 

deletion (SDMKGS deletion); and 5'-

CTTACTATTCCGACATGAAACCTATACAGGTCTGGGTGGAT-3' and 5'-

ATCCACCCAGACCTGTATAGGTTTCATGTCGGAATAGTAAG-3' for the extended loop 2 

deletion (GSNESINLLSGN deletion). The recombinant proteins were isolated after 

expression in E.coli strain BL21-AI (Invitrogen) and purified using Glutathione Sepharose 

4B (GE Healthcare) beads.  

 

Figure 3.2. Schematic representation and loop deletion information of DORN1 for site-

directed mutagenesis binding assays. (A) A schematic representation drawn into scale 
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and sequence features of the DORN1 protein. (B) Detailed information of loop deletion 

mutations (white bars) on ATP binding activity of DORN1, WT (ECD): wild-type 

extracellular domain, Del-A: loop A deletion, Del-B: loop B deletion, Del-C: loop B 

deletion, Del-D: loop D deletion, Del-ExLp1: deletion of extended loop 1, Del-ExLp2: 

deletion of extended loop 2, WT (Lec): wild-type lectin domain.   

 For the in vitro eATP binding assays, the purified proteins were incubated on ice 

for 30 minutes with [γ-32P] ATP (PerkinElmer; specific activity 800 Ci mmol-1) in a 100 μl 

reaction mixture containing 10 mM HEPES (pH 7.5) and 5 mM MgCl2 with the presence 

or absence of 100-fold unlabeled ATP (to define specific binding) or other nucleotides 

(for the ligand competitive binding assays). Note that comparable experiments using [α-

32P] ATP gave similar results. Unbound nucleotides were separated from the protein by 

passage through a Sephadex PD MiniTrapG-25 gel filtration column (GEHealthcare). 

Bound radio ligand was collected into scintillation vials and mixed with scintillation 

cocktail (MP Biomedicals). The radioactivity was quantified by liquid scintillation 

counting (Tri-Carb 2810TR, PerkinElmer). Specific binding of the ligand was estimated as 

the difference between total binding and non-specific binding. The binding data were 

analyzed and plotted using a non-linear regression model, equation Y=Bmax*X/(Kd+X) in 

the R-DRC package (version 2.5-12) of the R tool. Here, Bmax is maximum specific 

binding extrapolated to very high concentration of radioligand, and Bmax and Kd is the 

equilibrium binding constant, i.e. the radioligand concentration required to obtain a 

half-maximal binding at equilibrium. 
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7. Template redocking experiments  

Redocking of native ligands, including N-acetyl glucosamine (GalNAc) and 

Forssman disaccharide (GalNAc(α1–3)GalNAc) and docking of non-native ligands, 

including ATP, galactose and lactose to one of the legume lectin templates (DBL or 1BJQ) 

was performed using the AutoDockVina algorithm to validate the consistence of the 

docking tool and to reveal in silico binding energies for comparison between native 

ligands and non-native ligands. The native ligands were separated from the crystal 

complex, added with parameters (e.g. polar hydrogen) and given flexible bonds for 

docking. A similar docking procedure was applied for redocking of native and non-native 

ligands to DBL (1BJQ) as described in the target docking experiments. The average root 

mean square deviation (RMSD) of the re-docking and native ligands was calculated using 

their coordinate data. If the computed RMSD value was less than 2.0Å for the best-

scored conformation (Cole et al., 2005), the docking was considered successful.  

8. Target docking experiments 

The target docking experiments were performed with semi-flexible methods 

(S3.1B Figure), i.e. the ligand structures were given flexible conformations for all 

possible rotatable bonds (S3.4 Table), while the receptor model was kept rigid. The 3D 

conformers of 8 nucleotides, galactose (a mono-saccharide), and lactose (a di-

saccharide) ligands were obtained from the NCBI Pubchem database and used to dock 

into the putative binding site of the DORN1 model. Supplement dockings of the DORN1 

model with other nucleotides, mono- and disaccharides were done to determine the 

relative binding affinity of different ligand types compared to that of ATP. Before 
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docking, the model and the ligands were prepared using the MGLTools-1.5.6 software 

(Morris et al., 2009) to satisfy docking requirements; such as, addition of polar hydrogen 

atoms, calculation of partial charge using the AMBER force field (Cornell et al., 1995), 

selection of flexible bonds for the ligand, and adjustment of docking position and grid 

space.  The docking experiments were performed with the AutoDockVina algorithm 

(Trott and Olson, 2010). The docking models with the lowest binding energy (expressed 

in kcal/mol) were selected and visualized in the Chimera software (Pettersen et al., 

2004). Detailed interaction maps between the ligands and surrounding residues were 

generated by the LigPlus software (Wallace et al., 1995). Important residues were 

considered to guide further deletion and site-directed mutation experiments based on 

the number of shared hydrogen bonds and hydrophobic interactions. 

