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Abstract 
 

Plants are sessile organisms and therefore are limited in their ability to gather 

resources. Therefore, they have evolved several mechanisms that aid them in 

their quest to gather light, water and nutrients. One such mechanism is 

phototropism, a plants ability to bend towards or away from a light source. This 

mechanism is mediated by the blue light photoreceptor phototropin (phot). 

Arabidopsis thaliana contains two phototropins, phot1 which is the primary 

photoreceptor under low intensity light and phot2, which acts redundantly with 

phot1 under high intensity light. The perception of blue light by the phototropins 

(phot1 and phot2) initiates signaling events that lead to a lateral redistribution of 

the plant hormone auxin; which ultimately results in differential growth and the 

bending response. In addition to phototropism, these proteins mediate several 

other growth and developmental responses such as leaf movement, chloroplast 

movement, and stomatal opening. A second protein which is critical to the 

phototropic response and interacts with phot1 is NONPHOTOTROPIC 

HYPOCOTYL3 (NPH3). In addition to phototropism, NPH3 has a role in phot1-

mediated leaf movement. NPH3 has been shown to act as a substrate adapter in 

an E3 ubiquitin ligase complex with the protein CULLIN3 (CUL3). This CRL3NPH3 

complex is responsible for ubiquitinating the phot1 photoreceptor in a blue light 

fashion. This ubiquitination has been shown to be necessary for the bending 

response, but it’s role in receptor ubiquitination is still not fully understood. To 

better understand this component of phot1-mediated phototropism, we 
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characterized an allelic series of NPH3 mutants to further understand the role of 

this substrate adapter in this mechanism. Additionally, we characterized several 

mutant plant lines containing a mutant phot1 protein in which critical 

ubiquitination sites were mutated in an effort to render the protein unable to be 

ubiquitinated to further understand phot1 ubiquitination. 
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Chapter 1 Literature Review 
 

By Johanna Morrow and Kyle Willenburg 

Introduction 

(Section written by Johanna Morrow) 

Plants are sessile organisms. That is, they are rooted in the ground and 

must make the most out of the environment they find themselves in. Due to this 

limitation, plants have evolved several mechanisms to optimize their 

photosynthetic light-capture to help them survive and reproduce. One of these 

mechanisms is phototropism, a plants ability to bend towards (positive) or away 

(negative) from a directional light source (Holland et al., 2009).  This mechanism 

is mediated by the perception of blue light by the photoreceptor phototropin 

(Christie et al., 1998). This response leads to a directional plant growth response 

in the elongation zone of the stem induced by an asymmetric gradient of the 

plant hormone auxin, which is known as the Cholodny-Went theory (Went and 

Thimann, 1937; Esmon et al., 2006). This response has been described by 

multiple researchers dated back to Darwin in the 1880s, however, steps between 

blue light perception by phototropin, and bending of the plant organ still need to 

be elucidated (Liscum et al., 2014). Here we describe current findings within the 

community related to the phototropic signaling pathway, beginning with signal 

perception, continuing through signal transduction, as well as the role of auxin 

transport and perception and ending with other modifiers of the phototropic 

pathway. 
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Signal Perception 

phototropin 1 and 2 are blue light photoreceptors 

The PHOTOTROPIN family in Arabidopsis thaliana contains two 

members: PHOT1 and PHOT2, and these two genes are present in all higher 

plants (Briggs & Huala, 1999), while there has been duplication of these genes in 

some species (Li et al., 2015). In the context of phototropic function, phot1 has 

been shown to be the primary photoreceptor under low fluence light, while both 

phot1 and phot2 act redundantly under moderate to high fluence conditions 

(Khurana and Poff, 1989; E. Liscum and Briggs, 1995; Sakai et al., 2000; Sakai 

et al., 2001). In addition to the phototropic pathway, the phots act redundantly in 

a variety of other functions that impact optimization of photosynthesis. These 

functions include: stomatal opening, chloroplast accumulation/avoidance, 

cotyledon/leaf movement, expansion and leaf flattening (Kinoshita et al., 2001; 

Sakamoto, 2002; Takemiya et al., 2005; Inoue et al., 2008a; Han et al., 2013; 

Ohgishi et al., 2004; Sakai et al., 2001); (Jarillo et al., 2001; Kagawa et al., 2001; 

Sakai et al., 2001). 

