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ABSTRACT 
 
 
Many biological processes are regulated via the action of interacting transcription 

factors. Together, these proteins form a complex regulatory network that will lead to 

different outcomes according to the DNA context of their target. The transcriptional 

regulator JACKDAW (JKD) together with the transcription factors SHR (SHORT-ROOT) 

and (SCARECROW) form a regulatory module that control a variety cell type specific 

targets to maintain the stem cell niche and regulate asymmetric cell division in the 

Arabidopsis root meristem. JKD functions is required to restrict the mobile transcription 

factor SHR to a single layer the endodermis by nuclear retention through association 

with SCR forming a ternary complex. Unpublished data from a yeast 2 hybrid screen 

indicated that JKD forms complexes with other transcriptional regulators involved either 

in growth or defense pathways, but the nature and the function of these interactions 

are yet to be elucidated. Here we validated these interactions using Yeast 2-Hybrid and 

Bimolecular fluorescence complementation (BiFC), which are widely used methods to 

study protein-protein interaction and can potentially provide valuable information in 

protein-complex composition. We also exploited these two approaches to determine 

interaction domains of JKD’s. However, the results from the Y2-H and BiFC assays 

showed inconsistent data. This hindered our ability to conclusively define the interacting 

JKD variants with various plant-specific transcriptional regulators. As JKD acts as a 

transcriptional regulator we tested JKD truncated variants on its target promoter pMYC2 

using Dual-luciferase reporter assay in a plant-based expression. Our data indicated the 

significance of its ZF1 motif in mediating DNA binding. To assess whether JKD regulates 
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its targets or in association with SCR and SHR we performed the same assay in a 

mammalian-based system to avoid plant transcriptional regulation. Our data indicate 

that based on the target DNA sequence, each of these TFs can either act either as an 

activator or repressor. 
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1. Introduction: 
 
 
1.1 Regulation of growth and development in Arabidopsis root system: 

A root is mostly the underground structure found in many vascular plants including 

Arabidopsis. It provides physical support for the aerial portion of the plant and help the 

plant absorb water and nutrient from its surroundings. Much like other organs in plants, 

root growth occurs through repetitive cell divisions, elongation and differentiation, 

which requires the presence of stem cells. Root stem cells are found in a distinct region 

within the root tip called the root apical meristem (RAM) [1]. It is where the cell division 

will occur to generate daughter cells that will ultimately differentiate and give rise to the 

various cell tissues forming the root. Notably, the RAM is composed of five major 

tissues: stele (vascular tissue), ground tissue (contains endodermis and cortex), 

epidermis (outermost layer), root cap and quiescent center (QC) (Figure 1). The 

formation and development of some of these tissue layers depends on the activity of 

molecular regulators. Interestingly, the majority of these molecular regulator are 

transcription factors (TF), suggesting that transcriptional regulation play a pivotal role in 

developmental-related processes via the formation of gene regulatory networks (GRN) 

[3]. Hence, understanding the role of each TF and dissecting the components of each 

regulatory network will provide us with information on how transcriptional control of 

gene expression govern various biological processes related to growth and 

development. 
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Figure 1: Schematic of the root apical meristem of the primary root tip. A) Developmental zones of RAM: 
stem cell niche (SCN), proliferation zone (PZ), and differentiation zone (DZ)  B) Major tissues of the RAM: 
quiescent center (QC), cortex/endodermis initial cells (CEI/D), endodermis (EN), cortex (CO), stele (Vas). 
Adopted from [9] 
 
 

1.2 The BIRD proteins as regulators of plant development 

As a conserved family of protein, the INDETERMINATE DOMAIN (IDD)/BIRD form a 

group of key transcriptional regulators that play diverse roles in the plant’s 

physiological and developmental programs. [17]. In the model plant Arabidopsis 

thaliana, IDDs belong to a group of TFs that is comprised of 16 members (e.g. 

IDD3/MAGPIE, IDD4/IMPERIAL EAGLE, IDD6/ BLUEJAY, IDD8/NUTCRACKER, 

IDD9/BALD IBIS and IDD10/JACKDAW) (Figure 2) [5]. Each member is characterized 
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by the presence of four zinc fingers (ZFs: ZF1, ZF2, ZF3 and ZN4) that make up their 

conserved N-terminal ID domain and a long-undetermined sequence that is 

responsible for transcriptional activation and the interaction with other proteins [6]. 

ZF1 and ZF2 belong to the Cys2His2 (C2H2) type of ZFs and their function is 

exclusively dedicated to DNA interaction. ZF3 and ZF4, on the other hand, are of 

Cys2-His-Cys (C2HC) type and they mediate protein-protein interaction [7]. IDDs 

were identified as regulators that function in multiple growth and developmental-

related processes. In Arabidopsis for example, IDD8/NUTCRACKER acts as a pivotal 

regulator of photoperiodic flowering through the modulation of sugar transport and 

metabolism [8]. Whereas MAGPIE, IMPERIAL EAGLE, BLUEJAY, NUTCRACKER, BALD 

IBIS and JACKDAW are involved in controlling asymmetric cell division in the root 

ground tissue (the cortex and endodermis) and coordinating the division and the   

differentiation of cortex/endodermis stem cell, which leads to the formation of 

endodermal and cortex cells [9]. 

 

 

 

 

 

 

 

 

Figure 2: Evolutionary tree of IDD/BIRD proteins based of their conserved zinc finger domains. 
Adopted from [74] 
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1.3 Regulation of root development through BIRD-SHR-SCR network. 
 
As is the case many transcription factors, BIRD proteins are involved in different GRN 

that regulate various biological processes in plants. One of the well-studied subnetworks 

that is influenced by the activity of certain IDD/BIRD proteins is the SCARECROW (SCR)-

SHORT-ROOT (SHR) network. This network governs the specification and maintenance of 

the stem cells and asymmetric cell division in the RAM of Arabidopsis [11]. The IDD/BIRD 

proteins associate with both SCR and SHR to either activate or repress a number of 

genes that are involved in growth and development [12]. For example, IDD9/BALDIBIS 

and IDD10/JACKDAW binds to the SCR-SHR complex, thus establishing radial 

organization in roots and maintaining tissue boundaries while delimiting asymmetric cell 

division (ACD) [11]. Such a process involves maintenance of the quiescent center (QC), 

required for stem cells maintenance in the root apical meristem. In Arabidopsis roots, 

radial organization and patterning requires the outward movement of the cell fate 

determinant SHR from the stele, where it is produced, to the QC and the endodermis. 

There, the expression of genes such as WUSCHEL RELATED HOMEOBOX 5 (WOX5) is 

activated by the close association of JKD with SHR but not SCR, despite the fact that SCR 

is also required for its activation (Figure 4, A) [13]. In addition, this outward movement 

of SHR also confers positional information that instruct the development of the cells 

that will give rise to the ground tissue. In a similar manner, SHR forms a complex with 

SCR and JKD to drive the first asymmetric cell division, by activating cell division-related 

genes such as CYCD6 (CYCLIN-D6), that will establish and specify the cortex-endodermis 

initial cells (CEI) (Figure 3, A) [14]. Additionally, the binding of SCR to SHR also 
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upregulates the expression of SCR itself (Figure 3, B). This subsequently results in the 

activation of a positive SCR transcriptional loop that restricts the movement of SHR out 

endodermis layer [15]. Together with SCR, IDD10/JACKDAW and its close homolog 

IDD9/BALDIBIS were identified as additional factors that regulate the action range of 

SHR by restricting its movement through nuclear retention. In addition, two IDD/BIRD 

(IDD3/MAGPIE and IDD8/NUTCRACKER) that function in conjugation with JKD also bind 

to SCR and control the periclinal cell divisions that contribute to the formation of the 

ground tissue layers (Figure 4) [16]. As illustrated, this collective action of the BIRD-SHR- 

SCR network is essential for root patterning and proper root development. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3:  Transcriptional regulation of JKD-SHR-SCR protein complex. A) The regulation of JKD-SHR-SCR 
network of in different target promoter in U-shaped domain of roots. B) JKD-SCR_SHR regulatory network 

depicting the function of each component of the network. Red arrows indicate transcriptional activation; 
blue flat arrows indicate transcriptional repression; black line indicate protein–protein interaction. 
Adopted from [16] 
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Figure 4: Schematic representation of the action of SCR and BIRD proteins on the movement of SHR in 
the root cell layers of vascular plants. Red arrow indicates activation; thick blue arrow indicates nuclear 
retention; thick purple arrow indicates the contribution to asymmetric cell division; thick purple inhibition 
sign indicates inhibition of asymmetric cell division; thick blue inhibition sign indicate restriction of SHR 
movement. Adopted from [16] 
 
 
1.4 Molecular regulation of plant’s growth and defense:  

 
As with many biological processes that take place in plants, growth and defense are two 

major processes that are controlled by a subset of plant-specific hormones such as 

Ethylene, Auxins, Abscisic acid (ABA), Salicylic acids (SA) Gibberellic acid (GA) and 

Jasmonic acid (JA) [3]. These phytohormones are produced in response to plant’s 

endogenous signals or external cues, and act mutually by activating a downstream 

signaling pathways. In this section, two of these plant-specific hormones (GA and JA) 

and their associated pathways will be discussed, while touching briefly on how the 

cross-talk between them occur. In addition, the role of key players in these pathways, 

which together can form complexes with JKD to regulate various growth and defense-

related biological processes, will be discussed later. Thereby putting JKD better in 

context, and highlighting existing knowledge and gaps that need to be addressed. 
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1.4.1 Gibberellic acid and its associated pathway. 