III. Results 

1. Fold topology, template search and sequence-structure alignment 

In previous studies, the extracellular domain of DORN1 was shown to have 

sequence similarity to  L-type lectins (Gouget et al., 2006). The Hidden Markov Model 

(HMM) search of the DORN1 ectodomain against the PFAM database confirmed that the 

ectodomain of DORN1 was from the L-type lectin family with a PFAM identifier of 

PF00139. The ectodomain sequence of DORN1 was again checked for its fold 

architecture to reconfirm predictions and classification. Indeed, the top hit topology was 

the lectin family at a very high Z-score (29.06) and with a significant confidence level as 

compared to that of other related protein families (S3.1 Table). 
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 We used the HMM–HMM comparison tool (Söding, 2005) to search for the 

DORN1 ectodomain sequence against the structure database – PDB and identified 14 L-

type lectins with highly conserved secondary structures. Their pairwise aligned 

sequences with the DORN1 ectodomain showed the proportion of identical amino acids 

ranging from 30 to 35% (data not shown). The closest structure with homology to the 

DORN1 ectodomain was from Spatholobus parviflorus (SPL, PDB code 3IPV), which 

shares 35% identity and 50.5% amino acid similarity in a pairwise alignment (Table 3.1).  

Table 3.1. Search statistics of three selected legume lectin templates used for 

homology modeling of the DORN1 L-type lectin domain. 

PDB ID1 
Identity & 
similarity 

(%)2 

Resolution 
(Å) 

Aligned 
columns E-value Identified 

ligands Complex 

1BJQ (f)  30 (47.3) 2.50 25 - 253 3.7E-56 Multiple3 Octamer 

1FAT (a)  32 (52.2) 1.75 23 - 250 1.5E-56 Mannose Tetramer 

3IPV (a) 35 (50.5) 2.04 2 - 235 4.5E-53 Galactose Tetramer 

1Protein code in the PDB starts with a number and follows by letters or numbers letter 

in round brackets is chain number. 2Number in round brackets indicates same groups of 

amino acids. 3High preference for N-Acetylgalactosamine over galactose. 

 Among the 14 closest homologs, we selected the X-ray crystal structures of three 

representative templates with the PDB codes 1FAT (Hamelryck et al., 1996), 1BJQ 

(Hamelryck et al., 1999) and 3IPV (Geethanandan et al., 2011) for a multiple sequence-

structure alignment with the DORN1 lectin domain sequence. These templates share 
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significant sequence identity and similarity, low structural resolution and high global 

sequence coverage over the other L-type lectin homologs (Table 3.2). 

Once the templates were chosen, a sequence-structural alignment was 

constructed for homology modeling of the DORN1 domain (residues 24-256). From the 

pairwise alignments of the template search results (the alignment not shown) and the 

sequence-structure alignments, it was clear that the lectin domain of DORN1 has an 

insertion of 13 residues between 2 beta-strands, β8 and β9 (the alignment in Figure 3.3). 

This insertion, is only found in the family of lectin receptor kinases in the Brassica family, 

and, hence, likely occurred when this plant family diverged from a common ancestor 

with other angiosperms. 

 

Figure 3.3. Multiple sequence-structural alignment of the DORN1 L-type lectin domain 

and three selected templates. 

 Template sequence names were assigned by the Uniprot database, following by 

a 4-letter PDB code and chain name, separated by a dot. DBL-Dolichos biflorus (1BJQ), 
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DLEC2-Phaseolus vulgaris (1FAT), SPL- Spatholobus parviflorus (3IPV), and DORN1-

Arabidopsis thaliana (P2K1). Numbers at the beginning and the end of the alignment 

denote actual amino acid position in the protein sequences. Black bars-beta strands, 

blue bars-beta turns, dash lines-loops or coils, * predicted ATP binding residue, + 

conserved sugar binding residue inferred from legume lectins, red dots-Mn2+ binding 

residues, blue dots-Ca2+ binding residues, black dots-Mn2+ and Ca2+ binding residues. 

