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PRELIMINARY SUMMARY 

The overall aim of this research was to identify and characterise a predicted adenylyl cyclase (AC) 

enzyme in Glycine max; accession number XP_003529590; gene ID Glyma.07G251000.  To start 

with, a preliminary bioinformatic analysis of the XP_003529590 gene was performed prior to the 

practical experimental work so as to gain a better understanding of the gene annotation, gene 

expression profile and its secondary structure.  After that, total mRNA was then isolated from the 

soybean plant followed by amplification of the targeted XP_003529590 gene via RT-PCR and its 

subsequent cloning into the pTRcHis2-TOPO TA cloning vector.  The successfully cloned 

XP_003529590 was then used to transform some chemically competent E. coli BL21 (DE3) pLysS 

expression cells followed by recombinant protein expression through induction with 1 mM of 

isopropyl-β-D-thiogalactopyranoside (IPTG).  The expressed recombinant protein was herein 

referred to as GmAC1.  After the expression, the ability of the expressed recombinant GmAC1 

protein to generate cyclic adenosine monophosphate (cAMP) within the transformed cells was 

then assessed and determined endogenously using the enzyme immunoassaying system.  An 

establishment of the actual AC activity of the recombinant GmAC1 protein was then undertaken 

via a complementation system using the SP850 E. coli mutant strain.  After confirmation of the 

AC activity, expression of the GmAC1 protein was upscaled, followed by its affinity purification 

on a HisPur Ni-NTA resin matrix.  After purification, an in vitro characterisation of the GmAC1’s 

enzymatic activity was then undertaken using the enzyme immunoassaying system.  Finally, the 

probable physiological roles of the XP_003529590 gene in soybean were then assessed and 

established through bioinformatic analysis.  Consequently, the undertaken preliminary 

bioinformatic analysis showed that the gene ID for the XP_003529590 is Glyma.07G251000 

(Glyma_07G251000), which is primarily expressed during the primary root development and in 

the primary meristems, and its protein product being a nucleic acid and/or compound binding 

alpha-helical pentatricopeptide protein.  In addition, the undertaken endogenous assaying of the 
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expressed recombinant GmAC1 protein showed that this protein could enhance cAMP production 

in the transformed bacterial cells to about ≥ 3.0 folds.  Eventually, the complementation testing 

then practically confirmed that the expressed recombinant GmAC1 protein is indeed a bona fide 

AC molecule as it could physiologically rescue the mutant SP850 E. coli host from being a non-

lactose fermenter to a lactose fermenter.  Subsequently, the in vitro characterisation of the GmAC1 

showed that the recombinant protein was indeed a soluble AC (sAC) as its activity could be 

positively enhanced by the Mn2+, Ca2+, HCO3
- molecular ions and not the F- ion.  Finally, the 

physiological evaluation of the XP_003529590 through bioinformatics strongly predicted its 

primary role in abiotic and biotic stress tolerence particularly during the juvenile developmental 

stages of the soybean plant.  Therefore, the researched XP_003529590 or GmAC1 protein can be 

a very useful molecular component in possible further research to produce transgenic plants/crops 

that are tolerant to abiotic stresses such as drought, cold, flooding and salinity that affect crop 

plants during their early developmental stages. 

 

Key terms: Glycine max; soybean; adenylyl cyclase (AC); cyclic adenosine monophosphate 

(cAMP); abiotic stress. 
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CHAPTER 1: Introduction and literature review 
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aim, specific objectives, significance and literature review of the research are covered.  
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A preliminary bioinformatic analysis of the putative XP_003529590 gene is covered in this 

Chapter.  The analysis highlights include gene annotation, expression profile of the gene in 

soybean plant and the protein secondary structure prediction.  

 

CHAPTER 3: Partial expression of the recombinant GmAC1 protein and molecular 

determination of its endogenous adenylyl cyclase activity 

The extraction and amplification of the XP_003529590 gene fragment, its subsequent cloning, 

induction of protein expression and the ability of the expressed protein to generate cAMP 

endogenously are highlighted in Chapter 3. 

 

CHAPTER 4: Determination of the in vivo adenylyl cyclase activity of the recombinant 

GmAC1 protein 

Complementation testing of the recombinant GmAC1 protein using SP850 E. coli mutant cells 

was carried out in this Chapter.  
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CHAPTER 6: Extensive bioinformatic analysis of the novel XP_003529590 soybean gene 

In this Chapter web-based bioinformatic tools were utilised to predict, confirm and understand the 
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CHAPTER 7: General discussion, conclusions and recommendations 

This Chapter provides a general conclusion to the thesis, summarising the research findings and 
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LIST OF ABBREVIATIONS 

AC  :  Adenylyl cyclase 

ATP  :  3′,5′-Adenosine 5′-triphosphate 

cAMP  :  Cyclic 3′,5′-adenosine monophosphate 

cDNA  :  Copy DNA or DNA complementary to RNA 

cGMP  :  Cyclic 3′,5′-guanine monophosphate 

CNC  :  Cyclic nucleotide cyclase 

DNA  :  Deoxyribonucleic acid 

EIA  :  Enzyme immunoassay 

GmAC1 :  Glycine max adenylyl cyclase 1 

GTP  :  3′,5′-Guanosine 5′-triphosphate 

HSP  :  Heat shock protein 

IDP  :  Intrinsically disordered protein 

IDRs  :  Intrinsically disordered regions 

IPTG  :  Isopropyl-β-D-thiogalactopyranoside 

LB  :  Luria Bertani 

mRNA :  Messenger ribonucleic acid 

Ni-NTA :  Nickel-nitrilotriacetic acid 
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PDE  :  Phosphodiestarase 

PKA  :  Protein kinase A 

PPR  :  Pentatricopeptide repeat 

QTL  :  Quantitative trait loci 

RNA  :  Ribonucleic acid 

ROS  :  Reactive oxygen species 

RT-PCR :  Reverse transcriptase-polymerase chain reaction 

sAC  :  Soluble adenylyl cyclase 

SDS-PAGE :  Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

tmAC  :  Transmembrane adenylyl cyclase 

TPR  :  Tetratricopeptide repeat 

tRNA  :  Transfer ribonucleic acid 
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DEFINITION OF TERMS 

Adenylyl cyclases:  Enzymes which catalyse the cyclisation of adenosine 5′-triphosphate (ATP) 

to cyclic adenosine 3′,5′-monophosphate (cAMP) which requires the removal of a pyrophosphate 

(PPi).  They are also known as adenylate cyclases. 

Copy DNA:  A DNA strand that is complementary to the RNA and synthesised by an RNA-

dependent DNA polymerase. 

Cyclic AMP:  A cyclic nucleoside that acts as a second messenger, activating other enzymes 

within the cell.  It is formed when the enzyme adenylyl cyclase is activated by the alpha subunit 

of a G protein. 

Glycine max:  A legume that is commonly known as soybean and is an annual herbaceous plant 

in the Fabaceae family cultivated for its edible and highly proteinaceous seed. 

mRNA:  A sub-type of RNA that is generated during transcription, where a single strand DNA is 

decoded by a DNA-dependent RNA polymerase. 

Plasmid DNA:  A small circular double-stranded DNA molecule that is distinct from the 

commonly known chromosomal or nuclear DNA. 

Primers:  Short nucleic acid sequences that provide a starting point for DNA or RNA synthesis in 

a conventional PCR system. 

Reverse transcription-polymerase chain reaction (RT-PCR):  A molecular method used to 

convert a short RNA segment into a DNA product termed copy DNA (cDNA) using an RNA-

dependent DNA polymerase enzyme. 

Co-expression partner:  A gene whose expression shows a similar pattern across different 

samples to that of a gene of interest. 
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Co-expression network:  A system that describes genes that tend to show a coordinated 

expression pattern across a group of samples exposed to similar experimental conditions.  In these 

networks, each node represents a gene and each edge represents the presence and/or strength of 

the co-expression relationship. 

Disordered proteins:  Regions on a protein that are unfolded and therefore lacking the 3-

dimensional structure. 

Gene:  A DNA sequence that can be transcribed into a transcript.  In the case of protein coding 

genes, this transcript can be translated into a protein that is fully functional.  

Microarray:  A platform for quantifying gene expression that assays mRNA molecules based on 

their hybridisation to probes present on an array, typically a glass slide. 

Mitochondrion:  A membrane bound organelle present in the cytoplasm of eukaryotic cells 

primarily responsible for the generation of ATP. 

Recombinant protein:  A protein molecule that is encoded by a gene in which the gene is cloned 

in a system that supports expression of the gene. 

Regulatory gene:  A gene that controls the expression of other genes. 

Soluble adenylyl cyclase:  An intracellular enzyme that is a source of the ubiquitous second 

messenger cAMP in response to bicarbonate and calcium or other external ligands. 

Soybean:  An annual legume that is cultivated for its proteinaceous seeds, forage and soil 

improvement.  Its scientifically known as Glycine max. 

Transcript:  A single-stranded RNA molecule resulting from the transcription of a functional 

gene. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

1.1 Introduction 

1.1.1 Background 

Soybean or Glycine max is one of the most important legume crops that provide sources of oil and 

protein for livestock and humankind.  Apart from being consumable, soybean products have been 

gaining attention for their other additional attributes such as the anti-cancerous properties (Ko et 

al., 2013) in pharmaceuticals and the protein-based bio-degradable properties for possible 

consideration as alternatives in the plastic industry (Song et al., 2011).  These diverse attributes of 

soybean make this legume a more widely desired crop plant, whose demand is rapidly increasing.  

Nevertheless, soybean production may be hindered by extreme weather conditions such as 

droughts, floods and heat, and also as a result of various diseases and pathogens (Deshmukh et al., 

2014).  It has been reported that growth and grain yield of this important cash crop are highly 

affected by water stress (Brevedan and Egli, 2003; Liu et al., 2003).  However, plants respond and 

adapt to abiotic and biotic stresses or stress factors with an array of biochemical, physiological, 

and molecular modifications of which the soybean plant is no exception.  

Since the sequencing of the entire soybean genome in 2010 (Schmutz et al., 2010), the majority of 

its protein coding genes remains experimentally unconfirmed (Chai et al., 2015).  The soybean 

genome is almost 1.1 gigabases with approximately 46 430 protein coding genes (Turner et al., 

2012).  As such, genes responsible for encoding adenylyl cyclases (ACs) or enzymes responsible 

for generating the second messenger molecule adenosine 3′,5′-cyclic monophosphate (cAMP) 
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from adenosine 5′-triphosphate (ATP) in soybean have not been reported anyway.  This entails 

that most genes involved in development, cell division, growth and responses to environmental 

stimuli are still experimentally unverified.  In this regard, it therefore means that there is a real 

need to study signalling pathways in crop plants such as the soybean so as to gain a better 

understanding on the exact mechanisms by which plants grow, develop, respond and adapt to the 

various environmental stress factors.  A comprehensive functional characterisation of genes 

encoding for second messengers involved in signal transduction is therefore, important.  Studies 

in the sequencing of the soybean genome have provided a potential and powerful platform for the 

study and analysis of expressional and functional processes in this legume.  

All along, plant studies have identified cAMP and guanosine 3′,5′-cyclic monophosphate (cGMP) 

as universal second messengers that play key roles in many physiological responses in higher 

plants.  These cyclic nucleotides are key signalling molecules in most of the processes in plants, 

which include growth and differentiation, photosynthesis, and biotic and abiotic defenses (Gehring 

and Turek, 2017).  The molecules play important roles in relaying external signals and modifying 

gene expression in cells of all phyla, where they transfer extracellular signals to appropriate 

molecules inside the cell (Wheeler, 2013).  As stated earlier on, cAMP is generated from ATP by 

the action of ACs (Lemtiri-Chlieh et al., 2011) (often referred to as adenylate or adenyl cyclases) 

and both the ACs and cAMP play important roles in many signal transduction pathways (Frezza 

et al., 2018), whereby they carry the responsibility of amplifying stimuli received by eukaryotic 

cells (Neves-Zaph and Song, 2015).  Thus, their involvement in signal transduction means they 

can be involved in regulating plant developmental programs and biotic and abiotic stress 

responses.  

To date, various reports have been made, implicating cAMP in stress response (Choi and Xu, 2010; 

Thomas et al., 2013).  The molecule has been reported in most plant specific processes such as 

stomatal closure since guard cell channels of Vicia faba could be modified by cAMP-dependent 
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phosphorylation (Jin and Wu, 1999) and the growth of pollen tubes of Agapanthus umbellatus and 

Lilium longiflorum have also been reported to be regulated by cAMP (Rato et al., 2004).  Although 

the AC enzymes perform the same function in all prokaryotes and eukaryotes using the same 

substrate (ATP), they are different, and they vary in their expression, structure, activity and 

regulation (Cooper, 2005).  Therefore, the importance of cAMP in regulating plant physiological 

processes requires a close scrutiny and a subsequent clear understanding based on the enzymes 

responsible for its synthesis and/or generation.  

In plants and currently, there are only nine practically and experimentally confirmed ACs that have 

been reported.  These include the Zea mays pollen signalling protein (PSiP; AJ307886.1)  that 

participates in polarised pollen tube growth (Moutinho et al., 2001);  the Arabidopsis thaliana 

pentatricopeptide repeat-containing protein (AtPPR-AC; At1g62590)  responsible for chloroplast 

biogenesis and restoration of male sterility (Ruzvidzo et al., 2013),  the Nicotiana benthamiana 

protein (NbAC; ACR77530) involved in tabtoxinine-β-lactum-induced cell death during wildfire 

disease (Ito et al., 2014),  the Hippaestrum hybridium protein (HpAC1; ADM83595)  involved in 

stress signalling (Świeżawska et al., 2014),  two A. thaliana K+ uptake permease proteins 

(AtKUP7; At5g09400 and AtKUP5; At4g33530)  responsible for K+ transport  (Al-Younis et al., 

2015; 2018),  the A. thaliana clathrin assembly protein (AtCIAP; At1g68110)  predicted to be 

involved in actin cytoskeletal remodelling during endocytic internalisation (Chatukuta et al., 2018) 

and the A. thaliana leucine-rich repeat protein (AtLRRAC1; At3g14460)  involved in defense 

response against hemibiotrophic and biotrophics pathogens (Bianchet et al., 2019).  In lower 

plants, there is the Marchantia polymorpha antheridium based reproductive protein (MpCAPE; 

Mapoly0068s0004) involved in male organ and cell development (Kasahara et al., 2016).  Of these 

nine plant ACs, the AtPPR-AC, NbAC, HpAC1, AtKUP7, AtKUP5, AtCIAP and AtLRRAC1 

possess the putative AC catalytic motif (Figure 1.1) previously annotated by Gehring in 2010 - 

this being a very strong sign, which indicates that this motif is indeed essentially functional and 
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thus increasing our confidence in continuously utilising it to search for more novel ACs in plants, 

and more importantly, in crop plants such as soybean.  

Therefore, this implies that there is still a lot of work to be done on these enzymes, particularly in 

higher plants.  In line with this, some recent and independent phylogenetic analysis of ACs in 

higher plants pointed to the existence of such molecules in G. max; XP_003529590 (Ito et al., 

2014) and XP_003547191 (Świeżawska et al., 2014) and interestingly, none of these proteins has 

yet been functionally characterised.  This research therefore, was set to try and fill this gap of 

knowledge through a specific analysis of the XP_003529590 protein, and against a luscious 

background, where past research had vehemently denied the existence of ACs and/or their activity 

in G. max (Yunghans and Moore, 1977).  Of the two proteins, the XP_003529590 was chosen 

specifically because it possesses the annotated AC catalytic motif proposed by Gehring (2010) and 

later functionally confirmed in various studies (Ruzvidzo et al., 2013; Ito et al., 2014; Al-Younis 

et al., 2015; Al-Younis et al., 2018; Chatukuta et al., 2018; Bianchet et al., 2019).  For the purpose 

of this study, this targeted protein was referred to as GmAC1 protein. 

 

1.1.2 Problem statement 

Although the role of cAMP has been recognised in most biological processes of animal cells, very 

little is presently known about this molecule and its associated signalling components (ACs) in 

higher plants.  This is also despite the fact that both the cAMP and ACs have been shown to have 

very close links with essential transduction processes and/or physiological responses ranging from 

protein phosphorylation to the transcriptional activation of specific genes.  To date, several efforts 

have been made in attempting to identify these molecules in plants and very few plants have been 

covered, leaving out important agronomic plants like G. max.  Notably and in two recent related 

studies, two probable AC candidates; XP_003529590 and XP_003547191 were reported even 
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though none of them has been fully discussed anywhere.  It is from this backdrop that this present 

study was then premised targeting the first candidate herein referred to as GmAC1.  The 

XP_003529590 was selected over its other counterpart because within its genome, the AC catalytic 

motif as proposed by Gehring (2010) (shown in Figure 1.1) and functionally confirmed in various 

studies (Ruzvidzo et al., 2013; Ito et al., 2014; Al-Younis et al., 2015; Al-Younis et al., 2018; 

Chatukuta et al., 2018; Bianchet et al., 2019) is present.   

 

1.1.3 Research aim 

The major research aim of this research project was to isolate the XP_003529590 gene, test its AC 

function and then further characterise it in relation to stress and adaptation mechanisms.  

 

1.1.4 Research objectives 

The following key objectives were set out in order to properly address the proposed research aim: 

1. To isolate and clone the AC-containing gene fragment (GmAC1) of the annotated 

XP_003529590 into a stable and viable heterologous prokaryotic expression system. 

2. To optimise the partial expression strategies of the cloned XP_003529590 gene fragment 

into a recombinant GmAC1 protein. 

3. To determine the endogenous and in vivo AC activity of the partially expressed and cloned 

recombinant GmAC1 protein.  

4. To affinity purify the partially expressed recombinant GmAC1 protein and further 

characterise its in vitro AC activity 



 

10 

5. To bioinformatically determine and establish the correlation expressional and functional 

profiles of the XP_003529590 protein in G. max. 

 

1.1.5 Significance of research 

The molecular establishment of the GmAC1 protein as a bona fide higher plant AC and its 

subsequent functional characterisation as a signal molecule in soybean (particularly in important 

cellular processes such as growth, development, stress response and nitrogen fixation) would be 

of paramount and ground-breaking impact.  This is because currently, there is no documentation 

on the existence and/or molecular function of this novel molecule in G. max and therefore, this 

research will immensely contribute towards the main body of science through new literature and 

new scholarship.  Practical-wise, the elucidation of the biological/functional roles of the GmAC1 

protein in soybean may be used in transgenics or cisgenics to increase growth and productivity of 

this very important agronomic crop, thus helping in the address of food security issues in the region 

(sub-Sahara) and beyond.  Soybean is a plant of great economic value as it is a very good source 

of both protein and oil for human and animals.  

 

1.2 Literature review 

1.2.1 Cyclic nucleotides  

The most commonly known natural cyclic nucleotide monophosphates include adenosine 3′,5′-

cyclic monophosphate (cAMP) and guanosine 3′,5′-cyclic monophosphate (cGMP), which are 

catalytic products of adenosine 5′-triphosphate (ATP) and guanosine 5′-triphosphate (GTP) 

respectively.  Adenylyl cyclases (AC) are protein enzymes that hydrolyse ATP into cAMP while 

guanylyl cyclases (GC) are protein enzymes that catalyse the formation of cGMP from GTP.  
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Several studies have previously reported both cAMP and cGMP as universal second messenger 

molecules in higher plants (Lemtiri-Chlieh et al., 2011; Mathieu-Demaziere et al., 2013), that play 

essential roles in many biological and physiological processes of plants.  The two molecules 

similarly play essential roles in many physiological and developmental processes of all living 

organisms from prokaryotes (e.g. E. coli) to complex multicellular organisms such as Homo 

sapiens (Al-Younis et al., 2015).  In higher plants, cAMP was reported to have a key role in the 

activation of protein kinases in the leaf of rice (Komatsu and Hirano, 1993) and in tobacco BY-2 

cells, where it promotes cell division (Ehsan et al., 1998).  cAMP has also been implicated in plant 

stress responses and defense mechanisms (Thomas et al., 2013). 

In all organisms, signalling pathways essentially involve specific effector proteins, where in plants, 

these have been identified as the cyclic nucleotides (cAMP and cGMP), phosphodiesterases 

(PDEs), cAMP binding proteins known as protein kinase As (PKAs) and ACs (Jager et al., 2012).  

Of these proteins, PDEs and ACs are responsible for the regulation of the proper cellular levels of 

cAMP.  While ACs increase cAMP levels through the hydrolysis of ATP and in response to 

extracellular responses, PDE are responsible for the hydrolysis of cAMP to 5′-AMP thereby, 

lowering cAMP cellular levels (Hanoune and Defer, 2001; Kamenetsky et al., 2006; Omori and 

Kotera, 2007).  PKAs are responsible for propagating cAMP responsive cell signalling events 

through the transfer of a γ-phosphate group of ATP to a downstream protein substrate (Turnham 

and Scott, 2016). 

Apparently, given the point that a lot of research has dealt in detail with the roles of cAMP in 

plants, it is thus important to also study in detail the AC enzymatic systems responsible for the 

generation of cAMP.  However, it has been so difficult to identify plant molecules with cyclic 

nucleotide cyclase (CNC) activity, generally because these molecules were reported to be outside 

the detection limit of an ordinary BLAST search (Wong and Gehring, 2013).  A solution to this 

problem had however,been presented by Gehring in 2010, who proposed and tested a search 
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strategy that uses motifs deduced from conserved amino acids in the catalytic centre of 

experimentally annotated and functionally tested CNCs (Figure 1.1).  From this approach, at least 

14 plant AC molecules were annotated in the Arabidopsis genome (Table 1.1) (Gehring, 2010), 

while at least six higher plant ACs have since been identified.  The identified proteins include the 

AtPPR-AC protein responsible for chloroplast biogenesis and the restoration of male sterility 

(Ruzvidzo et al., 2013), the NbAC protein responsible for the tabtoxinine-β-lactam-induced cell 

deaths during wildfire diseases (Ito et al., 2014), the AtKUP7 protein responsible for vacuolar K+ 

conductance (Al-Younis et al., 2015), the AtKUP5 protein responsible for cAMP-dependant K+ 

flux (Al-Younis et al., 2018) the AtCIAP protein responsible for actin cytoskeletal remodelling 

during endocytotic internalisation (Chatukuta et al., 2018), and the AtLRRAC1 protein responsible 

for conferring tolerance to the biotrophic fungus, Botrytis cinerea (Bianchet et al., 2019).  As such 

this same approach is currently being used by many plant biologists as it has already proved to be 

a very useful criterion for the successful identification of AC candidates in higher plants.  In this 

regard, the same approach was similarly used in this study for the identification of the first ever 

AC molecule in soybean G. max. 

 

Figure 1.1: Catalytic centre motifs of nucleotide cyclases.  (A) Centre motif of experimentally tested GCs 

in plants.  The residue (red) in position 1 does the hydrogen bonding with the guanine, the amino acid (red) 

in position 3 confers substrate specificity and the residue (red) in position 14 stabilises the transition 

(GTP/cGMP).  The Mg2+/Mn2+-binding site is C-terminal (green).  In the derived motifs (B (relaxed) and C 
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(stringent)) specific for ACs, position 3 (blue) has been substituted to [DE] to allow for ATP binding 

(Gehring, 2010). 

 

Table 1.1: The fourteen bioinformatically identified Arabidopsis thaliana proteins containing the AC 

catalytic search motifs (adapted from Gehring, 2010). 

ATG represents the assigned Arabidopsis thaliana gene bank numbers for the fourteen putative AC proteins, followed by 

their amino acid sequences suspected to be their AC catalytic centres, and the names to which each protein was 

bioinformatically inferred (annotations). 

*Proteins that contain the relaxed AC search motif present in the G. max while the rest contain the stringent motif.   

ATG NUM SEQUENCE       ANNOTATION 

At3g14460 -KYDVFPSFRGEDVR-KD- Disease Resistance Protein 

At1g26190* -SADRVAMRNKNLKR- Phosphoribulokinase/uridine kinase family protein 

At1g73980* -SVDSRMKYLHGGVSK- AX4 AC domain containing protein 

At2g11890* -RVEEDEEEIEYWIGK- G3 AC family protein 

At3g21465* -SSEAKHVENPTEAVK- Unknown function 

At1g25240 -KWEIFEDDFCFTCKDIKE- Epsin N-terminal homology 

At1g62590 -KFDVVISLGEKMQR--LE- Pentatricopeptide (PPR) protein 

At1g68110# -KWEIFEDDYRCFDR—KD Clathrin assembly protein 

At2g34780 -KFEIVRARNEELKK-EME- Maternal effect embryo arrest 22 

At3g02930 -KFEVVEAGIEAVQR--KE- Chloroplast protein 

At3g04220 -KYDVFPSFRGEDVR--KD- TIR-NBS-LRR class 

At3g18035 -KFDIFQEKVKEIVKVLKD- Linker histone-like protein – HNO4 

At3g28223 -KWEIVSEISPACIKSGLD- F-box protein 

At4g39756 -KWDVVASSFMIERK--CE- F-box protein 
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1.2.2 Plant adenylyl cyclases 

In all cellular systems including plants, the AC system is generally represented in two main forms; 

the transmembrane (tmAC) form (Kamenetsky et al., 2006) and the soluble (sAC) form 

(Lomovatskaya et al., 2007).  While all tmACs are strictly activated by forskolin and the fluoride 

ion (Rail and Sutherland, 1958; Robison et al., 1968; Wuttke et al., 2001), all sACs are on the 

other hand, specifically activated by the calcium and bicarbonate ions (Garty and Salomon, 1987; 

Carricarte et al., 1988; Visconti et al., 1990; Chen et al., 2000).  Furthermore, while the activity 

of all tmACs can flexibly depend on either the Mg2+ or Mn2+ metal ion as a co-factor (Robison et 

al., 1968), the activity of sACs is strictly dependent on the Mn2+ metal ion only (Braun, 1974; 

Braun, 1975).  Principally, the fluoride ion non-specifically influences the activity of tmACs by 

targeting and modulating the nucleotide-binding site on the α–subunit of their G-protein (Howlett 

et al., 1979; Northup et al., 1983) and the sensitivity of tmACs to the fluoride ion is known to be 

relatively low and therefore, millimolar concentrations of this ion are usually required for 

enzymatic activation (Bigay et al., 1987).  Furthermore, the activation of tmACs by the fluoride 

ion critically requires the presence of trace amounts of aluminium, a very important requirement 

that has long been overlooked because at the concentration of fluoride ion commonly used in 

laboratories, the solutions generally etch aluminium from the used glassware, which is relatively 

adequate for successful experimentations (Sternweis and Gilman, 1982; Bigay et al., 1987).  On 

the other hand, the activities of all sACs are specifically mediated via the calcium-modulating 

protein (Kamenetsky et al., 2006), suggesting that their cAMP-dependent biological functions may 

specifically be mediated by calmodulin. 
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1.2.3 Adenylyl cyclase activity in legumes 

In legumes, cAMP has been reported to have an important role in the sequence of biological events 

that regulate nodule formation and functioning (Gehring and Turek, 2017).  Upchurch and Elkan 

(1978) proposed the involvement of cAMP in the regulation of ammonia assimilation in the 

rhizobia, Bradyrhizobium japonicum.  Their proposal led to the isolation of genes encoding ACs 

from the Rhizobium meliloti (Beuve et al., 1990) and B. japonicum (Guerinot and Chelm, 1984).  

Further work led to the characterisation of cyclic PDE, which degrade cAMP to 5' AMP in B. 

japonicum (Catanese et al., 1989).  This group of researchers were able to detect AC and cAMP-

PDE in B. japonicum bacteroids (Catanese et al., 1989).  The authors also reported that AC activity 

increased with nodule age whereas membrane bound cAMP-PDE activity decreased (Catanese et 

al., 1989).  This then led to the realisation that the possible presence of cAMP in nodules implied 

its crucial role in symbiosis since AC activity increased with nodule age.  Work by Terakado et al. 