The phots undergo a conformational change upon blue light perception 

that leads to autophosphorylation  

phots contain an amino-terminal sensory region and carboxyl-terminal 

output region (Christie et al., 1998). The sensory region contains two LOV (light, 

oxygen, and voltage) domains, which in darkness each noncovalently binds a 

Flavin mononucleotide (FMN) chromophore (Huala et al., 1997), while the output 

region encodes a serine/threonine protein kinase domain (PKD) which is a 
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member of the AGC protein kinase family (Bögre et al., 2003; Huala et al., 1997). 

The LOV domains represent a subset of the Per-Arnt-Sim (PAS) domains that 

are present in a variety of proteins with diverse functions across a large number 

of organisms (Rojas-Pirela et al., 2018). The LOV domains were named because 

the function of the proteins in which they are found are controlled by light, 

oxygen, and/or voltage (Crosson et al., 2003; Huala et al., 1997). The LOV 

domains within phototropin have each been shown to have a distinct function: 

LOV1 is involved in protein dimerization, while LOV2 functions as a molecular 

light activated switch for repression/de-repression of the PKD (Nakasako et al., 

2008; Harper et al., 2004; Jones et al., 2007; Sullivan et al., 2008; Tokutomi et 

al., 2008; Salomon et al., 2004).   

Upon blue light absorption, the FMN chromophore becomes covalently 

attached to a cysteine residue within each LOV domain, forming an adduct that 

leads to a progressive conformational change in the protein that moves from the 

chromophore-binding pocket out to an alpha-helix (the Jα-helix, located in the 

linker region between LOV2 and PKD). In darkness the protein conformation 

keeps the PKD in a repressed/inactive state. Blue light-activation leading to the 

aforementioned conformational changes leads to de-repression of the PKD and 

allows for protein autophosphorylation/transphosphorylation of the receptor 

(Christie et al., 1999; Salomon et al., 2000; Inoue et al., 2008a; Sullivan et al., 

2008). This autophosphorylation is critical for the phototropic response (Tseng 

and Briggs, 2010; Inoue et al., 2008a). Within phot1 two serine residues (position 

S849&S851) have been identified as critical sites for this 
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auto/transphosphorylation; serine851 is critical for phototropism (Inoue et al., 

2008a). Within phot2 the phosphorylated serine residues (position S761&S763) 

have been shown to be important, but a loss of phosphorylation at these sites 

does not lead to a complete loss of function as it does in phot1, indicating that 

there are likely additional phosphorylation site(s) within phot2 that are necessary 

for the phototropic response (Inoue et al., 2011).   

Autophosphorylation of phot1 leads to protein internalization 

Though no transmembrane domain is present, in darkness the phots are 

associated with the plasma membrane; additionally, the carboxyl-terminal portion 

of the PKD is required for membrane association (Kong et al., 2013a; b, 2007; 

Sakamoto and Briggs, 2002). However, upon blue light activation, a portion of the 

pool of phot protein becomes internalized (Wan et al., 2008; Han et al., 2008; 

Kong et al., 2006; Sakamoto, 2002). It has been shown that this internalization is 

dependent upon auto/transphosphorylation in the case of phot1 (Kaiserli et al., 

2009; Sullivan et al., 2010). A mutation within phot1 (I608E) leading to a 

structural change allowing de-repression of the kinase domain renders the 

protein constitutively active and results in protein internalization in the absence of 

light. Conversely, no internalization is observed in a phot1 mutant that is 

phosphorylation-incompetent (D806N), indicating the necessity of 

auto/transphosphorylation for protein internalization (Kaiserli et al., 2009; Harper 

et al., 2004). Interestingly, similar to phot1, internalization of phot2 requires the 

carboxyl-terminal PKD, but phot2 internalization does not require 
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auto/transphosphorylation of the protein; blue light activation alone is sufficient 

(Aggarwal et al., 2014; Kong et al., 2006).  