Columns with same color indicate identical amino acids or similar groups of amino acids, 

dashes are gap insertions. The black bars (beta strands) and blue bars (beta turns) below 

the alignment represent the secondary structure of the DORN1 L-type lectin domain 

inferred from the modeled DORN1 structure. Round dots with different colors below the 

aligned columns are cation binding residues inferred from the templates. Black stars 

denoted predicted ATP binding residues of the DORN1. Loops A, B, C and D and an 

extended loop inferred from the alignment with legume lectins. 

The significance of this extended loop is unknown but it is interesting to note 

that it contains the ASYY motif, previously shown to be an arginine-glycine-aspartate 

(RGD) binding domain, which was predicted to play an important role in the ability of 

DORN1 (LecRK I.9) to mediate connections between the plasma membrane and plant 

cell wall (Gouget et al., 2006).  

 The sequence - structural alignment of DORN1 with the L-type lectin templates 

also showed that most of the conserved residues are located within the beta-strands, 

including the Ca2+ and Mn2+ binding sites. In contrast, the intervening loops display 

significant variability, not only in sequence but also in size. There are deletions or 
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insertions of residues in most of the loops, including four signature loops (A-C) of L-type 

lectins, which form a carbohydrate binding pocket in the canonical L-type lectins. The 

amino acid residue composition in these loops in DORN1 exhibits a higher variation than 

those of the templates and other L-type lectins (Figure 3.3 and S3.4 Figure). 

2. Homology model of the DORN1 lectin domain 

A good quality structural model of the lectin domain of DORN1 was obtained by 

following standard procedures in homology modeling (Figure 3.4A and Figure 3.4B). The 

final model was checked for its overall stereochemical quality using the Ramachandran 

plot, which showed 94.9% residues in favorable regions, only 5.1% residues in allowed 

regions and no residues in disallowed regions (S3.2 Table and S3.2 Figure). Further 

analysis of the model by Verify3D revealed that 84.32% residues had an average 3D (3D 

structure)-1D (primary structure) traced score equal or greater than the threshold (0.2) 

in the 3D/1D profile comparison. After 20 picoseconds (ps) of the MD simulation, the 

average RMSD (Root Mean Square Difference) of the side chains of the final model was 

shifted 0.73Å from the initial model leading to a significant reduction of the force field 

energy (-229.4kcal/mol) obtained from the final model (S3.3A and S3.3B Figures). The 

residue DOPE score of the model was decreased after the loop refinement and MD 

simulation (S3.3C Figure). The quality of the model was also assessed by comparing the 

modeled structure to the crystal structure of the templates by superimposition and 

distant (in Å) calculation of corresponding atoms. The average RMSD of alpha-carbon 

trace between the homology model and the templates were 0.381Å (3IPV), 0.661Å 

(1FAT), and 0.96Å (1BJQ), respectively (Figure 3.4C and Figure 3.4D). The validation and 
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assessment steps revealed that the final model is of high quality for binding site 

prediction and docking studies.   

 

Figure 3.4. Ribbon style representations of the DORN1 models and superimposed 

models. (A) and (B): Backbone alpha-carbon traces of the DORN1 model with 13 defined 

beta strands (β1 to β13), 4 defined loops (A-cyan, B-purple, C-dark blue, and D-red), 2 β-

turns (t1 and t2 in blue), 1 extended loop (magenta), and other loops in front view and 
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back view, respectively. (C) and (D): Backbone alpha-carbon traces of the superimposed 

models between DORN1 (tan) with the best template (green), and with other selected 

templates 1BJQ (purple) and 1FAT (cyan). Yellow bars next to the Figures denote relative 

scale of the model in Angstrom unit (1Å=10-10m). 

3. Prediction of ATP binding sites on the DORN1 lectin domain 

Both the knowledge-based method and free docking method were used to 

predict the DORN1 ATP binding sites. The knowledge-based methods extracted 

sequence and/or structural features of the DORN1 lectin domain and compared them 

with hundreds of well characterized L-type lectins. The free docking method looked for 

sites which produced the smallest or lowest free binding energies calculated from the 

intermolecular part of the scoring conformations. Based on the prediction results, two 

potential ATP binding sites were identified (Figure 3.4A). Interestingly, both methods 

yielded a common binding pocket on the DORN1 model. The location of the pocket is 

similar to that of the canonical carbohydrate-binding site found in L-type lectins. In 

addition to this possible site, the free docking approach also detected another site 

located between loop A and the extended loop. 