GA and its derivates, which are one of the largest and longest-known family of plant 

hormones, are a class of tetracyclic diterpenoids that regulate various aspects of 

development and growth-related processes. These include- but are not limited to: 

germination, floral development, stem elongation and leaf and fruit senescence [17]. 

These hormones serve as intracellular signals to activate the growth-related GA 

signaling pathway. The current understanding of the GA signaling mechanism depicts 

the activation of the pathway through the binding of GA to a receptor protein known as 

GID1, that contain a conserved F-box domain [18]. The receptor consequently interacts 

with nuclear-enriched DELLA proteins that act as negative regulator of GA signaling. This 

binding of the GID1 receptor to the DELLA proteins such as GA-INSENSITIVE (GAI) and 

REPRESSOR-of-ga1-3 (RGA) results in relieving their activity as repressors of the GA 

signaling pathway by ubiquitylation via the SCFGID2/SLY complex and the degradation by 

the 26S proteasome (Figure1) [19]. As a result of the degradation, activation of the 

various processes controlled by the increased levels of GA take place through the 

activation of downstream GA-response genes, which are regulated by transcription 

factors such as Phytochrome interacting factors (PIF) . Aside from degradation of DELLA 

proteins, studies have demonstrated the existence of possible post-translational 

modifications that control their repressor activity [20, 21, 22]. This implies the role of 

DELLA proteins as regulators of transcription factors that regulate growth and 

development-related processes through the activation of GA-response genes.  
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Figure 5: Schematic model of GA mediated signaling pathway depicting the degradation of DELLA upon 
binding of GA to its receptor GID1. Adopted from [18] 
 

 

1.4.2 Jasmonic Acid and its associated pathway. 

Jasmonic acid, on the other hand, and its derivatives Jasmonates (JAs) are small, lipid-

based hormones. They take part in regulating plant defense responses against biotic 

stresses such as the direct attacks by biotrophic and necrotrophic pathogens and 

arthropod herbivores; or abiotic stresses such as drought, wounding and or UV light 

[23].  In addition to plants defense responses, JA and JAs can affect a range of different 

process such as root growth, pollen production and fruit ripening [24]. In terms of 

signaling mechanism, JA is detected by a receptor known as F-box COI1 protein. When 

the latter senses JA, it interacts with the counterpart Skp1/Cullin to form the ubiquitin 

E3 ligase complex (SCF)COI1[25]. The high levels of the active form of JA, which is 

conjugated with the acid isoleucine (forming jasmonoyl-L-isoleucine), increases the 



 
 

 

20

binding to the (SCF)COI1 complex. This results in the degradation of the JASMONATE ZIM-

domain (JAZ) proteins by the 26S proteasome, promoting the expression of downstream 

JA responsive genes. Under normal conditions, i.e. when JA is absent or is in low levels, 

the inhibition of downstream JA responsive genes is controlled by the decreased activity 

of the transcription factors regulating them such as. This phenomenon takes place when 

the plants are under normal condition (Figure 2) [26]. Depending on environmental or 

developmental conditions, this process can consequently redirect resource allocation to 

favor defense over growth or the opposite, by functioning in a complex network that 

involve the set of different hormone-regulated signaling pathways. The hormonal 

pathways that act either synergistically or antagonistically on each other.  

 

 
 
Figure 6: Schematic model of the JA-mediated signaling pathway, depicting the degradation of JAZ upon 
the binding of JA to its receptor SCFCOI1. Adopted from [27] 
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1.4.3 GA and JA crosstalk. 

Previous studies that delved into understanding the role of JA and GA signaling 

proposed a model an of intensive crosstalk mechanism between the two pathways. 

Recent findings that support this hypothesis have revealed how DELLAs, which were 

initially recognized as negative regulators in the GA signaling pathway, contribute to 

orchestrating growth and defense by interacting intensively with the JA signaling 

pathway as well [28, 29]. To further illustrate, a study has found that DELLAs 

contributed to JA perception and lead to increased resistance to necrotrophic 

pathogens in Arabidopsis plants, showing that DELLAs have a modulatory effect on the 

strength of JA signaling [30]. Additionally, a “relief of repression” model has been 

established based on the effects DELLAs have on JA signaling by competitively binding to 

JAZs (Figure 3) [31]. JAZs are normally bound to MYC2 TFs, inhibiting them and the 

expression of downstream JA responsive genes. But in the absence of GA, stabilized 

DELLAs compete with MYC2 and bind with JAZs, freeing up MYC2 to promote expression 

of the downstream genes. 

While DELLA components of the GA pathway have been found to mediate cross 

talk that increases JA pathway activity as shown above, multiple pieces of evidence have 

demonstrated the role played by GA in compromising JA-mediated defense. Another 

outcome to the scenario where DELLAs are bounded to JAZs, is that when GA levels 

increase again, DELLA degradation is trigged as described in section 2.1.1. Thereby 

liberating JAZs, and allowing them to bind MYC2 and inhibit JA responsive genes’ 
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activation. These findings detail how GA activity can have an antagonistic effect on JA-

mediate defense responses. 

 

 

 

 

 

 

 
Figure7: Modulation of JA signaling via competitive binding of DELLA to JAZ. Adopted from [18] 
 
  

The fact that DELLAs interact with JAZs also implies that, just as DELLA 

degradation can affect JAZs activity as explained above, the opposite would also be true 

and JAZs degradation would impact DELLAs activity. This JAZ degradation within the JA 

pathway can, therefore, have an effect on the developmental processes mediated by 

GA-signaling. Interestingly, a study that investigated the inhibitory effects of JA on GA-

mediated responses Identified a partial impairment in hypocotyl elongation – a growth 

process - in pif4 mutants and DELLA quadruple mutants (rgl1-1, rgl2-1, rga-t2, gai-t6). 

Whereas hypocotyl elongation was observed to be completely impaired in DELLA 

quintuple mutants (rgl1-1, rgl2-1, rgl3-1, rga-t2, gai-t6) [31]. This demonstrated the 

ability of DELLAs to modulate PIF activity through their interaction with JAZs. Similar to 

findings on the role of DELLA in impeding the interaction between JAZ and MYC, a more 

recent study provided further evidence showing JAZs interference with DELLA and PIF 
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interaction. Increased levels of JA resulted in the degradation of JAZs and, as a 

consequence of that, the release of DELLAS which in turn allowed the latter to interact 

with PIF3 and suppress GA-responsive genes. These observations suggest that much like 

GA, JA can inhibit GA-mediated growth responses [32]. 

In contrast to the antagonistic effects GA and JA signaling have on each other, 

these two pathways can also act synergistically and promote several plant 

developmental processes. For example, Arabdopsis mutants such as ga1-3 and opr3 

that confer deficiency in GA and JA signaling, respectively, exhibit a male-sterility 

phenotype that is caused by reduced pollen viability and impaired filament elongation 

[33]. This highlights the role played by GA and JA in promoting male organ 

development. Additionally, both GA- and JA- deficient mutants display a glabrous 

phenotype that can be restored by the exogenous application of GA and JA [34]. It, 

therefore, seems that GA and JA signaling pathways also play role in controlling 

trichome formation trough their synergistic effects that can function to fine-tune the 

plant’s developmental responses via the interaction of the major key players on these 

pathways. 