(1997) reported the presence of significant levels of cAMP in cultured rhizobia strains and in 

symbiotic nodules of certain legumes.  The nodules of soybean that were inoculated with B. 

japonicum contained 7 pmol g-1 f.wt of cAMP and therefore, this implying that cAMP can regulate 

nodule formation and function in legumes.  Apart from being present in nodules of leguminous 

plants, the results also indicated occurrence of cAMP at 5-10 pmol g- f.wt in leaves of Phaseolus 

vulgaris and Vigna radiate (Terakado et al., 1997).  However, in soybean organs such as stems 

and roots, cAMP was not detected.  These last findings were also very consistent with the results 

of Yunghans and Morre (1977), who reported inability to detect AC activity in the soybean 

hypocotyl.  Notably and apart from the aspect of non-detection of cAMP in soybean stems, roots 

and hypocotyls, the fact that cAMP was systematically detected in nodules and leaves somewhat 

strongly points out to the existence of a cAMP-dependent signalling system in this important 

legume. 
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Apart from its reported role in symbiosis in legumes, cAMP has also been implicated in the 

induction of defense related genes in P. vulgaris (Bolwell, 1992).  Most plants produce reactive 

oxygen species (ROS) as a defense response during pathogen attack and in P. vulgaris, elicitation 

with a pathogen lead to an oxidative burst (Wojtaszek and Bolwell, 1997).  Forskolin, a potent 

activator of AC, has also been shown to elevate cAMP levels in P. vulgaris (Bindschedler et al., 

2001).  In that study, it was shown that addition of forskolin to P. vulgaris cells after elicitation 

with Colletotrichum resulted in the production of hydrogen peroxide (H2O2) and in the absence of 

the elicitor, no H2O2 production was stimulated.  This clearly indicated the role forskolin (and 

certainly cAMP) plays in modulating signalling mechanism in legumes.  This study by 

Bindschedler et al. (2001) certainly provided evidence that the activation of ACs in legumes is 

part of a signalling pathway that modulates the production of H2O2.  The production of H2O2 on 

the other hand, is compatible with the induced production of ROS by forskolin in P. vulgaris and 

the increased level of cAMP in the same plant (Bolwell, 1992).  The evidence provided above 

supports the possibility that cAMP is a component of signalling pathway in legumes that leads to 

the production of ROS in response to pathogen attack.  However, nothing is known about the 

elicitor recognition through putative receptors or whether such receptors are directly coupled to a 

G-protein that activates ACs (Bindschedler et al., 2001).  Nonetheless, it has been proven that in 

P. vulgaris, ACs are activated after pathogen attack, since cAMP increased after elicitation.  

Therefore, it is possible to assume that cAMP may directly act on cyclic nucleotide gated channels 

(CNGCs) and induce an increase in concentration of the cytosolic Ca2+.  This accumulation of the 

cytosolic Ca2+ is believed to be primary signal that is very important for subsequent downstream 

events.  Some of the downstream events that follow include the production of ROS (Rajasekhar et 

al., 1999; Blume et al., 2000; Grant et al., 2000a) and the induction of defense-related genes 

(Blume et al., 2000).  
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1.2.4 Adenylyl cyclases and the soybean plant 

Initial work in G. max by Yunghans and Moore (1977) had totally excluded any possibility for the 

existence of ACs and/or AC regulated systems in this plant.  These researchers were attempting to 

search for AC activity in this legume using the hypocotyls of its etiolated stems.  They employed 

ion exchange chromatography and radioactive scintillating techniques to assess for the intended 

AC activity, whereby 2 mM of ATP that contained the radioactive ATα32P compound was used 

(Yunghans and Moore, 1977).  In addition, they also performed an isotope dilution technique (a 

cAMP binding assay) in which a non-radioactive cAMP was used to compete for binding sites on 

a specific binding protein with a radioactive cAMP (competitive displacement).  Finally, the 

anticipated cAMP was then measured using an assaying kit from Amersham Corporation 

(Arlington Heights, USA).  Lastly, AC cytochemistry tissue localisation was also carried out in 

which the soybean hypocotyl tissues were placed in an incubation medium, fixed and then 

examined under electron microscopy.  However, all these three different techniques nonetheless 

failed to detect any purported AC activity and/or cAMP in the soybean plant. 

These unsuccessful findings from this work can be firmly attributed to the very low sensitivity 

limits of the techniques used to detect the AC and/or cAMP activities in plants during the seventies 

(Lemtiri-Chlieh et al., 2011).  There are reports that the competitive displacement techniques and 

cAMP binding assays are normally hindered by sensitivity limits (Lemtiri-Chlieh et al., 2011), and 

hence the cAMP and ACs levels that could have been produced in this study were possibly too 

low for the detection limits.  Nevertheless, modern technological advancement has now afforded 

techniques with increased sensitivity detections, which have afforded for both the accurate and 

precise in vivo and in vitro measurements of cAMP and AC activities in plants.  Such techniques 

include the enzyme immunoassay (EIA) (Lomovatskaya et al., 2011; Ito et al., 2014; Al-Younis 

et al., 2018), mass spectrometry (Al-Younis et al., 2015; Bianchet et al., 2019) and 

radioimmunoassay, where radioactivity is measured in scintillation counters (Świeżawska et al., 
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2014).  Another contributory factor to the negative findings for Yunghans and Moore (1977)’s 

could be that in the seventies, scientists tended to strongly rely on the usage of similar analytical 

techniques for plants and animals (Lemtiri-Chlieh et al., 2011) yet these two organisms have 

relative very distinct and contrasting biochemical characteristics.  More to this, the authors used 

an etiolated soybean plant, which implies that the plant had been grown in partial or a complete 

absence of light, and hence one can be forced to conclude that this could also have had affected 

the plant’s developmental and physiological settings and thus resulting in such unapparent 

outcomes. 

In line with the continued effort to search for ACs in soybean, subsequent work by Ito et al. (2014) 

and Świeżawska et al. (2014), provided some practical insights that there could be ACs and/or AC 

signalling systems in this plant.  These authors independently performed some phylogenetic 

analysis of ACs in higher plants.  Ito and his team studied the role played by a novel AC enzyme 

in N. benthiana (NbAC; ACR77530) and specifically, during the onset and subsequent 

establishment of the tabtoxinine-β-lactum (TβL) mediated cell death of the wild fire disease.  In 

their efforts, they performed a phylogenetic analysis of ACs in higher plants using the Clustal W 

alignment (http://clustalw.ddbj.nig.ac.jp/) and their results revealed a similarity in protein/amino 

acid sequence between their own AC (NbAC) and an uncharacterised G. max AC (GmUCP), 

accession number XP_003529590.  Parallel but equally important to the effort, Świeżawska and 

his team and while experimenting on molecular cloning and functional characterisation of yet 

another novel AC in H. hybridum, performed a protein/amino acid sequence alignment analysis of 

ACs in higher plants using the PRALINE software (http://www.ibi.vu.nl/programs/paralinewww) 

and their findings showed that these putative AC amino acid sequences are indeed strongly 

conserved in higher plants.  A subsequent phylogenetic analysis using BLAST and based on the 

deduced protein sequence of HpAC1 showed a relatively high degree of similarity to other putative 

higher plant ACs, with another G. max uncharacterised protein, accession number XP_003547191, 

http://clustalw.ddbj.nig.ac.jp/
http://www.ibi.vu.nl/programs/paralinewww
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also included (56%).  These results from two independent studies (Ito et al., (2014) and 

Świeżawska et al., (2014)) thus therefore, strongly affirm the likely presence of ACs and or their 

activity in soybean, whose exact biological roles in the legume are yet to be elucidated. 

In line with the continued search for ACs in soybean, our team herein used Cluster O alignment to 

carry out a preliminary search in the G. max genome with an AC search motif (Figure 1.1) that 

was previously used by Gehring (2010) to identify 14 putative AC candidates in A. thaliana 

(Gehring, 2010) and later confirmed to be catalytically functional by several authors (Ruzvidzo et 

al., 2013; Ito et al., 2014; Al-Younis et al., 2015, 2018; Chatukuta et al., 2018; Bianchet et al., 

2019).  The search indicated presence of this putative AC catalytic motif in the G. max genome 

and specifically, within its XP_003529590 protein, from the 325 to the 337 amino acid sequence 

of the protein (Figure 1.2). 

MQVFSNARQA SRLLLSPHLR SSEAPHSTAL SLFSGLTQRD SRPVNTDPIQ    50 

CFLSKAFYSS GVGTVEATPS EDVKELYDKM LDSVKVKRSM PPNAWLWSMI   100 

ANCKHQPDIR LLFDILQNLR RFRLSNLRIH DNFNCNLCRE VAKACVHAGA   150 

LDFGMKALWK HNVYGLTPNI ASAHHLLTNA KNHNDTKLLV EVMKLLKKND   200 

LPLQPGTADI VFSICYNTDD WELINKYAKR FVMAGVKLRQ TSLETWMEFA   250 

AKRGDIHSLW KIEKLRSNSM KQHTLITGFS CVKGLLLERK PSDAVAVIQV   300 

LNQTLSDTKK SGIKGELQKL VSEWSLEVIK HQKEEDRKAL AASLKSDILV   350 

MVSELLSMGL EANVSLEDLD RKEDIPQ                            377 

 

Figure 1.2: Amino acid sequences of the XP_003529590 protein from G. max.  The annotated AC catalytic 

motif is shown in bold and green highlight while its priming sites are shown in bold and yellow highlight. 

 

In this regard therefore, this work was then set to recombinantly clone the AC-containing region 

of the XP_003529590 gene followed by its expression and extensive functional characterisation.  

This study was anticipated to be of paramount importance since this protein was going to be the 

first ever AC molecule to be identified in soybean.  Additionally, the work would also assist in 

better understanding the possible biological roles of this novel protein in soybeans, particularly in 

critical cellular processes of growth, development and tolerance to the various environmental 

stress factors.      
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CHAPTER 2 

PRELIMINARY BIOINFORMATIC ANALYSIS OF XP_003529590 

PROTEIN 

 

Abstract 

A preliminary bioinformatic investigation of the novel adenylyl cyclase (AC) protein encoded by 

the gene XP_003529590 in Glycine max was performed.  Work of this chapter aimed at 

understanding the annotation of the G. max XP_003529590, its expression profile in soybean and 

its protein secondary structure through various web-based computational tools.  The preliminary 

investigation was vital as it provided baseline information required to continue with the molecular 

and functional characterisation of the XP_003529590 gene.  Gene annotation, expression profile, 

protein modelling and protein secondary structure, and localisation predictions were performed.  

The results of the gene annotation revealed that the XP_003529590 gene name or identifier is 

Glyma.07G251000 (Glyma_07G251000) and is primarily located in the mitochondrion of the 

soybean plant cells.  Expression profile analysis using Genevisible showed that this soybean gene 

is primarily expressed during the primary growth stages in the root apical meristems, root tips, 

shoot apical meristem and root hairs.  Protein secondary structure prediction revealed that the 

XP_003529590 expression product is an alpha helical pentatricopeptide repeat (PPR) protein that 

is primarily involved in RNA binding.  The DISOPRED3 webserver analysis tool also showed the 

helical structure is disordered, a characteristic that aids in the nucleic acid and compound binding 

ability of the protein.  Overally, the computational analyses have indicated that this novel 

XP_003529590 product is a PPR protein involved in RNA and calcium binding.  
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2.1 Introduction 

Arabidopsis thaliana is a model system that is used for identifying genes and their function, thus 

the creation of The Arabidopsis Information Resource (TAIR), an online database for genetic and 

molecular biology data for A. thaliana (Lamesch et al., 2012).  The TAIR database serves as a 

reference for comprehending plant gene functions, therefore, unravelling mechanisms of plant 

development, physiology and biochemistry.  The complete genome sequence of this eudicot plant 

provides the foundation for more comprehensive comparisons of conserved processes in all plants 

and in the identification of a wide range of plant-specific gene functions, therefore, establishing 

rapid systematic ways to identify genes for crop improvement.  An understanding of the 

Arabidopsis genome is the basis for understanding the biology of all plants through bioinformatics 

tools (Clare et al., 2006), and to develop a direct and efficient access to understanding plant 

development and environmental responses.  This also permits the assessment and understanding 

of the structure and dynamics of plant genomes.  

In public databases, there are over six million protein sequences that have been deposited and the 

number continues to grow, however, the number of experimentally determined protein structures 

does not match the deposits (Kelly et al., 2015).  As a result, this has led to the development of 

computational methods that are able to use protein sequences to predict protein structure (Kelly et 

al., 2015) and function (Makrodimitris et al., 2018).  Furthermore, the complete sequence of the 

A. thaliana revealed thousands of unsuspected genes many of which were not ascribed putative 

function (Lurin et al., 2004) but through bioinformatics analyses, most of the genes have been 

studied.  Making use of bioinformatics or computational gene function predictions is now a well-

recognised field (Attwood, 2000; Hvidsten 2001; Syed and Yona, 2003).  Therefore, access to 

primary DNA sequence is a fundamental resource in plant biology.  So far, more than twenty plant 

genome studies have been completed and there are more than two hundred ongoing plant genomic 

studies (Martinez, 2013).  As such, data mining has been equally and successfully used to predict 
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functions of genes in Saccharomyces cerevisiae, Escherichia coli and Mycobacterium tuberculosis 

(King et al., 2001; Clare and King, 2003), and the majority of these predictions being confirmed 

(King et al., 2004).  

The success of bioinformatic tools in predicting gene/protein functions involved in AC and/or 

cAMP activities in plants have been demonstrated in predicting some of the Arabidopsis essential 

molecules such as the K+-uptake permease 7 gene (AtKUP7) (Al-Younis et al., 2015), the clathrin 

assembly gene (AtCIAP) gene (Chatukuta et al., 2018) and the leucine rich repeat gene 

(AtLRRAC1) (Bianchet et al., 2019).  It is also through bioinformatics analysis while screening A. 

thaliana proteins in mitochondria and chloroplasts that the pentatricopeptide repeat (PPR) gene 

family was discovered, which is involved in gene expression and restoration of male fertility 

(Ruzvidzo et al., 2013; Tan et al., 2014).  Bioinformatic analyses have been used to understand 

genomic and genetic data on the expression, localisation and general function of most of the PPR 

proteins (Lurin et al., 2004) and have revealed that PPR proteins play essential roles in 

mitochondria and chloroplasts, through binding to organellar transcripts (Lurin et al., 2004).  

Bioinformatics together with proteomic analysis, have been used to understand the Arabidopsis 

mitochondrial proteome (Heazlewood et al., 2003), further emphasising the role of computational 

tools in the identification of PPR motifs in plants (Gattiker et al., 2002; Finn et al., 2011).  In 

protein structure predication, most of the bioinformatics tools currently in use today, rely on a 

method to compare a protein sequence of interest with large database of sequences.  This helps in 

the construction of an evolutionary or statistical profile of the query sequence and to subsequently 

scan its profile against a database of profiles of known structures (Kelly et al., 2015).  Therefore, 

an alignment between the two sequences, the unknown and known structures can be made and be 

used to construct a model of the unknown on the basis of the known structure.  Alpha-helices, 

beta-strands and coils can be predicted using bioinformatics tools and the protein structure can 
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then be constructed from protein sequences.  Knowledge of a protein structure ultimately sheds 

light into understanding the characteristics of novel proteins. 

Changing climatic conditions have been predicted to reduce soybean yield such that the production 

yield forecasts usually consider challenges of extreme weather such as heat, cold, drought, floods 

and UV stress (Deshmukh et al., 2014).  This means that it is crucial to extensively study soybean 

genome in order to identify and understand genes that can be used in producing cultivars that are 

stress tolerant.  It has been reported that the soybean genome has undergone at least two whole 

genome duplication events (Shoemaker et al., 1996), approximately 59 and 13 million years ago 

respectively, resulting in nearly 75% of the genes in multiple copies (Walling et al., 2006; Gill et 

al., 2009).  The genome duplication resulted in the generation of many duplicated genes that 

ultimately gave rise to a large number of new novel unique genes (Lynch and Conery, 2000) within 

the legume, hence the need to wholly sequence the G. max genome arose.  The whole genome 

sequence for G. max Williams 82 Glyma1.01 was completed and published in 2010 (Schmutz et 

al., 2010) and the genome sequence was used in the study of gene structure (Upchurch and 

Ramirez, 2011) and identification of genes (Xia et al., 2012; Cook et al., 2014) among other uses.  

The genome sequence of soybean therefore, has provided a platform for further analysis and study 

of G. max genes, considering the genome duplication events that might have led to the emergence 

of novel genes, possibly ACs.  It is through bioinformatic analyses that led to the discovery of a 

2.55-fold duplication in the legume (Turner et al., 2012) compared to a 1.55-fold duplication in A. 

thaliana (Grant et al., 2000b). 

 

2.2 Materials and methods 

Preliminary bioinformatics analyses of the XP_003529590 gene were conducted to understand the 

protein coding gene, and to predict the structure and expression profiles of the soybean AC.  This 
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was particularly important as it provided a baseline understanding of the characteristics of this AC 

gene prior to molecular and biochemical analyses.  To achieve this various web-based servers and 

computer programs were utilised. 

 

2.2.1 Gene annotation of the XP_003529590 

Several web platforms were used to gain an understanding of the gene annotations of the G. max 

XP_003529590.  These included the National Centre for Biotechnology Information (NCBI) 

(www.ncbi.nlm.nih.gov), UniProt Knowledgebase (UniProtKB) (www.uniprot.org) (Chen et al., 

2017), EnSemblGenome (www.ensemblgenome.org) (Kersey et al., 2018) and PLAZA 4.0 

(https://bioinformatics.psb.ugent.be/plaza) (van Bel et al., 2018). 

 

2.2.2 Expression profile of the XP_003529590 protein coding gene in soybean tissues 

To predict the expression profile of the XP_003529590 gene in G. max, the Genevisible 

Affymetrix Soybean Genome Array platform from Genevestigator (https://genevestigator.com) 

(Zimmermann et al., 2004) was used.  The platform tested 54 tissues from the soybean plant and 

10 top tissues in which the XP_003529590 gene is expressed.  The data was expressed as 

expression level on log2 scale.  The determination of the expression profiles was an important 

aspect in the ultimate isolation of the targeted AC-containing fragment of the XP_003529590 gene 

in soybean. 

 

http://www.ncbi.nlm.nih.gov/
http://www.uniprot.org/
http://www.ensemblgenome.org/
https://bioinformatics.psb.ugent.be/plaza
https://genevestigator.com/
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2.2.3 Protein modelling and structure prediction 

The Protein Homology/analoY Recognition Engine V 2.0 (Phyre2) (http://www.sbg.bio.ic.uk) 

(Kelly et al., 2015) was used to predict the secondary structure of the protein product coded for by 

the XP_003529590 gene.  The webserver used advanced remote homology detection methods to 

build the sought XP_003529590 protein 3D model.  XtalPred (http://ffas.burnham.org/XtalPred) 

(Slabinski et al., 2007) was used to provide additional information on the expressed 

XP_003529590 protein secondary prediction.  An intrinsic disordered region prediction of the 

XP_003529590 protein sequence was then performed using DISOPRED3 

(http://bioinf.cs.ucl.ac.uk/disopred) (Jones and Cozzetto, 2015).  This platform was used to 

identify intrinsically disordered regions (IDRs) and the protein binding sites present within them.  

A further analysis to predict protein-protein, protein-nucleic acid, protein-compound and protein-

metal ion binding sites was further performed using GenPRoBis (http://genprobis.insilab.org) 

(Konc et al., 2017).  

This web server had the potential to map sequence variants to protein structures from the Protein 

Data Bank (PDB) and to protein-binding sites.  The protein-compound binding sites were 

understood to include the concept of glycosylation and other post translational modification sites. 

In this scenario, binding sites were defined through local structural comparisons of the whole 

protein structures by use of the Protein Binding Sites (ProBIS) algorithm and transposition of the 

ligands from similar binding sites found on the XP_003529590 query protein using ProBiS-

ligands.  The binding sites were generated as three-dimensional grids covering the space occupied 

by predicted ligands.  TargetP 1.1 (http://www.cbs.dk) (Emanuelson et al., 2000), server was used 

to predict the subcellular location of the XP_003529590 protein.  The location task was based on 

the predicted presence of the N-terminal amino acid sequences.  If the sequence contained cTP, it 

implied a chloroplast transit peptide, mTP when the sequence possessed a mitochondrial targeting 

peptide, and when located in any other organ, it would indicate SP, thus implying that the protein 

http://www.sbg.bio.ic.uk/
http://ffas.burnham.org/XtalPred
http://bioinf.cs.ucl.ac.uk/disopred
http://genprobis.insilab.org/
http://www.cbs.dk/
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sequence is a signal peptide.  The measure of prediction was based on reliability class and 

presented by RC, which is a measure of the size of difference between the highest and the second 

highest output scores (Emanuelson et al., 2000).  

 

2.2.4 Protein-protein interaction of the XP_003529530 gene 

To assess the interaction/associations of the XP_003529530 protein with other proteins in G. max, 

the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) (http://string-db.org) 

(Szklarczyk et al., 2017) was used.  In this case, the use of STRING database was ideal as 

interactions between proteins help to describe and narrow down a protein’s function (Szklarczyk 

et al., 2017). 

 

2.3 Results  

2.3.1 Gene annotations of the XP_003529590 AC gene 

Results from the web platforms managed to reveal the following information on the G. max 

XP_003529590 gene.  Its entry name in UniProtKB is I1KN29_SOYBN and its taxonomic 

identifier being 3847.  The gene name often referred to as gene symbol in NCBI is 100792566 and 

is described as an uncharacterised LOC100792566.  The locus tag (sometimes referred to as gene 

name or gene identifier) of the XP_003529590 gene is Glyma.07G251000 often written as 

Glyma_07G251000 and its mRNA ID is XM_003529542.3 as provided for in UniProtKB, 

EnsemblGenome, NCBI, Plaza 4.0 and other platforms not included here.  However, the gene’s 

alias is Glyma07G38080 as is in Plaza 4.0 and STRING databases.  However, the alias 

Glyma07G38080 produces a 406 amino acid protein and therefore, not the XP_003529590 protein 
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that was intended for in this study.  Plaza 4.0 has rather identified At4g15640 from A. thaliana as 

the best ortholog for Glyma.07G251000.  

The XP_003529590 gene is located on chromosome 7 as follows; 7:42892578-42897371 Forward 

strand (EnsemblGenome) Chr07: 42893167-42897348: positive (Plaza 4.0) and chromosome 7 

NC_038243.1 (NCBI).  Information obtained from EnsemblGenome showed that the transcript for 

the gene of interest (GOI) is KRH50918, which correctly corresponds to 377 amino acids and 

protein size of 24.79 kDa (Figure 2.1).  However, the transcript KRH50917 corresponds to the 406 

amino acids protein (Glyma07G38080).  The protein coding gene Glyma.07G251000 contains 11 

exons, the transcript length is 1 746 against a translation of 377 residues as shown in Figure 2.1. 

 

Figure 2.1: Gene structure of Glyma.07G251000 from EnsemblGenomes (Kersey et al., 2018).  Transcript 

KRH50917 in (i) is an isoform of transcript KRH50918, which represents the AC Glyma.07G251000.  (ii) 

A more detailed representation of the gene architecture with an exon count of 11, however, the isoform has 

10 exons and 406 residues. 

 

2.3.2 Expression profile of the XP_003529590 in soybean tissues 

Across the tissues tested by Genevestigator, it was noted that the XP_003529590 gene is mostly 

expressed in the early primary growth stages of the soybean plant, primarily in the root apical 
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meristems, root tips, shoot apical meristem and root hairs as is shown in Figure 2.2.  However, 

there is moderate expression of the gene in the inflorescence, seed, nodule and the pod.  

 

 

Figure 2.2: Expression log2 scale of the XP_003529590 gene across the various tissues of G. max as is 

tested by Genevestigator.  The gene is mostly expressed in the root apical meristem, root tip and shoot 

apical meristem, the young developing organs of the legume and the early stages of development of the 

soybean plant as well in its reproductive phase as seen in the gene expression in the pod, inflorescence and 

the seed.  

 

2.3.3 Protein modelling, prediction and analysis 

Secondary structure prediction of the protein product generated by the XP_003529590 gene using 

the Phyre 2 Psi-pred 2.5 secondary protein structure prediction showed that the expressed product 

is largely an alpha helical protein as shown in Figure 2.3.  The expressed product was predicted to 
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be a PPR protein.  Analysis results indicated a 99.1% confidence similarity to a proteinaceous 

RNase PPR protein from A. thaliana At2g32230 (PRORP1) with 171 residues (45% of the 

sequence) and being identical to the At2g32230 PPR protein involved in RNA binding. 

 

 
 

Figure 2.3: Predicted alpha helix structure of the XP_003529590 protein product.  72% of the amino acid 

sequences depict the α- helix, 0% depict the β-strand and 19% depict the disordered structures.  Image 

coloured by rainbow means the N→ C terminus direction. (Model dimensions (Å): X:38.503 Y:60.189 

Z:49.746.  

 

The general protein features from XtalPred showed that the XP_003529590 protein has a gravity 

index of -0.27, an isoelectric point of 9.10 and a stability index of 41.99.  The predictions further 

characterised the novel AC protein as possessing no transmembrane helices and thus indicating 

that the XP_003529590 protein is not a signal peptide.  The amino acid residues making the α- 

helical structure of the XP_003529590 protein are shown in Figure 2.4 below.  
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Figure 2.4: Secondary structure map from DISOPRED3, indicating the amino acid residues making up the 

secondary structure of the soybean XP_003529590 protein.  The helical amino acid residues are in pink, 

disordered regions in red and the disordered amino acids involved in binding are in green. 

 

Results from DISOPRED3 have predicted that the longest disordered region in the protein 

structure is made up of 36 amino acids (Leu 13: Disordered to Pro 48: Disordered) as is shown in 

Figure 2.4.  However, there are some amino acids that are described as Helix: Disordered such as 

Ser 11, Arg 12 and Ile 49 just to mention but a few.  Slabinski et al. (2007) described such amino 

acids as low complexity amino acids.  It is interesting to note that the intrinsic disordered protein 

binding regions of the XP_003529590 protein start with the first amino acids Met 1, Gln 2, Val 3, 

Phe 4 and Ser 5, though low complexity amino acid (Asn 6 to Ala 10) are also described as Helix: 

Disordered: Binding.  The intrinsic disordered binding regions on the XP_003529590 protein are 

also found on the last three amino acids Ile 375, Pro 376 and Gln 377.  The instrinsic disorder 

profile of the XP_003529590 protein is shown in Figure 2.5 below. 
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Figure 2.5: The intrinsic disorder profile of the XP_003529590 protein. 

Binding sites of the XP_003529590 protein probe from GenPRoB and through BLAST identified 

seven major possible binding sites, which are shown in Table 2.1 below.  Generally, the 

XP_003529590 protein is predicted to have nucleic acid- and compound-binding sites as is shown 

in Figure 2.6 respectively.  The analog ligand (3X1L) for the nucleic acid-binding sites has been 

classified as an RNA-binding site (Osawa et al., 2015), and the K21 ligand (1HAK) as a calcium-

binding site (Kaneko et al., 1997). 

 

Table 2.1: BLAST result of binding surface sites on the XP_003529590 protein. 

PDB ID Ligand Analog Binding Site  

2oebA (6.6) 3X1L Nucleic acid 

4hreD (7.3) K21 Compound 

3x1lG (6.6) 3X1L Nucleic acid 

4hreC (7.) K21 Compound 

4hreB (7.3) K21 Compound 

3x1lF (6.6) 3X1L Nucleic acid 
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Figure 2.6: 3-D structural prediction of the XP_003529590 protein binding sites.  2oebA is showing 

binding residues for nucleic acids with the ligand analog 3X1L, which is classified as an RNA binding 

protein (Osawa et al., 2015).  4hreD is a typical compound binding site, whose analog K21 (4-[3-{1-(4-

benzyl)piperodinyl}propionyl]-7-methoxy-2,3,4,5-tertrahydro-1,4-benzothiazepine) is 1HAK, which is 

classified as a calcium binding site (Kaneko et al., 1997). 

 

2.3.3.1 Localisation prediction 

The targetP v1.1 prediction result for the XP_003529590 protein showed an RC value of 5 and loc 

M as is shown in Table 2.2.  This implies that the protein encoding AC XP_003529590 gene is 

located primarily in the mitochondrion. 

 

Table 2.2: Values for localisation prediction of the XP_003529590 protein.  Len indicates the length of the 

protein in amino acid residues, loc shows the primary location and RC is the reliability class. 

Name   Len cTP mTP sP other Loc RC 

I1KN29_SOY 377 0.520 0.614 0.024 0.012 M 5 
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2.3.4 Protein-protein interaction of the XP_003529590 in G. max 

 

No results could be obtained for the 377 amino acids XP_003529590 protein in G. max.  Only data 

available in STRING network was for the 406 amino acids alias Glyma07G38080 G. max protein, 

hence the search was abandoned. 

 

2.4 Discussion 

Gene annotation search for the protein encoding XP_003529590 gene has indicated that its gene 

identifier/gene name is Glyma.07G251000.  Therefore, the XP_003529590 has sometimes been 

referred by its gene identifier Glyma.07G251000 (often written Glyma_07G251000) during the 

development of this thesis.  Secondary structure prediction of the XP_003529590 indicated that 

its expressed product is an α-helical RNA binding PPR protein and that the gene is a structural 

homolog of the At2g32230 (PROteinaceous RNase P 1, AtPRORP1) from Arabidopsis thaliana.  

This Arabidopsis At2g32230 is a gene that primarily encodes a protein-only RNase P, involved in 

5′ cleavage of tRNAs and RNA-like structures.  The gene is involved in the maturation of plant 

mitochondrial mRNAs (TAIR: https://www.arabidopsis.org), therefore, is important in tRNA 5′ 

leader removal and tRNA processing.  Mutants of this A. thaliana gene AtPRORP1, resulted in 

the drastic reduction in the levels of mature plastid tRNA-Phe (GAA) and tRNA-Arg (ACG), 

thereby limiting plastid gene expression (Howard et al., 2016).   