Analysis of the common binding site predicted by both methods revealed a list of 

eight common residues interacting with ATP, including Gly98, His99, Thr117, Arg118, 

Ile143, Gly245, Thr246, and Ala247, while Asn145 was predicted only by the knowledge 

based method (Table 3.2, and S3.3 Table). According to the alignment (Figure 3.3), these 

residues are found on four defined loops of DORN1, except His99 lies on the β-strand 

just next to the loop A. In addition, scanning and comparing of residues of templates 
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and DORN1 in the alignment also indicated that residues comprising the metal ion (Ca2+ 

and Mn2+) binding sites are well conserved in the DORN1 model. Similar to many L-type 

lectins, the metal ion binding sites are composed on five conserved residues (Glu139, 

Asp141, Asn145, Asp150, and His155) and an oxygen group of the main chain of Ile143, 

a similar residue in this position. 

Table 3.2. List of DORN1 interacting residues with ATP obtained from prediction and 

target docking. 

Loop Knowledge based predictions1 Target docking2 

A Gly98, His99 Glu96 (1H), Gly98, His99 (2H) 

B Thr117, Arg118 Thr117 (2H), Arg118 (2H) 

C Ile143, Asn145 Ile143, Trp144 (1H), Pro146 

D Gly245, Thr246, Ala247 Gly245, Thr246 (3H), Ala247 (1H) 

Total residues 9 11 

1Consensus residues were predicted by using different online prediction tools, numbers 

next to residue names represent actual positions in the full length sequence of DORN1. 

2Residues follow by a number and a letter H within round-brackets denote number of 

hydrogen bonds sharing with ATP, other residues without a number and a letter are 

those only interact with ATP through hydrophobic interaction. 

4. Site-directed mutagenesis studies for the ATP binding site 

In our initial binding site predictions, at least four out of five loops were 

predicted to be involved in ATP binding, including loop A, B, C, D, and the extended 

loop. As mentioned above, these four loops vary in size and sequence similarity 
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between DORN1 and other L-type lectins (the alignments in Figure 3.3 and S3.4 Figure). 

The loop size likely does not change the core β-sheets of the monomers (Figure 3.4D), 

but it could influence their binding activity and specificity toward different ligands 

(Sharma and Surolia, 1997). In order to test the model predictions, we performed site-

directed mutagenesis by introducing individual deletion mutations in these five loops of 

the DORN1 lectin domain (Figure 3.2B). These deletions contain the residues predicted 

to directly interact with ATP (Figure 3.2B). As shown in Figure 3.5, the Del-B and Del-C 

mutants were significantly reduced in ATP binding activity; for example, by significant 

changes in the Kd values; i.e., 533.7nM and 189.9nM, respectively (Figures 3.5B and 

3.5D), relative to the wild type (Kd=38.3 nM). In contrast, the Del-A mutant resulted in 

little or no effect on binding affinity relative to the wild type (Figures 5C and 5D). Note 

that the Kd values for the wild-type protein in the Figure 3.5 varied somewhat (i.e., 52.6 

and 38.3) likely reflecting slight differences in the independent protein preparations 

used. In contrast to the mutations disrupting loops B and C, there was no measurable 

effects on ATP binding by Del-D, Del-ExLp1 and Del-ExLp2 mutants (Figures 5A and 5C). 

Taken together, these results indicate that for ATP ligand binding, the residues lacking in 

the Del-B and Del-C mutants are important and identify key residues involved in DORN1-

ATP interaction. The Del-A and Del-D mutants retained some ATP binding ability, 

possibly due to their main chain interactions or the possibility that the deletions made 

missed key residues for ATP binding. Meanwhile, the deletions in the extended loop did 

not affect the binding ability to ATP of the DORN1, indicating that the extended loop of 

DORN1 is not involved in ATP binding, as predicted by the DORN1 model. In conclusion, 
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the ATP binding site of DORN1 is in a shallow pocket, which is structurally similar to the 

carbohydrate binding pocket in other L-type lectins, and at least loop B and loop C are 

essential for the binding. 

 

Figure 3.5. In vitro binding activities of ATP and DORN1 wild-types and deletion 

mutants. (A) and (B): Graphical representation of binding activities of ATP and DORN1 

wild-types and deletion mutants in vitro using a non-linear regression model (see 

“Materials and methods” in detail). WT (LEC) - Lectin domain only, WT (ECD) - 

Extracellular domain, Del-A: amino acid deletion in loop A, Del-B: deletion in loop B, Del-

C: deletion in loop C, Del-D: deletion in loop D and Del-ExLp1 and Del-ExLp2: deletions in 

the extended loop. (C) and (D): Corresponding best-fit Kd, Bmax, and R2 values 

extrapolated from the non-linear regression models of A and B, respectively (thanks to 

Kiwamu and Cho). 
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5. High-resolution, template and target docking 