 

1.5 Regulatory factors involved in GA and JA signaling pathways:  

1.5.1 JAZs 

JASMONATE ZIM-domain (JAZ) proteins are a set of transcriptional repressors that 

belong to the 13-member JAZ gene family of the vascular plant Arabidopsis Thaliana 

[35]. This family of TF is characterized by the presence of two conserved domains known 
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as Jas domain and the ZIM domain. The Jas domain on one hand is required for their 

interaction with JA receptor COI1 and their target MYC2. On the other hand, the ZIM 

domain mediates protein-protein interaction between JAZ proteins, resulting in either 

homo- or heteromeric interaction [36]. In the context of JA-mediated defense 

responses, the JAZ proteins act as key regulators by physically binding to and blocking 

the activity of positive transcriptional regulators (such as MYC2, MYC3 and MYC4) 

through the recruitment of corepressors (such as TOPLESS and NINJA), resulting in the 

inhibition of downstream JA defense responses [37]. Alongside defense responses, the 

JAZ protein family were demonstrated to interact with a broad array of basic helix-loop-

helix (bHLH)-type transcriptional regulators that control different downstream 

processes related to growth and development that is mediated by the JA signaling 

pathway [38]. For example, JAZs were found to target more bHLH proteins such as 

GLABRA3 (GL3), ENHANCER OF GL3 (EGL3) and TRANSPARENT TESTA8 (TT8) that 

regulate a number of processes that include, but are not limited to trichome and root 

hairs development, and stomata patterning on hypocotyls [39][40]. As can be seen, 

there are different shades of JAZs that are capable of displaying different actions 

according to the received stimulus that would trigger either growth or defense-related 

responses. However, mutations in JAZs can generate a plant that can trigger both 

growth and defense-related responses simultaneously by uncoupling growth-defense 

tradeoffs. This was demonstrated in a study done by Marcelo et al., where they 

developed an Arabidopsis mutant line that has mutations in five JAZ genes 

(JAZ1/3/4/9/10) known as “jazQ phyB” mutant. The plants displayed enhanced 
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resistance to herbivore insects and at the same time no reduction in leaf size with [41]. 

The ability of the JAZ-mutant line to grow robustly while being able to defend against 

herbivorous insects was attributed to the parallel activation of the positive regulators 

PIF and MYC, which control growth and defense-related responses respectively.   

 

1.5.2 DELLAS (RGA and GAI). 

DELLA proteins are negative regulators of GA signaling in Arabidopsis and other plant 

species that belong to the GRAS family of putative transcriptional regulators which 

include RGL1, RGL2, RGL3, GAI, RGA [42]. As a result of their highly conserved protein 

domains, DELLAs can play overlapping roles in addition to the distinct roles played by 

each repressor in regulating processes that are mediated via GA-signaling. For 

instance, GA responses that control flowering time, stem cell elongation and root 

growth are negatively regulated by GAI and RGA [42, 43], while seed germination is 

negatively regulated by the repressor RGL2 [44]. In addition, RGL2 and RGA play a 

major role as suppressors of floral organs development [45]. While RGL3 act as a 

positive regulator of the resistance responses that are mediated by JA signaling [46].  

 Much like JAZs, DELLA proteins have been found to regulate downstream GA-

responsive genes of various developmental processes via the interaction with other 

protein partners. For example, two bHLH-type TFs (PIF3 and PIF4) have been identified 

as interacting partners of DELLAs. This interaction of DELLAs with the PIFs prevents 

them from binding to their promotor, thus inhibiting the regulation of their target 

genes that mediate GA-related growth responses such as hypocotyl elongation [47]. 
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Despite the fact that there were large-scale studies that have identified numerous 

genes that function downstream of DELLAs, there were still some limitations found in 

how DELLAs function in their regulation. This is due to the fact that DELLAs lack a DNA-

binding domain.  Further investigation of their interacting TFs identified their ability to 

serve as coactivator with other transcription factors that contain DNA-binding domain 

such as IDD/BIRD proteins [48]  

 

1.5.3 TCPs  

The Arabidopsis thaliana Teosinte branched1/Cycloidea/Proliferating cell factor (TCP) 

group of transcription factors is a small protein family that share the conserved TCP 

domain – a 59-amino acid with a non-conical basic helix–loop–helix (bHLH) motif [49]. 

This motif is important in their function as TFs as it mediates DNA binding and 

interaction with other proteins [50]. Notably, the 24 proteins that form this family of TFs 

belong to either of two distinguished clades of TCP proteins that act antagonistically: 

Class I (TCP-P) and Class II (TCP-C) [49]. Class I includes PCF1 and PCF2 (Proliferating Cell 

Factor) from rice, while Class II includes TB1 (Teosintebranched1) and CYC (Cycloidea) 

from maize and snapdragon, respectively [51]. Furthermore, TCPs from Class II are 

divided to subclasses known as CYC/TB1 and CINCINNATA(CIN). These additional 

subclassifications are based on additional diagnostic residues that are found in loops 

and helices of their TCP domain [52].  

The fact that TCP genes have been identified across various plant species beside 

Arabidopsis emphasizes their importance in controlling plant form by regulating certain 
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aspects of growth and development [52]. For example, TCP proteins regulate various 

growth-related processes via their involvement in GA signaling pathway [52]. A more 

recent study that investigate the function of TCPs in plant growth and development 

found that TCP14 interacts with DELLA proteins (GAI and RGA) to form an unproductive 

complex that prevents its binding to promoters such as RETINOBLASTOMA-RELATED 

(RBR), CYCLIN (CYC) A2;3 and CYCB1;1 that control cell cycle genes [54]. Likewise, RGL2 

and GAI were found to prevent the stimulation of cell division in the root apical 

meristem by their interaction with TCP14 and TCP15 [55]. The degradation of DELLAs, 

which is induced by increased GA levels, in each of these cases would result in the 

release of the TCPs and the stimulation of cell division in the root cells and seed 

germination respectively.   

It is equally important to realize that the TCP proteins function is not only limited 

to plant growth and development. These proteins also play a key role in JA-induced 

defense responses as they have been found to influence JA levels in plants [56]. For 

instance, TCPs have been found to control the expression of the LIPOXYGENASE2 (LOX2) 

gene, which is responsible for the production of a chloroplast enzyme that contributes 

to in JA biosynthesis [57].  This regulation of expression of the LOX2 gene is achieved via 

its enhanced transcription by CIN-TCP protein TCP4 that antagonizes repressors such as 

TCP8, TCP22 [58]. 

 
1.6 Thesis objective. 

The main objective of this project is to map physical association of the BIRD protein JKD 

with proteins that are involved in growth and defense pathway.  We aim to dissect the 
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binding domains by which JKD associates with its different partners with a role in 

growth and defense-related responses associated with the GA and JA pathways.   

To map JKD motifs involved in the interactions we truncated JACKDAW into five 

different variants (Figure 6) and utilized different approaches such as yeast two-hybrid 

and Bimolecular fluorescence complementation (BiFC) to test protein-protein 

interaction. We used these because they are the simple and most efficient methods for 

studying direct interactions between proteins. Moreover, further analysis of the of 

JACKDAW and its truncation on pMYC2 promoter using a transient plant-based system 

(Nicotiana benthamiana). In addition, the effect JACKDAW and its partners (SHR and 

SCR) on regulating target promoters (pWOX5, pNUC, and pCYCD6) was evaluated using 

using HeLA cells as a heterologous mammalian-based system. 

 

 

Figure 8: Generation of JKD truncation derivatives. By deletion of  JKD protein sequences ( amino acids 1-
122 and 210-503), JKD 122-210 is created; by deletion of the N-terminal part of JKD protein (amino acids 1-
210), JKD 210-503 is created; by deletion of  JKD protein sequence (amino acids 1-122) amino acids 1-122), 
JKD 122-503 is created; by deletion of the C-terminal part of JKD protein (amino acids 210-503), JKD 40-210 is 
created; by deletion of  JKD protein sequence (amino acids 1-40) JKD 40-503 is created.  
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2. Materials and methods: 

2.1 Plasmids construction for transient expression assay. 

Plasmid constructs for use in transient expression assay were generated using Gateway 

cloning technology. CDSs consisting of plant-specific genes (Supplementary table 1) 

were already available as entry clones in the Gateway donor vectors (pDONR221). 

Recombination of the genes from pDONR221 into pGWB555 (mRFP) that are driven by 

CaMV 35S promoter was done using the single LR II Gateway cloning kit (Invitrogen) to 

create N terminal fusion with mRFP. The plasmid constructs were transformed into DH5-

 E.coli cells and isolated using the QIAprep mini-prep kit (QIAGEN). Isolated plasmids 

were then verified via digestion and sanger sequencing.  