Most A. thaliana PPR proteins have been reported to participate in a wide range of developmental 

processes through their involvement in RNA metabolism and posttranscriptional regulation of 

plant organelles (Laluk et al., 2011).  This implies that the XP_003529590 gene plays crucial roles 

in regulating most of the soybean developmental process and maturation of the legume’s 

mitochondrial mRNAs, thus promoting gene expression.  An Arabidopsis AtPRORP1 gene has 

https://www.arabidopsis.org/
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two domains; the pentatricopeptide repeat (IPR002885) and the multi-antimicrobial extrusion 

protein: IPR002528 (Fujii et al., 2016).  Considering that this gene has a 99.1% confidence 

structural similarity to XP_003529590, it is most likely that the XP_003529590 gene also 

possesses these domains.  In A. thaliana, mitochondrial PPR domains have been reported to 

function in plant defense and abiotic stress responses (Laluk et al., 2011) and the multi-

antimicrobial extrusion (MATE) proteins have been associated with plant defense responses via 

pathogen induced salicylic acid (SA) (Nawrath et al., 2002; Hammes et al., 2005; Zeng et al., 

2011;).  In G. max, the MATE family proteins have been associated with extrusion of xenobiotic 

compounds, responses to abiotic stresses and regulation of disease resistance (Liu et al., 2016).  

Therefore, the implication is that the PPR-like XP_003529590 gene could be involved in plant 

defense response against pathogens and abiotic stresses.  

The α-helical structure of the XP_003529590 gene is consistent with reports elsewhere of the 

secondary structure of PPR proteins.  They are described as a family of α-helical repeat proteins 

(Small and Peeters, 2000; Schmitz-Linneweber and Small, 2008) and their motifs are involved in 

direct RNA binding activity (Pfalz et al., 2009; Cai et al., 2011; Prikryl et al., 2011; Kobayashi et 

al., 2012; Okuda and Shikanai, 2012).  A further analysis of the XP_003529590 potential binding 

sites using GenPRoBis, confirmed earlier findings that the gene is indeed involved in nucleic acid 

binding.  GenPRoBis data has revealed seven binding surfaces on the G. max gene, which are 

primarily involved in nucleic acid and compound binding.  ProBiS-ligands, a platform available 

in the GenPRoBis server revealed two types of ligand homologies that are able to bind on the 

identified binding surfaces, which are 3X1L and 1HAK (an example of K21).  These ligands are 

classified as RNA binding and calcium binding respectively, confirming our earlier prediction that 

the alpha-helical XP_003529590 gene is primarily involved in RNA binding, 
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Conformational information to further strengthen the notion that the XP_003529590 protein is not 

a transmembrane signal peptide were from XtalPred and DISOPRED3, which further established 

the helical nature of the XP_003529590 protein.  However, the regions of the XP_003529590 

protein that lack the α- helical structure (known as the disordered region) is at 19% (Phyre2 server).  

The disordered regions of a protein have been reported to be involved in key cellular processes 

(Pazos et al., 2013).  According to Dyson and Wright (2005) and Tompa (2005), disordered regions 

are characterised by stretches of charged and polar residues that almost lack hydrophobic cores, 

which are vital in the initiation of folding.  As this maybe the case, research has indicated that 

these regions are associated with crucial cellular processes such as transcription, regulation and 

signalling cascades (Iakoucheva et al., 2002; Uversky et al., 2005).  In eukaryotic organisms, it 

has been noted that most functions that correlate with the presence of long disordered regions, are 

associated with regulation via transcription and translation while functions that are related to lack 

of disorder, are dominated by enzymatic catalysis (Tompa, 2012).  In plants, there are reports that 

have linked the presence of IDP or intrinsically disordered regions to a broader impact on many 

areas of plant biology such as abiotic stress, transcriptional regulation, light perception and 

development (Sun et al., 2013).  The disordered amino acid residues from the XP_003529590 

protein; Met 1, Gln 2, Val 3, Phe 4, Ser Ile 375, Pro 376 and Gln 377 have been implicated in 

binding and it therefore remains to assign the biological roles of the disordered amino acids in the 

genome of the XP_003529590 protein. 

Results on the localisation prediction of the XP_003529590 protein has indicated that though 

found in the chloroplast and mitochondrion (0.520 and 0.614) respectively, this PPR-binding 

protein is primarily located in the mitochondrion (loc).  Literature does support that the PPR 

proteins are primarily targeted to the mitochondria (Lurin et al., 2004) and that their roles in RNA 

binding include post-transcriptional processes.  These processes include editing, splicing, and 

translation of transcripts (Schmitz-Linneweber et al., 2006).  Therefore, the interaction of PPR 
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proteins with their target RNAs, undoubtedly points out to the involvement of the XP_003529590 

gene in regulation of mitochondrial gene expression. 

Finally, the presence of two G. max transcripts KRH50918 and KRH50917 on the same 

chromosome, 7:42892578-42897371 Forward strand (EnsemblGenome) Chr07: 42893167-

42897348: positive (Plaza 4.0), could be bioinformatically providing evidence of gene duplication 

that possibly gave rise to the XP_003529590 gene and its annotated putative AC catalytic centre. 

 

2.5 Conclusion 

From the preliminary bioinformatic analysis of the gene of interest, it has been established that the 

XP_003529590 gene with a probable AC function in G. max is known as a Glyma.07G251000 or 

alternatively Glyma_07G251000, located on chromosome 7, primarily in the mitochondrion and 

is actually a binding protein with an alpha-helical structure.  Therefore, the XP_003529590 gene 

will also be referred to by its gene identifier Gylma.07G251000.  The protein is basically expressed 

in the root tip, root apical meristem, shoot apical meristem and the unifoliate leaf, and such an 

expression occurs during the early primary growth stages of the soybean plant, particularly during 

germination, the root and shoot developmental stages.  After the discovery that this novel 

XP_003529590 protein does contain some intrinsically disordered regions, the remaining 

challenge is now to link these IDRs to their biological roles from the molecular to systems level 

in soybean plant and to establish the binding roles of the disordered and non-disordered amino 

acids.  Lastly, it can be concluded the preliminary bioinformatic analyses has provided insights 

into some of the probable roles of the XP_003529590 gene in soybean that can be summarised as 

regulation of gene expression to events linked to root and shoot primary growth and development.  

The gene is also most likely to be involved in the legume’s responses to biotic and abiotic stress 

factors during the early developmental stages of the G. max plant.    
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CHAPTER 3 

PARTIAL EXPRESSION OF THE RECOMBINANT GmAC1 PROTEIN 

AND MOLECULAR DETERMINATION OF ITS ENDOGENOUS 

ADENYLYL CYCLASE ACTIVITY 

 

Abstract 

The sequencing of the soybean (Glycine max) genome that was completed in 2010 has provided a 

very good platform for plant functional genomic studies through gene cloning, protein expression 

and functional characterisations.  However, even though the genome has been fully sequenced, a 

number of genes in this legume still remain experimentally unverified and among them being the 

XP_003529590 that harbours an annotated putative AC catalytic centre, which to date has since 

been functionally confirmed in a number of Arabidopsis thaliana proteins; AtPPR-AC, AtKUP7, 

AtClAP, AtKUP5 and AtLRRAC1.  Thus with specific interest on this XP_003529590 gene, this 

study then targeted its AC-containing fragment (the GmAC1), isolated it from the G. max plant 

before cloning into a pTRcHis2-TOPO expression vector to generate a pTRcHis2-TOPO:GmAC1 

expression construct.  The resultant expression construct was then used to transform some 

chemically competent E. coli BL21 (DE3) pLysS cells followed by partial expression of the 

targeted recombinant GmAC1 protein.  Finally, the ability of this truncated version of the 

XP_003529590 (GmAC1) protein to generate cAMP from ATP endogenously was then assessed 

via enzyme immunoassaying, where it emerged that the recombinant protein product could 

actually enhance the cellular cAMP levels of those prokaryotic expression hosts by a significant 

factor of at least 3.0 folds. 
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3.1 Introduction 

The major challenge that has been brought about by genome sequencing is to assign a function to 

the large number of predicted genes.  Expression of recombinant proteins is vital for the study of 

the biological functions of uncharacterised genes.  The need to study and understand biological 

function of genes has resulted in the development of several protein expression systems aimed at 

producing target proteins.  Some of the expression systems include bacteria, yeast, insect cells, 

mammalian cells and cell-free systems (Yamaguchi and Miyazaki, 2014).  However, the most 

convenient and commonly used cell-free expression system to produce recombinant proteins is 

Escherichia coli (Baneyx, 1999; Swartz, 2001; Jana and Deb, 2005; Shrivastava et al., 2013).  This 

is basically because of its well understood cell biology, simple fermentation process, easy handling 

and its ability to produce cost-effective and inexpensive large quantities of recombinant proteins 

(Gupta and Shukla, 2016).  Recently, industrial enzymes and therapeutic proteins have been 

produced using E. coli as a host (Tripathi et al., 2009; Fakruddin et al., 2013; Spadiut et al., 2014).  

In this expression system, protein induction has been improved over the decades and until recently, 

isopropyl-β,D-1-thiogalactopyranoside (IPTG) is the most preferred inducer to promote protein 

expression (Briand et al., 2016).  

The expression of most eukaryotic genes in E. coli has greatly increased over the years and as 

early as the 1980s, most genes had been expressed at high levels in the prokaryote (Schoner et al., 

1986).  Reports have implicated the success of protein expression on the use of multicopy cloning 

vectors that possess a strong promoter and an efficient ribosome binding site that would allow for 

transcription and translation of the cloned gene in E. coli (Crowl et al., 1985).  In this expression 

system, an inducible T7 RNA polymerase is reported to be responsible for the production of high 

yields of recombinant proteins (Davanloo et al., 1984; Studier and Moffat, 1986).  Basically, 
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during the design of the expression system, the coding sequence of the T7 RNA polymerase must 

be introduced into the bacterial chromosome under the control of the inducible lacUV5 operon for 

transcription by the endogenous E. coli polymerase.  Access to the T7 RNA polymerase is 

regulated by the lac repressor protein (lacI), which binds to the lacUV5 operon.  Therefore, 

addition of IPTG triggers the induction of protein expression and the T7 RNA polymerase that is 

produced after induction then transcribes the coding sequence of the protein inserted inside an 

expression vector under the control of the T7 promoter (Studier and Moffat 1986; Studier et al., 

1990).  

Whole genome sequencing has provided a comprehensive collection of plants genetic information 

and more than 40 plants of agronomical importance have so far been completely sequenced (Li et 

al., 2013).  This therefore, provides a platform for plant functional genomic studies through gene 

annotation, cloning, expression and biochemical analyses (Chai et al., 2015).  Determination of 

protein function is largely dependent on the knowledge of gene sequence and protein sequences.  

However, since the sequencing of the soybean genome in 2010 (Schmutz et al., 2010), the majority 

of its protein coding genes have remained experimentally unverified (Chai et al., 2015).  There are 

reports that soybean studies are lagging compared to other common plants like rice and 

Arabidopsis and this has been attributed to lower transformation efficiency and its genome 

complexity (Xia et al., 2013).  Studies in soybean genome are vital in order to comprehend how 

the legume responds and adapts to several environmental stresses since the legume is considered 

as one of the most drought sensitive crops in the world (Tan et al., 2015).  Apart from being an 

important crop, genome studies of this legume are crucial as the crop plant is a possible model 

plant to studying genome duplication (Wang et al., 2014; Tan et al., 2015), gene evolution and 

functional diversification (Tan et al., 2015).  However, with the sequencing of the genome, a new 

era of gene cloning and functional analysis in soybean has thus begun. 
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To this day, most genome studies in G. max have focused mainly on genetic mapping of important 

quantitative trait loci (QTLs) for the improvement of agronomic traits but most of these genes have 

not yet been cloned, however, the cloning of genes is always very crucial in all genome studies as 

this would provide an insight into gene regulation network and specific features of the G. max 

genome.  Most genes that have been cloned and functionally characterised in soybean include the 

E serials (E1, E2, E3, E4) that control flowering times and reproductive phases (Kumudini et al., 

2007), the Rhg4 gene responsible for resistance to the pathogen Heterodera glycines, which is a 

major constraint to soybean production (Liu et al., 2012).  Tan et al. (2015) were able to isolate 

and clone the DREB2 gene from G. max and expressed the recombinant protein in transgenic 

tobacco plants, thus inducing accumulation of proline, which in turn improved drought tolerance.  

The results indicated that the G. max DREB2 gene could be used to enhance drought tolerance in 

soybean through overexpression of the gene.  It has been reported that gene annotation in soybean 

is still incomplete and most of the predicted genes in this legume have not been supported by 

expression information (Wang et al., 2014). 

To date, there exists no published literature on the molecular cloning, recombinant protein 

expression and functional characterisation of any AC enzyme in G. max.  The molecular cloning 

and recombinant protein expression of AC enzymes from plants of economic significance such as 

soybean is vital as this will allow for identification and confirmation of the existence and perhaps 

roles of such enzymes in crop plants.  Confirmation of the biological roles of the enzymatic 

products of ACs, i.e., the signalling molecule, cAMP can be used to improve major traits in the 

production and utilisation of this legume of great economic importance.  Based on this notion, this 

study therefore, was undertaken to clone the AC-containing fragment of the XP_003529590 gene 

(GmAC1) into the pTrHis2-TOPO to generate the pTrHis2-TOPO:GmAC1 expression construct.  

The expression construct was then used to transform some chemically competent E. coli BL21 

(DE3) pLysS expression cells followed by partial expression of the intended recombinant GmAC1 
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protein.  After expression, the GmAC1 protein was then tested for its ability to generate cAMP 

from ATP within these prokaryotic expression hosts.   

 

3.2 Materials and methods 

3.2.1 Preparation of plant material 

A total of eight G. max (cultivar number: NS 5909R) seeds were surface-sterilised by transferring 

them into a sterile 50 ml falcon tube with 15 ml 70% ethanol and vortexed for 30 seconds.  The 

seeds were washed three times with a sterilisation buffer containing 0.1% (w/v) sodium dodecyl 

sulphate (SDS) and 5% (v/v) sodium hypochlorite, to remove traces of ethanol and other biological 

contaminants.  The sterilised seeds were then washed and fully rinsed (5 times) with 500 ml sterile 

distilled water.  Finally, the seeds were sown in suitable plastic pots, each containing sterile potting 

soil and vermiculite in a 3:2 quantity ratio.  The pots were placed in a growth chamber at 

28°C/20°C day/night temperatures and a photoperiod of 14h/10h day/night settings for a period of 

7 days before germination.  The soybean leaves, roots, and stems were collected when the first 

trifoliate leaves were well expanded (approximately 15 days after sowing) and the targeted 

XP_003529590 gene fragment then subsequently isolated from these 2 weeks old soybean plants. 

 

3.2.2 Designing and acquisition of sequence-specific primers 

The genomic sequence of the XP_003529590 gene was retrieved from UniprotKB 

(https://www.uniprot.org/) in FASTA (canonical) format.  A set of sequence-specific primers for 

the targeted GmAC1 gene fragment were then designed specifically to flank the annotated AC 

catalytic motif of the XP_003529590 at about 50 base pairs either side (Figure 3.1).  During the 

forward and reverse primer designing process, special care was taken to ensure that both primers 

https://www.uniprot.org/
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contained a 5′ G instead of and/or also not a 5′ T at all, since the subsequent downstream addition 

of 3′ A-overhangs using Taq polymerase and during the T-A cloning process is most efficient at 

adding a non-template 3′ A next to a C and not at all when the neighbouring base is an A 

(Brownstein et al., 1996).  The designed primers were then sent to Inqaba Biotechnological 

Sciences (Pretoria, Republic of South Africa) for chemical synthesis and their subsequent supply. 

atgcaagttttctctaacgctcggcaagcctctcggcttctcctctcgcctcatctccgaagctcggaagctcctca

ctccaccgcgctctctctcttctcagggctcacgcaacgtgattcccggccagtgaacactgatccaatacaatgct

tcttgtcgaaggctttttactcttccggagtgggtaccgttgaagcaactccatcagaggatgtgaaggaattatac

gacaaaatgcttgactctgtaaaagttaaacgatcaatgcctccaaatgcttggttgtggtcaatgattgcaaattg

caaacaccagcccgatattagacttctcttcgacattttgcagaacctccgcagatttagattgtcgaatcttcgaa

ttcatgacaattttaattgcaatctctgtcgagaagttgctaaggcatgtgttcatgcaggagctcttgattttgga

atgaaggctttgtggaagcataatgtctatggactgactccaaatattgcatctgctcaccatttactgacgaatgc

taagaaccacaatgatactaaactgttggtggaagtaatgaagcttctgaagaagaatgatttaccattgcaaccag

gcacagcagatatagttttcagcatttgttataatacagatgattgggagttgattaataagtatgcaaaaagattt

gtcatggctggcgtaaaactacgacaaacctcattggaaacatggatggaatttgctgccaaaagaggagacattca

ctcattgtggaaaatagaaaagttgagatccaattcaatgaagcagcacactttgataactgggttttcttgtgtca

agggtcttctgttggaacgtaaacccagtgatgcagttgctgtcattcaagttctaaatcagaccttgtctgataca

aagaagtcaggcatcaagggtgaacttcagaagcttgtatctgagtggcctttggaagttattaagcaccaaaaaga

agaggacagaaaggcattagcagcctctttgaaatctgatatccttgtcatggttagtgagctactgagcatgggtc

ttgaggcaaatgtaagtttggaagacctggacagaaaggaagatattccacaatag 

 

Forward: 5′-gAA ATA gAA AAg TTg AgA TCC AAT TCA ATg-3ʹ   

Reverse: 5′-gTg Tgg AAT ATC TTC CTT TCT gTC CAg gTC-3ʹ 

 

Figure 3.1: Nucleotide sequence of the XP_003529590 gene showing the GmAC1 gene fragment that was 

cloned and characterised in this study.  The bolded green highlighted and underlined sequence represents 

the annotated AC catalytic motif of the XP_003529590 gene, while the bolded yellow highlighted 

sequences show the priming sites of the targeted and intended GmAC1.  The two manually designed and 

used sequence-specific primers are highlighted in blue. 

 

3.2.3 Isolation of the targeted GmAC1 gene fragment 

 

3.2.3.1 Extraction of the total RNA 

 

The targeted GmAC1 gene fragment was synthesised from total mRNA obtained from the 2-week 

soybean plants after harvesting 1-2 g of the plant material.  The total mRNA was extracted using 

the Gene Jet Plant RNA Purification Mini Kit and according to the manufacturer’s protocol 

(Catalogue #: K0801; Thermo Scientific Inc., Massachusetts, USA).  Briefly, about 100 mg of 
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fresh soybean tissue, flash-frozen in liquid nitrogen, were ground thoroughly using deeply chilled 

sterile pestle and mortar into a fine powder.  The soybean tissue powder was then immediately 

transferred to a 1.5 ml microcentrifuge tube containing 500 µl of Plant RNA Lysis Solution 

(supplemented with 10 µl of 2 M DTT) in order to release as much RNA as possible from the plant 

cells and prevent RNA degradation.  The mixture was then vortexed for 20 seconds to thoroughly 

mix the contents.  The mixed contents were then incubated at 56°C for 3 minutes and thereafter, 

centrifuged for 5 minutes at 20 000xg in an LSE High Speed Microcentrifuge (Corning Inc., 

Amsterdam, Netherlands).  About 550 µl of the supernatant were collected and transferred into a 

clean 1.5 ml microcentrifuge tube containing 250 µl of 96% ethanol.  The contents were mixed 

gently through pipetting.  The prepared mixture was then transferred to a purification column 

inserted in a collection tube and centrifuged for 1 minute at 20 000xg.  The flow through solution 

was discarded while the column and the collection tube were re-assembled.  About 700 µl of Wash 

Buffer 1 were added to the purification column and centrifuged for 1 minute at 12 000xg.  The 

flow-through and collection tube were discarded while the purification tube was placed into a clean 

2 ml collection tube.  A total of 500 µl of Wash Buffer 2 were added to the purification column 

and the contents were centrifuged for 1 minute at 12 000xg.  The flow-through was discarded, 

while the column and collection tube were re-assembled.  The wash procedure with Wash Buffer 

2 was once again repeated.  After centrifugation, the collection tube containing the flow-through 

was discarded while the purification column was transferred into a RNAase-free 1.5 ml Eppendorf 

tube.  The isolated RNA was then eluted by adding 50 µl of nuclease-free water to the centre of 

the purification column membrane and centrifuging for 1 minute at 12 000xg.  The total RNA was 

quantified using the nanometer and a value of 943.5 ng/µl was obtained. 

 

3.2.3.2 Isolation and amplification of the targeted GmAC1 gene fragment 
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The extracted total RNA from section 3.2.3.1 above was then used as a template to generate copy 

DNA (cDNA) of the XP_003529590 gene.  Together with the acquired sequence-specific primers, 

the generated cDNA was then used to amplify the targeted GmAC1 gene fragment in a reverse 

transcriptase-polymerase chain reaction (RT-PCR) system using the Verso 1-Step RT-PCR Reddy 

Mix RT-PCR kit and following the manufacturer’s instruction (Catalogue # AB-1454/LD/A; 

Thermo Scientific Inc., California, USA).  Components of the used reaction mixtures for the RT-

PCR are shown in Table 3.1 below while the associated thermocycling conditions for the 

amplification of the targeted GmAC1 gene fragment are shown in Table 3.2. 

 

Table 3.1: Components of an RT-PCR reaction mixture for amplification of the targeted GmAC1 gene 

fragment.  

Reaction Component Volume (µl) Final Concentration 

Verso Enzyme Mix 1.0  

1-Step PCR Master Mix (10X) 25.0 1X 

Forward Primer (10 µM) 1.0 200 nM 

Reverse Primer (10 µM) 1.0 200 nM 

RT Enhancer 2.5  

Water (PCR Grade) 17.5  

Template (RNA) 2.0 1 ng 

Total Volume 50.0  
 

 

Table 3.2: The 1-step RT-PCR thermal cycling reaction conditions for amplification of the targeted 

GmAC1 gene fragment. 

Reaction Step Time (mins) Temperature (°C) Cycles 

cDNA Synthesis  15.00 50 1 

RT Enzyme Inactivation 2.00 95 1 

Denaturation 0.583 95  

35 Annealing 0.83 50 
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Extension 1.00 72 

Final Extension 5.00 72 1 

 

 

3.2.4 Agarose gel electrophoresis of the amplified GmAC1 gene fragment 

The amplified RT-PCR products were resolved on 1% agarose gel-electrophoresis stained with 

0.5 µg/ml ethidium bromide using 1 kb Gene-Ruler DNA ladder (Thermo Scientific Inc., 

California, USA).  The samples were run in 1X TBE buffer at 90 volts and 400 mA current for 50 

minutes.  The resolved gel was then visualised under UV light using the UV 2000 Trans-

illuminator System (Bio-Rad Laboratories Inc., California, USA) and images finally captured with 

a ChemiDoc Imaging System (Bio-Rad Laboratories Inc., California, USA). 

 

3.2.5 Cloning of the amplified GmAC1 gene fragment 

3.2.5.1 Addition of the 3´-adenine overhangs 

 

About 1 µl of Taq polymerase was added to 40 µl of the RT-PCR product reaction on ice and then 

incubated at 72ºC for 10 minutes on a C1000 Thermo-cycler System (Bio-Rad Laboratories Inc., 

California, USA).  This process was crucial since it facilitated the cloning efficiency of the 

GmAC1 gene fragment into the pTRcHis2-TOPO expression vector by adding single A-overhangs 

to the 3ʹ blunt ends of the GmAC1 gene fragment.  The reaction mixture was then placed on ice 

for further use in the pTRcHis2-TOPO TA cloning system. 

 



 

46 

3.2.5.2 Ligation of the adenylated GmAC1 gene insert into the pTrcHis2-TOPO vector 

About 4 µl of the adenylated GmAC1 gene fragment were added to 1 µl of the pTRcHis2-TOPO 

expression vector.  The mixture was mixed gently by swirling with a pipette tip prior to its 

incubation at room temperature for 5 minutes.  The ligation mixture was then immediately used in 

the transformation of chemically competent One Shot TOPO 10 E. coli cells. 

 

3.2.5.3 Transformation of the chemically competent One Shot TOPO 10 E. coli cells with the 

pTRcHis2-TOPO:GmAC1 fusion expression construct 

The designed pTRcHis2-TOPO:GmAC1 construct from above (section 3.2.5.2) was used to 

transform some chemically competent One Shot TOPO 10 propagation cells, whereby 1 µl of the 

ligation mixture was aseptically added to 40 µl of the ice-cold chemically competent cells.  The 

mixture was incubated on ice for 5 minutes before being heat-shocked for 30 seconds at 42°C and 

immediately placed on ice for 2 minutes.  The incubation on ice and heat shocking steps facilitate 

the transformation of bacteria with recombinant plasmids.  After the 2-minute ice incubation, 250 

µl of the SOC medium (2% (w/v) tryptone, 0.5% (w/v) yeast extract, 10 mM NaCl, 2.5 mM KCl, 

10 mM MgCl2, 10 mM Mg2SO4 and 20 mM glucose) was added to the transformed cells.  The 

culture was then incubated in a shaking incubator at 200 rpm at 37°C for 60 minutes.  The 60-

minute incubation period and shaking of tubes at 200 rpm was an important step during the whole 

transformation process as it facilitated the chemically competent One Shot TOPO 10 cells to 

express β-galactamase, which in turn was essential in the detoxification of the antibiotic 

(ampicillin) during and later on in the selection process.  The mixture was then plated (80 µl and 

20 µl) onto two Luria Bertani (LB) agar plates (1% (w/v) agar, 1% (w/v) tryptone powder, 0.5% 

(w/v) yeast extract, 0.5% (w/v) NaCl) supplemented with 50 µg/ml ampicillin and 0.5% glucose.  

The plates were incubated at 37°C overnight in an Incubat 2001651 Bench-top Incubator (JP 
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Selecta SA., Barcelona, Spain).  The next morning, the plates were visually inspected for colony 

growth.  Successful growth of colonies indicated that only cells harbouring the gene construct were 

able to survive the antibiotic selection pressure on the LB plates.  

 

3.2.5.4 Extraction of the pTRcHis2-TOPO:GmAC1 expression construct from the 

transformed One Shot TOPO 10 E. coli cells 

Single colonies were selected from the overnight LB plates and incubated individually in 15 ml 

falcon tubes containing fresh LB broth media (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1.0% 

(w/v)) sodium chloride supplemented with 0.5% (w/v) glucose, 50 μg/ml ampicillin.  The falcon 

tubes were incubated overnight at 37º shaking at 200 rpm.  The cells were harvested the following 

morning by centrifuging at 6 800xg for 5 minutes at room temperature.  The supernatant was 

discarded, and plasmid was extracted from the pelleted cells at room temperature using the GeneJet 

Plasmid Miniprep Kit and according to the manufacturer’s instructions (Thermo Fisher Scientific 

Inc., California, USA). 

In short, the pelleted cells were briefly resuspended in 250 µl of Resuspension solution so as to 

provide an optimal pH (pH 8.0), which was ideal for the subsequent lysis.  The resuspended 

solution was transferred into a sterile 1.5 Eppendorf tube and 250 μl of lysis solution was added.  

The mixture was gently mixed by inverting the Eppendorf tube until the mixture became viscous 

and clear.  Soon after, 350 μl of the Neutralisation solution was added and immediately mixed 

gently by inverting the tube 6 times.  The cell suspension was then centrifuged for 5 minutes at 16 

300xg to pellet the cell debris and the supernatant was carefully transferred into a supplied 

GeneJET spin column.  The spin column was fitted into a collection tube and centrifuged for 1 

minute at 16 300xg with the flow-through discarded while the column was replaced into the same 

collection tube.  About 500 μl of Wash solution (diluted with 96% (v/v) ethanol prior to first use) 
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was added to the spin column after which the column was later centrifuged for 1 minute.  The 

flow-through was discarded and the column was placed back into the same collection tube.  The 

wash step was repeated before the spin column was centrifuged again for 1 minute to remove any 

residual wash solution.  The washed and semi-dried GeneJET spin column was then transferred 

into a new and sterile 1.5 ml Eppendorf tube, where the plasmid DNA was then eluted with 50 µl 

sterile distilled water (pre-warmed to 56ºC) by adding the water directly onto the membrane of the 

column and allowing the column to sit and incubate for 2 minutes.  The assembled column was 

then centrifuged at 16 300xg for 1 minute to elute the plasmid.  The plasmid DNA (pTRcHis2-

TOPO:GmAC1 fragment construct) was stored at -20ºC for further use while the used column was 

discarded. 

 

3.2.5.5 Analysis of the positive clones 

Convectional PCR procedure was used in the confirmation of positive clones in accordance with 

the standard MyTaq Mix protocol (Bioline, London, UK).  This was performed to check if the 

GmAC1 insert was successfully ligated into the pTrHis2-TOPO cloning vector and in the correct 

orientation.  The reaction mixtures for the two mentioned processes are presented in Tables 3.3 

and 3.4 respectively and the thermal cycling conditions for both processes are given in Table 3.5. 
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Table 3.3: Reaction components of a PCR reaction mixture to confirm successful ligation of the GmAC1 

gene fragment (insert) into the pTrcHis2-TOPO expression vector. 