Functional relevance of phototropin internalization 

Protein internalization, in general, has been shown to be involved in the 

endocytic pathway (Doherty and McMahon, 2009). Indeed, both phots have been 

shown to interact with clathrin (a coat protein involved in membrane trafficking); 

phot1 interacts with clathrin heavy chain and phot2 interacts with clathrin light 

chain (Roberts et al., 2011; Kaiserli et al., 2009; Kong et al., 2006). While it still 

has not been identified where in the cell phot1 relocates upon internalization, 

phot2 has been shown to move from the plasma membrane/cytoplasm to the 

Golgi (Kong et al., 2006; Aggarwal et al., 2014). Interestingly, it has been shown 

that new microtubules within the hypocotyl are generated in response to blue 

light stimulation and that this generation of new microtubules is phot-dependent 

(Lindeboom et al., 2013). Interestingly, plants deficient in Katanin1, a protein that 

severs microtubules leading to the further growth of the microtubule, have been 

shown to exhibit reduced phototropic bending (Lindeboom et al., 2013). How this 

may or may not connect to phot internalization remains unknown. 

Though phots can move from the plasma membrane, it is important to ask 

where phot signaling occurs: the plasma membrane, the cytoplasm, or another 

compartment/location. It has been shown that seedlings pretreated with red light 

prior to phototropic blue light stimulation exhibit enhanced responses that are 

more rapid than in seedlings treated only with blue light (A. Janoudi & Poff, 1993; 

a K. Janoudi, Gordon, Wagner, Quail, & Poff, 1997; Janoudi A-K, Konjevic, Apel, 
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& Poff, 1992). Additionally, phot1 is retained at the plasma membrane in 

seedlings pretreated with red light, suggesting that phot1 signals from the plasma 

membrane (Han et al., 2008). More support for plasma membrane associated 

phot representing the “functional” receptor comes from a study in which phot1 is 

irreversibly anchored to the plasma membrane via a myristylation/farnestylation 

tag (Preuten et al., 2015). Seedlings carrying irreversibly-anchored phot1 exhibit 

a normal bending response; internalization may not be necessary for primary 

signaling, but it could be involved in receptor turnover or recycling (Liscum, 2016; 

Preuten et al., 2015; Aggarwal et al., 2014; Kong et al., 2006). Indeed, both phots 

have been shown to be degraded by the 26S proteasome (Roberts et al., 2011; 

Aggarwal et al., 2014). 

Signal Transduction 

Though the signal transduction pathway from activated phototropin to 

phototropic curvature has not been reconstructed in its entirety, several 

components of the pathway(s) have been identified and studied in detail. 

NONPHOTOTROPIC HYPOCOTYL3 (NPH3), a phot-interacting protein, is 

necessary for the phototropic response 

  NPH3 was identified in a screen for non-phototropic mutants and has 

been shown to be critical for the phototropic bending response (Liscum and 

Briggs, 1996; Okadaa and Shimuraab, 1992; Motchoulski and Liscum, 1999; 

Liscum, 1995). The NPH3 protein is characterized by an amino-terminal BTB 

(broad complex, tramtrack, and bric a brac) domain (Stogios et al., 2005), a 

central NPH3 domain (Pfam, PF03000), and a carboxyl-terminal coiled coil (CC) 
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domain (Motchoulski and Liscum, 1999). The CC domain of NPH3 has been 

shown to facilitate interaction with phot1 (Motchoulski and Liscum, 1999) as well 

as phot2 (de Carbonnel et al., 2010). In addition to its role in phot-dependent 

phototropism, NPH3 has been shown to be involved in phot-mediated leaf 

flattening and leaf movement, but has no role in chloroplast movement or 

stomata opening (Inada et al., 2004; Inoue et al., 2008b; de Carbonnel et al., 

2010). 

NPH3 is a phosphoprotein in dark and is rapidly dephosphorylated upon 

blue light activation 

Motchoulski and Liscum (1999) identified an enhanced mobility shift of the 

NPH3 protein based on light condition on an SDS-PAGE gel. It was subsequently 

shown that this light-dependent mobility shift results from dephosphorylation, as 

this modification could be recreated in the absence of light treatment by 

application of lambda phosphatase; additionally, treatment with a phosphatase 

inhibitor blocked the modification induced by blue light (Pedmale and Liscum, 

2007). Furthermore, by using pharmacological inhibitors, it was demonstrated 

that blocking NPH3 dephosphorylation also abrogates phototropic curvature 

(Pedmale and Liscum, 2007). The dephosphorylation of NPH3, which appears to 

occur as the result of a yet unidentified type 1 protein phosphatase, has also 

been shown to be dependent upon the presence of phot1 (Pedmale and Liscum, 

2007). The aforementioned observations suggest the phototropically active 

signaling state of NPH3 is the dephosphorylated form.  
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 An in-silica phosphorylation site prediction study was performed to identify 

potential phosphorylation sites within NPH3 implicating 21 sites as phospho-sites 