 

2.2 Agrobacterium suspension preparation and the infiltration of tobacco leaves.  

 Agrobacterium tumefaciens strain GV3101 transformed with individual constructs 

(Supplementary table 1) were grown in LB broth supplemented with rifampicin (50 g 

ml-1) and spectinomycin (50 g ml-1) for 48 hours at 28oC.  Then the individual cultures 

of Agrobacteria were each inoculated into 15ml induction media containing 10mM 2-(N-

morpholino) ethanesulfonic acid buffer (MES), 40mM acetosyringone , rifampicin (50 g 

ml-1 ) and spectinomycin ( 50 g ml-1). The inoculums were incubated overnight at 28oC, 

then the cells were collected by centrifugation for 10 minutes at 3200 rpm and 

resuspended in 10mM MgCl2 to a final OD600 of 1 for agroinfiltarion. Transient 

transformation of the prepared Agrobacterium into tobacco leaves was then performed, 

using a 1 ml plastic syringe, on fully expanded leaves of Nicotiana benthamiana plant 
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(tobacco) by infiltrating 150l of bacterial suspensions into intercellular spaces of the 

leaves.  The plants were incubated in a growth room 48 hours at 22 oC, and analysis of 

transient expression was done subsequently. To verify the success of transformation, 

fluorescence emissions were observed using a ZEISS LSM 710 inverted confocal laser-

scanning microscope. Confocal images were obtained with (20X objective). The red 

fluorophore was excited at 561 nm and the fluorescent emission was detected at 598 to 

665 nm.  

2.3 Yeast two-hybrid assay 

Pairwise analysis of yeast two-hybrid interactions was performed using the ProQuest 

two-hybrid system (Invitrogen) as per the manufacturer’s protocol. The pDONR clones 

containing protein of interest were used in Gateway LR reactions (Invitrogen) along with 

prey vectors (pDEST22) and bait vectors (pDEST32) to generate the expression clones 

(Supplementary table 2). Resulting expression clones were sequenced as a verification 

step. Two yeast strains were used for transformation with the expression clones: yeast 

strain (PjA) was used with pDEST22 expression clones, and yeast strain (Pj) with 

pDEST32 expression clones. Following incubation for 48 hours at 30oC, positive clones 

were selected using dropout media lacking Leucine for pDEST 32 expression clones, or 

Tryptophan for pDEST22 expression clone following the incubation for 48 hours at 30oC. 

Further selection of yeast cells transformed with both vectors (bait and prey) was done 

on a dropout media lacking Leucine/Tryptophan after mating to form a diploid cell. 

Auto-activation of the baits were tested using a -Leucine/-histidine dropout media 

supplemented with different concentrations of reporter gene inhibitor 3-AT (3-amino-
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1,2,4-triazole) 0 mM, 2.5 mM, 5 mM, 15 mM and 30 mM. The yeast two-hybrid assay 

was performed after transferring the diploid yeast cell colonies with bait and prey 

vectors into -Histidine/ -Leucine/-Tryptophan medium supplemented with the 

appropriate 3AT concentration, which was determined via the auto-activation test, and 

incubating them for 48 hours at 30oC. 

 

2.4 Bimolecular fluorescence assay (BiFC) 

For BiFC analysis of protein-protein interaction, a “split-YFP” encoding an enhanced 

Yellow Fluorescence Protein sequence was fragmented into two sequences: an N-

terminal domain  (N-YFP, 154 amino acids) and C-terminal domain (C-YFP,84 amino acid) 

, and used in generating two sets of vectors ( one for N-terminal fusions and the other 

for C-terminal fusions). The vectors constructed (Supplementary table 3) were used for 

the interaction analysis by transiently transforming them into tobacco leaves using the 

agroinfiltration method described above. Transformed plants were analyzed 48 hours 

after infiltration using ZEISS LSM 710 inverted confocal laser-scanning microscope. The 

confocal images were obtained with 20X objective. Yellow fluorescence was excited at 

514 nm and the emission was detected at 519 to 588 nm.  

 

2.5 Dual-luciferase promoter activity in Nicotiana benthamiana. 

Agrobacterium tumefaciens strain GV3101 stocks transformed with individual constructs 

were grown for 48 hours at 28oC in LB broth supplemented with rifampicin (50 g ml-1) 

and spectinomycin (50 g ml-1) for effectors; rifampicin (50 g ml-1) and kanamycin (50 



 
 

 

32

g ml-1)  for promoters, P19 and Renilla. Afterwards, the cultures of Agrobacterium 

were inoculated as described above. The transient transformation of promoter, P19, 

Renilla and effectors was performed in 1:1:0.2:3 ratio, using a 1 ml plastic syringe, on 

fully expanded leaves of Nicotiana benthamiana plants (tobacco) by infiltrating bacterial 

suspensions into intercellular spaces of the leaves. 48h post infiltration, to analyze FL 

activity, leaf samples were imaged in-vivo using a charge-coupled device (CCD) camera. 

Additionally, samples of equal volumes (triplicates) were flash frozen using liquid 

nitrogen and lysed using 200 l of PLB containing DTT. Measurements of the activities of 

LUC reporters were done on these frozen in a Glomax 96 microplate luminometer 

(Promega) using the dual-luciferase reporter assay (DLR). The LUC activity data obtained 

from three independent replicates were normalized to Renilla luciferase activity and the 

relative ratio was calculated by comparing the normalized values with those of 

promoter activity without effectors. 

 

2.6 HeLa cell culture and transfection 

Fresh stocks of HeLa cells were cultured in CORNING Costar 24-well culture plates 

and maintained in Minimal essential medium (MEM) supplemented with 10% high-fetal 

bovine serum (FBS) to a confluency of 70-90% ~ (0.2 x106 cells) in a humidified incubator 

with 5% CO2 and at 37oC. To examine transient expression, the cells were seeded in a 

chambered coverslip -slide (iBidi) to 70-90% confluency. The cells were transfected 

with 0. 5 g of fluorescent protein expression vectors fused to the plant-specific genes 
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(Supplementary table 4) as indicated in each experiment using Lipofectamine3000 

transfection reagent (Thermofisher).  

 

 2.7 Dual-luciferase promoter activity in HeLa cells 

 Analysis of plant-specific promoter activity was carried out using HeLa cells. Before 

transfection, the cells were seeded in 24-well culture plates (Corning) and grown to a 

confluency of approximately 70-90%. For each transfection, 500 ng of plant-specific 

promoter construct containing LUC reporter was co-transfected along with 100ng of 

Renilla-luciferase and a combination of effectors plasmids (Supplementary table 4). 

After cultivation overnight at 37oC, the cell plates were frozen at -80oC for 30 mins and 

lysed using 200 l of PLB containing DTT. Measurements of LUC reporter activities of 

were performed in a Glomax 96 microplate luminometer (Promega) using the dual-

luciferase reporter assay. The Firefly luciferase (FL) activity data obtained from three 

independent replicates were normalized to Renilla luciferase activity, and the relative 

ratio was calculated by comparing the normalized values with those of the promoter 

activity without effectors. 

 

2.8 Confocal Microscopy: 

All microscopy was performed using inverted confocal laser-scanning microscope (ZEISS 

LSM 710). Analysis of expression in plant-based system was performed 48 hours post 

infiltration of Nicotiana benthamiana leaves. Whereas analysis of expression in 

mammalian-based system was performed 12 hours following transfection. The primary 
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objective (20X) used to produce micrographs was. Yellow fluorescence was excited at 

514 nm and the emission was detected at 519 to 588 nm; turquoise fluorescence was 

excited at 434 nm and the emission was detected at 460 to 480 nm.  Image acquisition, 

processing and exportation as TIFF file was done using ZEN software (ZEISS).  

 

3. Results:  

3.1 Expression of the plant-specific transcription factors: 

One of our main objectives in this research project was to study the structure and 

components of the complex that JACKDAW forms with the TFs discussed earlier. In 

order to elucidate that, we first need to determine first whether the cloned proteins can 

be expressed in plant cells and whether their expression is in the nucleus. To this aim we 

first checked the subcellular localization of each TF independently in planta. The CDS of 

each TF was cloned into the expression vector (pGWB555) that contains an N-terminal 

fluorescent tag mRFP. The transformed vector was used for in vivo analysis of the 

transient expression of the TFSs in a plant-based expression system (Nicotiana 

benthamiana). Subsequently, the localization of each mRFP fusion protein was 

determined via laser scanning confocal microscopy. As can be seen, the entire set of 

transcription factors (JKD, TCPs, JAZs GAI, RGA, SCR and SHR) displayed nuclear 

localization with even distribution; (Figure 9). As previously described, SHR displayed 

nuclear and cytoplasmic expression in the leaf pavement cells of the tobacco plant 

(Figure 9). 
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Figure 9: Subcellular localization of plant-specific transcription factors in tobacco plants (Nicotiana 
benthamiana). Tobacco leaves were transiently infiltrated with pGWB555 vectors expressing mRFP fusion 
under a CaMV 35S promoter. Confocal microscopy images of leaf pavement cells were captured 48h post 
infiltration. Left-hand panels depict merged images; middle panels depict mRFP fluorescence images; 
right-hand panels depict magnified images of the mRFP. Arrows indicate cytoplasmic expression. Scale 
bars are indicated in the lower-left corner of each image. 
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3.2 Expression of JKD truncated variants. 
 