The results from redocking experiments using the AutoDockVina algorithm 

reveal a very similar position and conformation of GalNAc and Forssman disaccharide 

ligands to the template receptor (DBL or 1BJQ), as compared to the crystal structures 

(S3.6 Figure). Interestingly, the corresponding RMSDs of the GalNAc and Forssman 

disaccharide ligands between the redocking and experimental structures were only 0.7Å 

and 0.6Å (data not shown), far below the 2Å threshold (Cole et al., 2005). Moreover, the 

DBL was predicted to have a higher and competitive binding for Forssman disaccharide 

(-7.5kcal/mol) over the other native ligand GalNAc (-5.3kcal/mol), which was reasonable 

with the binding results obtained from the experimental study  by Hamelryck et al 

(1999). Non-native ligands, ATP and lactose acquired a similar binding affinity (-

6.7kcal/mol), but lower than that of FD and higher than that of GalNAc (A2G), 

respectively. Galactose (Gal) had the lowest binding affinity (-4.5kcal/mol) among the 

ligands used in the template docking experiments (S3.5B Figure). Altogether, the 

template docking results show that the AutoDockVina algorithm is relatively accurate 

and most reliable for target docking experiments of ligands to the DORN1 model. 

Before docking ligands into the tested sites of the DORN1 target model, we 

reanalyzed the docking mode of crystal structural complexes of the 14 top ranked L-type 

lectins. We found two quaternary structures of L-type lectins (1BJQ and 3UJO) harboring 

hydrophobic molecules, adenine in a location on the back sheets of a small channel 

made of two monomers  (Hamelryck et al., 1999; Shetty et al., 2013). This site is not 

common in L-type lectins and only known for hydrophobic ligands such as adenine or 
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adenine-derived hormones (Etzler et al., 2009). Additionally, early competitive binding 

studies indicated that adenine was unable to compete with ATP for binding to DORN1 

(Choi et al., 2014). Therefore, this site was eliminated from our target docking since ATP 

is a larger, hydrophilic molecule. The docking of ligands with all possible rotatable bonds 

as shown in S3.4 Table on the defined site of DORN1 with fixed backbone and side chain 

was performed, and the best binding modes with highest affinity (indicated as kcal/mol) 

were chosen for detailed analysis and visualization (S3.5 Figure).  

In total, 10 docking experiments were generated for different ligand types. All 

ligands were successfully docked onto the predicted and tested site of the DORN1 

model, and their best binding energies were summarized in S3.5 Figure. Interestingly, 

the strongest binding affinity was obtained with ATP ligand at -8.1kcal/mol, which is 

better than that of other nucleotides (ranging from -5.8kcal/mol for AMP to -

7.4kcal/mol ADP) and much higher than that of carbohydrate substrates, e.g., -

3.9kcal/mol for galactose and -5.1kcal/mol for lactose (S3.5 Figure). 

Detailed analysis of the best binding mode of the ATP-DORN1 docking complex 

revealed that ATP ligand binds to a shallow pocket surrounded by four defined loops (A, 

B, C and D) in the DORN1 model. The ligand interacts with residues of these loops via 

hydrogen bonds and hydrophobic interactions (Figure 3.6). The adenine ring is situated 

in the small cleft made of loops B and C, and the phosphate moiety is positioned in the 

other cleft between loops B and D. The ribose sugar stays in the middle and likely 

interacts with side chain of loops A and C (Figures 3.6A and 3.6B). 
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Figure 3.6. Cartoon representation of the ATP binding site and interacting residues of 

DORN1. (A) Close up of the DORN1 binding loops and ATP molecule in ball and stick 

mode, where numbered residues are those sharing H (hydrogen) bond with ATP. (B) 

Close up of electrostatic potential molecular surface of the DORN1 binding pocket and 

ATP molecule in ball and stick mode, where numbered residues are those interact with 

ATP via hydrogen bonds. (C) A detailed interaction map of the DORN1 and ATP docking 

complex, ATP resides in the middle of the map, and it is surrounded by interacting 

residues of 4 different loops (A to D), dashed-lines with numbers are hydrogen bonds 

with bond distances in angstrom sharing with atoms of ATP, where residues with a red 
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crown denote hydrophobic interaction. Numbered residues represent their actual 

position of the DORN1 full-length sequence. 

The binding affinity of ATP to DORN1 was derived from a network of 12 

hydrogen (H) bonds and 4 hydrophobic interactions shared between the atoms of ATP 

and the atoms of 11 residues located in the four defined loops of DORN1 (Figure 3.6C). 