Component Volume (µl) Final Concentration 

Template (10 ng DNA) 1 2 ng 

Insert Primers (Each) 1 200 nM 

MyTaq Reddy Mix (2X) 25 200 nM 

Water sdH20 Up to 25 - 

 

Table 3.4: Reaction components of a PCR reaction mixture to confirm correct orientation of the GmAC1 

gene fragment (insert) into the pTrcHis2-TOPO expression vector.  

Component Volume (µl) Final Concentration 

Template (10 ng DNA) 1 2 ng 

Insert Forward and Vector Reverse Primers 

(20 µM each) 

1 200 nM 

MyTaq Reddy Mix (2X) 25 200 nM 

Water sdH2O Up to 25 - 

 

Table 3.5: Thermal cycle conditions for confirmation of the successful ligation and correct orientation 

of the GmAC1 gene fragment (insert) into the pTrcHis2-TOPO expression vector.  

Step  Temperature (ºC) Time (seconds) Cycles 

Initial Denaturation 95 60 1 

Denaturation 95 15  

35 Annealing 50 15 

Extension 72 
 

 

 

3.2.5.6 Agarose gel electrophoresis 

The PCR products from the analysis for successful ligation and correct orientation of the insert 

into the vector reactions were resolved on a 1% (w/v) agarose gel supplemented with 0.5 µg/ml 

ethidium bromide and images analysed as has already been outlined in section 3.2.4 of this chapter.  
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Double amplification of the targeted GmAC1 gene insert in both reaction samples of Tables 3.3 

and 3.4 would therefore, correspondingly confirm its successful cloning (ligation and correct 

orientation) into the pTrcHis2-TOPO expression vector. 

 

3.2.6 Transformation of the chemically competent BL21 (DE3) pLysS E. coli cells with the 

pTRcHis2-TOPO:GmAC1 fusion expression construct 

The successfully designed pTRcHis2-TOPO:GmAC1 expression construct from section 3.2.5 

above was used to transform some chemically competent E. coli BL21 (DE3) pLysS expression 

cells, whereby 5 µl of the ligation mixture were aseptically added to 40 µl of the ice-cold 

chemically competent BL21 (DE3) pLysS expression E. coli cells.  The mixture was incubated on 

ice for 30 minutes before being heat-shocked for 30 seconds at 42°C and immediately placed on 

ice for 2 minutes.  Soon after, 250 µl of the SOC medium were added to the transformed cells.  

The culture was then incubated in a shaking incubator at 200 rpm at 37°C for 60 minutes to allow 

expression of β-galactamase enzyme by the transformed cells.  This enzyme later enables the 

transformed chemically competent BL21 (DE3) pLysS E. coli cells to detoxify ampicillin during 

the culture selection process.  The incubation period was followed by plating onto 3 LB agar plates 

supplemented with 100 µg/ml ampicillin, 10 µg/ml chloramphenicol and 0.5% glucose.  The 

following volumes were then plated; 20 µl, 50 µl and 80 µl.  Finally, the plates were incubated at 

37°C overnight to allow for growth of colonies. 

 

3.3 Partial expression of the recombinant GmAC1 protein 

A transformed BL21 (DE3) pLysS E. coli cell colony harbouring the correctly designed 

pTRcHis2-TOPO:GmAC1 fusion construct was used to inoculate 10 ml of fresh LB broth 
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supplemented with 0.5% glucose, 10 µg/ml chloramphenicol and 100 µg/ml ampicillin in a 50 ml 

falcon tube.  The culture was incubated overnight at 37ºC and shaking at 200 rpm.  On the 

subsequent day, 200 µl of the overnight culture were used to inoculate 20 ml of fresh LB broth 

containing 10 µg/ml chloramphenicol, 100 µg/ml ampicillin and 0.5% glucose.  The culture was 

then incubated at 37°C, shaking at 200 rpm and until an OD600 of 0.5 was reached as measured by 

the Hekios spectrophotometer (Merck, Gauteng, RSA).  Immediately, the culture was split into 

two 50 ml falcon tubes, each containing 10 ml of the split culture.  One culture was induced to 

express the intended recombinant GmAC1 protein by adding 1 mM of IPTG (Sigma-Aldrich Corp, 

Missouri, USA) while the other culture was left un-induced (control).  The split cultures were 

shaken in an incubator (200 rpm) at 37°C for 3 hours.  After the 3 hours, 500 µl samples were 

transferred into Eppendorf tubes and together with the rest of the other cells, they were then 

separately centrifuged at 8 000xg for 5 minutes to pellet the cells.  The pelleted 500 µl samples 

were then analysed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

for protein expression while the rest of the bulk cells were kept at -20°C for further use. 

 

3.4. Determination of the endogenous AC activity of the recombinant GmAC1 protein 

The harvested cells (both the induced and the non-induced) from section 3.3 above were then lysed 

in 1 ml lysis buffer 1 (Amersham Healthcare, California, USA) supplemented with 2 mM 3-

isobutyl-1-methylxanthine (IBMX) (Sigma-Aldrich Corp., Missouri, USA) to inhibit 

phosphodiesterases.  The samples were shaken for 60 minutes at 200 rpm at room temperature on 

an orbital shaker to intensify the cell lysis process.  The samples were then centrifuged at 9 200xg 

for 5 minutes before 200 µl of the lysates were transferred into fresh Eppendorf tubes.  200 µl of 

the lysis buffer 2 (Amersham Healthcare, California, USA) was added to the lysates and mixed 

thoroughly.  After that, 200 µl portions of the reaction mixtures were transferred into fresh 
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Eppendorf tubes, where 11 µl of the acetylating reagent (Sigma-Aldrich Corp., Missouri) were 

added before the mixtures are gently mixed by pulsing.  The endogenous cAMP contents from the 

prepared lysates were then measured by a cAMP-linked enzyme immunoassay kit (Catalogue # 

CA201; Sigma-Aldrich Corp., Missouri, USA) following the acetylation version of its protocol 

and as described by the manufacturer’s manual.  The measurements were taken using a Microplate 

Reader (Labtech International Limited, East Sussex, UK) at 405 nm and the obtained results then 

subjected to a one-way ANOVA. 

 

3.5 Results 

 

3.5.1 Isolation of the GmAC1 gene fragment from G. max 

The targeted GmAC1 gene fragment was isolated from 15-day old G. max plants that were 

generated and maintained in a growth chamber at 28°C/20°C day/night temperature and a 

photoperiod of 14h/10h day/night.  The isolation of the GmAC1 gene fragment was then done by 

first extracting total RNA from the plants followed by use of the extracted total RNA to generate 

cDNA of the XP_003529590 gene.  The generated cDNA together with the manually designed 

sequence-specific primers were then used in a specialised Verso 1-Step RT-PCR protocol to 

amplify and isolate the targeted GmAC1 gene fragment at an approximate size range of 350 - 355 

bp (Figure 3.2).  The isolated GmAC1 gene fragment was then later cloned into a viable 

prokaryotic system for subsequent expression and ultimate functional characterisation of the 

intended recombinant GmAC1 protein. 
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Figure 3.2: Isolation of the GmAC1 gene fragment from G. max.  A 1% agarose gel resolution of the 

GmAC1 gene fragment isolated from G. max via a specialised RT-PCR system, whereby GmAC1 

represents the amplified GmAC1 gene fragment, M is representing a 1 kb GeneRuler ladder (Thermo 

Scientific Inc., Burlington, Cananda) while the arrow is marking the expected 352 bp band of the amplified 

GmAC1 gene fragment. 

 

3.5.2 Cloning of the GmAC1 Gene Fragment  

The isolated targeted GmAC1 gene fragment from G. max was ligated into a pTRcHis2-TOPO 

expression vector to produce a pTRcHis2-TOPO:GmAC1 fusion expression construct.  After that, 

the generated construct was then assessed for proper designing as is shown in Figure 3.3 below 

whereby both the successful ligation of the gene fragment and its correct orientation in the 

expression were checked and ascertained. 
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Figure 3.3: Determination of the successful cloning of the GmAC1 gene fragment in the pTRcHis2-TOPO 

expression vector.  (a) Confirmation of the successful ligation of the GmAC1 gene fragment into the 

pTRcHis2-TOPO expression vector after its successful re-amplification with its own primers using the 

GmAC1 fusion expression construct as a template.  (b) Confirmation of the correct orientation of the 

GmAC1 gene fragment in the pTRcHis2-TOPO:GmAC1 fusion expression construct after its successful 

re-amplification with its own forward primer and the pTRcHis2-TOPO vector reverse primer using the 

pTRcHis2-TOPO:GmAC1 fusion expression construct as a template.  In both gels, GmAC1 represents the 

amplified GmAC1 gene fragment, M represents the GeneRuler ladders (1 kb in (a) and 100 bp in (b)) while 

the arrow is marking the respective amplified GmAC1 gene fragments. 

 

3.5.3 Partial expression of the recombinant GmAC1 protein 

The correctly generated and confirmed pTRcHis2-TOPO:GmAC1 fusion expression construct was 

used to transform some chemically competent E. coli BL21 (DE3) pLysS expression cells followed 

by induction of protein expression with 1 mM IPTG.  As is shown in Figure 3.4 below, the 

expected recombinant GmAC1 protein was successfully expressed as a C-terminal His-tagged 

fusion product of approximately 24.79 kDa.  
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Figure 3.4: Partial expression of the GmAC1 recombinant protein.  Induced (IN) and non-induced (UN) 

E. coli BL21 (DE3) pLysS cells harbouring the pTRcHis2-TOPO:GmAC1 fusion expression construct were 

resolved by SDS-PAGE on a 12% gel against a standard molecular weight marker (M).  The arrow marks 

the expressed recombinant GmAC1 protein at its targeted size of approximately 24.79 kDa. 

 

3.5.4 Molecular determination of the endogenous AC activity of the GmAC1 protein 

After expression, the endogenous AC activity of the expressed recombinant GmAC1 protein or its 

ability to generate cAMP in the transformed competent E. coli BL21 (DE3) pLysS expression cells 

was assessed and determined by enzyme immunoassay.  Cells induced by the 1 mM IPTG 

produced ±175 fmol/g of cAMP compared to the non-induced cells that produced only an 

insignificant amount of cAMP (±55 fmol/g) as shown in Figure 3.5 below. 



 

56 

 

 

Figure 3.5: Determination of the endogenous AC activity of the recombinant GmAC1 protein by enzyme 

immunoassay.  CONT is the control, which shows the level of cAMP generated within the un-induced 

competent E. coli BL21 (DE3) pLysS expression cells harbouring the pTRcHis2-TOPO:GmAC1 fusion 

expression construct while IPTG represents the level of cAMP generated within the induced competent E. 

coli BL21 (DE3) pLysS expression cells harbouring the pTRcHis2-TOPO:GmAC1 fusion expression 

construct. 

 

3.6 Discussion 

In this research, soybean plants were generated followed by extraction of their total RNA.  Using 

this extracted total RNA, cDNA of the XP_003529590 gene was then generated via a specialised 

RT-PCR system.  Since the main focus of this whole study was on the AC-containing fragment of 

the XP_003529590 gene (GmAC1), the generated XP_003529590 cDNA together with some 

GmAC1-sequence-specific primers were then used in the same specialised RT-PCR system to 

amplify and isolate the targeted and intended 352 bp GmAC1 gene fragment, which was visualised 

on 1% agarose as is shown in Figure 3.2.  The amplified and isolated GmAC1 gene fragment is 

devoid of introns and therefore, consists only of the uninterrupted coding region (exons).  In 

cloning systems, the possible presence of introns in cloned genes is generally believed to impose 

substantial and unnecessary energetic burden on protein expressing cells (Jo and Choi, 2015), and 
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hence it was therefore very necessary to generate and isolate a GmAC1 gene fragment devoid of 

the introns in our case. 

The desired amplified and isolated GmAC1 gene fragment was then recombinantly cloned into the 

pTRcHis2-TOPO expression vector using the topoisomerase mediated (TOPO-TA) cloning 

system to produce pTRcHis2-TOPO:GmAC1 fusion expression construct, which would generate 

a C-terminus His-tagged protein product.  The TOPO-TA cloning system uses the topoisomerase-

based DNA cloning method that does not use restriction enzymes or DNA ligases, but Vaccinia 

virus- isolated topoisomerase 1 (Shuman and Moss, 1987), which was able to perform both the 

end modification and end joining (Shuman and Moss, 1987; Shuman, 1994) of the amplified 

GmAC1 gene fragment into the pTRcHis2-TOPO expression vector.  The Vaccinia topoisomerase 

1 is able to recognise, bind and cleave a precise sequence of 5ʹ-(C/T) CCTT↓-3ʹ thus hydrolysing 

the phosphodiester bond at the 3ʹ-end (Shuman, 1991).  Once cleavage has occurred, a covalent 

bond is formed between the DNA fragment insert and the enzyme, forming a phosphor-tyrosyl 

bond, in which the bond energy is then used to relegate the 5ʹ-hydroxyl end of the cleaved strand.  

Therefore, the Vaccinia topoisomerase 1 thus can relegate the same bond that was originally 

cleaved and/or religate it to a heterologous acceptor DNA possessing a 5ʹ-hydroxyl tail that is 

complementary to that of the adduct, hence creating a recombinant molecule (Shuman, 1992).   

In our case, the absence of the use of restriction digestion on both the cloning vector and its 

associated amplified GmAC1 gene fragment undoubtably, made the production of the intended 

recombinant DNA (pTRcHis2-TOPO:GmAC1 fusion expression construct) far much easier.  In 

most researches, various researches have exploited the Vaccinia topoisomerase 1 to develop 

several high-throughput cloning systems.  These include; Udo (2015), who concluded that the 

TOPO cloning was an excellent method to clone PCR amplified DNA though the study was based 

on cDNA cloning for expression in mammalian cells.  Heyman et al. (1999) also exploited the 

strength of this technology in cloning and expressing human cDNA.  A report on the successful 
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cloning and molecular characterisation of an AC gene using this same system was also made in 

Hippeastrum hybridum namely, the HpAC1 gene (Świeżawska et al., 2014).  Another AC gene, 

At5g09400 that expresses ATKUP7, was also cloned and reported by Al-Younis et al. (2015) in 

which the gene was cloned into a Gateway compatible pCR8 vector (Invitrogen, Carlsbad, USA) 

by the TA cloning.  Furthermore, Chatukuta et al. (2018) also recently cloned an AC gene fragment 

of the At1g68110 gene that expresses AtCIAP from A. thaliana, using cDNA generated through 

RT-PCR into a pTrcHis2-TOPO expression vector via the same TA cloning system. 

Before initiating protein expression, the generated pTrcHis2-TOPO:GmAC1 fusion expression 

construct was first assessed for its correct designing i.e., presence of the insert and its correct 

orientation in the pTRcHis2-TOPO expression vector as is presented in Figure 3.3.  Ideally, it was 

very important to check and validate that the cloned GmAC1 gene fragment was correctly ligated 

into expression vector in the 5ʹ to 3ʹ directional orientation for facilitation of effective expression 

of the intended recombinant GmAC1 protein.  This verification procedure was then done; for 

checking and ascertaining the presence of the GmAC1 gene fragment in the vector, using the 

GmAC1 gene primers (Figure 3.3a) and for checking and ascertaining its correct orientation in the 

vector, using one GmAC1 gene fragment forward primer and the pTRcHis2-TOPO expression 

vector reverse primer (Figure 3.3b).  The obtained results thus provided valid evidence of the 

correct cloning of the GmAC1 gene fragment into the pTRcHis2-TOPO expression vector and 

proper designing of the desired pTrcHis2-TOPO:GmAC1 fusion expression construct. 

The successful cloning of the GmAC1 gene fragment into the pTRcHis2-TOPO expression vector 

was then followed by transformation of some chemically E. coli BL21 (DE3) pLysS expression 

cells using the pTRcHis2-TOPO:GmAC1 fusion expression construct.  Protein expression was 

then induced using 1 mM IPTG and a recombinant GmAC1 protein product of an expected 

approximate size of 24.79 kDa was expressed (Figure 3.4).  This size corresponds to a size 

prediction from EnsemblGenome web server as presented in Chapter 2, section 2.3.1.  
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Recombinant protein expression in E. coli BL21 (DE3) pLysS was successful since the pTrcHis2-

TOPO cloning vector contains a hybrid promoter known as the trc promoter region that contain 

the -35 region from the trpB promoter and the -10 region from lacUV5 promoter, thereby 

promoting high level expression (Egon et al., 1983) of the recombinant GmAC1 protein in the E. 

coli expression cells.  The presence of the lac operator (lacO) allowed for the binding of the lac 

repressor encoded by the lac1 gene, thereby allowing induction of protein expression of the 

recombinant GmAC1 protein in the presence of IPTG (Jacob and Monod, 1961; Müller-Hill et al., 

1968).  Premature transcription termination of the recombinant protein was reduced by the rrnB 

antitermination sequences also present in the pTrcHis2-TOPO cloning vector (Li et al., 1984), thus 

enabling for successful protein induction in the E. coli BL21 (DE3) pLysS expression cells.  Within 

the cloning vector, there exists a T7 gene 10 translational enhancer sequence that promoted a more 

efficient translational initiation (Olins et al., 1988).   

After expression, an assessment of the ability of the expressed GmAC1 recombinant protein to 

endogenously produce cAMP from ATP was then tested in the E. coli BL21 (DE3) pLysS 

transformed with the pTRcHis2-TOPO:GmAC1 fusion expression construct.  The amount of 

cAMP produced in the E. coli BL21 (DE3) pLysS expression hosts after induction with 1 mM 

IPTG as measured by the cAMP-linked enzyme immunoassay kit was ±175 fmol/g compared to 

±55 fmol/g cAMP produced in the un-induced E. coli BL21 (DE3) pLysS expression hosts (Figure 

3.5).  These results thus showed that the recombinant GmAC1 harboured by the expression host 

cells is a possible AC enzyme as exhibited by its inherent ability to produce cAMP in host cells.  

The findings are also closely linked to that of Moutinho et al. (2001) and Ruzvidzo et al. (2013), 

where the pRSET:PSiP and pCRT/7NT-TOPO:AtPPR-AC fusion expression constructs 

respectively were used to transform some chemically competent BL21 (DE3) and BL21 (DE3) 

Star pLysS E. coli cells and in both cases, generated almost 3.0-fold levels of the endogenous 

cAMP.  The PSiP and AtPPR-AC proteins are novel plant molecules that recently, have been 
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confirmed to be cAMP-generating molecules in Z. mays (Moutinho et al., 2001) and A. thaliana 

(Ruzvidzo et al., 2013) respectively. 

 

3.7 Conclusion 

 

The isolated, cloned and partially expressed recombinant GmAC1 protein is capable of generating 

endogenous cAMP from ATP in living E. coli cells.  Whether this is as a result of its inherent 

activity as a functional AC enzyme or simply by inducing the resident E. coli ACs, still needs to 

be further investigated and established. 
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CHAPTER 4 

DETERMINATION OF THE IN-VIVO ADENYLYL CYCLASE ACTIVITY 

OF THE RECOMBINANT GmAC1 PROTEIN 

 

Abstract 

In prokaryotic and eukaryotic organisms, adenylate cyclases (AC) are enzymes responsible for 

increasing the intracellular levels of cAMP through the conversion of ATP into cAMP.  In E. coli, 

cAMP has been reported to be an important regulator of energy source utilisation, whereby the 

metabolism of carbon compounds in this bacterial system solely depends on the levels of cAMP 

within the cell.  Therefore, E. coli has been widely studied to understand inducible pathways that 

determine lactose metabolism.  As an extension of this, plant biologists have also begun to exploit 

the ability of this bacterial system to ferment lactose by removing the AC catalytic domain from 

the cya gene thus creating cyaA mutants (SP850 hosts) that are devoid of cAMP formation and 

consequently no lactose fermentation.  Ideally, the system has been manipulated and extensively 

utilised to perform what is technically termed complementation test on suspected AC candidate 

molecules from various organisms, whereby such candidates are used as possible rescuing 

molecules of the SP850 hosts in lactose metabolism.  In this chapter and using the same conceptual 

approach to test a potential AC candidate from Glycine max termed the GmAC1 protein, we used 

this protein candidate in form of its cloned expression construct (the pTRcHis2-TOPO:GmAC1) 

to transform E. coli SP850 cyaA mutant cells and demonstrated its enzymatic ability to rescue the 

mutant hosts. 
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4.1 Introduction 

In bacterial systems, cAMP has been reported as an important regulator of energy source utilisation 

(Botsford, 1981).  cAMP has been implicated in modulating the activity of certain specific receptor 

proteins, which then regulate the transcription and ultimately expression of a large set of gene 

systems (Botsford, 1981).  cAMP is a product of ATP conversion by adenylyl cyclases (ACs).  In 

Bordetella pertussis, the AC toxin (cyaA) has been reported as a calmodulin-activated AC that is 

able to by-pass the receptor-mediated endocytosis pathway (Wolf et al., 1980; Gordon et al., 

1989).  The toxin therefore, can penetrate directly across cytoplasmic membranes of many 

epithelial and immune effector cells, thereby causing activation of the intracellular calmodulin, 

leading to the cyaA catalysing and the uncontrollable formation of cAMP.  This cascade of events 

results in the incapacitation of host cells because of intoxication (Confer and Eaton, 1982), and as 

a result of this, the nature of the cyaA system has made it the subject of most studies.  Researchers 

have been able to abolish the invasive activity and severity hemeolytic activity of this cyaA 

(Bellalou et al., 1990), which is involved in the catastrophic activity of its expressed AC.  

Escherichia coli also, has been reported to produce cyaA cells and a study by Benz et al. (1994), 

revealed that both E. coli and B. pertussis express the toxin from the same genes.  While the cyaA 

toxins from E. coli cells have been classified into class 1 ACs, the calmodulin-activated toxins 

from B. pertussis have been classified into class II (Tellez-Sosa et al., 2002). 

Naturally, in E. coli, the metabolism of carbon compounds has been established to involve 

inducible pathways, which strictly depend on the levels of cAMP in the cell (Perlman and Pastan, 

1973).  This system is one of the best studied inducible cellular pathways that involve genes that 

determine lactose (lac) metabolism (Brickman, 1973).  Studies have revealed that the initiation of 

transcription of the lac operon requires cAMP and a receptor protein (Emmer et al., 1970; Zubay 

et al., 1970; deCrombrugghe et al., 1971; Eron and Block, 1971).  In this bacterial system, cAMP 

receptor proteins (CRP) reportedly control gene expression in response to changes in the 
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intracellular levels of cAMP.  In order to achieve greater carbon usage, the carbon catabolite 

repression is a major control system in bacteria (Kovarova-Kovar and Egli, 1998) through which 

the depletion of glucose promotes activation of the AC.  This activation of the AC leads to an 

elevation of cAMP levels, which eventually binds to the CRP (Saier and Reizer, 1994), thus 

inducing a conformational change that enables it to bind to specific DNA sequences (Lauren et 

al., 1990).  Consequently, this binding of genes stimulates transcriptional events that are necessary 

for utilisation of carbon sources other than glucose (Lauren et al., 1990).  It was long confirmed 

in E. coli that uptake of glucose inhibited the synthesis of cAMP and thus metabolism of lactose 

(Perlman et al., 1969). 

In E. coli, the deletion of the cya has resulted in formation of the SP850 cyaA strain that lacks both 

the AC activity and cAMP production (Shah and Peterkofsky 1991).  Consequent to this, 

successful complementation of the E. coli SP850 cyaA mutant cells has been performed as early 

as 1998 using the Prevotell ruminicola (D31d) AC gene from ruminal anaerobic bacterium (Cotta 

et al., 1998).  In that regard, the AC gene was cloned into a pUC18 plasmid and introduced into 

the E. coli SP850 cyaA mutant cells by electroporation.  The transformed cells were then screened 

on MacConkey lactose agar and produced one colony that had a deep red colour - an indication of 

lactose fermentation and ultimately complementation of AC deletion (Cotta et al., 1998).  In plants 

and in studies involving characterisation of novel ACs, researchers have employed 

complementation analysis to confirm function of such novel ACs via the fermentation of lactose.  

The following authors were able to characterise AC activity from their respective expressed AC 

proteins:  Moutinho et al. (2001) on the Zea mays PSiP protein, Świeżawska et al. (2014) on the 

Hippeastrum hybridum HpAC1 protein, Al-Younis et al. (2015, 2018) on the Arabidopsis AtKUP7 

and AtKUP5 proteins respectively, Kasahara et al. (2016) on the Marchantia polymorpha 

MpCAPE protein, Chatukuta et al. (2018) on the Arabidopsis AtCIAP protein and Bianchet et al. 

(2019) on the Arabidopsis AtLRRAC1 protein.   



 

64 

In all of these studies, the authors utilised the E. coli SP850 strain, which is deficient in AC 

function, to confirm the cyclase activity of their novel AC genes/proteins, whereby the respective 

AC candidates were used to transform the mutant SP850 strain followed by growth on MacConkey 

agar and visual analysis of the resultant phenotype expression.  All in all, their findings 

demonstrated AC functionality for their respective tested proteins since such proteins literally 

managed to convert the non-lactose fermenting mutant E. coli SP850 strain into a lactose 

fermenting wild type.  Following these successful reported studies, this present study also, then 

embarked on assessing the previously cloned GmAC1 protein (Chapter 3) in a similar way.  This 

is also on the backdrop that this recombinant protein (GmAC1) could not be conclusively declared 

as a bona fide an AC and/or accessory signalling molecule in the same chapter (Chapter 3). 

 

4.2 Materials and methods 

The pTRcHis2-TOPO:GmAC1 expression construct from generated in section 3.2.5.2 of Chapter 

3 was herein used to test for the possible AC activity of the cloned GmAC1 gene fragment via 

complementation test. 

 

4.2.1 Preparation of competent E. coli SP850 cyaA mutant cells 

 

E. coli SP850 cyaA mutant cells (Coli Genetic Stock, Yale University, Connecticut, USA) were 

prepared to become chemically competent before they could be transformed with the pTRcHis2-

TOPO:GmAC1 fusion expression construct and used for the intended work in this chapter.  

Briefly, 10 ml of LB broth (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1.0% (w/v) sodium 

chloride, 0.5% (w/v) glucose, 15 μg/ml kanamycin, pH: 7.0) were inoculated with the SP850 cyaA 

mutant cells and incubated overnight on shaker at 200 rpm at 37°C.  The following morning, 1 ml 
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of the overnight culture was used to inoculate 20 ml of fresh pre-warmed LB broth supplemented 

with 15 μg/ml kanamycin.  The culture was then incubated at 37°C at 200 rpm and up until an 

OD600 of 0.5 was reached.  The cells were harvested by centrifuging at 4 000xg for 5 minutes at 

4°C.  The supernatant was discarded while the harvested cells were resuspended in 15 ml of ice-

cold Transformation Buffer 1 (30 mM potassium acetate, 50 mM manganese chloride, 100 mM 

rubidium chloride, 10 mM calcium chloride, 15% (v/v) sterile glycerol, pH: 5.8) and incubated on 

ice for 90 minutes.  The resuspended cells were then harvested by centrifuging at 4 000xg for 5 

minutes at 4ºC.  The supernatant was discarded while the harvested cells were then resuspended 

in 4 ml of an ice-cold Transformation Buffer 2 (10 mM MOPS [3-(N-morpholino) propanesulfonic 

acid], 75 mM calcium chloride, 10 mM rubidium chloride, 15% (v/v) glycerol, pH: 6.8).  The 

resuspended SP850 cyaA mutant cells were then aliquoted into 100 μl portions and kept on ice for 

use in the subsequent transformation step. 

 

4.2.2 Transformation of the competent E. coli SP850 cyaA cells with the pTRcHis2-

TOPO:GmAC1 expression construct  

The prepared competent E coli SP850 cyaA mutant cells from 4.2.1 were divided into two portions.  

The first portion was transformed (refer to section 3.2.6 for the transformation process) with the 

pTRcHis2-TOPO:GmAC1 expression construct (prepared in section 3.2.5.2), while the second 

portion was left un-transformed (control).  The only variation in the transformation process herein 

from the previous one in section 3.2.6 was that the selection antibiotic was 35 µg/ml kanamycin 

instead of the 100 µg/ml ampicillin.  

 



 

66 

4.2.3 Complementation testing of the recombinant GmAC1 protein 

A MacConkey agar plate supplemented with 15 µg/ml kanamycin and 0.1 mM IPTG (Sigma-

Aldrich Corp., Missouri, USA) was prepared and then sub-divided into 3 segments, marked A, B 

and C respectively with a permanent marker.  Segment A was left unstreaked (no E. coli SP850 

cyaA mutant cells), segment B was streaked with the chemically competent E. coli SP850 cyaA 

mutant cells transformed with the pTRcHis2-TOPO:GmAC1 expression construct and segment C 

was streaked with the non-transformed E. coli SP850 cyaA mutant cells.  The plate was incubated 

at 37°C for 40 hours.  After the incubation, all segments were then visually inspected for 

phenotypic characteristics.  A deep red colour on the transformed E. coli SP850 cyaA mutant cells 

would mean positive AC activity for the cloned and recombinantly expressed GmAC1 protein. 