 To determine which domain of JKD is required for its nuclear localization and 

interaction with SHR and SCR, we fused JKD variants were cloned in the same fashion 

into mRFP expression and the localization of each was compared to the full-length 

protein.  Surprisingly, each of the variants displayed a nuclear localization but with 

distinct nuclear distribution. JKD40-210 and JKD40-503 showed a more intense signal within 

the nucleolus region of the nucleus (Figure 10). The remaining JKD variants displayed 

similar distributions to the full-length protein. Collectively, these results indicate that 

the majority of these proteins, except for SHR, are explicitly nuclear proteins but with 

varying nuclear distribution in the case of JKD variants. 

 
Figure 10: Subcellular localization of JKD and its truncations in tobacco plant (Nicotiana benthamiana). 
Tobacco leaves were transiently infiltrated with pGWB555 vectors expressing mRFP fusion under a CaMV 
35S promoter. Confocal microscopy images of leaf pavement cells were captured 48h post infiltration. 
Left-hand panels depict merged images; middle panels depict mRFP fluorescence images; right-hand 
panels depict magnified images of the mRFP. Scale bars are indicated in the lower-left corner of each 
image.  



 
 

 

37

3.3 Yeast two-hybrid assay for building a network of protein-protein interaction. 

In order to identify the structure of the JKD complex, we needed to determine which 

domain of JKD is responsible for the interaction with each TF. Therefore, we   tested the 

interaction of each of JKD’s variants with the set of TFs discussed earlier. All CDS of 

interacting pairs were cloned into yeast expression vectors: pDEST32 and pDEST22 

which represent the bait and prey, respectively. After cloning, the baits that contained 

our protein fused to a DNA-binding domain were tested for their auto-activation of the 

Histidine reporter gene. The 3-AT sensitivity test, which determines the level of the 

sensitivity of the bait to the inhibitor, identified the concentration of 3-AT required for 

each interaction assay (Figure 11). Based on the results obtained from the sensitivity-

test of each baits, JKD1-503 displayed the highest level of auto-activation even at 

concentrations as high as 15mM. This meant that the concentration of 3-AT needed to 

test for its interaction with other proteins was higher than 15mM.  JKD210-503 displayed 

the second highest auto-activation of the Histidine reporter gene at concentration 

5mM. Thus, interaction analysis using this bait was done at 3-AT concentrations higher 

than 5mM. JKD40-503 displayed a lower auto-activation at concentrations of 2.5mM, 

meaning that its interaction with other proteins was done at a concentration higher 

than that. Finally, JKD122-210, JKD122-503 and JKD40-210 were only able to auto-activate when 

no inhibitor was added. This means that their interactions analyses were done at the 

lowest 3-AT concentration, which was determined to be 2.5mM.    
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Figure 11: 3-amino-1,2,4- triazole (3-AT) sensitivity test for bait auto-activation. Saccharomyces 
cerevisiae strain PJ-∝ was transformed with pDEST32 vectors containing the bait protein. pDEST32 
transformed PJ-∝ colonies were grown on SD medium lacking Histidine and Leucine supplemented with 
2.5mM-30mM 3-amino-1,2,4- triazole (3-AT) and grown at 30°C for 48h.   
 

Saccharomyces cerevisiae strains PJ-∝ and PJ-A were transformed with the bait 

(pDEST32) and prey (pDEST22) vectors, respectively, and were mated prior to testing for 

their interaction. The success of mating was determined based on the ability of the 

yeast to grow on SD selective media that lacks both Leucine and Tryptophan, selecting 

for offspring that is carrying both vectors. All the mated yeast colonies were able to 

grow on -Leu/-Trp selective media (Figure 12, a). The mated yeast colonies were then 

transferred to SD selective media that lack Histidine, Leucine and Tryptophan to test for 

their possible interaction (Figure 12, b). Their ability to activate the Histidine reporter 

gene and grow on (-His/-Leu/-Trp) will serve as an indicator for their interaction. As can 

be seen below, the full-length JKD1-503 was able to interact with the positive controls SHR 
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and SCR, and all the TFs (TCPs, JAZs, RGA and GAI). JKD122-210, JKD122-503 and JKD40-210 

however were not able to interact with any of the TFs except for TCP15, where weak 

interactions were observed. JKD210-503 was only able to interact with GAI, TCP15, TCP19 

and TCP21. The only variant that was able to interact with the positive controls (SHR and 

SCR) in addition to GAI, TCP15, TCP19 and TCP21 was JKD40-503.  
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Figure 12: Protein-protein interaction mapping of JKD and its truncation with plant-specific 
transcription factors using yeast two-hybrid assay. Saccharomyces cerevisiae strain PJ-∝ was 
transformed with pDEST32 vectors containing the bait protein; strain PJ-A was transformed with pDEST22 
vectors containing the prey protein. A) Transformed strains were mated and the resulting diploids were 
grown on SD medium lacking Leucine and Tryptophan.  B) Mated pDEST32 and pDEST22 transformed 
strains were grown on SD medium lacking Histidine, Leucine and tryptophan supplemented with 2.5mM-
30mM 3-amino-1,2,4- triazole (3-AT) and grown at 30°C for 48h. 
 

3.4 Confirmation of the protein-protein interactions using BiFC. 

 To further validate the results obtained from the Y2-H assay, the BiFC system was used 

to study the interactions. This system allows the visualization of the interaction in plant 

cells following the reconstitution of the fluorescence, which depends on the proximity 

of the two non-fluorescent fragments that are attached to the proteins of interest. The 

interacting pair of proteins were first cloned into plasmids that encode either for the 
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non-fluorescent N-terminal fragment or the C-terminal fragment of the fluorescent 

protein. In the case of this study, the CDSs of JKD and its variants were cloned into BiFC 

plasmids expressing cYFP while the CDSs of TFs studied earlier were cloned into the 

plasmids expressing nYFP. Following plasmid construction, the BiFC plasmids were co-

transformed into tobacco plants leaves. To visualize the signal, the leaves were 

examined under a confocal microscope. As illustrated, fluorescence signals can be seen 

in the majority of the interacting protein partners (Figure 13). A weak nuclear signal was 

observed in the negative control (PLT1) that is interacting with some of JKD’s variants 

such as JKD122-210, JKD40-210 and JKD40-503. SHR appeared to interact with JKD and all its 

variants, with more intense signal in the form of nuclear bodies when interacting with 

JKD210-503. SCR displayed a signal in the nuclear bodies with JKD1-503, JKD122-210 and JKD210-

503. The signal became more evenly distributed when SCR was interacting with JKD122-503, 

JKD40-210 and JKD40-503. For the remaining TFs, a strong signal with many nuclear bodies 

was observed in cells co-transformed with JAZ1or JAZ9 and JAZ10-YFPn and all JKD’s 

variants-cYFP. Co-transformed cells with TCP8, TCP15, TCP19 and TCP21-nYFP and the 

majority of JKDs variants-cYFP showed a more uniform signal (except for a few discussed 

below). In addition, GAI displayed interaction with all of JKD’s variant with a uniform 

signal. RGA displayed interaction only with JKD1-503, JKD210-503, JKD122-503 and JKD40-503 

with a uniform signal. No signal was detected in only few interacting protein pairs. For 

example, when RGA-nYFP was co-transformed with either JKD122-210 or JKD40-210 -nYFP. In 

addition, the co-transformation of TCP8 and TCP15 with JKD122-210 displayed little- to-no 

signal. While the co-transformation of TCP19 and TCP 21 with JKD40-503 and JKD40-210 
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showed no signal at all. The signals detected from the different combinations of JKD and 

its variants when co-transformed with all the TFs discussed above are summarized  

(Supplementary table5)  
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Figure 13: Protein-protein interaction mapping of JKD and its truncations with plant-specific. 
transcription factors using bimolecular fluorescence complementation (BiFC). Tobacco leaves were 
transiently co-infiltrated with p35S-GW-YFPn vectors expressing N-terminal YFP fusion of plant-specific 
transcription factors under CaMV 35S promoter; p35S-GW-YFPc vectors expressing C-terminal YFP fusion 
of JKD and its truncations under CaMV 35S promoter. Confocal microscopy images of leaf pavement cells 
were captured 48h post infiltration. Left-hand panels depict DIC images; middle panel depicts mRFP 
fluorescence images; right-hand panels depict merges. Scale bar are indicated in lower-left corner of each 
image 
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3.5 Unravelling the effect of JKD and its variants on the activity of MYC2 promoter. 