These residues included eight residues obtained in the binding site predictions, except 

Asn145 (Table 3.2). A significant number of hydrogen bonds were observed in the 

phosphate group (9 H bonds) of ATP, and much higher than that of its adenine group (2 

H bonds) or ribose group (1 H bond, only). These H bonds and hydrophobic interactions 

were made of side chains and backbone atoms of seven residues, including Glu96, 

His99, Thr117, Arg118, Trp144, Thr246 and Ala247. The residues involved in 

hydrophobic interactions were Gly98, Ile143, Pro146, and Gly245 (Figure 3.6C). Other 

ligands were shown to possess a fewer number of H bonds and hydrophobic 

interactions than those of ATP, especially mono- and disaccharides (S3.4 Table). 

IV. Discussion  

Although the L-type lectin domains are widely distributed in plants (Sharon and 

Lis, 1990), their crystal structures are only available within the leguminous family, and 

for that reason homology modeling is currently the best complimentary approach that 

can build their molecular structure for studies of the molecular interaction with various 

ligands. Moreover, homology modeling is often a method of choice to provide reliable 

3D models when a certain level of sequence and structural relationship exists among a 

target protein and proteins with a known crystal structure (Martí-Renom et al., 2000). 
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Therefore, we used these methods to construct a 3D model of the DORN1 lectin domain 

using homologous template structures from other, well-characterized L-type lectins.  

The predicted 3D structure of the DORN1 lectin domain is folded in a 'β 

sandwich' architecture with ' β jelly rolls' topology, as observed in crystal structures of L-

type lectins (Figure 3.4). The predominant structural element of the DORN1 monomer, 

which accounts for nearly half of its residues, organizes in two parallel β (pleated) sheets 

and makes a core structure of the model. One of the β-sheets contains 7 antiparallel β-

strands (β2, β3, β5, β6, β7, β8 and β12) in the middle of the monomer (Figure 3.4A). 

Another β-sheet has 6 antiparallel β-strands (β1, β4, β9, β10, β11, and β13) on one side 

of the subunit (Figure 3.4B). The remaining residues not included in the β sheets are 

from loops and β turns (t1 and t2) that connect all β-strands together and do not belong 

to regular secondary structures. Therefore, these loops create the most flexible parts of 

the model and, therefore, are the most difficult to predict using a modeling approach. 

The DORN1 model predicts an extended loop of about 13 residues inserted between β8 

and β9 strands, which appears to be a unique feature of L-type lectin receptor kinases of 

the Brassica family. The extended loop contains an RGD binding motif (ASYY motif) on 

the tip of the β8 strand which mediates cell wall-cell membrane adhesions and has been 

implicated in plant resistance to the oomycete pathogen Phytophtora (Bouwmeester et 

al., 2011; Gouget et al., 2006a). However, modeling studies, as well as in vitro binding 

studies, indicate that this extended loop is not directly involved in ATP binding.  

 Previously,  the DORN1 lectin domain was reported to have a  higher degree of 

N-glycosylation than that of canonical L-type lectins (Gouget et al., 2006). Careful 
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inspection of the DORN1 model, using the Chimera program for interactive visualization 

and analysis of molecular structures, revealed 13 Asparagine residues, of which eight 

residues are exposed on the surface the DORN1 lectin model (Asn37, Asn56, Asn124, 

Asn128, Asn181, Asn204, Asn225, and Asn232) and could serve as sites of glycosylation 

(Gouget et al., 2006). The other five ASN residues appear to be buried inside the protein 

(Asn128, Asn145, Asn154, Asn161, and Asn185) and, hence, are unlikely to be 

glycosylated. However, it is clear from the in vitro studies, using non-glycosylated, 

purified protein from E. coli, that glycosylation is not essential for high affinity ATP 

binding. Indeed, the distance of the nearest glycosylation site (Asn124) to the predicted 

extracellular ATP binding site of the DORN1 model is about 17Å, relatively far away from 

the binding site. By analogy to other, studied L-type lectins, glycosylation may play a role 

in protein complex formation, protein folding, sorting or transport (Bardor et al., 1999; 

Van Damme et al., 1998).  