 

4.3 Results 

The pTRcHis2-TOPO:GmAC1 expression construct transformed into chemically competent E. 

coli SP850 cyaA mutant cells, which lack the ability to ferment lactose produced deep red cells 

much like the wild type.  However, the mutant cells not transformed with the pTRcHis2-

TOPO:GmAC1 expression construct were not able to ferment lactose hence produced pale yellow 

cells as is shown in Figure 4.1 below. 
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Figure 4.1: Determination of the AC activity of the recombinant GmAC1 protein via complementation 

test.  The representation shows a Maconkey agar plate inoculated with various E. coli cell cultures.  Segment 

A was left unstreaked (no bacterial cells), segment B was streaked with the mutant E. coli SP850 cyaA 

mutant cells harbouring the pTRcHis2-TOPO:GmAC1 expression construct, which then showed a deep red 

phenotype, signifying a lactose-fermenting phenotype, and segment C was streaked with the non-

transformed E. coli SP850 cyaA mutant cells that produced pale yellowish colonies, signifying non-lactose 

fermentation. 

 

4.4 Discussion 

The SP850 is a cyaA mutant strain of E. coli that is devoid of the AC activity and thus it is expected 

that this strain cannot use lactose and should produce pale/colourless colonies on MacConkey agar 

(Moutinho et al., 2001).  The results of the complementation test of this study in Figure 4.1 showed 

that the non-transformed E. coli SP850 cyaA mutant cells streaked on MacConkey agar were not 

able to ferment lactose hence producing the pale-yellow colonies (segment C).  However, the E. 

coli SP850 cyaA mutant cells that were transformed with the pTRcHis2-TOPO:GmAC1  

expression construct were able to ferment lactose, hence the deep red colour observed in segment 

B.  This implies that the pTRcHis2-TOPO:GmAC1 construct indeed carried a functional AC 
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enzyme (GmAC1) that in turn produced the deep red colour, an indication of lactose fermentation 

and complementation of the AC deletion in mutant E. coli SP850 cyaA cells.  

These obtained results are consistent with findings from a number of researchers who previously 

performed complementation analyses of their respective recombinants using the E. coli SP850 

cyaA mutant cells grown on MacConkey lactose agar.  Cotta et al. (1998) performed a 

complementation analysis in an attempt to identify a novel AC in the ruminal anaerobe, Prevotella 

ruminicola D31d.  Moutinho et al. (2001) performed complementation of the cyaA mutation in E. 

coli (SP850) by a PSiP gene fragment from Z. mays that is involved in pollen tube growth and re-

orientation for fertilisation and Świeżawska et al. (2014) used the H. hybridum HpAC1 protein to 

rescue the E. coli SP850 cyaA mutant cells.  Recently, several successful complementation of the 

cyaA gene were performed by Ruzvidzo et al. (2013), Al-Younis et al. (2015), Kasahara et al. 

(2016), Al-Younis et al. (2018), Chatukuta et al. (2018) and Bianchet et al. (2019), who used the 

AtPPR-AC, AtKUP7, MpCAPE, AtKUP5, AtCIAP and AtLRRAC1 proteins respectively to 

rescue the SP850 host mutant. 

Principally, in the E. coli SP850 cyaA mutant cells transformed with the GmAC1 gene fragment, 

the generated cAMP was able to bind to the CRP of the bacterial cell to form the cAMP-CRP 

complex, which bound to the CRP binding region that is closely located to the lac promoter, thus 

enhancing transcription (Kuo et al., 2003).  The lac promoter regulated the expression of genes 

that were involved in the catabolism of lactose (Ullmann and Danchin, 1983).  Therefore, the non-

transformed E. coli SP850 cyaA mutant cells that failed to produce cAMP were unable to ferment 

the lactose, a condition that was overcome by the E. coli SP850 cyaA mutant strain carrying the 

(functionally active) pTRcHis2-TOPO:GmAC1 expression construct. 
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4.5 Conclusion 

 

Findings from this chapter provided solid evidence that the recombinant GmAC1 protein is indeed 

a bona fide functional AC capable of converting ATP into cAMP.  The protein becomes the first 

ever such protein to be confirmed in soybean. 
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CHAPTER 5 

AFFINITY PURIFICATION OF THE RECOMBINANT GmAC1 PROTEIN 

AND IN VITRO CHARACTERISATION OF ITS ENZYMATIC ACTIVITY 

 

Abstract  

In molecular biology, the cloning and expression of cAMP-producing proteins in Escherichia coli 

has made it possible to study their biological roles in various prokaryotic and eukaryotic 

organisms.  However, expression of cloned genes in E. coli usually results in the production of 

biologically inactive recombinants, which must first be converted back into their active biological 

states before they can be studied and/or characterised.  Nonetheless, an assessment of the quantity 

of endogenous cAMP in plants has greatly improved over the years with several technological 

advancements.  To date, there exists various techniques with greater detection limits such as mass 

spectrometry, capillary spectrometry and enzyme immunoassay (EIA) that are being used to 

measure the levels of cAMP production and signalling.  In this chapter, we report the over-

expression of a recombinant GmAC1 protein from Glycine max in chemically competent E. coli 

BL21 (DE3) pLysS expression cells and its production as an insoluble heterologous product.  The 

GmAC1 protein is the only soybean protein annotated to harbour a putative adenylate cyclase (AC) 

centre that may presumably generate cAMP.  The expressed insoluble recombinant GmAC1 

protein was then purified under non-native denaturing conditions using the Ni-NTA affinity 

purification system followed by its renaturation via a gradient-controlled BioLogic DuoFlow 

Chromatographic System.  The resultant pure recombinant GmAC1 protein was then characterised 

enzymatically using EIA, wherein it was shown to be positively modulated by the Mn2+, Ca2+, and 
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HCO3
2- molecular ions - meaning that it is actually a soluble AC (sAC), whose physiological roles 

may involve the sAC-cAMP-protein kinase A signalling system. 

 

5.1 Introduction 

Cyclic AMP has been described as an important second messenger in higher plants (Lemtiri-

Chlieh et al., 2011; Mathieu-Demaziere et al., 2013) involved in signal transduction as plants 

respond to various environmental stresses and defense mechanisms (Thomas et al., 2013).  The 

possibility availed by recombinant protein expression in E. coli has made it possible to study the 

biological roles of protein encoding genes involved in cAMP formation.  cAMP is primarily 

produced by adenylyl cyclases (ACs) and the concentration of this signalling molecule in plant 

cells vary widely.  The functional activity of ACs in plants have been studied through assessment 

of the quantity of endogenous cAMP (Lomovatskaya et al., 2005) produced in recombinant 

proteins.  Generally, acceptance of cAMP as second messengers in plants was delayed (Gehring, 

2010) because their levels in plants has been reported to be very much lower than in animals. 

The progression of more accurate techniques with higher detection capabilities has provided a 

proper key on the occurrence of cAMP in plants, thus removing scepticism over its existence.  

Such scepticism was mainly overcome by the use of mass spectrometric analysis, which was able 

to provide unequivocal evidence on the existence of cAMP and other cyclic nucleotides in higher 

plants (Richards et al., 2002).  Tandem mass spectrometry was also useful in demonstrating the 

activities of plant ACs (Pacini et al., 1993; Witters et al., 1996) and capillary HPLC electrospray 

mass spectrometry also proved to be a powerful analytical technique for the detection limits of low 

plant cAMP as much as 25 femtomoles (Witters et al., 1996).  Thus, technological advancement 

has been very crucial in allowing the detecting of cyclic nucleotides in higher plants and their 

ultimate acceptance. 
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However, the most widely used methods to study endogenous cAMP are currently based on the 

methods of Gilman (1970), which are based on competitive interaction of labelled cAMP and 

sample cAMP being bound to a specific protein.  For instance, the enzyme immunoassay (EIA) 

(Egorov et al., 1991) method that is currently used in endogenous plant cAMP studies to detect 

cAMP levels through the estimation of the rate of cAMP formation.  This method is based on the 

measurement of cAMP levels in the plant sample through the use of antibodies (Lomovatskaya et 

al., 2011).  The EIA methods are based on the principle of competitive displacement of a bound 

cAMP-enzyme conjugate with the cAMP present in the sample under analysis and the activity of 

the ACs then becomes directly proportional to the concentration of cAMP in the sample under 

analysis (Tijseen, 1985).  Recent studies have demonstrated the essential role of EIA in cAMP 

quantification in plants (Ito et al., 2014; Świeżawska et al., 2014; Al-Younis et al., 2015; 

Chatukuta et al., 2018).  

In soybean, previous efforts to determine AC activity were performed using the isotope dilution 

method, alternatively known as the cAMP protein-binding assay.  The technique failed to detect 

any meaningful cAMP levels in this plant’s tissues (Yunghans and Morre, 1977).  However, 

progressive studies have shown that cAMP activity is indeed present in legumes since the 

nucleotide has been implicated in the regulation of nodule formation and function (Terakado et 

al., 1997).  Therefore, it is important to gain an insight into the biological roles of the effector 

molecule AC behind the cAMP signalling pathway in the soybean plant since the concentration of 

cAMP is a vital indicator of the functional activity of the AC signalling system in this important 

legume (Lomovatskaya et al., 2011).  

Reports from several laboratories have indicated that cAMP levels are correlated with a number 

of physiological processes in plants.  In Nicotiana plumbaginofolia, cAMP has been implicated in 

the up-regulation of the cytosolic Ca2+ concentration (Volotovski et al., 1998), and in Arabidopsis 

roots, cAMP was reported to cause the down-regulation of Na+ influx and accumulation (Isner and 
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Maathuis, 2011).  In the mesophyll cells of Vicia faba, intracellular application of cAMP showed 

a concentration-dependent increase in the outward K+ current during whole-cell patch-clamp 

current recordings (Li et al., 1994).  This implies that cation fluxes are regulated by cAMP, thus 

regulating ion and water homoeostasis in plants.  Cell cycle progression in tobacco BY-2 cells was 

also reported to be influenced by the levels of cAMP with the highest levels observed in the S 

phase (Ehsan et al., 1998) and the lowest levels noted at the beginning of the G1 phase in arrested 

cells (Ehsan et al., 1999).  Hence the progression of the cell cycle is largely influenced by stringent 

levels of cAMP.  In Orobanche minor, seed germination was observed to require elevated levels 

of cAMP (Uematsu et al., 2007) and in nodules of G. max and Vigna angularis, high levels of 

cAMP have been implicated in the regulation of symbiotic root nodule formation (Terakado et al., 

1997).  These studies, therefore, indicate the vital role of cAMP as a modulator of plant metabolism 

and development. 

The increasing recognition of cyclic nucleotides has shed more light in their involvement in the 

perception of extracellular biotic and abiotic stimuli through amplification and transduction of 

specific signals to corresponding responses (Gehring and Turek 2017).  A lot of research has shed 

insights into the role of the endogenous cAMP in plant defense responses, resulting in transcript 

increases of defense related genes.  Several studies have reported production of elevated cAMP 

concentrations at infection sites.  These were demonstrated in Phaseolus vulgaris (Bolwell, 1992) 

and Medicago sativa treated with the glycoprotein of Verticillium alboatrum (Cooke et al., 1994), 

and in Arabidopsis exposed to the Verticullium dahlia toxins (Jiang et al., 2005).  In all these 

situations, the elevated cAMP concentrations have resulted in improved disease resistance in the 

plants.  There is no doubt to the important role played by cAMP in promoting plant defense against 

pathogen attack.  Furthermore, in A. thaliana leaves, wounding stress was shown to result in almost 

a five-fold increase in the concentration of cAMP (van Damme et al., 2014).  The evidence 
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discussed here undoubtedly establish the role of cAMP in the regulation of both the biotic and 

abiotic stress tolerance, thus aiding in plant development and survival.  

The cloning of AC genes, their expression as recombinant proteins in suitable vectors and their 

subsequent purification has offered researchers in plant biology an excellent opportunity to study 

and determine the AC activities of novel ACs in plants.  However, most expression and purification 

methods if heterologous and chemical, result in the production of biologically inactive 

recombinant proteins.  During protein expression in E. coli, large quantities of the recombinant 

proteins are made, but the proteins are usually deposited as insoluble inactive inclusion bodies in 

the cytoplasm of E. coli (Clark, 1998,) due to mis-folding of the expressed proteins (Mihic and 

Harris, 1996).  In some cases, expressed recombinant proteins have also been reported to contain 

endotoxins, which disrupt biological assays (Franken et al., 2000; Campos et al., 2008) hence 

require purification of the recombinant protein.  Usually and during cloning, the recombinant 

protein is tagged to improve its solubility and purification processes.  The tags are fused on either 

the N- or C-terminal end of the protein of interest (Gupta and Shukla, 2016).  Currently there are 

several protein tags that can be used as fusion tags in E. coli, and these include the His6, GST, 

MBP, NusA, Trx and SUMO.  

The His-tag is the most extensively used tag because of its efficient affinity purification properties 

on the fused protein as it contains 6 or more consecutive histidine residues (Gupta and Shukla, 

2016).  The His-tag allows for a one-step purification process of recombinant proteins even in the 

presence of denaturants like urea and guanidine hydrochloride (Kneusel et al., 1998).  Proteins 

that have been tagged with the His-tag can be purified using a Ni-NTA affinity purification system 

(Campos et al., 2008).  The Ni 6xHis act as a metal binding site for the recombinant protein thus 

facilitating the purification process.  Furthermore, to effectively study the biological functions of 

genes, it is important to recover the biologically active recombinant protein from the inclusion 

bodies (Yamaguchi and Miyazaki, 2014).  Protein refolding is a crucial process that is practised to 
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recover active recombinant proteins (Franken et al., 2000) and protein refolding can be defined as 

the change of protein confirmation from an unfolded to folded forms and is influenced by 

denaturant concentrations.  The mis-folding of denatured proteins is usually as a result of a very 

rapid decrease in the concentration of the denaturant (Tsumoto et al., 2003; Ho et al., 2003).  

Otherwise a gradual decrease of the denaturant concentration usually leads to efficient protein 

refolding (Yamaguchi and Miyazaki, 2014). 

Here we report the affinity purification of a recombinant GmAC1 protein from G. max using the 

Ni-NTA affinity purification system, followed by refolding of its denatured form using a BioLogic 

DuoFlow Chromatographic System.  This recombinant protein, which is part of the larger protein 

complex XP_003529590 in soybean, was herein targeted because it is annotated to contain the 

putative AC catalytic centre (Gehring, 2010; Ito et al., 2014) presumably responsible for the 

generation of cAMP in the G. max.  Ideally, whilst the general roles of ACs and cAMP in most 

plants have been extensively studied, not much is currently known in G. max. 

 

5.2 Materials and methods 

5.2.1 Over-expression of the recombinant GmAC1 protein 

The general yield and levels of the recombinant GmAC1 protein, partially expressed in section 

3.3.1 of Chapter 3, were enhanced through over-expression of the recombinant protein.  Instead of 

the smaller volume of 20 ml and a lower IPTG concentration of 1 mM (as was in section 3.3 of 

Chapter 3) to express the protein, 100 ml of the LB broth supplemented with 35 µg/ml 

chloramphenicol, 100 µ/ml ampicillin and 0.5% glucose were induced with 4 mM ITPG to over-

express the recombinant GmAC1 protein.  After expression, the induced culture was then 

centrifuged at 9 200xg for 10 minutes to pellet the cells.  The supernatant was discarded while the 

pelleted cells were then used for the intended protein purification. 
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5.2.2 Determination of the soluble or insoluble status of the expressed recombinant GmAC1 

protein  

The soluble/insoluble status of the expressed recombinant GmAC1 protein was determined 

through native non-denaturing conditions by lysing the pellet followed by an analysis of the 

cellular protein component through SDS-PAGE.  The whole pellet of the cells harvested above 

(section 5.2.1) was thoroughly resuspended in 2.5 ml of sterile Tris-buffered saline (TBS) buffer 

(50 mM Tris-HCl, 150 mM NaCl, pH 7.5) supplemented with 1 mM phenylmethylsulfonyl 

fluoride (PMSF) and 0.5 µg/ml lysozyme (Catalogue number 62970; Sigma-Aldrich Inc., 

Missouri, USA).  The resultant mixture was then incubated on ice for 60 minutes while 

periodically, being vortexed at medium speed for 10 minutes with some 1-minute intervals of ice 

incubation.  This process was key to slowly rapture cells and release their contents.  The resultant 

mixture was then centrifuged for 2 minutes at 9 200xg to separate the pellet from the supernatant.  

The supernatant was collected and kept as the soluble fraction of the protein whereas the pellet 

was kept as the insoluble fraction of the protein.  20 µl of each of the two protein fractions were 

then analysed by SDS-PAGE to determine the presence and relative quantities of the expressed 

recombinant GmAC1 protein.  The presence of the recombinant protein in the supernatant fraction 

would then mean its soluble status while its presence in the pellet fraction would, on the other 

hand, would indicate its insoluble nature. 

 

5.2.3 Purification of the recombinant GmAC1 protein 

 

5.2.3.1 Preparation of the cleared lysate 

After realising that the recombinant GmAC1 protein was wholly expressed in form of inclusion 

bodies, the whole insoluble fraction of the GmAC1 from section 5.2.2 above was then resuspended 
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in 5 ml of Lysis buffer (100 mM NaH2PO4, 10 mM Tris-Cl, 8 M urea, 10 mM β-mercaptoethanol, 

500 mM NaCl, 15% glycerol, pH 8) and subjected to vigorous vortexing for 60 minutes.  This was 

done to ensure that the pellet harbouring the insoluble recombinant GmAC1 protein was wholly 

solubilised by the chaotropic urea salt into a crude lysate.  The produced crude lysate was then 

centrifuged at 10 000xg for 10 minutes at room temperature to pellet out the cell debris and 

generate a cleared lysate, which was collected and kept for further processing on the HisPur Ni-

NTA purification matrix (Catalogue # 88221, ThermoFisher Scientific) following the 

QIAexpressionist protocol (QIAexpressionist, 2006).  

 

5.2.3.2 Equilibration of the HisPur Ni-NTA resin matrix 

An aliquot of about 4 ml of the HisPur Ni-NTA resins supplied as 50% slurry in 20% ethanol were 

transferred into a 15 ml falcon tube at room temperature.  The resin was then washed three times 

with filter sterilised distilled water to remove the ethanol.  The resin was then equilibrated by 

mixing it with 4 ml of the Lysis buffer through rotation of the mixture for 10 minutes at room 

temperature on a Rotator Revolver (Labnet International Inc., New Jersey, USA).  The resin-buffer 

mixture was allowed to settle, and the buffer was removed and discarded while the equilibrated 

resins were kept at 4⁰C for further use. 

 

5.2.3.3 Affinity purification of the recombinant GmAC1 protein  

The cleared lysate produced in section 5.2.3.1 was transferred to the equilibrated HisPur Ni-NTA 

resins from section 5.2.3.2.  The mixture was mixed gently for 60 minutes at room temperature on 

a Rotator Revolver at 30 rpm.  This stage was crucial as it allowed for the recombinant GmAC1 

protein to bind to the HisPur Ni-NTA resins.  The binding was facilitated by the presence of three 
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divalent metal-binding sites on the resin, which allowed specific and high binding capacity with 

the 6xHis-tagged recombinant GmAC1 protein.  Thereafter, the mixture was allowed to settle, and 

the supernatant collected as flow-through.  About 30 µl of the flow-through was collected in an 

Eppendorf tube for analysis by SDS-PAGE.  The bound HisPur Ni-NTA resins were then washed 

with the Wash buffer (100 mM NaH2PO4, 10 mM Tris-Cl, 8 M urea, 10 mM β-mercaptoethanol, 

500 mM NaCl, 15% glycerol, pH 8) three times.  During each wash, a 30 µl portion was collected 

and stored for analysis by SDS-PAGE.  Finally, an aliquot (30 µl) of the bound HisPur Ni-NTA 

resins was also collected for analysis by SDS-PAGE. 

 

5.2.4 Protein renaturation 

The pellet solubilisation performed in section 5.2.3.1 above, resulted in the denaturation of the 

recombinant GmAC1 protein.  Therefore, in order to restore the functional state of this targeted 

protein, a refolding or renaturation process had to be performed. 

 

5.2.4.1 Renaturation of the recombinant GmAC1 protein 

 

The washed HisPur Ni-NTA resins carrying the recombinant GmAC1 protein were first 

resuspended in 10 column volumes (cv) of the Refolding Buffer A (8 M Urea, 200 mM NaCl, 50 

mM Tris-HCl, 500 mM glucose, 20 mM β-mercaptoethanol, pH: 8.0).  The resuspended slurry 

was then loaded into a clean XK16 column (Bio-Rad Laboratories Inc, California, USA) before 

the column was manually connected to a Biologic DouFlow Chromatography System (Bio-Rad 

Laboritories Inc., California, USA).  A linearised gradient system was then created based on the 

parameters listed in Table 5.1.  During this refolding process, the Gradient Buffer A was slowly 

and linearly diluted to 0 M urea concentration with a Refolding Buffer B (200 mM NaCl, 50 mM 



 

79 

Tris-HCl, 500 mM glucose, 0.05% (w/v) polyethlygylcol, 4 mM reduced glutathione, 0.04 mM 

oxidised glutathione, and 0.5 mM phenylmethylsulphonyl floride).  Both buffer systems were 

connected to a BioLogic DuoFlow Chromatographic System to facilitate a controlled renaturation 

process of the denatured recombinant GmAC1 protein.  Therefore, during this process the purified 

recombinant GmAC1 protein was converted into its native and biologically active status. 

 

Table 5.2: Renaturation conditions of the recombinant GmAC1 protein using the BioLogic DuoFlow 

Chromatographic system. 

Variable Value 

Column volume 

Flow rate 

Column pressure limit 

Average time for UV 

System pump for automatic pressure and flow regulation 

Starting concentration of Buffer B  

Target concentration of Buffer A 

Length of gradient 

1.00 ml 

0.50 ml/min 

2.80 MPa 

1.00 sec 

Normal 

0.00% 

100% 

900 min 

 

5.2.5 Elution of the recombinant GmAC1 protein 

The refolded, bound and fully purified recombinant GmAC1 protein was ultimately eluted off the 

HisPur Ni-NTA resins through the addition of 2 ml Elution buffer (200 mM NaCl, 50 mM Tris-

HCl (pH 8.0), 250 mM imidazole, 0.5 mM PMSF, and 20% (v/v) glycerol) using the elution 

process directly linked to the DuoFlow system.  The resultant supernatant containing the eluted 

protein was then collected and stored at 4ºC for further use. 

 



 

80 

5.2.6 Concentration and desalting of the recombinant GmAC1 protein 

The eluted refolded recombinant GmAC1 protein was freed from its buffering salts and excess 

water by pouring the whole 2 ml eluent into the upper chamber of the Spin-X UF de-salting and 

concentrating device (Corning Life Sciences Inc., New York, USA) followed by centrifugation at 

2 540xg at 4oC for 4 hours or until the final volume had gone down to 100 µl.  The concentrated 

and de-salted protein fraction was then removed from the device and transferred into a new 

Eppendorf tube.  Protein concentration was subsequently determined by a 2000 Nanodrop 

spectrophotometer (Thermo Scientific, California, USA).  About 30 µl of the eluted recombinant 

protein were collected for analysis by SDS-PAGE while the rest of protein was stored at 4ºC for 

further use. 

 

5.2.7 Functional characterisation of the recombinant GmAC1 protein 

The in vitro characterisation of the AC activity of the purified and refolded recombinant GmAC1 

protein was performed via a cAMP-linked enzyme immunoassaying (EIA) system, following its 

acetylation protocol and in accordance with the manufacturer’s instructions (Catalogue #CA201: 

Sigma-Aldrich Inc., Missouri, USA).  The process involved determination of the functional 

effects/influences of various ionic and/or molecular components such as GTP, Mg2+, Mn2+, Ca2+, 

HCO3
- and F- onto the enzymatic activity of the recombinant GmAC1 protein.  

 

5.2.7.1 Sample preparation and enzyme immunoassaying 

In nine 1.5 ml Eppendorf tubes, 200 µl reaction mixes were prepared as is detailed in Table 5.2 

below.  All the reaction mixes were then incubated for 20 minutes at room temperature before 

reactions were stopped by the addition of 1 mM EDTA, which chelated out all the divalent metal 
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ions, thus removing the co-factors necessary for the enzymatic action of the recombinant GmAC1 

protein.  The samples were then boiled for 5 minutes to inactivate the recombinant protein.  The 

samples were then centrifuged at 16 300xg for 5 minutes to clarify them followed by collection 

and use of their clarified fractions.  The clarified fractions in all the 9 tubes were then acetylated 

by adding an acetylating reagent (2:1, triethylamine:acetic anhydride (v/v)) at a volumetric ratio 

of 1:20 acetylating reagent:sample.  The acetylation process of the samples was performed in order 

to increase the sensitivity of the assay.  Immediately after adding the acetylating reagent, the 

reaction solutions were mixed vigorously by vortexing at high speed for 2 seconds and their 

inherent cAMP levels measured using the acetylation protocol in the enzyme immunoassay (EIA) 

cyclic AMP kit (catalog CA201 Sigma-Aldrich) and in accordance with the manufacturer’s 

protocol (Appendix A).  The used kit utilises a conjugated polyclonal antibody to cAMP to bind 

in a competitive manner with the sample cAMP under investigation.  The enzyme immunoassaying 

samples and standards were all run in triplicate (n = 3) and the means of the triplicates were then 

subjected to a one-way analysis of variance (ANOVA) test. 
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Table 5.3: Molecular characterisation of the recombinant GmAC1 protein. 

 Tube 1 Tube 2 Tube 3 Tube 4 Tube 5 Tube 6 Tube 7 Tube 8 Tube 9 

Tris 50mM 50mM 50Mm 50mM 50mM 50mM 50mM 50mM 50mM 

MnCl2 5mM 5mM - 5mM 5mM 5mM 5mM 5mM 5mM 

Protein - 25µg 25µg 25µg 25µg 25µg 25µg 25µg 25µg 

ATP 1mM 1mM 1mM 1mM 1mM 1mM - 1mM 1mM 

MgCl2 - - 5 mM - - - - - - 

CaCl2 - - - 250µM - - - - - 

GTP - - - - - 1mM 1mM - - 

NaHCO3 - - - - 50mM - - - - 

NaF 

AlCl3 

- - - - - - - - 10mM 

+30µM 

 

 

5.3 Results 

5.3.1 Determination of the solubility/insolubility status of the recombinant GmAC1 protein 

 

The recombinant GmAC1 protein was expressed in BL21 (DE3) pLysS E. coli expression cells in 

form of insoluble inclusion bodies, which result in an aggregated and non-functional protein 

product.  This was determined by the solubility/insolubility test performed in section 5.2.2, 

whereby when the expressing cells were raptured in a native buffer followed by resolution (by 

SDS-PAGE) of the soluble and insoluble fractions of their cellular contents, the bulk of the 

expressed recombinant GmAC1 protein could solely be found in the insoluble cellular fraction as 

is shown in Figure 5.1 below. 
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Figure 5.1: Determination of the insolubility/solubility status of GmAC1 protein.  The presentation is a 

12% SDS-PAGE gel showing the solubility/insolubility status of the recombinant GmAC1 protein.  M is 

the molecular weight marker, PF is the soluble fraction (pellet) of the cell content while SF is the soluble 

fraction (supernatant) of the cell content.  The arrow is marking the recombinant GmAC1 protein, which 

was wholly expressed as insoluble component of the cell. 

 

5.3.2 Affinity purification of the recombinant GmAC1 protein 

The expressed insoluble His-tagged recombinant GmAC1 protein was purified on a HisPur Ni-

NTA resin matrix under non-native denaturing conditions, using an 8 M lysis buffer.  The protein 

was purified through its affinity binding onto the HisPur Ni-NTA resin matrix from the cleared 

lysate and washing off all other contaminants as is shown in Figure 5.2 below. 
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Figure 5.2: Purification of the recombinant GmAC1 protein under non-native denaturing conditions.  The 

presentation is a 12% SDS-PAGE of the purification regimes of the expressed recombinant GmAC1 

protein.  CL is the cleared lysate before passing through the HisPur Ni-NTA resins, FT is the flow-through 

of the cleared lysate after it had been passed through HisPur Ni-NTA resins.  W1, W2 and W3 are three 

successive washes of the purified GmAC1 protein bound on the HisPur Ni-NTA resins, and BB is the 

purified recombinant GmAC1 protein still bound onto the HisPur Ni-NTA resins.  M is the molecular 

weight marker and the arrow is marking the purified recombinant GmAC1 protein still bound onto the 

HisPur Ni-NTA resins. 