To determine the domain responsible for JKD’s binding to the DNA, we evaluated the 

effect of JKD and its variants on the MYC2 promoter that was previously identified to be 

regulated by JKD. The firefly luciferase gene under the control of the MYC2 promoter in 

addition to JKD and its variants were introduced into tobacco plants leaves via 

Agrobacterium-mediated gene transfer. Confocal images of each “JKD and its Variants” 

were taken to confirm their transient expression in tobacco (Figure 14, A). Moreover, 

luminescence from the transfected tobacco leaves was measured using two methods: 

long-exposure photography using a CCD camera, and dual-luciferase reporter assay. 

These two methods are frequently used together to provide complementary binary 

visuals and quantitative data. The visual analysis that depends on the use of a CCD 

camera indicated an increased MYC2 promoter activity in tobacco leaves upon the 

addition of the luciferase substrate (D-luciferin) (Figure 14, B). The activity was 

significantly reduced due to inhibition when the leaves were co-transfected with either  

JKD1-503 or with JKD40-503. JKD122-503 had a mediocre inhibitory effect on the activity was 

observed compared to JKD1-503 and JKD40-503. The other truncations, JKD122-210 and  

JKD210-503 also reduced the activity of the MYC2 promoter, but the reduction was 

minimal compared to JKD1-503 and JKD40-503.  

 Looking at the results from the dual-luciferase reporter assay system, similar 

results were obtained but with slight contradictions to what was observed in the visual 

analysis. As illustrated in figure 14, C, the reduction of MYC2 promoter activity was 

significantly reduced in leaf samples co-transfected with JKD40-503 compared to JKD1-503. 
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A mediocre reduction on the MYC2 promoter activity was observed when the samples 

were co-transfected with JKD122-210. In contrast to what was observed in the previous 

two variants, JKD210-503 displayed no significant reduction on the activity of the MYC2 

promoter. JKD122-50 displayed a significant reduction to the activity of MYC2 promoter, 

but statistical analysis indicated that the reduction was not statistically significant. 

Figure 14: Luciferase activity analysis of JKD and its truncations on MYC2 promoter activity in tobacco 
plants (Nicotiana benthamiana). A) Confocal microscopy images displaying the expression (localization) 
of the effector proteins in tobacco leaves pavement cells 48h post transfection. Left-hand panels depict 
DIC images; middle panels depict mRFP fluorescence images; right-hand panels depict merges. Scale bars 
are indicated in lower-left corner of each image. B-C)  Tobacco leaves were transiently co-infiltrated with 
a MYC2 promoter fused to luciferase expressing gene and effectors expressing an mRFP fusion under a 
CaMV 35S promoter (- control; non-infiltrated, 1:  pMYC2, 2: pMYC2 and JKD (40-503), 3: pMYC2 and JKD 
(122-503), 4;  pMYC2 and JKD (122-210), 5: pMYC2 and JKD (210-503), 6: pMYC2 and JKD (1-503)). Leaves 
were treated with D-luciferin and imaged using a CCD camera that is set to a long exposure mode (17 
minutes). D) Dual luciferase assay to assess the activity of the MYC2 promoter. Firefly luciferase under a 
MYC2 promoter and effectors vectors were co-transfected into tobacco leaves. Luminescence was 
measured 48h after transfection using Glomax ® Navigator Microplate Luminometer (Promega). The 
results were analyzed using Student’s t-test and the asterisks indicate statistical significance (*P<0.05, 
**P<0.01, ***P< 0.001). 
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3.5 Combinatorial effect of JKD, SHR and SCR on endogenous promoter activity.    

The fact that JKD, SHR and SCR form a complex together indicates their crucial role as a 

regulatory network that could either activate or repress the transcription of 

Arabidopsis-endogenous genes. In order to determine the response associated 

(activation/repression) with the complex on target promoters (WOX5, CYCD6, and NUC), 

JDK, SHR and SCR were used as effectors in different combinations. A mammalian 

expression system (HeLa) was used this time to transiently express and examine the 

effect of JKD/SHR/SCR combinations on the promoter. Similar to what was done 

previously, the promoters were fused to a firefly luciferase gene. Thus, the relative 

transcription level was measured upon the expression of the different combinations of 

effectors. The transfection was first confirmed by examining the expression of the 

fluorescent-tagged effectors using confocal microscopy. All of the effectors displayed 

similar nuclear localization in Hela cells, which signifies their role as TFs (Figure 15, A). 

SHR, however, displayed extended cytoplasmic localization. 

Using the dual-luciferase reporter system, the effect of each different 

combination was tested using the different promoters. As a target promoter, pWOX5 

activity increased when the cells were co-transfected with JKD alone or with JKD/SHR.  

Whereas co-transfection with SCR or SHR alone had a significant decreasing effect on 

the activity of the promoter. Non-significant effects on pWOX5 promoter activity were 

observed when the cells were co-transfected with these combinations: SHR/SCR, 

JKD/SCR and JKD/SHR/SCR (Figure 15, B). Unlike pWOX5, pCYCD6 activity was 

significantly decreased to half of the activity of the control when the cells were co-
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transfected with JKD alone, SHR/SCR or JKD/SCR. However, a similar increase pattern (to 

pWOX5) in pCYCD6 activity was observed when the cells were co-transfected with 

JKD/SHR (Figure 15, C).  The activity of pNUC was reduced in all cases, except for one, 

with SHR/SCR having the most significant effect. JKD alone did not show any significant 

effect on promoter activity, hence the luciferase activity in relation to the control was 

similar (Figure 15, D).    
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Figure 15: Luciferase activity analysis of different plant-specific promoters in HeLa cells. A) Confocal 
microscopy images displaying the expression (localization) of the effector proteins JKD, SHR and SCR in 
HeLa cells 12h post transfection. Left-hand panels depict DIC images; middle panels depict mRFP 
fluorescence images; right-hand panels depict merges. Scale bars are indicated in lower-left corner of 
each images. B-D) Dual luciferase assay to assess the activity of plant-specific promoters. Firefly luciferase 
under (pWox5- pBU Luc, pD6-pBU Luc and pNuc-pBU Luc) promoters, effectors vectors were  
co-transfected into HeLa cells. Luminescence was measured 12h after transfection using Glomax ® 
Navigator Microplate Luminometer (Promega). The results were analyzed using Student’s t-test and the 
asterisks indicate statistical significance (*P<0.05, **P<0.01, ***P< 0.001). 
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4. Discussion: 

4.1 Deciphering the structure of JKD’s complex: 

4.1.1 Nuclear co-localization as a criterion for interacting proteins. 

Building a regulatory network is a challenging process and it involves identifying each of 

the major players that participate in it. Therefore, we opted out in utilizing two different 

approaches that facilitate our studying of direct protein-protein interactions (Y2-H and 

BiFC). Both of these are considered in vivo techniques to screen for protein interactions. 

The strengths of both techniques are based on the fact that no structural information of 

the interacting proteins is required, and they do not need complex data processing 

[59][60]. For the interaction analyses using both approaches to be considered relevant, 

the two interacting pairs should first co-exist in the same subcellular compartment.  

Because having the pair in one subcellular compartment can have an effect on limiting 

the number of interactions for both pairs. Since we are investigating the interaction 

between a set of TFs, these proteins should contain a nuclear localization sequence 

(NLS) [61].  

For the confirmation of TFs localization, we used the plant-based transient 

expression system Nicotiana benthamiana. The results we obtained indicated that all 

transcription factors (TCPs, JAZs, RGA, GAI, and SCR) except for SHR were explicitly 

nuclear localized (Figure 7). This is because SHR is a mobile TF that participate in cell-to-

cell communication. It moves from the vascular tissue (stele) layer to the neighboring 

cells via membrane-lined channels called plasmodesmata [62]. The movement of SHR 

depends on SHR INTERACTING EMBRYONIC LETHAL (SIEL), which is a protein that 
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associate with endosomes in the cytoplasm [64]. Thus, this movement is observed as a 

strand that extends from the nucleus to the plasma membrane of the pavement cells 

and is indicated by the white arrows (Figure 7). 