Canonical binding sites for monosaccharides of L-type lectin are composed of 

conserved and semi-conserved residues, including Asp90 (alignment position, loop A), 

Gly109, Gly110 (loop B), Phe137, Asn139 (loop C), and Ala244/Leu244 (loop D) (S3.4 

Figure). However, conservation of these residues is not universal. For example, Arcelin 1 

(S3.4 Figure) has a truncated loop C, which appears to inactivate monosaccharide 

binding (Damme et al., 1998). As mentioned, the variation in size and residue 

composition in the carbohydrate binding site plays an important role in the ligand 

specificity and affinity of L-type lectins and has been used to define ligand types 

(Sharma and Surolia, 1997). In addition, most L-type lectins bind oligosaccharides at a 



133 
 

higher affinity than monosaccharides, suggesting that additional residues interact with 

the ligand beside those of the monosaccharide binding site (Sharon and Lis, 2007). In 

the DORN1 model, key residues involved in carbohydrate binding are not conserved 

(except Asn139 in the alignment, or Asn145 in actual position of DORN1), and are 

replaced by His90 (His99, ATP binding), Thr109 (Thr117, ATP), Arg110 (Arg118, ATP), 

Ile137 and Thr244 (Thr246, ATP), respectively (S3.4 Figure). Therefore, DORN1 is unlikely 

to bind to carbohydrates, which is consistent with in vitro studies of direct interaction 

with a variety of monosaccharides (Gouget et al., 2006). Consistent with these findings, 

DORN1 variation from other L-type lectins in the residue composition and loop size 

support the higher affinity of DORN1 for ATP over other possible substrates (S3.5A 

Figure and Table S3.4). Indeed, DORN1 is equipped with a set of ATP binding residues 

totally different from conserved carbohydrate binding residues of legume lectin 

templates (Figure 3.3 and S3.4 Figure). Among different nucleotides, the ATP ligand 

exhibits a higher competitive advantage against other nucleotides, galactose and lactose 

in binding to the DORN1 lectin domain (S3.5A Figure). 

V. Conclusion 

In summary, our in silico and in vitro binding studies uncovered a previous 

unidentified ATP binding site of the DORN1 extracellular domain and confirmed that 

DORN1 recognizes and binds ATP with a strong binding affinity, and importantly 

elucidated key features of its binding site, including key residues that modulate ATP 

affinity. Further studies on point mutations of key binding residues could provide 

important insight into molecular mechanisms of interaction between extracellular ATP 
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and DORN1 as well as its counterparts in other plant species governing growth, 

development and stress responses. 

VI. Supplementary figures 

 

S3.1 Figure. A typical design of grid coverage in 3D spaces for docking experiments of 

DORN1 and ATP.  

(A) The 3D grid space covered the DORN1 model entirely for free docking experiments, 

i.e. allowing ATP targets to any potential pocket on the DORN model. (B) The grid box 

stationed on the predicted binding site made of 4 defined loops A-D. The grid box and 

docking parameters were defined and set up using the MGL tool following the 

AutoDockVina guidelines. The parameters were adjusted for different ligands. In all 

docking experiments, ligands were set to have maximal number of rotatable bonds and 

the receptor (DORN1) was set to have rigid bonds.  
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S3.2 Figure. Ramachandran plots of the DORN1 model structure validation.  

(A) Graphical representation of alpha-carbon geometry (phi-ф, psi-ψ) and beta-carbon 

deviation values of the DORN1 model before refinement (B) Graphical representation of 

alpha-carbon geometry (phi-ф, psi-ψ) and beta-carbon deviation values of the DORN1 

model after refinement. Black dots denote residues in favored regions, yellow dots 

represent residues in allowed regions, and red dots are residues in outlier regions, i.e. 

‘bad’ residues.  
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S3.3 Figure. Graphical representations of the DORN1 model optimization steps and 

quality evaluation in term of energy. 

(A) The atomic distance variation in terms of root mean square deviation (RMSD) 

between corresponding aligned atoms in angstrom scale generated during 20ps (pico 

second) of molecular dynamic simulation. (B) Total potential energy of the model side 

chains obtained during 20ps of molecular dynamic simulation. (C) Discrete optimized 

potential score (DOPE) of individual residues in the initial model (red), the optimized 

model (blue) and the template (green, PDB code 3IPV chain A). Note: residue positions 

of the template in the graph may not be in the same columns with those of the DORN1 

initial and optimized models.  
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S3.4 Figure. Structural alignment of DORN1 and 14 top rank legume lectins.  