 

 

5.3.3 Renaturation and elution of the recombinant GmAC1 protein  

The denatured and purified recombinant GmAC1 protein was refolded back into its native form 

whilst it was still bound onto the HisPur Ni-NTA resin matrix to restore its biological properties 

and then eluted off the HisPur Ni-NTA resin matrix using the BioLogic DuoFlow Chromatography 

System (Bio-Rad Laboritories Inc., California, USA).  The eluted protein was then resolved and 

analysed by SDS-PAGE as shown in Figure 5.3 below. 
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Figure 5.3: Refolding and elution of the purified of the recombinant GmAC1 protein.  The presentation is 

a 12% SDS-PAGE of the eluted version of the recombinant GmAC1 protein after chemical refolding HisPur 

Ni-NTA resin matrix.  M is the molecular weight marker and GM the recombinant GmAC1 protein.  The 

arrow marks the eluted, desalted and concentrated protein fraction of the recombinant GmAC1 protein. 

 

 

5.3.4 Characterisation of the enzymatic activity of the recombinant GmAC1 protein 

After elution, the AC activity of the refolded purified recombinant GmAC1 protein was then 

assessed in vitro and in the presence of other ionic and molecular components that are naturally 

known to influence and/or affect AC activity.  The levels of cAMP generated by these various 

assessment conditions are shown in Figure 5.4 below. 
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Figure 5.4: Characterisation of the AC activity of the recombinant GmAC1 protein.  A reaction mixture 

containing 10 µg of the refolded purified recombinant GmAC1 protein, 50 mM Tris-Cl, pH: 8.0, 2 mM 

IBMX, 5 mM Mn2+, 1 mM ATP and/or in the presence of other additives was prepared and incubated at 

room temperature for 20 minutes.  The cAMP levels generated from these reaction mixes were then 

measured with a cAMP-specific enzyme immunoassaying system (Sigma Aldrich Inc., Missouri, USA) 

based on its acetylation protocol.  (A) cAMP levels generated by the purified recombinant GmAC1 protein 

in the presence of Mg2+ or Mn2+ ions; (B) cAMP levels generated with the purified recombinant GmAC1 

protein in the presence of either ATP and/or GTP when Mn2+ ion is the co-factor of activity; and (C) cAMP 

levels generated with the recombinant GmAC1 protein in the presence of either calcium, bicarbonate or 

fluoride ions when Mn2+ ion is the co-factor of activity.  All assays were undertaken in triplicate sets (n = 

3) and error bars represent standard errors of the triplicate means (n = 3). 

 

 

5.4 Discussion 

In this chapter, the C-terminal His-tagged recombinant GmAC1 protein was over expressed 

following induction of the transformed cells with 4 mM IPTG.  Unfortunately, this over-expression 

then resulted in the production of this protein in form of inclusion bodies (Figure 5.1) that are both 

insoluble and non-functional.  The production of the recombinant GmAC1 protein as inclusion 

bodies in E. coli BL21 (DE3) pLysS expression cells is probably due to the inability of the bacterial 

system to support all the post-translational modifications required by GmAC1 protein to fold 
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(Baneyx and Mujacic, 2004).  This is because the recombinant GmAC1 protein was synthesised 

in a microenvironment of E. coli (bacterial), which is quite different from that of G. max (plant) 

(Yamaguchi and Miyazaki, 2014).  As a result of this insoluble nature of the recombinant GmAC1 

protein, its purification process was then undertaken on a HisPur Ni-NTA resin matrix under non-

native denaturing conditions (Figure 5.2).  This purification process was made possible basically, 

because of the presence of a C-terminal 6xHis tag on the pTrcHis2 cloning vector that then enabled 

for successful affinity purification of the expressed GmAC1 protein on the HisPur Ni-NTA affinity 

matrix.  The purification of the recombinant GmAC1 protein was further enabled mainly due to 

the ability of the histidine tag to viably and stably function under denaturing and non-native 

experimental conditions (Holzinger et al., 1996; Mihic and Harris, 1996).  

However, this purification process resulted in the denaturation of the recombinant protein and thus 

rendering the protein biologically inactive.  Therefore, it was very important to first recover a 

biologically active protein product through refolding (Yamaguchi and Miyazaki, 2014) before any 

subsequent experimental analysis could be initiated.  This refolding process together with its 

subsequent elution process of the purified denatured recombinant GmAC1 protein then yielded a 

purified biologically active protein that was visualised on SDS-PAGE as is shown in Figure 5.3 

and later used in the in vitro functional characterisation assay shown in Figure 5.4.  

Results of the in vitro characterisation of the enzymatic activity of the recombinant GmAC1 

protein showed that the protein was able to generate significant levels of cAMP in the presence of 

Mn2+, HCO3
-, and Ca2+ molecular ions.   Previous research by Al-Younis et al. (2015; 2018), 

Bianchet et al. (2019), Chatukuta et al. (2018), and Ruzvidzo et al. (2013), have all demonstrated 

the role of these molecular and ionic components in positively regulating the function of novel 

ACs in higher plants.  In our case, the recombinant GmAC1 protein generated around 90 fmols of 

cAMP per µg protein in the presence of Mn2+ as compared to around 20 fmols cAMP per µg 

protein in the presence of Mg2+ (Figure 5.4A).  This is an indication that the GmAC1 protein has 
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a clear preference for the Mn2+ and not the Mg2+ metal ion as a cofactor of its catalytic activity and 

consistent with the AC activities of AtKUP7/5 (Al-Younis et al., 2015; 2018) and AtLRRAC1 

(Bianchet et al., 2019).  A report made by Londos and Preston (1977) showed that the divalent 

ions, Mn2+ and Mg2+, were capable of activating the AC system through interaction with their 

metal ion binding sites, however, activation by Mg2+ was reported to require concentrations that 

are at least 50 to 100 folds greater than those for Mn2+.  This probably explains the results obtained 

in this study, where higher cAMP levels were observed in the presence of Mn2+ than Mg2+, 

particularly considering that the two metal ions were used at equimolar levels.  More so, the fact 

that the recombinant GmAC1 protein could generate relatively more cAMP content in the presence 

of Mn2+ than Mg2+ perhaps suggests that the protein could be a soluble (sAC) since sAC are active 

and functional only in the presence Mn2+  but not Mg2+ (Tresguerres et al., 2011).  

When comparing ATP and GTP as probable substrates for the recombinant GmAC1, the protein 

generated around 90 fmols of cAMP with the former compared to approximately 10 fmols of 

cAMP with the latter (Figure 5.4B).  These results, together with the ones in Figure 5.4A, strongly 

indicate that the novel recombinant GmAC1 protein is strictly dependent upon the Mn2+ metal ion 

as a co-factor and ATP as a sole substrate, and thus implying that the protein is indeed a sAC 

(Braun and Dods, 1975).  

Furthermore, the GmAC1 protein was activated by the HCO3
- and Ca2+ ions, to produce significant 

cAMP levels of ±140 and ±125 fmols respectively compared to the ~90 fmols of cAMP it generally 

generates in the absence of both molecular ions.  This further confirms that the expressed 

recombinant GmAC1 protein is indeed a sAC since a prominent feature of all sACs is their direct 

stimulation by both the HCO3
- and Ca2+ ionic components (Chen et al., 2000; Litvin et al., 2003).  

sACs have been reported to require two divalent metal ions in their catalytic active sites for the 

enzymes to be able to coordinate the binding and ultimately the cyclisation of ATP into cAMP 
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(Steegborn, 2005), thus explaining the GmAC1’s stimulative and modulative sensitivity to both 

Ca2+ and Mn2+.  

In our initial preliminary bioinformatic analysis through the GenPRoBis tool (Chapter 2), the 

GmAC1 protein (as part of the XP_003529590 protein complex) was predicted to possess an 

analog ligand, 1HAK, that is involved in calcium binding (Table 2.6).  This therefore implies that 

the Ca2+ ions could perhaps have been able to bind to some site or sites on the recombinant GmAC1 

protein as previously reported by Sadana and Dessauer (2009).  More so, it has also been 

established that divalent ions (Ca2+ and Mn2+) result in an increase of cAMP levels for various ACs 

(Limbird et al., 1979; Neer, 1979; Litvin et al., 2003) thus these same metal ions could presumably 

have had a similar effect onto the catalytic site of the studied recombinant GmAC1 protein in our 

case.  According to Cooper et al. (1995), this is an indication that ACs are associated with sites of 

Ca2+ sensitisation in all cells and thus the observed coupling of Ca2+ and cAMP production in our 

case, firmly provides evidence for the existence of a Ca2+-cAMP signalling system in plants that 

is possibly regulated by the GmAC1 protein.  

Additionally, our preliminary bioinformatic analysis of the novel GmAC1 gene in Chapter 2 

(Table 2.2) also predicted its primary location as mitochondrion.  sACs are primarily associated 

with intracellular organelles such centrioles, microtubules, nuclei (Zippin et al., 2003; Schmid et 

al., 2007) and are mostly localised in the mitochondrial matrix (Acin-Perez et al., 2009; 

Tresguerres et al., 2014; Valsecchi et al., 2014), thus confirming the recombinant GmAC1 protein 

as a sAC.  Ideally, it is believed that activation of sAC in the mitochorion is also primarily through 

binding by bicarbonate, which directly binds to and activates the sAC in a non pH-dependent 

manner (Chen et al., 2000).  The mitochondrion is a site well-known for producing ATP and within 

this organelle, metabolic respiration results in increase of bicarbonate ions (from the generated 

CO2), thus providing ideal conditions for sAC activation and modulation.  Incidentally, the 

information provided here is also very consistent with some other previous reports that have 
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implicated the sensitivity of sACs to variations in the levels of the physiological ATP and their 

direct activation by Ca2+ and the metabolite bicarbonate (Chen et al., 2000; Litvin et al., 2003).   

Recent literature has also implicated the bicarbonate anion in being capable of elicting cAMP 

signals in the matrix by allowing sACs to independently generate cAMP (Acin-Perez et al., 2011).  

The activity of sACs has been reported to increase synergistically in the presence of the 

bicarbonate and Ca2+ ions (Litvin et al., 2003; Geng et al., 2005) and to be dependant on the 

physiological changes in ATP concentrations such that when ATP levels are reduced, the activities 

of sACs are also decreased to due to substrate limitation (Zippin et al., 2013). 

In our present study, the activation of the novel recombinant GmAC1 protein in vitro by both the 

Ca2+ and HCO3
- ions implies that the protein is indeed an intracellular metabolite and signal 

intergrator.  Though no literature is available on the role of the mitochondrially-generated cAMP 

in plants or soybean specifically, previous studies have focused on roles of such signalling systems 

in animals (Valsecchi et al., 2014; Pozdniakova and Ladilov, 2018).  In mammals, the 

physiological functions regulated by sACs, included glycolysis and mitochondrial respiration 

(Acin-Perez et al., 2009; 2011), and ACs were also reported to be involved in the regulation of 

pathogens such as Candida albacans and Pseudomonas aeruginosa (Hall et al., 2010; Topal et al., 

2012).  

Therefore, the possible function of the soluble recombinant GmAC1 protein can be associated with 

disease resistance and metabolic regulation within the soybean plant.  An attempt to understand 

the regulation of sACs by HCO3
- and Ca2+ in mitochondria was performed by Di Benedetto et al. 

in 2013, where their data also confirmed the importance of ions in activating sACs and cAMP 

production in mitochondria.  Experimental data from this group was also able to confirm that the 

target of mitochondrial cAMP is a protein kinase A (PKA) or a PKA-like kinase - a sentiment also 

confirmed by Lefkimmiatis et al. in 2013.  Therefore, it can be postulated that the presumable 
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soybean sAC-cAMP signalling system may also involve a PKA or PKA-like kinase pathway.  This 

pathway is important in regulating downstream signalling and gene transcription.  The sAC-

cAMP-PKA pathway has been implicated in playing a central role in the transduction of 

environmental signals (Guo et al., 2016) and in the un-restrained growth and division of cells 

(Manning et al., 2002).  In fungi, the same signalling pathway was reported to be involved in 

growth, development, stress response and secondary metabolism (Hu et al., 2014).  

In plants, protein kinases have been implicated in regulation of cell differentiation, growth and 

development of the plant body (Ho, 2015), therefore, in order to comprehend the physiological 

roles of the GmAC1 sAC-cAMP-PKA signalling system, the general roles of PKA in plants can 

be assessed and elucidated.  Ca2+ as a modulator of sACs has been reported to stimulate protein 

kinase activity in membranes of the pea shoot (Hetherington and Trewavas, 1984) - a claim that 

was confirmed by Hepler and Wayne in 1985 that the stimulation of protein kinases is dependent 

on Ca2+ concentration.  Therefore, the observed modulation of the GmAC1 sAC by Ca2+ in this 

study shows the importance of this divalent ion in promoting signal transduction in soybean 

specifically and other plants in general.  

Protein kinases have been implicated in abiotic stress regulation such as cold, salt and drought and 

biotic stresses involving pathogens, pests, herbivores and fungi (Ho, 2015).  In response to abiotic 

and biotic stress exposures, protein phosphorylation by the protein kinases was observed in plant 

cells of Arabidopsis and the response was believed to be involved in the regulation of physiology, 

morphology, and gene expression, thus affecting cell proliferation, growth and development 

(Shinozaki and Yamaguchi-Shinozaki, 2000; Fowler and Thomashow, 2002).  The importanc of 

calcium in modulating sACs to produce cAMP can not be underestimated as previous studies have 

implicated the increase of Ca2+ in the plant cytosol as a crucial event in plant innate immune 

responses (Sunkar et al., 2000; Bridges et al., 2005).  Therefore, the production of cAMP through 
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the activation of the recombinant GmAC1 protein by Ca2+ can be implicated in plant defense 

related signalling (Clough et al., 2000) within the legume.  

 

5.5 Conclusion 

 

The in vitro activity assaying of the recombinant GmAC1 protein confirmed this protein as a sAC, 

whose physiological roles may involve the sAC-cAMP-PKA signalling system. 
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CHAPTER 6 

EXTENSIVE BIOINFORMATIC ANALYSIS OF THE NOVEL 

XP_003529590 SOYBEAN GENE 

 

Abstract 

Unknown gene function predictions can be established using bioinformatic tools.  These web-

based and computer-linked tools have made it possible to understand the physiological roles of 

new genes in plants.  In this chapter, the possible physiological roles of a novel soybean gene 

XP_003529590 were predicted.  This gene is annotated as a probable adenylate cyclase (AC - an 

enzyme that is capable of generating the signal molecule, cAMP) due to the fact that it harbours a 

putative AC centre, which in various chapters of this study, has been cloned, expressed as a 

truncated version of the XP_003529590 gene, GmAC1 and ultimately confirmed to be 

catalytically functional.  The major tools used herein include DOMAINATION and 

Genevestigator.  DOMAINATION was used to infer structural domains in the XP_003529590 

protein sequence from similarity searches using PSI-BLAST.  Genevestigator was used to predict 

gene function through gene co-expression during soybean development, various perturbations and 

gene expression profiling through micro arrays experiments from the [Soybean] Affymetrix 

Soybean Genome Array platform.  Gene Ontology of the biological process predictions, molecular 

function predictions and cellular component predictions were all performed through FFPred 2.0.  

Results from DOMAINATION showed that the XP_003529590 gene is indeed an AC whereas 

results from Genevestigator showed that the XP_003529590 gene is relatively expressed during 

soybean development as was indicated by a Pearson correlation coefficient of 1 for all the top 25 

co-expressed genes.  Microarray gene expression profiling showed that the XP_003529590 gene 



 

94 

is initially down-regulated due to exposure to the soybean root pathogen Phytophthora sojae and 

later, up-regulated after extended exposures while the opposite is true for it when the plant is 

exposed to the other root pathogen Phakopsora pachyrhizi.  On contrary, the XP_003529590 gene 

is, however, always up-regulated during the entire bud removal, a mimicry of herbivory.  Gene 

ontologies additionally showed localisation of the XP_003529590 gene as being chiefly the 

mitochondrion.  The major biological process predictions included regulation of gene expression, 

translation and metabolic processes, while molecular process predictions were catalytic activity, 

nucleic acid binding, ATP binding, RNA binding, kinase binding and kinase activity.  From all 

these aspects, it could therefore, be firmly deduced that the XP_003529590 protein is indeed an 

RNA binding AC that is largely involved in regulation of development in the soybean plant 

through expression of genes involved in pathogen defense, drought, cold and salt tolerance, 

detoxification, and growth and development systems via processes that largely are mediated by 

cAMP. 

 

6.1 Introduction 

One of the key objectives in any biological investigation is to identify all molecules within a living 

cell and understand their interaction.  Unfortunately, the functions of many of the genes are still 

not understood and such a scenario has been exacerbated with the recent discovery of many novel 

genes, particularly in soybean, which has been previously reported to have undergone almost over 

2.55-fold genome duplications (Turner et al., 2012).  In Chapter 2, the preliminary bioinformatic 

analysis of the XP_003529590 gene has shown that the protein product it expresses is an alpha-

helical PPR protein, largely involved in RNA and Ca2+ binding processes.    

Glycine max, being one of the major oil crops world-wide, faces various challenges posed by 

environmental stressors and in order to cope, this plant evolved sophisticated adaptive response 
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mechanisms (Yamaguchi-Shinozaki and Shinozaki, 2006).  Some of the plant responses to 

different stresses are defined by regulatory factors that integrate signalling from various pathways 

(Fujita et al., 2006).  An attempt to understand such regulatory factors has been made possible 

through the use of bioinformatic tools.  Bioinformatics approaches offer essential tools for the 

identification of genes and pathways that may be associated with important adaptive responsive 

mechanisms in crop plants. including soybean.  Unravelling the complex resistant mechanisms 

usually provides fundamental insights into the biological processes involved in environmental 

stimuli and therefore, helping in alleviating crop losses. 

Bioinformatics tools use the Affymetrix microarray platform, which provides a standardised 

system with a high degree of reproducibility (Hennig et al., 2003; Redman et al., 2004) for 

analyses.  The Affymetrix system has made it possible to identify biologically significant 

expression patterns of individual genes (Zimmerman et al., 2004) and therefore, helping in 

illuminating gene functions.  The inferring of gene functions from different types of biological 

data has shown to bring more accurate predictions and therefore, has been widely used in different 

researches (Pavlidis et al., 2001; Mostafavi and Morris, 2010; Gillis and Pavlidis, 2011).  

Biological functions of unknown genes can be obtained through similarity searches that include 

multiple sequence alignments (MSAs) and gene co-expression among other methods. 

Multiple sequence alignments (MSAs) have been reported to be an essential tool for protein 

classification, analysis and functional prediction (Hannenhalli and Russell, 2000).  These MSAs 

arrange protein sequences into a rectangular array with the aim that residues in a given column are 

homologous, superposable or play a common functional role (Edgar and Batzoglou, 2006).  The 

exploitation of similarities in protein sequences to infer gene function has been most widely used 

(Phuong and Nhung, 2013).  Through MSAs, it is possible to view sequence conservation patterns 

that are indicative of enzyme active sites and secondary structure types as has been performed in 

some previous analyses by Casari et al., in 1995 and Lichtarge et al., in 1996.  Casari et al. (1995) 
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developed a method for identifying functional residues on proteins based on MSA, through 

analysis of conserved positions throughout the whole protein family.  Lichtarge et al. (1996) were 

also able to determine important positions on protein sequences that were of functional importance.  

Co-expression network analysis (CNA) is one method that can be used to infer gene function and 

gene-disease associations from genome-wide gene expression.  This CNA method can be used to 

associate genes of unknown function with biological processes to prioritise candidate disease 

genes and to understand transcriptional regulatory programmes (van Dam, 2018).  Gene CNA has 

been reported to be effective in identifying correlations, i.e. which genes are active simultaneously, 

which indicates that they are active in the same biological processes.  Over the years, gene 

expression data has become a powerful resource in describing the molecular state associated with 

many cellular phenotypes and responses to environmental perturbations.  The use of expression 

profiling has been well demonstrated in predicting class of known genes and in assigning putative 

functional roles to previously uncharacterised genes based on profile similarity (Carter et al., 

2004).  

In model organisms such as Saccharomyces cerevisae and Arabidopsis thaliana, there exists a 

wealth of publicly available gene expression data from experiments designed to perturb the 

transcriptomes of the organisms by subjecting them to various environmental conditions 

(Deshmukh et al., 2013).  However, in Glycine max, the transcriptome data is really quite limited 

when compared to A. thaliana and Oryza sativa (Wang et al., 2014) such that information on 

proteomics, metabolics and phenomics is reportedly lagging (Deshmukh et al., 2013).  In order, to 

elucidate and identify gene functions, the data from these experiments have been subjected to 

many clustering algorithms in an effort to identify genes that are involved in similar functional 

roles (Eisen et al., 1998; Tamayo et al., 1999).  The kind of significance analysis has provided 

insight into specific cellular states through the identification of individual genes that possess 

corresponding altered expressions (Ideker et al., 2000; Rocke and Durbin, 2001).  Under varying 
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environmental conditions, cell transcriptional responses involve a coordinated co-expression of 

genes encoding proteins that work in concert to achieve an adaptive response (Carter et al., 2004).  

Therefore, by examining conditional patterns of expression, an insight into the underlying cellular 

processes that are activated is provided.  A study by Carter et al. (2004) on the gene co-expression 

network topology of S. cerevisiae and Caenorhabditi elegans has demonstrated that molecular 

characterisation of biological conditions is possible through examination of differential expression 

profiles in that particular condition and that gene expression network connectivity is a relevant 

dimension that specifies a gene’s involvement in the environmental response program under 

investigation by microarray experiment.  It therefore, follows that the measurement of expression 

levels of genes through microarray analysis offers great opportunities for probing transcript 

patterns in plant organs, tissues or cells. 

Soybean, an economically important drought sensitive crop, requires extensive study in order to 

understand its genome responses to the various environmental stresses.  Bioinformatic tools have 

been utilised to understand the function of some of the genes that are involved in combating the 

effects of stresses.  Some of the genes in soybean that have been studied through bioinformatic 

analyses are the heat shock protein 20 (Hsp20) gene family and few others (Lopes-Caitar et al., 

2013).  In this regard, authors employed similarity sequence in phylogenetic analyses to 

understand relationships within the sub-families of the gene family and Basic Local Alignment 

Search Tool (BLAST) searches to identify Hsp20 domains.  A study of the expression profiles of 

the Hsp20 was performed using the gene expression search tools of the soybean database that are 

available in Genevestigator (https://www.genevestigator.com/gv/plant.jsp) (Hruz et al., 2008) and 

Soybase (http://soybase.org/soyseq/) (Severin et al., 2010).  In that regard, Lopes-Caitar and co-

workers (2013) were able to conclude that the bioinformatic tools were very efficient in precisely 

identifying the G. max Hsp20 family members that were useful in elucidating their roles in the 

event of heat stress and the tissues in which such genes exert their effects. 

https://www.genevestigator.com/gv/plant.jsp
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Bioinformatic tools have also been employed as well in studying the roles of G. max WRKY-type 

transcription factors in plant defense response and developmental processes by Zhou et al. (2008).  

That kind of a research proved that an understanding of such genes from G. max is important in 

the production of transgenic plants.  The study involved identification of 64 WRKY-type 

transcription factors from soybean and characterisation of their expression pattern in response to 

different abiotic stress factors.  The authors employed BLAST to identify the 64 G. max WRKY-

type transcription factors, from which they were able to identify three members; GmWRKY13, 

GmWRKY21 and GmWRKY54 that were able to show differential effects on abiotic stress 

tolerance.  A better understanding of such plant genes can further be used in crop improvement.  

The results of the bioinformatic data mining of those G. max WRKY-type transcription factors by 

Zhou et al. (2008) provided a baseline for field experiments involving the growth of GmWRKY21-

transgenic Arabidopsis plants and the subsequent abiotic stress treatments.  It can therefore, be 

concluded that microarray data provides an indication of gene expression patterns hence 

illuminating targets for further studies.  It is because of this that microarray-based studies of plant-

pathogen interaction are now prevalent. 

Gene expression studies in soybean have also been performed through expressed sequence tags 

(EST) sequencing, spotted microarrays and the Affymetrix GeneChip technology (Severin et al., 

2010).  These include the laser capture microdissection for study of soybean seed development 

(Le et al., 2007) and iron stress response in soybean (O’Rourke et al., 2009).  This is in contrast 

to the RNA-Seq, which was employed by Severin et al. (2010) for gene expression studies in 

soybean - which is limited to analysis of gene expression in tissues and seeds, and thus ideally 

suitable to plant breeders.  The gene expression analyses in seeds focused on the genes with 

functional roles that aid or complement in economically important seed filling processes.  

There is evidence that gene expression microarrays have been used to examine plant and pathogen 

gene expressions over a time course of post-infection.  Moy et al. (2004) utilised an amplified-
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cDNA microarray that had 3 927 soybean and 969 Phytophthora sojae genes for expression 

studies.  Their results indicated that the soybean genes encoding the enzymes of phytoalexin 

biosynthesis and defense and pathogen-related proteins were strongly up-regulated during 

infection and their expression peaked at 24 hours after infection.  P. sojae is an oomycete, narrow 

range species pathogen that is restricted primarily to soybean (Erwin and Ribiero, 1996).  

Therefore, P. sojae is a major pathogen of G. max, which causes root and stem rot (Shan et al., 

2003; Tyler, 2007; Dou et al., 2008) and has been reported to be the major cause of soybean losses 

(Zhang et al., 2011).  Phakopsora pachyrhizi is another major pathogen of soybean and has been 

reported to have caused significant economic losses in Africa, Asia and South America (Panthee 

et al., 2007).  Inference can therefore, be made that these two pathogens are a serious threat to 

soybean production, thus requiring proper management.  

Therefore, an evaluation of the endogenous up-regulation of genes in response to disease- causing 

agents is most likely to provide clues to pertinent defense genes.  This is possible through 

microarray analysis, a useful technology for assaying transcriptional responses for abiotic and 

biotic plant stresses (Moy et al., 2004; Mentewab et al., 2005).  In soybean, microarray analysis 

has been used to study and understand the root rot disease caused by P. sojae (Moy et al., 2004), 

therefore, the technology is useful in identifying fungal resistance genes in plants.  Libault et al. 

(2010) used the same technology in the analysis of the soybean root hair cell transcriptome in 

response to B. japonicum inoculation to identify genes that are regulated during root hair infection 

by the bacteria.  

The use of the soybean Affymetrix GeneChips and microarray data was thereof considered in our 

own study herein since it provides information on transcriptomic analysis for abiotic and biotic 

stress tolerance in soybean and is more readily available.  It is important to note that there still is 

no published data on microarray gene expression studies on the XP_003529590 gene in soybean.  
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6.2 Materials and methods  

6.2.1 Functional prediction of the XP_003529590 gene through multiple sequence alignments 

DOMAINATION (http://mathbio.nir.nimr.ac.uk) (George and Heringa, 2002) or simply domain 

prediction was used to infer structural domains in the amino acid sequence of the XP_003529590 

encoded protein from similarity searches using PSI-BLAST.  In other words, a similarity search 

of the XP_003529590 protein sequences against BLASTP 2.2. 17 (Altschul et al., 1997) was made 

using DOMAINATION and the accuracy of such a search tested using some composition-based 

statistics (Schaffer et al., 2001).  To supplement data from this DOMAINATION, PLAZA 4.0 

(https://bioinformatics.psb.ugent.be/plaza) (van Bel et al., 2018) was used to further functionally 

characterise the XP_003529590 gene coding sequences.  Since a search input of the 

Gyma.07G251000 in PLAZA 4.0 classified this gene as belonging to the gene family 

HO04D005110, therefore, a functional clustering analysis of 15 species of economic importance 

was performed through MSA.  The resultant genes from the heatmap were then further 

characterised and ascertained through Phytozome v12.1.6 

(https://phytozome.jgi.doe.gov/pz/portal.html). 

  

6.2.2 Functional prediction of the XP_003529590 gene through co-expression analysis  

To assess which genes in soybean are functionally co-expressed with the XP_003529590 gene a 

similarity search tool, Co-expression from the Compendium Wide Analysis; Genevestigator v3 

(http://www.genevestigator.ethz.ch) (Hruz et al., 2008) was used.  The tool was useful in 

identifying genes that have the most similar profile to XP_003529590 across the 

GM_AFFY_SOYBEAN database.  Co-expression was tested across two parameters; development 

http://mathbio.nir.nimr.ac.uk/
https://bioinformatics.psb.ugent.be/plaza
https://phytozome.jgi.doe.gov/pz/portal.html
http://www.genevestigator.ethz.ch/
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and perturbations.  For each parameter, 25 top most co-expressed genes were identified based on 

the Pearson correlation coefficient as a measure of similarity between the genes. 