As a previously stated nuclear-localized TF, JKD’s localization to the nucleus was 

not surprising. However, we observed an unexpectedly similar pattern of localization in 

all JKD variants (Figure 8). The N-terminal ID domain of JKD contains two nuclear 

localization sequences (NLS): NLS1 (HRRGHNLP) and NLS2 (IKKHYSRK). The former’s 

amino acid position is 100-107, while the latter’s amino acid position is 146-153 [65]. 

Both of these sequences essential for direct the localization of the proteins to nucleus. 

Since both NLSs were lost, we expected that JKD210-503 would display different 

localization. The reason behind the strict nuclear localization of all the variants including 

JKD210-503 can be explained by the possible presence of more diverse NLS patterns within 

the protein. In addition to the two previously identified monopartite NLS  

, it is possible that unidentified bipartite nuclear localization sequences might be 

present. Identifying bipartite NLS can be challenging to some extent due to the fact that 

bipartite NLS are separated by a spacer sequences, which may or may not match known 

putative consensus sequences. In addition, the classical bipartite NLS can be found 

anywhere within the protein, even overlapping with regions within the protein that 

have a specific function [66]. Another possible reason behind JKD210-503 localization to 

the nucleus could be that the variant was brought to the nucleus as a preassembled 

complex with proteins that contain an NLS.  
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4.1.2 Yeast two-hybrid assay to determine interaction domains of JKD’s regulatory 

network: 

After validating the exact localization of the TFs using imaging based-approach, 

we went further ahead to examine the interaction of JKD and its variants with the TFs 

mentioned earlier using Y2-H assay (Figure 9, B). The results obtained suggested the 

possibility of having a number of false-negative identifications even though JKD1-503 was 

interacting with the positive controls (SCR and SHR).  The interaction of JKD with SCR 

and SHR is mediated by its zinc finger motifs (ZF3 and ZF4) [51]. With this in mind, we 

predicted that some of JKD’s variants such as JKD122-210, JKD122-503, JKD40-210, and would 

also interact with SCR and SHR. In addition, JKD40-503 almost resembles the full-length 

protein, however the protein did not show similar pattern of interactions to the full-

length JKD (JKD1-503). Henceforth, the positive results obtained from this experiment are 

not reliable.   

Assuming that the results obtained were true, the results suggested that the C-

terminal part of JKD is essential for complex formation with GAI, TCP 19 and TCP21. This 

can be observed in JKD variants JKD210-503 and JKD40-503 where both variants contain the 

C-terminal part of the protein and both display interaction (Figure 9, B). Moreover, the 

results also suggested the possible significance of ZF1 motif in the complex formation 

with SHR and SCR as observed in JKD40-503. This observation however can be 

contradicted by the fact that ZF3 and ZF4 are important for the interaction and the fact 

that JKD40-210 was not able to maintain similar pattern of interaction to JKD40-210 [51]. 
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Further analysis of the results indicated the absence of a protein domains responsible 

for JKD with JAZs, RGA and TCP8 (Figure 9, B).  

Like the case with the various approaches that are used to test for protein- 

protein interactions, Y 2-H screening is not perfect. It is quite unlikely to detect all the 

relevant protein interactions that occur between the baits and the preys. This is due to 

the fact that many false-positive and false-negative interactions might occur when 

testing for interactions. are many multiple factors that could account for generating 

false-negative results during the Y2-H screening. One is the steric hinderance between 

the fusion proteins, which might prevent physical interaction or subsequent 

transcriptional activation. Another reason could be the instability of the bait structure 

and maintenance of proper protein folding that could occur due to the truncation. More 

possible reasons include, the absence some cellular factors, degradation of the proteins 

in the non-endogenous system, inappropriate post-translational modifications or failure 

for the protein to localize in the nucleus [67]. There are multiple approaches that can be 

taken to reduce the rate of false-negative results produced by the Y2H screening, and 

this can be taken either by using a combinatorial approach or by using different 

experimental approach. Based on one study the false-negatives can be reduced to 20-

25% if different combinations of Y2-H are used [68].  

 

4.1.3 BiFC as an alternative approach to determine JKD’s interacting domains: 

Due to the fact that the results obtained from the Y2-H system might have had a 

number of false-negative results, we decided to use BiFC as an alternative approach that 
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can be used in an endogenous system. This system is more sensitive and provides the 

proteins with the right cellular context, away from all the internal or external factors 

that might have an effect on the interaction [69]. Hence, considering the advantages 

discussed now and earlier in section (4.1), we decided to take a shot in studying protein-

protein interaction using this method. Although the advantages of BiFC may be true for 

some protein interactions, this was not case in ours. The results we obtained in fact 

suggested the possibility of containing multiple false-positive interactions (Table 1) 

(Supplementary figure1). For instance, there was a signal detected in some of JKD 

variants (JKD122-210, JKD40-210 and JKD40-503) when testing the interaction with our negative 

control (PLT1). In addition, YFP signals were detected in JKD variant (JKD210-503) was also 

able to display positive interaction when interacting with the positive controls SHR and 

SCR. However, structural analysis of JKD’s interaction with SHR and SCR illustrated the 

responsibility of ZF (ZF3 and ZF4) motifs in mediating the interaction [51]. Since false-

positive signals were obtained, there is a possibility that other interactions of JKD 

variants are not true.  

 Although BiFC has gained popularity since its introduction as a method to study 

direct protein-protein interaction, one should consider some of its potential problems 

and critical factors. One major downside of BiFC is that independent of specific protein 

interaction event, the two fragments (N- and C-terminal) are prone to self-assembly 

[70]. If this happens, it may result in the detection of false-positive interactions. Based 

on studies that delved into the structure of the BiFC vectors, it was proposed that the 

split position of the YFP proteins promotes the irreversible self-interaction [71]. To 
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circumvent this issue of the split position, multiple point mutations were generated to 

minimize the self-assembly of the two halves. However, those attempts ended up with 

limited success [71]. Another study proposed that the length linker sequence that 

connects the YFP fragment to the interacting protein could influence the capacity of 

complementation.  As a result, multiple YFP vectors with different linker sequence 

lengths were designed. The results obtained from those vectors suggested that the 

characteristic of linker peptide sequence doesn’t influence the protein-protein 

interactions. [72]. Looking at all those facts combined, it seems that the characteristics 

of the fused protein is what accounts for the re-constitution of the two YFP fragments. 

 

4.1.4 Minimizing discrepancies between Y2-H and BiFC. 

Different outcomes could be generated depending on the approaches used to study 

protein-protein interactions. This should be accounted for, as different approaches 

could have advantages over the other. Thus, considering the advantages of BiFC, we 

expected a more reliable outcome to be deduced compared to Y2-H. The presence of 

false-negatives from Y2-H and false-positive from BiFC hindered our ability to confirm 

and conclude the structure of JKD’s complex. It will require additional conformational 

steps to be undertaken either via the optimization of each of the approaches used 

previously or the use of different approaches such as co-immunoprecipitation assays 

(Co-IP). This method will provide further information not only on the interacting 

proteins but also on the complex that JKD forms with other possible interacting 

proteins. 
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4.2 Transcriptional regulation of target promoters. 
 
4.2.1 JKD’s ZF motifs are responsible for transcriptional regulation of defense genes. 
 
In an attempt to determine whether the ZF motifs are important in mediating DNA 

binding, we tested the effect of the truncated JKD variants on the activity of the MYC2 

promoter. The results, in addition to previous studies, suggested that ZF1 is indeed 

important in DNA binding (Figure 11, b and C) [51]. This is observed in both, the visual 

analysis of the MYC2 promoter activity and the dual-luciferase reporter assay. JKD40-503 

displayed significant decrease compared to the other samples. This decrease in activity 

is comparable to the full-length JKD This observation was confirmed by looking at the 

activity from dual-luciferase assay from samples infiltrated with JKD210-503. Those 

samples showed no significant reeducation in promoter activity compared to the 

control. Further analysis of the results indicated that ZF1 was alone contributing to DNA 

binding (Figure, B and C). Other variants that still contain the other three ZF (ZF2, ZF3 

and ZF4) were also capable of binding to the DNA, but with reduced affinity. For 

instance, JKD122-210 was capable in reducing the activity of the promoter. This concludes 

the inclusivity of the other ZFs in mediating DNA binding along with ZF1.  