(Tsuchida-Mayama et al., 2008). Each of these subsequent predicted 

phosphorylation sites (serine, threonine, or tyrosine) were mutated to an alanine 

to render the site phosphorylation incompetent, and the mutants were examined 

for their phototropic responsiveness. No change in the phototropic nature of 

plants expressing these mutated phosphorylation sites was observed (Tsuchida-

Mayama et al., 2008), which lends further support to the hypothesis that the 

dephosphorylated form of NPH3 is the active form of the protein in the 

phototropic pathway. 

A role for NPH3 as a substrate adaptor in an E3 ubiquitin ligase complex 

Previous studies have shown BTB domain-containing proteins can interact 

with Cullin3 (CUL3) proteins (Genschik et al., 2013). Arabidopsis contains two 

CUL3 proteins: CUL3A and CUL3B,  which are functionally redundant, and a 

loss-of-function of both proteins results in lethality (Figueroa et al., 2005). 

However, a cullin3 hypomorph (cul3hyp) was developed as a tool to use in forward 

genetics studies, which results from a knockout of CUL3B and a knockdown of 

CUL3A (Thomann et al., 2009). Roberts and colleagues (2011) utilized cul3hyp 

to ask if CUL3 is involved in the phototropic pathway; the results showed a 

significant decrease in phototropic curvature while retaining its gravitropic 

function. These findings indicate that CUL3 proteins are not only involved in the 

phototropic pathway, but that they likely function early in the pathway because 

mutations did not impact differential growth generally (Roberts et al., 2011). The 
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authors further showed CUL3 co-localizes and interacts with NPH3 at the plasma 

membrane. 

CUL3 constitutes one component of a Cullin Ring Ligase (CRL) complex, 

a class of E3 ubiquitin ligase complexes that ubiquitinates proteins (Hotton and 

Callis, 2008; Deshaies and Joazeiro, 2009; Haglund and Dikic, 2005).  Roberts 

and colleagues (2011) were able to show that phot1 is ubiquitinated and this 

ubiquitination occurs in a NPH3- and blue light-dependent fashion. Given that 

NPH3 interacts with CUL3, the authors concluded that NPH3 is functioning as a 

substrate adapter in a CRL3 complex that targets phot1 for ubiquitination 

(Roberts et al., 2011). Interestingly, a single ubiquitin or a chain of polyubiquitin 

molecules may be transferred to proteins in the ubiquitination process, and phot1 

exhibits variation in its ubiquitination type depending on the blue light intensity. 

Phot1 is poly-ubiquitinated in high fluence rate conditions (>1µmol m-2s-1), 

stimulating its degradation by the 26S proteasome, while phot1 is mono/multi-

ubiquitinated under low fluence light (<1µmol m-2s-1) (Roberts et al., 2011). 

Recent data suggests that the purpose of mono/multiubiquitination is to keep 

phot1 at the plasma membrane as a signaling competent receptor (Askinosie, 

2016).  

NPH3, along with ROOTPHOTOTROPISM2 (RPT2), are founding members 

of the NPH3-RPT2-Like (NRL) 33-member protein family 

As previously mentioned, NPH3 is characterized by an amino-terminal 

BTB domain, a carboxyl-terminal coiled coil domain, and a central conserved 

sequence-specific region referred to as the NPH3 domain. The NRL proteins all 
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contain the NPH3 central region; however, some are missing the carboxyl-

terminal coiled coil domain, and two do not contain the amino-terminal BTB 

domain (Pedmale et al., 2002). An NPH3 ortholog named COLEOPTILE 

PHOTOTROPISM1 (CPT1) has been identified by mutation in rice (Haga et al., 

2005). Similar to NPH3, a loss of CPT1 function results in a non-phototropic 

phenotype but retains a normal gravitropic response. Also like NPH3, CPT1 is 

composed of an amino-terminal BTB domain, a central NPH3 domain, and a 

carboxyl-terminal CC domain (Haga et al., 2005). While all land plants contain 

one or more NRL gene, a fewer are found within earlier species (Suetsugu et al., 

2016; Christie et al., 2017). Interestingly, Li and colleagues (2011) observed that 

NPH3/NRL function often seems to involve a member of the AGC Kinase Family 

and/or the plant hormone auxin (as will be noted in subsequent sections). 