 

6.2.3 Functional prediction of the XP_003529590 gene through stimuli expression responses 

An exploration of the XP_003529590 gene expression in response to a wide variety of 

perturbations was investigated using the compendium-wide analysis- condition search tool: 

perturbations in Genevestigator v3 (http://www.genevestigator.ethz.ch) (Hruz et al., 2008).  This 

was done to identify experimental conditions in which the XP_003529590 gene expression can be 

up-regulated or down-regulated.  Expression profiling through arrays experiments from the 

[Soybean] Affymetrix Soybean Genome Array platform were used to assess the gene expression 

patterns of the novel gene in soybean, and these included: 

(i) Gene expression in P. sojae mycelia, germinating zoospores and during its infection of the 

soybean hypocotyls (Dong et al., 2009); 

(ii) Expression survey of the Rpp1 soybean line P1200492 resistant to P. pachyrhizi (Gregory 

et al., 2007); 

(iii) The effects of bud removal on soybean leaf gene expression (Turner et al., 2012); 

(iv) Soybean root hair cell responses to B. japonicum inoculation (Libault et al., 2010) and 

(v) Analysis of iron deficiency in soybean leaf tissues (O’Rourke et al., 2009). 

The default values for the fold change and p value were used since there were only 244 

perturbations for the G. max.  The expression levels of the genes were expressed as log2 ratio and 

statistically computed using the t-test for each of the 7 genes against the XP_003529590.  The 7 

G. max genes that were used to compute the expression levels of the gene of interest were obtained 

http://www.genevestigator.ethz.ch/
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from GM_AFFY_SOYBEAN-0 dataset (based on the selection criteria).  These were 

Glyma.07G184300: Mitochondrial HSO70 2; Glyma.19G242700: Ribosomal protein S24e family 

protein; Glyma.13G237800: Ribosomal protein S6e (RP-S6e, RPSL); Glyma.05G029300: 

Uncharacterised protein; Glyma.03G150600: GTP binding elongation Factor Tu family protein; 

Glyma.08G184300: Ribosomal protein L10 family protein; and Glyma.10G154500: rRNA 

processing protein-related. 

 

6.2.4 Functional prediction of the XP_003529590 gene through Gene Ontology  

The gene ontology predictions for the XP_003529590 gene were performed using FFPred 2.0 

which was accessed at the interface of the PSIPRED Protein Analysis Workbench 

(http://bioinf.cs.ucl.ac/psipred) (Minneci et al., 2013).  This FFPred runs a Support Vector 

Machine (SVM) in which GO that are considered highly reliable are denoted H and those which 

are harder to predict as low reliability denoted L (Minneci et al., 2013). 

 

6.3 Results  

6.3.1 Functional prediction of the XP_003529590 gene through multiple sequence alignments 

A similarity sequence alignment search of the XP_003529590 protein sequence using the BLASTP 

2.2.17 PSI-BLAST in DOMAINATION, revealed 7 domains shown in Figure 6.1 below, whose 

similarity sequences are shown in Appendix B.  The domains were identified from N. tabacum 

(AAB87670.1); O. sativa ssp japonica (NP_00060578.1); and A. thaliana (NP_193299.3, 

BAC42709.1, NP_188783.2, NP_001030740.1 and CAB10342.1).  In addition, the composition-

based statistics for the observed domains are shown in Table 6.1. 
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Figure 6.1: Protein domains from BLASTP with sequence similarities to the XP_003529590 gene.  

DOMAINATION produced 7 domains with significant alignment scores as is indicated in the colour key. 

 

 
Table 6.1: Gene IDs for the 7 domains with significant sequence scores to the XP_003529590 gene.  UP 

means uncharacterised protein, AC means adenylyl cyclase, and HP means hypothetical protein.  

Sequence Locus Gene ID Score 

(bits) 

Length 

Aa 

Composition based 

stats 

Identities Positives 

NP_193299.3 At4g15640 (AC) 403 390 60 76 

BAC42709.1 A. thaliana (UP) 402 390 60 76 

AAB87670.1 Axi 141 N. tabacum (AC) 402 406 60 75 

NP_188783.2 At3g21465 (AC) 396 388 59 75 

NP_00060578.1 Os07g668200 (AC) 348 413 54 71 

NP_001030740.1 A. thaliana (UP) 306 312 62 77 

CAB10342.1 A. thaliana (HP) 222 189 61 78 

 

At4g15640, Os07g668200 and AAB87670.1 have been categorised as AC genes (Altschul et al., 1997; Schaffer et 

al., 2001). 

 

 

The gene IDs shown in Table 6.1 above demonstrate that most of those shared domains are AC 

catalytic centres.  However, for the sequence loci BAC42709.1 (UP), NP_001030740.1 (UP) and 

CAB10342.1 (HP), since there is a significant sequence similarity in their domain sequences, it 

can be predicted that they are also catalytic in nature, possessing the annotated AC.  The seven 
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domains sequence loci from Figure 6.1 showed significant similarities to the soybean 

XP_003529590 gene.  In addition, a functional clustering analysis of the gene family 

HO4D005110 (InterPro-Tetratricopeptide-like helical domain) of some chosen 15 economically 

important species that was performed in PLAZA 4.0, generated a similarity heatmap.  The heatmap 

was constructed based on the protein sequences of the HO4D005110 tetratricopeptide like helical 

domain as is shown Figure 6.2 below.  The results indicated that within the G. max plant, there is 

a Glyma.17G023300, which shows a close similarity to the tetratricopeptide-like helical domain 

of the AC gene that was studied herein.  The A. thaliana gene At4g15640 from Table 6.1 above 

has since been identified in the gene family search of HO4D005110 together with At3g21465.  

 
Figure 6.2: Similarity heat map based on the gene family HO04D005110 InterPro tetratricopeptide-like 

helical protein. 
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A further inference into the gene families of the genes in Figure 6.2 was made using Phytozome 

12.  The results of such a further analysis of the genes with close similarity to the XP_003529590 

gene are shown in Table 6.2 below. 

 

Table 6.4: A Phytozome 12 inference of the HO4D005110 gene family with close similarity to the 

XP_003529590 (https://phytozome.jgi.doe.gov/pz/portal.html). 

Gene Naming Platform Description 

Glyma.17G023300 Glycine max Wm82.a.2v1 Adenylyl cyclase 

AL7g39790 Arabidopsis lyrata v2.1 Adenylyl cyclase 

AL3g35540 Arabidopsis lyrata v2.1 Adenylyl cyclase 

Medtr3g069790 Medigo truncatula Mt4 0v1 Adenylyl cyclase 

Prupe.1G141100 Prunus persica v2.1 Adenylyl cyclase 

Solyc07G041930.2 Solanum lycopersicum iTAG2. 4 Adenylyl cyclase 

Cucsa.253500 Cucumis sativus v1. 0 Adenylyl cyclase 

LOC_Os07g47201 Oryza sativa v7_JGI Adenylyl cyclase, putative, expressed  

At3g21465 Arabidopsis thaliana TAIR 10 Adenylyl cyclase 

At4g15640 Arabidopsis thaliana TAIR 10 Adenylyl cyclase 

Zm0000b1022498 Zea mays PH207v1. 1 RING and CHY zinc finger domain (s) 

Bo5g101030 Brassica oleracea capitate v1. 0. Uncharacterised protein 

Bo8g040840 Brassica oleracea capitate v1.0 Uncharacterised protein 

Vradi07g25550 Vigna angularis Uncharacterised protein 

 

An analysis of the tetratricopeptide-like helical domain family gene was able to identify another possible novel AC 

enzyme from the G. max; gene ID: Glyma.17G023300.  Most of the genes from the other plants are ACs except for 

the gene from Zea mays, which is a RING finger and CHY finger domain-containing protein. 
 

6.3.2 Functional prediction of the XP_003529590 through co-expression analysis  

A similarity search tool Co-expression from the Compendium Wide Analysis; Genevestigator v3 

showed 25 top-most genes that are co-expressed with the XP_003529590 during development as 

is illustrated in Table 6.3 below.  All the top 25 co-expressed genes showed a Pearson correlation 

coefficient of 1, an indication of a strong relation of such development genes to the 

https://phytozome.jgi.doe.gov/pz/portal.html


 

106 

XP_003529590.  However, under the perturbations tool, not a single gene from the top 25 co-

expressed genes had a Pearson correlation coefficient of 1.  The top 25 co-expressed genes during 

perturbations are shown in Table 6.4 below.  Interestingly most of the genes that are co-expressed 

with XP_003529590 gene under perturbations are ribosomal proteins unlike those co-expressed 

during development. 
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Table 6.5: The 25 top most genes positively co-expressed with the XP_003529590 gene in soybean during 

development. 

Gene Description 

Glyma.07G251000 
 

Glyma.04G229000 60s acidic ribosomal protein family 

Glyma.05G175900 Protein of unknown function (DUF3550/UPF0682) 

Glyma.03G259800 Rho GTPase activating protein with PKA-box /P21-RHO-binding 

Glyma.11G231800 Outer membrane OMP85 family protein 

Glyma.08G025700 Heat shock protein 70 (Hsp 70) family protein 

Glyma.02G266300 Indole-3-butyric acid response 5 

Glyma.04G234500 ABL interactor-like protein 2 

Glyma.11G925000 Protein of unknown function 

Glyma.18G042700 Nonsense-mediated mRNA decay NMD3 family 

Glyma.06G074300 CHY-type/CTCHY-type/ RING-type Zinc finger protein 

Glyma.14G074900 S-adenosyl-L-methionine-dependent methyltransfarese 

Glyma.19G072800 Ubiquitin-conjugating enzyme 22 

Glyma.05G148200 Nuclear transporter factor 2B 

Glyma.17G105900 Ribosomal protein S11-beta 

Glyma.18G025100 Leucine-rich repeat protein kinase family 

Glyma.07G017500 Cytochrome c oxidase assembly protein COX19-like 

Glyma.08G175200 Glutathione S-transferase TAU 19 

Glyma.02G004400 Tetracopeptide repeat (TPR)-like superfamily 

Glyma.15G015700 PDI-like 1-6 

Glyma.14G065900 Glucose-1- phosphate adenylyltransferase family protein 

Glyma.02G073700 Plasma membrane intrinsic protein 2 

Glyma.19G184300 ATP binding cassette subfamily B1 

Glyma.11G175200 Cyclophilin 5 

Glyma.19G207100 B-box type zinc finger protein with CCT domain 

Glyma.06G358000 Protein of unknown function 

 

All the top 25 genes co-expressed with the XP_003529590 during the legume development were highly 

correlated, showing Pearson correlation coefficient of 1. 
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Table 6.6: The 25 top most genes positively co-expressed with the XP_003529590 gene in response to 

various perturbations. 

Gene Description 

Glyma.07G251000 
 

Glyma.07G184300* Mitochondrial HSO70 2 

Glyma.19G242700** Ribosomal protein S24e family protein 

Glyma.13G237800** Ribosomal protein S24e family protein 

Glyma.05G029300*** Protein of unknown function 

Glyma.03G150600**** GTP binding elongation factor Tu family protein 

Glyma.08G184300**** Ribosomal protein L10 family protein 

Glyma.10G154500**** rRNA processing protein-related 

Glyma.13G276300**** Ribosomal protein L3 plastid 

SGlyma.02G263200***** Ribosomal protein S4 (RPS4A) family protein 

Glyma.07G043800***** 40s ribosomal protein SA B 

Glyma.07G128300***** Protein of unknown function 

Glyma.02G002300***** Ribosomal protein L7Ae/L30e/s12e/Gadd45 family 

Glyma.20G168100***** Ribosomal protein 1 

Glyma.06G045000***** Ankyrin repeat family protein 

Glyma.17G105700***** Ribosomal protein S5/Elongation factor G/III/V family 

Glyma.05G081300****** Ribosomal protein L25/Gln-tRNA synthetase, anti-codon-binding 

Glyma.19G125400****** Nascent polypeptide-associated complex (NAC), alpha subunit family 

Glyma.03G055500****** Metallopeptidase M24 family protein 

Glyma.03G186500****** Transducin family protein/WD-40 repeat family protein 

Glyma.17G023300****** Protein of unknown function 

Glyma.02G049300****** Ribosomal protein L2 family 

Glyma.08G087200****** Ribosomal L27e protein family 

Glyma.11G163000****** Mitochondrial 28s ribosomal protein S2 

Glyma.18G278400****** Pentatricopeptide repeat (PPR) superfamily protein 

Glyma.02G047800****** Ribosomal protein S4 (RPS4A) family protein 

 

Pearson correlation coefficient *0.88, **0.87, ***0.86, ****0.85, *****0.84, ******0.83.  

Glyma.17G023300 is another putative AC gene from G. max identified from the HO04D005110 gene family 

similarity heat map in PLAZA 4.0 Figure 6.2. 

 



 

109 

6.3.3 Functional prediction of the XP_003529590 gene through stimuli expression responses 

The transcriptional responses of the soybean plant to different perturbations are presented under 

biotic stress and mineralisation as the two main stimuli categories.  The results below show gene 

expression profiles of the XP_003529590 gene, whereby the Affymetrix Soybean Genome 

Analysis platform was used to identify expression profiles of the XP_003529590 gene and 7 other 

co-expressed genes under different experimental perturbations. 

  

6.3.3.1 Expression profile of the XP_003529590 in response to biotic stress 

The XP_003529590 gene was found to be down-regulated during the initial exposure of the 

soybean roots to the pathogen P. sojae (within 48 hours), however, a continued exposure of the 

soybean roots (˃72 hours) to the pathogen, resulted in the up-regulation of the XP_003529590 

gene (Figure 6.3 (i)).  In addition, inoculation of the soybean leaf with the P. pachyrhizi resulted 

in the up-regulation of the gene within 144 hours, however, longer exposure periods to the 

pathogen then resulted in the down-regulation of the gene, including all the other co-expressed 

genes (Figure 6.3 (ii)).  Apparently, when herbivory biotic stress was mimicked through bud 

removal and allowing bud growth between time intervals, the XP_003529590 gene was shown to 

be up-regulated during the bud removal stage (Figure 6.3 (iii)). 
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Figure 6.3: Expression profile of the XP_003529590 gene in response to biotic stress.  The XP_003529590 

gene and its co-expressed genes are represented as follows; A: Glyma.07G251000, B: Glyma.07G184300, 

C: Glyma.19G242700, D: Glyma.13G237800, E: Glyma.05G029300, F: Glyma.03G150600, G: 

Glyma.08G184300, H: Glyma.10G154500.  Error bars show the standard error.  (i) XP_003529590 gene 

was initially down-regulated and after 48hrs, up-regulated after infection of the soybean hypocotyls with 

the fungal pathogen P. sojae.  (ii) The XP_003529590 gene was shown to be initially up-regulated with 

infection of the soybean plant by the fungal pathogen P. pachyrhizi but later down-regulated after 144 

hours.  (iii) A mimic of herbivory through bud removal and bud growth, showing that the XP_003529590 

gene is up-regulated.  

 

6.3.3.2 Gene expression profile of the XP_003529590 gene following mineralisation 

Soybean roots that were inoculated with the bacteria B. japonicum that is involved in the legume’s 

nodulation, showed an up-regulation of the XP_003529590 gene.  However, in root hair cells, the 

XP_003529590 gene was down-regulated after 48 hours of exposure (Figure 6.4 (i)).  In the same 

Figure, an analysis of the iron deficiency on the regulation of XP_003529590 shows that limiting 

iron nutrient supply to the legume resulted in the up-regulation of the gene (Figure 6.4 (ii)). 
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Figure 6.4: Expression profile of the XP_003529590 in response to nutrient supply.  The XP_003529590 

gene and its co-expressed genes are represented as follows A: Glyma.07G251000, B: Glyma.07G184300, 

C: Glyma.19G242700, D: Glyma.13G237800, E: Glyma.05G029300, F: Glyma.03G150600, G: 

Glyma.08G184300, H: Glyma.10G154500.  Error bars show the standard error.  (i) Soybean bean roots 

inoculated with the B. japonicum resulted in the up-regulation of the gene, however longer period (48 hours) 

of the soybean inoculation resulted in the down-regulation of the XP_003529590 gene.  (ii) Limiting iron 

nutrient to the soybean plant for 10 and 14 days resulting in the up-regulation of the AC gene, and a 

sufficient supply for 14 days showed an up-regulation of the XP_003529590 gene.    
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6.3.4 Gene Ontology FFPred analysis 

Results of the FFPred 2.0 component of Phyre2 showed the molecular functions of the 

XP_003529590 gene to be largely involved in binding; mainly RNA binding (GO:0003723 and 

GO:0044822), ATP binding (GO:0005524), kinase binding (GO:0019900) and receptor binding 

(GO:0005102).  The cellular component prediction confirmed some other earlier predictions that 

the XP_003529590 gene is largely localised in the mitochondrion (GO:0005759, GO:0005740, 

GO:0005739, GO:0031966, GO:0005743).  The biological functions predictions then implicated 

the XP_003529590 gene in regulation of gene expression (GO:0010468), gene expression 

(GO:0010467), anatomical structure development (GO:0048856) and regulation of signal 

transduction (GO:0009966).  A summary of the GO terms is shown in Table 6.5 below. 
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Table 6.7: FFPred Gene Ontology Analysis of the XP_003529590 gene. 

GO term Name  SVM reliability 

Biological Process Predictions   

GO:0019222 Regulation of metabolic process High 

GO:0030001 Metal ion transport High 

GO:0010468 Regulation of gene expression High 

GO:0009059 Macromolecule biosynthesis process High 

GO:0006412 Translation High 

GO:0045333 Cellular respiration High 

GO:0006396 RNA processing High 

GO:0050896 Response to stimulus High 

GO:0044237 Cellular response to stimulus High 

GO:0023052 Signalling High 

GO:0048856 Anatomical structure development Low 

GO:0007165 Signal transduction Low 

GO:0009966 Regulation of signal transduction Low 

GO:0032502 Developmental process Low 

Molecular Function Predictions   

GO:0003824 Catalytic activity High 

GO:0003676 Nucleic acid binding High 

GO:0000166 Nucleotide binding High 

GO:0005524 ATP binding High 

GO:0005506 Iron ion binding High 

GO:0019900 Kinase binding High 

GO:0016301 Kinase activity High 

GO:0003723 RNA binding High 

GO:0016787 Hydrolase activity Low 

GO:0043169 Cation binding Low 

GO:0005102 Receptor binding Low 

GO:0016772 Transferase activity Low 

Cellular Component Predictions   

GO:0005759 Mitochondrial matrix High 

GO:0005740 Mitochondrial envelope High 

GO:0005739 Mitochondrion High 

GO:0031966 Mitochondrial membrane High 

GO:0005743 Mitochondrial inner membrane  High 

GO:0005737 Cytoplasm Low 

GO:0005634 Nucleus Low 

 

6.4 Discussion 

A search through the DOMAINATION web platform, revealed 7 possible domain sequences that 

are closely related to XP_003529590 (Figure 6.1).  The NP_193299.3 domain (gene ID: 
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At4g15640) possess the highest similarity score (Table 6.1), indicating close functional similarities 

to XP_003529590.  Since sequence similarities are useful in inferring unknown gene function 

(Phuong and Nhung, 2013), the molecular functions of the XP_003529590 could be predicted from 

the closest ortholog At4g15640, which is annotated as protein binding adenylyl cyclase (AC).  The 

heat map similarity search also bioinformatically indicated that the XP_003529590 gene is indeed 

a tetratricopeptide-like (TTP-l) helical AC enzyme, having similar domains to two TPR 

Arabidopsis thaliana AC genes; At4g15640 and At3g21465, (Figure 6.2) which are expressed in 

the mitochondrion and chloroplast respectively and exclusively in the guard cell.  Arabidopsis 

mitochondrial genes such as At4g15640 have been implicated in DNA/RNA synthesis and 

processing and protein synthesis to produce defense/stress proteins; proteins involved in 

detoxification, signalling, transport and structural organisation (Heazlewood et al., 2004) while 

At3g21465 is reportedly involved in response to abiotic stimulus (GO:0009628), response to stress 

(GO:0006950) and response to biotic stimulus (GO:0045087) (Obulareddy et al., 2013).  

The domain similarity search using DOMAINATION also revealed an AC from Nicotiana 

tabacum; AAB87670.1 (Figure 6.1), whose gene ID is Axi 141 N. tabacum as presented in Table 

6.1.  The AAB87670.1 was previously identified by Ito et al. (2014) as an ortholog to the N. 

tabacum ACR77530, that was expressed and confirmed as an AC with an intracellular signalling 

role during the tabtoxine-β-lactum cell death and development of necrotic wildfire disease (Ito et 

al., 2014).  From this aspect on its own, it can therefore, be presumed that the XP_003529590 can 

also be putatively involved in intracellular signalling transduction systems during pathogen attack, 

which normally results in various diseases of the soybean plant, and also in RNA synthesis and 

processing to produce proteins involved in plant defense.  Another G. max gene 

Glyma.17G023300 annotated as an AC was also identified in the similarity heat map (Figure 6.2), 

implying that this new putative gene closely resembles XP_003529590 in being a putative AC and 

in possessing a TPR-like domain.  An inference of the HO4D005110 gene family used in the 
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construction of the similarity heat map further confirmed Arabidposis At4g15640 and At3g21465 

genes as ACs (Table 6.2).  This undoubtably shows that the probable functions of the 

XP_003529590 in soybean closely resembles those of the two Arabidopsis ACs, particularly the 

mitochondrial At4g15640 gene which has been reported to be largely involved in RNA synthesis, 

processing and protein synthesis (Heazlewood et al., 2004). 

It was also noted that co-expressed genes that are highly correlated with XP_003529590 are 

expressed during development, of which all the top 25 genes are highly correlated with a Pearson 

correlation coefficient of 1 (Table 6.3).  Therefore, most of the annotated functions for the gene 

are related to soybean plant growth and development.  A Zea mays Zm0000b1022498 also 

possesses the TRP-like domains, thus conferring significant sequence similarity to the 

XP_003529590 (Figure 6.2; Table 6.2).  This gene from Z. mays is a RING finger and CHY zinc 

finger domain containing protein.  In soybean, there are two zinc finger development genes with 

a Pearson correlation co-efficient of 1 to the XP_003529590, thus perhaps suggesting a network 

of such genes in that plant.  The genes are Glyma.06G074300, a CHY-type/CTCHY-type/ RING-

type zinc finger protein and Glyma.19G207100, a B-Box type zinc finger protein with CCT 

domain (Table 6.3).  The presence of zinc-finger proteins in plants presents a superfamily that is 

involved in many aspects of plant growth and development (Guo et al., 2009) and there are many 

zinc finger proteins that have been confirmed to be involved in abiotic and biotic stresses 

(Sakamoto et al., 2004; Oh et al., 2006; Ciftci-Yilmaz et al., 2007).  

A research by Kim et al. (2001) has implicated a zinc protein (SCOF 1) in functioning as a positive 

regulator of cold-regulated gene expression mediated via the ABA response element in soybean.  

In A. thaliana, a CH type zinc finger has been reported to play a central role in reactive oxygen 

species (ROS) and abiotic stress signalling (Davletova et al., 2005) and in a transgenic N. tabacum, 

overexpression of a zinc finger protein gene OsISP1 from Oryza sativa has been reported to confer 

tolerance to cold, dehydration and salt stress (Mukhopadhyay et al., 2004).  This therefore implies 
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that the expression of the XP_003529590 during the development of the soybean plant can be 

related in promoting tolerance of the young seedlings to cold, dehydration and salt stresses.  It has 

also been previously noted that expression the XP_003529590 gene is high in the early juvenile 

phase of the legume (Figure 2.2; Chapter 2) of which these young plants are generally very 

vulnerable to such stresses. 

Glyma.03G025400 is another zinc finger CCCH-type/C3HC4-type RING finger family protein 1 

with a Pearson correlation of 0.97 that is co-expressed with XP_003529590 as an anatomical gene 

(Genevestigator v3) (results not shown).  The function of the RING finger and CHY zinc finger 

domain containing protein 1 has been described as mediating E3-dependant ubiquitination and 

proteasomal degradation of target proteins.  Lorick et al. (1999) demonstrated that the RING finger 

containing proteins were involved in modulating protein levels via ubiquitination.  Protein 

ubiquitination is a pathway that involves protein modification via proteasomal degradation, 

thereby playing a vital role in the control of multicellular organism development (Riechmann et 

al., 2000).  Hence, the reason why Glyma.19G072800, a ubiquitin-conjugating enzyme 22 protein, 

is also highly co-expressed the with Glyma.07G251000 during development (Table 6.3).  

Ubiquitin modifications are reported to regulate physiological processes in plants such as cell-

cycle progression, abscisic acid signalling, development and abiotic and biotic stress responses 

(Miura and Hasegawa, 2010). 

A family of the heat shock proteins 70 (Hsp 70), Glyma.08G025700 is also co-expressed with the 

Glyma.07G251000 gene during plant development with a Pearson correlation coefficient of 1 

(Table 6.3).  Heat shock proteins (HSPs) are usually associated with plant responses to cold stress, 

heavy metals and ROS (Sun et al., 2002) amongst others.  Recently the same group of proteins 

have also been found to be correlated with plant response to infection by pathogens such as 

nematodes (Kandoth et al., 2011) and fungi (Panthee et al., 2007).  Specifically, the major 

functions of HSP70 proteins include preventing aggregation and assisting refolding of non-native 
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proteins under normal and stress conditions (Hartl, 1996; Frydman, 2001).  They are also 

regulatory proteins that act as negative repressors of the heat-shock factor mediated transcription 

(Morimoto, 1998; Miernyk 1997).  In Arabidopsis, HSP70 genes are expressed in response to 

stress conditions such as heat, cold and drought (Lin et al., 2001).  Overexpression of the HPS70 

genes also correlated positively with attainment of thermotolerance (Lee and Schöffl, 1996), 

enhanced tolerance to water, salt and high-temperature stress in plants (Alvin et al., 2001; Ono et 

al., 2001; Sung and Guy, 2003).  It therefore can be stated that XP_003529590 is indeed a 

signalling molecule involved in impacting abiotic and biotic stress responses in soybean. 

Plant auxins play very crucial roles during plant growth and development.  In soybean, the 

Glyma.02G266300, an indole-3-butyric acid (IBA) response 5 protein is highly co-expressed with 

XP_003529590 with a Pearson’s correlation coefficient of 1 during development (Table 6.3), thus 

implying the role of the XP_003529590 gene in the initiation of primary root development.  IBA 

is a naturally occurring auxin together with indole-3-acetic acid (IAA), however, IBA has been 

reported to be more effective in root initiation than IAA since it is more stable under various light 

and temperature conditions (Nordstrom et al., 1991).  In Arabidopsis, IBA is believed to provide 

auxin during the early seedling development, promoting lateral root proliferation (Zolman et al., 

2001; Rampey et al., 2004).  The XP_003529590 gene has been reported in Chapter 2 (Figure 2.2) 

to be highly expressed in the root apical meristem, root tip and root hair.  Therefore, its co-

expression with Glyma.02G266300 implies its important signalling role in root development. 

The XP_003529590 gene has been described previously in Chapter 2 as a compound binding 

protein, and it follows that during the development of the soybean plant, some binding proteins 

are co-expressed with the XP_003529590 protein (Table 6.3).  A Glyma.19G184300 ATP-binding 

cassette sub-family B1 and a Glyma.03G259800 Rho GTPase activating protein with PKA-box 

/P21-RHO-binding capacity (Pearson correlation coefficient = 1) are expressed during soybean 

plant development (Table 6.3).  The ATP-binding cassette sub-family is a family of proteins that 
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are involved in mediating translocation of structurally unrelated molecules across biological 

membranes (Higgins, 1992).  The ATP-binding cassette family are also reported to transport 

molecules involved in pathogen resistance in N. plumbaginifolia (Stukkens et al., 2005) and in the 

regulation of hypocotyl growth in Arabidopsis (Sidler et al., 1998).  The Rho GTPase activating 

protein with PKA-box P21- RHO binding proteins are a family of small guanine nucleotide 

binding proteins that regulate extracellular stimulus-dependent signalling pathways that affect 

gene expression, cell proliferation, differentiation, actin reorganisation, cell cycle progression 

(Berken and Wittinghofer, 2008).  Nevertheless, the function of the XP_003529590 can also be 

further postulated to be extracellular stimulus dependent signalling.  Thus, this indicates that the 

expressed truncated C-terminal end of XP_003529590 or GmAC1 in Chapters 3 and 5 may be 

involved in a cAMP-PKA signalling pathway. 

Glyma.11G175200 (cyclophilin 5 protein) with a Pearson correlation coefficient of 1 to the 

XP_003529590 is also co-expressed during soybean plant development (Table 6.3).  The 

expression of cyclophilin has been shown to be induced by both the biotic and abiotic stress factors 

such as salt stress, heat and cold shock (Marivet et al., 1994), drought (Sharma and Singh, 2003), 

wounding and fungal infection (Godoy et al., 2000; Kong et al., 2001).  These cyclophilins are 

ubiquitous proteins (Galat, 1999) that are located in the subcellular compartments and involved 

RNA processing (Krzywicka et al., 2001), protein maturation (Ferreira et al., 1996) and receptor 

signalling (Yurchenko et al., 2002).  Mitochondrial cyclophilins have been implicated in 

accelerating the folding of newly imported proteins within the matrix as part of a complex that 

includes HPS60 and HSP70 (Rassow et al., 1995).  This therefore, explains a co-expression of the 

HSP70 family protein and the ubiquitin conjugation protein during soybean development. 