 
 
4.2.2 Effect of different JKD modules on target promoter activity.  
 
Using transient expression systems is considered a useful way to study transcriptional 

regulation. It provides valuable information regarding the behavior of certain promoters 

to different regulators [73]. In this regard, we tested the activity of plant-specific 
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promoters (pWOX5, pCYCD6 and pNUC) in a different environmental context using HeLa 

cells as a transient-expression system. The use of such a heterologous system helps 

eliminates all the external factors that might interfere with the effect of the of the 

transcriptional regulator on the promoter activity [74]. Consequently, the effect of each 

transcriptional regulator can be assessed independently without any interference. In 

addition to testing the effect of individual TF, multiple combinations of TFs can also be 

tested to how they behave as a complex. The effect of different combinations including 

the TFs alone were tested to determine their ability to activate or repress transcription.  

TFs are proteins that control the rate of transcription by binding to the promoter 

region within the DNA They work alone or in complex with other proteins to either 

activate or repress the transcription of specific gene [75]. Thus, behave differently in 

different context. If we look at the effect of TFs on the three promoters mentioned 

above, it can be observed that JKD behaves as both “an activator or a repressor”. The 

results from the dual-luciferase assay validates this observation as JKD was able to 

directly activate the transcription of the firefly luciferase gene under the WOX5 

promoter independently of SHR and SCR.  On the contrary, JKD inhibitory effect became 

more apparent when the firefly luciferase gene expression was driven by the CYCD6 

promoter. JKD’s ability to amplify the activity of both promoter (pWOX5 and pCYCD6) 

was also observed during its association with SHR, indicating the possibility of SHR 

acting as co-activator for JKD during transcription. JKDs association with SCR on the 

other hand significantly reduced the promoter activity (in pCYCD6 and pNUC), indicating 

the possibility of JKD to serve as repressor with SCR being its co-repressor. Further 
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analysis of the demonstrated the possible role of activity SHR and SCR as inhibitors as 

they were able to sufficiently inhibit the activity of all three promoters pWOX5, pCYCD6 

and pNUC alone or in combination. All in all, the results obtained from this experiment 

indicated that the core consensus sequence is the same at the binding site, but the DNA 

context is different. That’s why TFs can behave differently when they bind to different 

promoters. 

To a certain extent, the findings indicated above contradicts what was published 

previously regarding the effect these TFs. For example, previous studies that were 

performed in the plant-based expression Nicotiana benthamiana concluded that SHR 

and SCR independently or in a complex can directly activate the expression of CYCD6 

and NUC [74]. However, the opposite is observed in our mammalian- based expression. 

This could account for the possibility of a missing plan-based factors that contribute in 

their direct regulation of these specific promoters. Hence, Further validation of the role 

of each of these transcription factors in plant-based expression system is necessary. This 

will provide us with information on whether or not additional plant-based factors are 

necessary for the regulatory role of these transcriptional regulators individually or in 

complex.  

 
 
4.2.3. Conclusion. 
 

A more comprehensive picture of the structure of possible complexes that JKD can form 

is still lacking. The data presented here concur that the further confirmational methods 

are required to dissect the structure of JKD’s complex with other transcription factors. 



 
 

 

67

Our work clearly has some limitation, however for future work, we will work on the 

further confirmation using different approaches. A recommended approach to confirm 

the interactions can be done using protein co-immuno precipitation assays (Co-IP). 

Following the confirmation of complexes that JKD can form, the transcriptional 

regulation of these complexes can be tested on different possible target promoters 

using both plant and mammalian-based expression systems. Further future 

examinations can be done to determine the kinetics and the binding affinities of JKD 

complexes to their target sites using Microscale Thermophoresis (MST). This will help 

reveal the binding site occupancy and function In vivo. 
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APPENDIX 
 

Supplementary table 1. Constructs for N-terminal fusion with mRFP  

 

pGWB555 constructs Resistance Origin 
(Reeference) 

JAZMONATE-ZIM-DOMAIN PROTEIN 
1(JAZ1) 

Spectinomycin This study 

JAZMONATE-ZIM-DOMAIN PROTEIN 
1(JAZ9) 

Spectinomycin This study 

JAZMONATE-ZIM-DOMAIN PROTEIN 
1(JAZ10) 

Spectinomycin This study 

REPRESSOR OF GA (RGA) Spectinomycin This study 

GIBBERELLIC ACID INSENSITIVE (GAI) Spectinomycin This study 

TEOSINTE BRANCHED 
1/CYCLOIDEA/PCF 8(TCP8) 

Spectinomycin This study 

TEOSINTE BRANCHED 
1/CYCLOIDEA/PCF 15 (TCP15) 

Spectinomycin This study 

TEOSINTE BRANCHED 
1/CYCLOIDEA/PCF 15 (TCP19) 

Spectinomycin This study 

TEOSINTE BRANCHED 
1/CYCLOIDEA/PCF 21 (TCP21) 

Spectinomycin This study 

SCARECROW (SCR) Spectinomycin [11] 

SHORT ROOT (SHR) Spectinomycin [11] 

JACKDAW (1-503) Spectinomycin [11] 

JACKDAW (122-210) Spectinomycin This study. Entry clone. 
provided by Dr.Naheed 

Tabassum 
JACKDAW (210-503) Spectinomycin This study. Entry clone 

provided by Dr.Naheed 
Tabassum 

JACKDAW (122-503) Spectinomycin This study. Entry clone 
provided by Dr. Naheed 

Tabassum 
JACKDAW (40-210) Spectinomycin This study. Entry clone 

provided by Dr.Naheed 
Tabassum 

JACKDAW (40-503) Spectinomycin This study. Entry clone 
provided by Dr.Naheed 

Tabassum 
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Supplementary table 2. Constructs for the yeast two-hybrid assay. 

pDEST32 
constructs 

pDEST22 constructs Origin pDEST32 
constructs 

(Reference) 

Origin pDEST22 
constructs 

(Reference) 
JACKDAW1-503 JAZMONATE-ZIM-DOMAIN 

PROTEIN 1 (JAZ1) 
[11] This study 

JACKDAW122-

210 
JAZMONATE-ZIM-DOMAIN 

PROTEIN 9 (JAZ9) 
This study This study 

JACKDAW210-

503 
JAZMONATE-ZIM-DOMAIN 

PROTEIN 10 (JAZ10) 
This study This study 

JACKDAW122-

503 
REPRESSOR OF GA (RGA) This study This study 

JACKDAW40-

210 
GIBBERELLIC ACID 
INSENSITIVE (GAI) 

This study This study 

JACKDAW40-

503 
TEOSINTE BRANCHED 

1/CYCLOIDEA/PCF 8 (TCP8) 
This study This study 

 TEOSINTE BRANCHED 
1/CYCLOIDEA/PCF 15 

(TCP15) 

 This study 

 TEOSINTE BRANCHED 
1/CYCLOIDEA/PCF 19 

(TCP19) 

 This study 

 TEOSINTE BRANCHED 
1/CYCLOIDEA/PCF 21 

(TCP21) 

 This study 

 SCARECROW (SCR)  [11] 

 SHORT ROOT (SHR)  [11] 
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Supplementary table 3. Constructs for BiFC assay 

cEYFP 
constructs 

nEYFP constructs Origin of 
cEYFP 

constructs 
(Reference) 

Origin of 
nEYFP 

constructs 
(Reference) 

JACKDAW1-

503 
JAZMONATE-ZIM-
DOMAIN PROTEIN 

1(JAZ1) 

[11] This study 

JACKDAW122-

210 
JAZMONATE-ZIM-
DOMAIN PROTEIN 

9(JAZ9) 

This study This study 

JACKDAW210-

503 
JAZMONATE-ZIM-
DOMAIN PROTEIN 

10(JAZ10) 

This study This study 

JACKDAW122-

503 
REPRESSOR OF GA 

(RGA) 
This study This study 

JACKDAW40-

210 
GIBBERELLIC ACID 
INSENSITIVE (GAI) 

This study This study 

JACKDAW40-

503 
TEOSINTE BRANCHED 
1/CYCLOIDEA/PCF 15 

(TCP15) 

This study This study 

 TEOSINTE BRANCHED 
1/CYCLOIDEA/PCF 19 

(TCP19) 

 This study 

 
Supplementary table 4. Constructs for Dual-luciferase reporter assay in HeLa 

 

 

 

 

 

Constructs name Origin (reference) 

SHR-sYFP [16] 

JKD-sYFP [16] 

SCR-mTurq [16] 

pWox5-pBuLUC [16] 

pCYCD6-pBuLUC [16] 

pNUC-pBuLUC [16] 
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Supplementary table 5. Summary of BiFC signals detected in Nicotiana benthamiana.  
 

 