ARC1 (Arcelin 1)-Phaseolus vulgaris (PDB code: 1AVB), DBL-Dolichos biflorus (1BJQ), 

MAL-Maackia amurensis (1DBN), WBA2-Dolichos tetragonolobus (1F9K), DLEC2-

Phaseolus vulgaris (1FAT), ECL-Erythrina crista-galli (1GZ9), GSI-B4-Griffonia 
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simplicifolia (1HQL), LE1-Glycine max (1SBF), WBAI-Dolichos tetragonolobus (1WBF), 

LECA-Pisum sativum (2BQP), SPL-Spatholobus parviflorus (3IPV), DLL-II-Dolichos lablab 

(3UJO), PELA-Platypodium elegans (3ZYR), VML-Vatairea macrocarpa (4U36), and 

DORN1-Arabidopsis thaliana (P2K1). Black bars-beta strands, blue bars-beta turns, dash 

lines-loops or coils, *-conserved sugar binding residues of legume lectins, red dots-Mn2+ 

binding residues, blue dots-Ca2+ binding residues, black dots-Mn2+ and Ca2+ binding 

residues.  

 

S3.5 Figure. In silico binding affinity (-kcal/mol) of different ligands to DORN1 and the 

template DBL.  

Binding affinity values of nucleotides and sugars to (A) the DORN1 model and (B) the 

template crystal model (DBL) obtained from target docking experiments. Lac: lactose, 

Gal: galactose, FD: Forssman disaccharide (GalNAc(α1–3)GalNAc), A2G: N-Acetyl 

Galactosamine (GalNAc). FD and NAG are native ligands of 1BJQ.  
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S3.6 Figure. Graphical representation of the template-binding site for GalNAc (brown) 

and FD (light blue) ligands. 

(A) Ribbon and (B) molecular surface representations of the template’s binding sites for 

GalNAc  ligand in the crystal complex (brown) and the docking model (light blue). (C) 

Ribbon and and (D) molecular surface representations of the template’s binding sites for 

Forssman disaccharide (GalNAc(α1–3)GalNAc) ligand (brown) in the crystal complex and 

docking model (light blue). 
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VI. Supplementary tables 

S3.1 Table. Fold prediction results of DORN1 L-type lectin domain using the sequence-

structure homology recognition method.  

Profile hit1 Length2 Normalized Z-score3 Confidence level 
L-type lectin 281 29.06 CERTAIN 

p58/Ergic-53 223 11.20 CERTAIN 

Emp47p 222 10.89 CERTAIN 

Lactoferrin-binding protein b 286 2.87 GUESS 

Monomeric porin OmpG 252 2.73 GUESS 

1Profile name found in the HOMSTRAD database, a structural profile database used for 

fold recognition. 2The alignment length in the profile. 3Z-scores greater than 6 consider 

as having common folds. 

S3.2 Table. Stereo-chemical quality of DORN initial and refined models, and the best 

template structure 3IPV-chain A.  

 Initial model Refined model Template (3IPV) 

In favored region 221 (94.4%) 222 (94.9%)  232 (97.9%) 

In allowed region 9 (3.8%) 12 (5.1%)  4 (1.7%) 

In outlier region 4 (1.7%) 0 (0.0%)  1 (0.4%) 
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Note: Number and corresponding percentage of residues in the DORN1 models and the 

template structure were classified in three different categories using Ramachandran 

plots 

S3.3 Table. Search statistics of binding sites for DORN1 using sequence and structure-

based prediction tools. 

Tools Confidence 
score1 

Cluster 
size2 

Ligands3 Consensus binding 
residues4 

COACH 0.67 301 
Glucose, 

Multiple ligands 

98,99,117,118,143, 

145,245,246,247 

COFACTOR 0.52 - 
N-acetyl 

galactosamine 

99,117,118,119, 

143, 145,245,246 

FINDSITE 0.50 80 Multiple ligands 
96,98,99,117,118,143, 

145,245,246,247 

TM-SITE 0.34 24 Galactose, Mannose 
98,99,117,118,143, 

145,245,246,247 

1Score ranging from 0-less confidence to 1-high confidence. 2Cluster size: number of 

templates involved in prediction. 3Potential ligands inferred from template sequences 

and structures. 4Numbers denote residue position on the DORN1 model 
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S3.4 Table. Number of rotatable bonds, hydrogen bonds, hydrophobic interactions and 

binding affinities of DORN1 and ligands. 

Ligands Number of 
rotatable 

bonds1 

Number of 
H bonds 

Number of 
hydrophobic 
interactions 

Binding affinities  
(-kcal/mol) 

ATP 11 12 4 8.1 

ADP 9 7 5 7.4 

AMP 7 8 5 5.8 

CTP 11 8 5 6.5 

GTP 11 7 5 6.7 

ITP 10 7 5 6.0 

TTP 9 8 6 6.6 

UTP 10 9 3 6.2 

Lactose 12 6 6 5.1 

Galactose 6 4 5 3.9 

1 A maximal number of bonds are allowed to have free rotation around themselves. 
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