While the general structures of the NRL proteins are similar, their functions 

can vary  

RPT2 is the only NRL member that has been shown to play a role in 

phototropism (Sakai et al., 2000). In high light conditions where RPT2 function is 

obvious in the phototropic pathway, it has been shown that response is 

dependent on the phosphorylation state as well as the localization of NPH3 

(Haga et al., 2015; Sakai et al., 2000). RPT2 also interacts with phot1 and has 

been shown to be involved in leaf flattening, stomatal opening, and chloroplast 

accumulation responses (Harada et al., 2013; Kozuka et al., 2013; Inada et al., 

2004; Suetsugu et al., 2016).  
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Recently, another NRL member, NRL31/NCH1 (NRL PROTEIN FOR 

CHLOROPLAST MOVEMENT 1) was shown to be involved in phot-mediated 

chloroplast accumulation (Suetsugu et al., 2016). Quite independently, NRL31 

was identified as SR1IP1 (AtSR1 interaction protein 1) and shown to play a role 

in plant immunity (Zhang et al., 2014). Interestingly, NRL31/NCH1/SR1IP1 was 

shown to interact with CUL3A through its BTB domain and act as a substrate 

adapter in an E3 ubiquitin ligase complex involved in ubiquitination of AtSR1 in 

the pathogenesis response (Zhang et al., 2014). Suetsugu and colleagues (2016) 

also demonstrated that NRL31/NCH1/SR1IP1 interacts with phot1 through its CC 

domain, much as NPH3 does (Motchoulski and Liscum, 1999). 

NRL3 has recently been identified to interact with CUL3A through its BTB 

domain as well, and was renamed BPH1 (BTB/POZ PROTEIN 

HYPERSENSITIVE TO ABA 1) due to the nature of the mutant phenotype in 

response to the plant hormone abscisic acid (ABA) (Woo et al., 2018). While no 

role in blue light signaling has yet been identified for NRL3/BPH1, Woo and 

colleagues (2018) speculate that the presence of the NPH3 domain in this gene 

family member may indeed imply the potential.   

NRL20 has been characterized to function in organ development and 

renamed NAKED PINS IN YUC1 (NPY1)/ENHANCER OF PINOID 

(ENP1)/MACCHI-BOU4 (MAB4) to reflect mutant phenotypes (Cheng et al., 

2007; Furutani et al., 2007; Treml et al., 2005). Four other NRL genes, NRL 6, 7, 

21, and 30 together with NRL 20 form a sub-clade of the NRL family (Cheng et 

al., 2008). Each of these genes have been shown to have overlapping 
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expression patterns, and NRL20/NPY1/ENP1/MAB4, NRL7/NPY3, and 

NRL30/NPY5 have been implicated in organogenesis (Cheng et al., 2008). 

Interestingly, AGC kinases PINOID (PID), PID2, WAG1 and WAG2, which are in 

the same subfamily as phot1 and phot2, have been shown to be involved in 

NRL/NPY-regulated organogenesis (Christensen et al., 2000; Bennett et al., 

1995; Cheng et al., 2008). Each of these AGC kinases appears to regulate auxin 

responsiveness via NRL/NPY function (Cheng et al., 2008). More recently, the 

NPY’s have been shown to be involved in yet another response mediated by 

auxin: root gravitropism (Li et al., 2011). 