Plant development and growth can never be complete without expression of transferase proteins 

since it is well known that cellular processes produce toxins such as ROS, endogenous 

phytochemicals and exogenous toxins.  Therefore, for cellular processes to function optimally, 
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there is need for detoxification and redox buffering.  As a result, in the legume development, there 

are three highly correlated transferase genes that are co-expressed with the Glyma.07G251000 

(Pearson correlation coefficient = 1) (Table 6.3).  These include Glyma.14G074900 (S-adenosyl-

L-methionine-dependent methyltransfareses superfamily), Glyma.08G175200 (Glutathione S-

transferase TAU 19) and Glyma.14G065900 (Glucose-1-phosphate adenylyltransferase family 

protein).  Glutathione S-transferases (GST) have been reported to provide crucial detoxification 

and redox buffering of cells (Noctor and Foyer, 1998), hence providing a protective role during 

development against oxidative damage.  Jha et al. (2011) showed that the GST-TAU gene from a 

halophyte Salicornia brachiate in transgenic tobacco was up-regulated under cold, salt and 

drought stress and it led to enhanced seed germination and growth under salt stress.  The S-

adenosyl-L-methionine-dependent methyltransfareses are a superfamily of key enzymes in plant 

metabolic pathways.  They are reported to play many roles in the biosynthesis of plant products 

that are related to disease resistance, growth and development of many plants (Joshi and Chiang 

1998).  Therefore, the XP_003529590 gene might be basically responsible for signalling the 

production of proteins that are involved in abiotic and biotic stress tolerance during the early 

growth stages of the legume as seen by the highly correlated co-expressed genes during 

development (Table 6.3).  

Some ribosomal protein gene families are co-expressed during the legume development.  This 

includes a 60s acidic ribosomal protein family (Glyma.04G229000) (Pearson correlation 

coefficient = 1) (Table 6.3).  This 60s acidic ribosomal protein has been studied in seedling roots 

of Z. mays (Bailey-Serres et al., 1997), where they were believed to be involved in the selective 

translation of mRNA during flooding.  It was proposed that when seedling roots of Z. mays are 

exposed to flooding stress, the flooding cause dynamic changes to the acidic phosphoprotein (P-

protein) of the ribosome, thus affecting the ribosome associated kinases to phosphorylate P-

proteins.  In a more recent study by Yin et al. (2014) on analysis of changes in protein of soybean 
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root tip under flooding, it was concluded that flooding stress to soybean induces calcium-related 

signal transductions, which play important roles in early response to flooding.  This is consistent 

with the earlier prediction that the XP_003529590 gene, is a sAC Ca2+-binding mitochondrial 

cAMP generating PKA signalling molecule.  In addition, this is also consistent with our findings 

in Chapter 5, where the truncated recombinant version of the XP_003529590 protein was shown 

in vitro to generate enhanced levels of cAMP (Figure 5.3), thus supporting its Ca2+ binding 

capability. 

After an analysis of the various literature on the possible physiological and/or biological roles of 

the highly correlated co-expressed developmental genes (Pearson correlation coefficient = 1) 

(Table 6.3), it therefore become almost certain to presume that the XP_003529590 gene is largely 

involved in the growth and development of the legume seedling through impacting tolerance to a 

number of stress factors.  However, the most prominent stresses being cold, salt, drought and 

flooding. 

In response to different perturbations, most ribosomal proteins were observed to be co-expressed 

with the XP_003529590 (Table 6.4).  As previously described, AC are enzymes responsible for 

the formation of the signalling molecule cAMP, and cAMP is a regulator of various genes in 

response to different stimuli (Kuo et al., 2003).  Therefore, genes responsible for the synthesis of 

effector proteins are transcribed since soybean is a stress sensitive plant (Oh and Komustu, 2015).  

Soybean plants inevitably interact with climatic factors and therefore, are subjected to diverse 

abiotic and biotic stresses.  They therefore, induce defense mechanism to combat the effects to 

these environmental stresses.  This is mainly through expression of genes that encode for proteins 

involved in defense or tolerance mechanisms.  According to our findings in this chapter, those are 

the genes that are co-expressed with XP_003529590 in response to various perturbations/stimuli 

(Table 6.4).  Apparently, most of these genes have been shown, as already been discussed above, 

to be expressed during the juvenile phase of the soybean legume.  
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It is also notable that most genes co-expressed with the XP_003529590 in response to 

perturbations were generally ribosomal proteins with Pearson correlation coefficient values 

ranging between ≤ 0.88 and ≥ 0.83 (Table 6.4).  Ribosomal proteins are primarily involved in the 

translation of mRNA resulting in protein synthesis.  Their genes occur as multiple expressed 

members, which can be incorporated in the cytosolic ribosome under specific conditions such as 

certain developmental stages, tissues and stress conditions (Schmid et al., 2005).  In Z. mays, 

expression of a number of ribosomal proteins was found to be up-regulated by ultraviolet-B (UV-

B) stress in plants that were exposed to different light regimes (Casati and Walbot, 2003).  Work 

by Falcone-Ferreyra et al. (2010) also indicated that ribosomal L10 proteins participate in 

development and translation during the UV-B stress exposure.  The translated proteins include 

cytoplasmic ribosomal proteins, initiation and elongation factors, and poly(A)-binding proteins 

(Casati and Walbot, 2003).  Liu et al. (2014) also provided evidence to the role of ribosomal 

proteins to stress tolerance.  They showed that the 60S ribosomal proteins are associated with 

tolerance to stress.  The ribosomal protein AgRPL44 from a halophilic fungus, Aspergillus 

glaucus, in transgenic tobacco, caused an up-regulation of a 60S sub-unit protein during salt, 

drought and heavy metals stresses, and thereby moonlighting the role of ribosomal proteins in 

abiotic stress tolerance.  Therefore, the XP_003529590 gene could largely be involved in 

signalling transduction pathways involving ribosomal proteins that are crucial in promoting stress 

tolerance and development. 

The top 7 co-expressed genes (Table 6.4) were discussed here as they form the basis for gene 

differential expression using microarray data from the Gevestigator v3 [Soybean] Affymetrix 

Soybean Genome Array platform.  These include Glyma.07G184300, which is a mitochondrial 

HSO70 2 protein labelled as a flooding responsive (Yin et al., 2014) and mitochondrial heat shock 

protein; Glyma.19G242700 and Glyma.19G242700, which are both ribosomal S24e family 

proteins (Table 6.4).  In a study by Oh and Komatsu, (2015), drought stress to soybean seedling 
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was shown to increase ribosomal proteins belonging to the S family.  These proteins primarily 

function in protein synthesis.  Glyma.03G150600, a GTP-binding elongation factor Tu family 

protein is also co-expressed with the XP_003529590 gene and the protein family is involved in 

protein synthesis, however, Yin et al. (2014) discovered that the protein family is basically 

flooding responsive.  There are also two ribosomal proteins of the L family (Glyma.08G184300), 

a ribosomal protein L10 family protein and ribosomal protein L3 plastid.  The L family ribosomal 

proteins are also among the flooding responsive proteins produced in the seedling of the soybean 

plant (Yin et al., 2014).  Lastly but not least, are Glyma.10G154500, a rRNA processing protein-

related and an uncharacterised protein (Glyma.05G029300).  Therefore, the XP_003529590 gene 

is likely to be involved in imparting flooding tolerance to soybean in its juvenile stages due to co-

expression of the L and S family ribosomal proteins together with the HSP protein family.    

Results from the differential expression using microarray data showed variable regulation of the 

XP_003529590 to pathogen attack (Figure 6.3) P. sojae and P. panchyrhizi, the two major 

pathogens of the soybean plant and major causes of crop losses world over.  In this regard 

XP_003529590 was shown to be downregulated upon infection by the P. sojae pathogen, however, 

after 48 hours of infection, the gene was up-regulated.  The trend was the same for all the other 

co-expressed genes (Figure 6.3 (i)).  P. sojae pathogen produces free swimming zoospores that are 

normally attracted to isoflavonoids secreted by the soybean roots (Morris et al., 1998), therefore, 

the noted down-regulation of genes is probably because once the zoospores attach and encyst onto 

the soybean hypocotyl, the P. sojae is able to colonise the legume host cells in an initial biotrophic 

phase of growth, which lasts approximately 12 hours (Ward, 1990).  During this phase, P. sojae 

RNA increases, accounting for larger quantities (70%) of the large subunit rRNA by 48 hours of 

infection (Moy et al., 2004) and within the same time period, most soybean transcripts would be 

down-regulated.  However, an effective resistance response by the soybean plant occurs within the 

early hours of attachment is ensured, thereby arresting further pathogen growth (Moy et al., 2004), 
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hence, the observed up-regulation of the soybean genes, including XP_003529590 after 48 hours 

of infection.  XP_003529590 being an enzyme that catalyses the formation of cAMP, which is a 

signalling molecule, hence assists in alleviating further damage by the pathogen.  Most of the co-

expressed genes are ribosomal proteins, which are important in the synthesis of proteins and in 

this case, mostly those related to resistance response.  It was observed by Moi et al. (2004) that 

most of the host (soybean) upregulated genes were of defense and signalling proteins and 

according to Tyler, (2007), soybean genes encoding enzymes of phytolexin biosynthesis and 

defense and pathogenesis related proteins were strongly upregulated and peaked 24 hours after 

infection.  

Microarray analysis of soybean plant infection by the pathogen P. pachyrhizi showed an initial up-

regulation of the XP_003529590 gene and all the other 7 co-expressed genes with a peak up-

regulation at 48 hours after infection (Figure 6.3 (ii)).  However, after 144 hours of exposure, the 

genes were down-regulated.  The initial up-regulation of the genes is an attempt of the soybean 

plant to effect resistance to the rust disease caused by the pathogen.  Since most of these co-

expressed genes are ribosomal proteins implicated in protein synthesis, it can be hypothesised that 

the synthesised proteins were involved stress tolerance, plant development, synthesis of secondary 

metabolites, metabolic pathways, membrane transport and signal transduction (a key function of 

cAMP) (Panthee et al., 2007).  However, the down-regulation of the genes after longer periods of 

exposure is an indication that soybean plants are not able to mount a successful defense against 

the P. pachyrhizi pathogen (Panthee et al., 2007).  The mitochondrial HSO70 (heat shock 

protein)’s upregulation among the ribosomal proteins plays important roles in stress tolerance and 

has been reported to be a cell defense-related protein (Patel et al., 2004; Luo et al., 2005).  These 

results indicate that soybean has a low innate response to P. pachyrhizi, therefore, there is need for 

further research to develop transgenic soybean using genes that are tested and shown to confer 

resistance to P. pachyrhizi. 
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In a mimicry microarray analysis of herbivory involving bud removal, there was an up-regulation 

of the XP_003529590 gene and all other co-expressed soybean genes tested (Figure 6.3 (iii)).  The 

XP_003529590 gene responsible for the synthesis of cAMP signalling molecule was up-regulated, 

implying its role in conferring resistance to herbivory attack.  The other up-regulated protein 

synthesis ribosomal genes could trigger the synthesis and accumulation of secondary metabolites 

while the mitochondrial HSO70 enhances oxidative burst.  The mitochondria, among other sources 

such as the chloroplast and peroxisomes, are organs of oxidative burst and have been implicated 

in the production of ROS in damaged tissues (Gatehouse, 2002, Kessler and Baldwin, 2002).  In 

soybean, a herbivory attack by the insect Helicoverpa tea was reported to have induced a shift in 

the oxidative status of the legume, thus increasing the levels of O2
- and OH radical formation (Bi 

and Felton, 1995). 

B. japonicum is gram-negative soil bacterium that is capable of establishing a nitrogen-fixing 

symbiotic relationship with its soybean plant host.  The microarray analysis of the soybean root to 

B. japonicum showed an initial up-regulation of the XP_003529590 gene and the co-expressed 

genes (Figure 6.4 (i)).  However, at 48-hour period, the soybean genes were down-regulated.  Since 

XP_003529590 is an AC protein, its initial up-regulation promotes synthesis of cAMP - results 

that are consistent with findings by Terakado et al. (1997) in which they found around 7 pmol g-1 

f.wt of cAMP in root nodules of soybean inoculated with B. japonicum.  cAMP is an important 

signalling molecule, hence probably signalling the production of defense response transcripts, 

transcription factor genes, hormone related genes (especially during the early stage of soybean 

inoculation) and stress response-related genes (Colebatch et al., 2004; Kouchi et al., 2004; 

Brechenmacher et al., 2008).  Among the compounds reported to be produced during the B. 

japonicum root treatment are flavonoid compounds that are secreted by the soybean roots and 

production of these compounds is because of the up-regulation of genes involved in protein 

synthesis.  These flavonoids are secondary metabolites that are also synthesised by most of the 
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ribosomal proteins.  Flavonoid compounds production results in the induction of the nodulation 

(nod) genes (Subramanian et al., 2006).   

Previous research has provided insight into the role of isoflavonoids in soybean.  Isoflavonoids are 

a group of flavonoid compounds, that were shown to be the chief inducers of B. japonicum nod 

gene expression (Banfalvi et al., 1988; Loh et al., 1994) and evidence through biochemical 

analysis of roots, has shown that isoflavone levels increased in response to B. japonicum 

inoculation (Cho and Harper, 1991).  In addition, a study by Libault et al. (2010) predicted that 

the up-regulated genes may be involved in plant defense, modification of the cell wall composition, 

signal transduction and basic metabolic processes.  After 48 hours of B. japonicum inoculation, 

the XP_003529590 gene, together with the co-expressed genes (Figure 6.4 (i)) were down-

regulated.  This observation of down-regulation of genes after their initial up-regulation is 

consistent with report made by Libault et al. (2010) in root hair cell transcriptome analysis using 

Illumina transcriptome sequencing after B. japonicum inoculation.  The possible reason for down-

regulation could be that the B. japonicum has the ability to suppress initial plant defenses that 

could be detrimental to the infection process. 

Adequate or insufficiency iron to the soybean plant resulted in the up-regulation of the 

XP_003529590 gene and all other co-expressed genes (Figure 6.4 (ii)).  In soybean, iron is a 

critical macronutrient that serves as a co-factor for a wide range of cellular processes (O’Rourke 

et al., 2009).  Limited iron supply to soybean leads to iron deficiency termed chlorosis, which is 

characterised by interveinal chlorosis of the developing trifoliates (Inskeep and Bloom, 1987).  

Iron is also an important element in the nodulation process (Abdelmajid and Chedly, 2003).  

Therefore, it is vital that stress related genes are co-expressed and co-translated such that the 

legume is not adversely impaired by the limited iron supply. 
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The GO predictions (Table 6.5) have provided key evidence to support the prescribed functions of 

the recombinantly expressed and functionally characterised C-terminal part of the XP_003529590 

gene or GmAC1 in the other chapters of this whole study.  The molecular predictions have 

demonstrated that the XP_003529590 gene is indeed involved in AC catalytic activities, kinase 

activities and binding of the following molecular components, RNA, ATP, Fe2+, kinase and 

cations.  The biological prediction also supported the assertion that the XP_003529590 gene is 

involved in regulation of gene expression, RNA processing, signalling, response to stimulus and 

anatomical structure development.  

 

6.5 Conclusion 

 

The bioinformatic analyses to elucidate the physiological roles of the novel AC protein coding 

gene, XP_003529590 has revealed that the gene is indeed an AC that is largely located in the 

mitochondrion of the soybean plant and expressed during the legume’s juvenile stages of plant 

growth and development.  Primarily, the gene has been shown to be involved in abiotic stress 

responses particularly drought, cold, salt and flooding and biotic stress factors such as herbivory 

and attack from the pathogen P. sojae.  More so, the XP_003529590 gene is also primarily 

involved in the essential processes of nodule formation and establishment.  
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CHAPTER 7 

GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 

 

The major goal of this research was to identify and characterise the first ever adenylyl cyclase 

(AC) molecule in Glycine max, accession number: XP_003529590 and Gene ID: 

Glyma.07G251000, whose truncated version harbouring the AC catalytic motif (GmAC1) was 

herein cloned, expressed and functionally characterised.  G. max commonly known as soybean, is 

a crop of great economic importance and sadly enough, it is also a drought sensitive crop plant.  

Though a number of transcriptome analyses of the legume responses to drought have been reported 

(Chen et al., 2013; Le et al., 2012), information on the role of cAMP and its involvement in 

conferring drought/stress tolerance in this plant is almost totally lacking and/or nearly non-

existent, particularly on the mitochondrial soluble AC- (sAC)-generated cyclic AMP.  GmAC1 is 

one of the expressed C-terminal sAC protein coding genes in G. max that was studied in this 

research.  Though several ACs have been confirmed in Arabidopsis thaliana, there is still a lot of 

work that needs to be done in expressing and confirming ACs in crops of economic importance 

that aim at improving food security and alleviating hunger and poverty.  As such, this study has 

provided the first ever solid evidence of an expressed and functionally confirmed sAC in soybean 

and in form of the XP_003529590 protein.  This XP_003529590 protein is the one that was once 

reported previously as a putative AC candidate (Ito et al., 2014).  Notably and besides this 

XP_003529590, two more soybean putative AC candidates have this far been noticed.  The first 

one, with a Gene ID: Glyma.17G023300, was independently picked up in this study and during 

our bioinformatic analyses (Chapter 6) while the other one, XP_003547191 (Gene ID: 
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Glyma.15G090100), was previously reported by Świeżawska et al. (2014).  Specifically, the 

Glyma.17G023300 gene featured during our perturbations co-expression analysis of the 

XP_003529590 using Genevestigator v3 (Table 6.4; Chapter 6) and particularly, during our 

functional clustering analysis of the gene family HO4D005110 InterPro-tetratricopeptide-like 

helical domain using the similarity heat map (Figure 6.2; Chapter 6), implying its closest 

relationship with the novel XP_003529590 gene.  Otherwise, these two other additional putative 

ACs in soybean still need to be closely scrutinised, possibly through cloning and recombinant 

characterisation. 

Presumably, the emergence of these novel AC genes in soybean could be as a result of the reported 

2.55 genome duplication process (Turner et al., 2012) that ultimately, has led to novel genes in 

this leguminous plant (Lynch and Conery, 2000).  Additionally, the XP_003529590 gene also has 

an isoform in the form of Glyma07G38080 and together, these two genes are reported to occur on 

the same chromosome (chromosome 7) with the following transcripts KRH50918 and KRH50917 

respectively (Figure 2.1; Chapter 2).  However, no data exists as to confirm whether 

Glyma07G38080 is also a putative AC or not, nevertheless, it can be assumed that the genome 

duplication of Glyma07G38080 possessing 10 exons, has probably led to a novel gene with new 

functions - the XP_003529590 with 11 exons.  Genome duplication is reported to have contributed 

to the evolution of novel functions such as induction of disease resistance and adaptation to stress 

(Panchy et al., 2016).  The XP_003529590 functions have been predicted to be highly involved in 

the induction of disease resistance to the common pathogens Phytophthora sojae and Phakopsora 

pachyrhizi, defense response to herbivory and adaptation to flooding, drought, cold and salt stress. 

Thus in an attempt to try and check if the XP_003529590 gene is indeed an AC molecule, we first 

cloned its truncated C-terminus end harbouring the annotated catalytic AC centre (GmAC1) and 

tested for its endogenous activity (Chapter 3) and we noted its ability to produce significant 

amounts of cAMP in competent E. coli BL21 (DE3) pLysS expression cells.  After noticing the 
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endogenous AC activity of this truncated version of XP_003529590, we then proceeded to test for 

its AC activity in an in vivo system through complementation testing and confirmed such activity 

(Chapter 4).  The confirmed AC activity was then characterised in vitro using a purified version 

of the recombinant protein, where it was firmly confirmed that the GmAC1 is indeed a sAC, whose 

activity is primarily enhanced by presence of the HCO3
-, Mn2+ and Ca2+ molecular ions (Chapter 

5).  This then therefore, confirmed the existence of a functional AC molecule in soybean that is 

able to catalyse the formation of cAMP from ATP - a first ever outcome of such kind in this 

leguminous plant.   

The fact that the GmAC1 is activated in vitro by Ca2+ and HCO3
- suggests that the XP_003529590 

protein is an intracellular metabolite and signal intergrator within the legume’s mitochondria, 

where it is probably involved in mitochondrial metabolism (Acin-Perez et al., 2009; 2011) and 

regulation of pathogens (Topal et al., 2012).  cAMP is now an acceptable key signalling molecule 

in plants (Gehring and Turek, 2017) and its presence in soybean has been confirmed.  Interestingly, 

we believe, the mitochondrial generated cAMP effects its signalling roles in soybean through a 

protein kinase A or a PKA-like kinase.  This hypothesis can be thought to be true as the GmAC1 

protein was shown to be activated by Ca2+ to produce cAMP, which is known for modulating sACs 

in order to stimulate protein kinase activity (Hetherington and Trewavas, 1984; Hepler and Wayne, 

1985).  The GO molecular function predictions for the XP_003529590 gene have shown that the 

gene is involved in kinase binding (GO:0019900) and kinase activity (GO:0016301).  Therefore, 

this implies that the soybean mitochondrial cAMP generated by the XP_003529590 protein may 

follow a PKA or PKA-like kinase pathway.  Protein kinases in plants play major roles in the 

regulation of abiotic stress factors such as cold, salt and drought and biotic stress that involve 

pathogens and herbivores (Ho, 2015).   

The identified G. max sAC has been noted bioinformatically to be able to generate cAMP through 

its binding ability, and through in vitro assaying, Ca2+, Mn2+ and HCO3
- were reportedly shown to 
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be able to bind to this sAC thus generate mitochondrial cAMP and facilitating its signalling 

through kinase binding and/or kinase activity.  The secondary structure of the XP_003529590 gene 

has indicated that the gene is largely an alpha helical structure that comprises of disordered regions 

involved in protein binding (amino acids 1-10; 375-377) and disordered regions (amino acids 11-

68; 372-374) as in Figure 2.4, Chapter 2.  As previously discussed, the presence of long disordered 

regions on the structure of the XP_003529590 protein are therefore, related to regulation via 

transcription and translation and the alpha-helical regions being dominated by enzymatic catalysis 

(Tompa, 2012), thus involved in catalysing the cyclisation of ATP to cAMP, while the disordered 

regions are involved in binding, thus conferring functional advantage of the protein to stress 

responses, signalling and regulation (Oldfield et al., 2008; Sun et al., 2013).  Through the further 

bioinformatic functional analysis of the novel XP_003529590 gene, it has then been established 

that the gene is primarily involved in stress responses during the legume development, thus 

involved in regulation of the transcription and translation of proteins involved in such critical 

processes.  It was also noted that a lot of ribosomal proteins are co-expressed with the 

XP_003529590 gene during perturbations (Table 6.4; Chapter 6). 

The XP_003529590 gene was shown to be expressed during early soybean plant development and 

is largely involved in the subsequent transcript expression of stress defense related genes, 

particularly drought induced conditions through salt stress, flooding and heavy metals.  Usually, 

plants in their juvenile stages are prone to abiotic stress factors thus hindering further growth and 

development and ultimately, leading to major crop losses.  Bioinformatic studies have indeed 

provided valuable insights into the fundamental roles of this novel sAC gene in soybean plants.  

Microarrays expression profiling of the GmAC1 from [Soybean] Affymetrix Soybean Genome 

Array platform in Genevestigator v3 provided additional support to the role of cAMP during 

soybean pathogen defense.  It has been noted that P. pachyrhizi and P. sojae are the major soybean 

pathogens that threaten production and the overall yield of this legume.  In connection with this, 
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the XP_003529590 gene expression was shown to be up-regulated during infection by P. sojae, 

implying a defense related signalling mechanism.  However, exposure of the soybean plant to P. 

pachyrhizi, the XP_003529590 was shown to be downregulated with increased exposure to the 

pathogen (Figure 6.3 (ii); Chapter 6).  This implies that the gene is not very effective in conferring 

resistance to the pathogen.  cAMP production in soybean through the presumable activity of the 

XP_003529590 protein has also been shown to regulate plant defense against herbivory attack as 

evidenced by its up-regulated expression during bud removal (Figure 6.3 (iii); Chapter 6).  It can 

therefore, be concluded that the novel XP_003529590 gene in G. max is involved in conferring 

biotic and abiotic stress tolerance in the soybean plant and in increasing nodule formation for 

increased grain yield.  

Apart from playing crucial role in improving food security G. max enhances soil fertility through 

its symbiotic nitrogen fixing ability.  Gene expression study using array data has provided insights 

into the expression of the XP_003529590 during root inoculation with Bradyrhizobium japonicum 

(Figure 6.4 (i) Chapter 6).  The gene expression was shown to be up-regulated, implying the 

importance of cAMP signalling in nodule formation in soybean.  Studies have shown that 

inoculation of soybean seeds with B. japonicum prior to sowing significantly enhances the 

legume’s nitrogenase activity and nutrition (Nimnoi et al., 2014).  The legume has a high nitrogen 

demand (Kaschuk et al., 2016) particularly at the onset of pod filling (Hungria and Mendes, 2015).  

This high nitrogen demand also explains the upregulation of the XP_003529590 to sufficient iron 

supply and iron deficiency to soybean (Figure 6.4 (ii); Chapter 6).  Iron is an essential component 

of leghaemoglobin which is important during the soybean nodulation process as it transports 

oxygen within the nitrogen-fixing cells in the soybean nodules (Abdelmajid and Chedly, 2003).  

Therefore, the production of cAMP plays vital roles in the biological events that regulate nodule 

formation and function in G. max, hence the noted up-regulated expression of the novel 

XP_003529590 gene during B. japonicum root inoculation and iron supply. 
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A more interesting discovery is that the XP_003529590 is actually a pentratricopeptide protein, 

confirming the localisation of the gene as mitochondrial.  PPRs are reportedly involved in RNA 

binding, which ultimately leads to RNA editing, and RNA editing itself is essential for facilitating 

the expression of functional proteins (Okuda et al., 2009), thus facilitating the functional roles of 

the novel XP_003529590 protein.  More, a PPR in the form of an Arabidopsis PPR (AtPPR-AC) 

has previously been confirmed as a functional AC molecule in plants (Ruzvidzo et al., 2013) and 

thus closely concurring with our overall finding herein for the XP_003529590 protein. 

Biotechnology is a branch of science that has provided answers to the improvement of yield in 

agronomically important crop plants through horizontal transfer of genes that can help in 

increasing production and yield.  As such, the XP_003529590 gene from soybean can perhaps be 

transformed into other crops, particularly at their seedling stages to help them develop into mature 

plants since it is an early development gene.  Such practices have been done in the production of 

transgenic tobacco as discussed earlier on in section 3.1 of Chapter 3.  An overexpression strategy 

of this gene in soybean can also be practiced to enhance the production of its own inherent AC 

gene (s), thus increasing cAMP levels and subsequently conferring the desired tolerance/resistance 

output.  This can lead to much more improved soybean grain production.  The fact that soybeans 

are high protein seeds, it therefore means that this essential characteristic can be strategically 

exploited in using the legume as an expression system (Hudson et al., 2014). 
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APPENDICES 

Appendix A:  cAMP enzyme immunoassay (EIA) procedure 

All reagents were allowed to warm to room temperature for 30 minutes before they were opened.  

All the standards and samples for the EIA procedure were run in triplicate. 

1.  The number of wells to be used were determined and 100 µl of Assay Buffer 2 was pipetted 

into the NBS tube and Bo (0 pmol/ml Standard) wells. 

2.  100 µl of Standards 1 through 5 were pipetted into the appropriate wells. 

3.  50 µl of yellow cAMP EIA Antibody was pipetted into each well except in the NBS wells and 

incubated at room temperature for 2 hours on a plate shaker at ~ 500 rpm while they were covered 

with a plate sealer. 

4.  After the 2 hours had lapsed, the contents of the plates were emptied, and each well was washed 

by adding 200 µl of 1x Wash Buffer.  The washing procedure was repeated to make a total of 3 

washes. 

5.  After the final wash, the wells were emptied and firmly held on a lint free paper towel to remove 

any residual wash buffer.  This was done to avoid variation in the assay which would result during 

substrate addition. 

6.  200 µl of the p-Nitrophenyl Phosphate Substrate Solution was added to every well and the 

reaction wells were incubated at room temperature for 60 minutes without shaking. 

7.  After the 1hour incubation at room temperature was over, 50 µl of the Stop solution was added 

to every well.  This process was necessary as it stops the reaction and the readings were done soon 

after. 

8.  The plate reader was blanked against the Blank wells and the optical density was read at 405nm.  
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Appendix B:  PSI-BLAST DOMAINATION multiple sequence alignments  

 

At4g15640:  Arabidopsis thaliana  

 

 
 

AAB87670.1:  Nicotiana tabacum  
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At3g21465:  A. thaliana  

 

 
 

Os07g0668200:  Oryza sativa japonica  
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NP_001030740.1: A.  thaliana  

 

 
 

CAB78606.1:  A. thaliana 

 

 
 

BAC42707.1:  A. thaliana 

 

 