Two additional NRL members have been shown to regulate functions 

linked to auxin. Namely, NRL23/DEFECTIVELY ORGANIZED TRIBUTARIES3 

(DOT3), was identified in a mutant screen for seedlings defective in vein 

patterning (Petricka et al., 2008). Auxin has been shown to be a key regulator in 

vascular development (Zhao, 2010). NRL8/SETH6 was also identified in a 

mutant screen and shown to be involved in pollen germination (Lalanne et al., 

2004). Previous studies have shown that auxin plays a role in pollen 

development (Zhang and ONeill, 1993), which again links the NRL protein 

function to auxin signaling pathways, that may or may not involve AGC Kinases 

(Rademacher and Offringa, 2012; Cheng et al., 2008).   
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PHYTOCHROME KINASE SUBSTRATE (PKS) proteins are important for the 

phototropic response and may shed light on the involvement of the red-

light photoreceptor phytochrome in this response 

PKS1 was initially identified as a phytochrome-interacting protein that can 

interact with both the red (Pr) and far-red absorbing (Pfr) forms of phytochrome 

and negatively regulates signaling (Fankhauser et al., 1999). Additionally, PKS1 

is a direct phosphorylation substrate of PhyA (Fankhauser et al., 1999). There 

are four members of the PKS protein family (PKS1 to 4); both PKS2 and PKS4 

have been shown to interact with PHYA (Lariguet et al., 2003; Lariguet and 

Dunand, 2005; Schepens et al., 2008).  

PKS1, PKS2, and PKS4 have all been shown to be important for the 

phototropic pathway; plants lacking the PKS proteins exhibit a loss-of-function in 

this response, while double and triple mutants exhibit a greater loss of function 

phenotype (Lariguet et al., 2006). Studies by Demarsey and colleagues (2012) 

have shown that PKS4 is a direct substrate of the phot1 kinase domain. The 

phosphorylation of PKS4 is not a prerequisite for phototropic responsiveness, 

though it was shown that an increase in phosphorylated PKS4 leads to 

attenuation of the response (Demarsy et al., 2012). PKS1 has been shown to be 

a plasma membrane-associated protein in dark and light conditions and to 

physically interact with both phot1 and NPH3, suggesting that these three 

proteins might form a complex at the plasma membrane (Lariguet et al., 2006). 

Interestingly, PKS2 also plays a role in leaf flattening and positioning, which is 

another NPH3-dependent phot-mediated response (de Carbonnel et al., 2010). 



14 

 

Cytosolic calcium is a possible intermediary signal within the phototropic 

pathway 

In 1999 Baum and colleagues found that cytosolic calcium levels changed 

in response to exposure to blue light. Additionally, they demonstrated that this 

change was phot-dependent (Baum et al., 1999). Using pharmacological 

compounds, Folta and colleagues (2003) were able to show that blocking 

calcium influx had an adverse response on the phot1-dependent portion of blue-

light-induced hypocotyl growth inhibition. However, these pharmacological 

experiments did not show a change in the phototropic bending response (Folta et 

al., 2003). Yet by measuring changes in calcium fluxes, it was shown calcium 

influx occurs coincident with the phototropic bending response (Babourina et al., 

2004). More recently, it has been shown that the influx of calcium is necessary 

for the bending response in high blue light and that phot2 is required for this 

response (Zhao et al., 2013). 

Increase in cytosolic calcium can come from either the extracellular space 

or from intracellular compartments such as the vacuole (Sanders et al., 2002). 

Harada and colleagues (2003) have shown that action of both phot1 and phot2 is 

needed for blue light induced increase of cytosolic calcium (Harada et al., 2003). 

However, where the new cytoplasmic calcium comes from varies depending 

upon the intensity of light. Under low intensity blue light where only phot1 is 

active, calcium enters the cell from the extracellular space by means of calcium 

channels, while in higher intensity light where both phot1 and phot2 are active, 
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there is additional influx of calcium from internal stores (Harada and Shimazaki, 

2007).    

As briefly mentioned before and will be discussed in more detail in the 

following section, the plant hormone auxin in critical for plant development (Zhao, 

2010). It has been shown that upon blue light irradiation, a lateral redistribution of 

auxin occurs, leading to the bending response (Esmon et al., 2006). One of the 

auxin transporters involved in this redistribution is PIN1, which is regulated by the 

protein kinase PINOID (Blakeslee et al., 2004; Friml et al., 2004). Benjamins and 

colleagues (2003) found that PINOID can physically interact with two proteins 

involved in calcium binding: TCH3, a calmodulin-related protein, and AtPBP1 

(Arabidopsis PID-BINDING PROTEIN1), a calcium binding protein. This finding 

lends support to a hypothesis that calcium plays a role in the phototropic 

response (Benjamins et al., 2003). Previous work had already identified the 

crosstalk between auxin and calcium signaling. In maize coleoptiles, upon 

unilateral blue light stimulation, a differential gradient of calcium is established 

across the coleoptile, similar to what has been observed for auxin (Gehring et al., 

1990; Felle, 1988). More recently, Zhao and colleagues (2013) have shown that 

abolishing polar auxin transport adversely affects the bending response in the 

phototropic pathway and that the amount of IAA and cytosolic calcium are 

correlated, further supporting the finding that crosstalk between auxin and 

calcium signaling occurs during phototropism (Zhao et al., 2013). An interaction 

between PKS1 and Calmodulin4 (CAM4) has been suggested by Zhao and 

colleagues (2013) as a possible link between auxin, calcium, and phot signaling.  
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ENHANCED BENDING1 (EHB1), and ADP-RIBOSYLATION FACTOR 

GTPase-ACTIVATING PROTEIN (ADG12) are NPH3-interacting proteins 

shown to be involved in the phototropic response 

EHB1 was identified as an NPH3-interacting protein via a yeast three-

hybrid assay and confirmed by co-immunoprecipitation (Knauer et al., 2011).  

Interestingly, ehb1 mutants show an increased phototropic and gravitropic 

responses. EHB1 was shown to preferentially interact with the BTB domain 

containing amino-terminal of NPH3 (Knauer et al., 2011). This suggests that 

EHB1 may compete with CUL3 for binding to the NPH3 BTB domain.    

EHB1 contains an amino terminal C2/CalB binding domain, while the 

carboxyl terminal region shows homology to the ADP-ribosylation factor GTPase- 

activating protein (ARF-GAP) family (Rodriguez et al., 2014; Dummer et al., 

2016; Knauer et al., 2011). In fact, ADP-RIBOSYLATION FACTOR GTPase-

ACTIVATING PROTEIN12 (ADG12), shows high sequence similarity to EHB1 

and, additionally, contains a C2 domain (Knauer et al., 2011; Dummer et al., 

2016). Unlike EHB1, however, adg12 mutants exhibit a loss of function in the 

phototropic and gravitropic response. Like EHB1, ADG12 has been shown to 

physically interact with NPH3 (Michalski et al., 2017; Dummer et al., 2016). 

Since EHB1 and ADG12 both contain a C2 calcium-binding domain, it was 

important to determine what, if any, connection exist between these proteins and 

calcium in the regulation of both gravitropic and phototropic responses. Though 

exogenous addition of calcium affected both gravitropic and phototropic 

responses in wildtype seedlings, only the gravitropic response was impacted by 
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addition of exogenous calcium to ehb1 and adg12 mutants (Dummer et al., 2016; 

Michalski et al., 2017). This led the researchers to conclude that phototropic 

signaling through EHB1 and ADG12 occurs through means other than calcium 

(Dummer et al., 2016; Michalski et al., 2017). 

A potential role for Heterotrimeric G proteins in phototropism 

Heterotrimeric proteins are found in a variety of eukaryotic organisms and 

consist of three proteins, Gα, Gβ, and Gγ (Urano et al., 2013). These proteins 

form a complex and are active in a number of signaling pathways (Urano et al., 

2013). An A. thaliana Gβ (AGB1) has been shown to physically interact with the 

amino-terminal region of NPH3 (Kansup et al., 2014). Interestingly, an agb1 loss-

of-function mutant shows a reduction in phototropic bending response, lending to 

the hypothesis that it may be involved in this response as well (Kansup et al., 

2014). Further studies are however needed to connect G proteins to the overall 

phot-dependent signaling pathway discussed here. 

Protein phosphatases have a variety of functions within phototropic signal 

transduction 

As mentioned earlier, a yet-to-be-identified type 1 protein phosphatase 

(PP1) appears responsible for the blue light-induced phot-dependent 

dephosphorylation of NPH3 (Pedmale and Liscum, 2007). Interestingly, mutants 

defective in RCN1 (ROOT CURLING IN N-NAPHTHYLPHTHALAMIC ACID1), a 

subunit of type 2A protein phosphatase (PP2A), have been shown to exhibit 

enhanced phototropic bending as well as increased stomatal opening response 

(Tseng and Briggs, 2010). RCN1 has been shown to interact with the amino-
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terminal portion of phot2 and dephosphorylate phot2. These results suggest that 

RCN1 action increases the inactive (phosphorylated) phot2 pool, thereby leading 

to increased phot2-dependent responses (Tseng and Briggs, 2010). However, 

rcn1 mutations have shown no impact on phot1-mediated responses (Tseng and 

Briggs, 2010). 

Auxin Transport 

As previously mentioned, the plant hormone auxin (indole acidic acid) is 

critical in plant development and is involved in many different growth responses. 

One of these responses involves tropic stimulation. Under natural conditions 

auxin generated at the tip of the hypocotyl/coleoptile is transported by several 

different proteins in a polar manner; however, upon tropic stimulation, in addition 

to polar auxin transport, auxin is laterally transported across the 

hypocotyl/coleoptile, which has been described in the Chlodony Went Theory 

(Chlodony and Went, 1937; Ha et al., 2010; McSteen, 2010; Peer et al., 2011).  

As the pH inside the cell is less acidic, as opposed to the extracellular 

space, auxin can be found either protonated (IAAH) or deprotonated (IAA-) 

depending on the location. Transport of auxin into cells can occur by naturally 

diffusing across the membrane as well as with the assistance of the auxin influx 

carriers AUXIN RESISTANT/LIKE AUXIN RESISTANT (AUX/LAX) proteins 

(Bennett et al., 1996; Zazímalová et al., 2010). However, auxin needs to be 

actively transported out of the cell, and this is done with the aid of auxin efflux 

transporters, the PIN-FORMED (PIN) protein family and ABCB (ATP-binding 
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cassette superfamily of transporters, B type/MDR/phosphoglycoprotein (PGP)) 

(Zazímalová et al., 2010). 

Auxin-transport into the cell 

As previously mentioned, due to the pH difference between the cytosol 

and the extracellular space, the protonated version (IAAH) of auxin can easily 

diffuse across the plasma membrane. However, due to the charge of the 

deprotonated version (IAA-) of auxin, transport is facilitated by use of H+ 

symporters. These symporters were identified as auxin influx carriers by mutant 

screens and pharmacological studies (Parry et al., 2001; Bennett et al., 1996). 

While an agravitropic phenotype has been repeatedly seen in mutants of these 

genes (Bennett et al., 1996), no change in the phototropic phenotype has been 

identified. However, Stone and colleagues (2008) demonstrated a role for AUX1 

in phototropism that is NPH4/ARF7-dependent. This aphototropic phenotype is 

not seen in seedlings with normal auxin responsiveness, but in a nph4/arf7 

background IAAH diffusion across the membrane is not sufficient influx of auxin 

within the cell (Stone et al., 2008). 

Auxin efflux is facilitated in concert through proteins in two different gene 

families 

Auxin efflux is facilitated by members from the ABCB (ATP-binding 

cassette superfamily of transporters, B type/MDR/phosphoglycoprotein (PGP)) 

(Zazímalová et al., 2010) family, ABCB 1, 4 and 19 to be more specific. Despite 

the fact that auxin transport happens in a polar fashion (Friml, 2003), these 

proteins have not been not show to be polarly localized (Cho et al., 2007; Lewis 
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et al., 2007). Only mutants deficient in ABCB19 exhibit a phototropic phenotype 

that differs from wild-type seedling, and, interestingly, the phenotype displayed is 

a gain-of-function response (Noh et al., 2003; Nagashima et al., 2008). The 

findings by Christie and colleagues (2011) further link ABCB19 to the phototropic 

pathway in a study that found upon blue light-stimulation, ABCB19 is a target of 

phot1 kinase activity and that this phosphorylation inhibits its auxin efflux activity 

(Christie et al., 2011). Additionally, in etiolated seedlings it has been shown that 

ABCB19 inhibits PIN1 cycling, thus keeping PIN1 polarly localized 

(Titapiwatanakun et al., 2009).  

The second family of proteins involved in auxin efflux is the PIN-FORMED 

(PIN) gene family, named due to the pin-shaped inflorescent phenotype 

observed in mutant screens (Okada, 1991). The PIN family contains 8 members, 

consisting of two classes of proteins, the long PINS (PIN1-4 and PIN7) and the 

short PINS (PIN5-6 and PIN 8). The short PINS have been shown to localize to 

the ER membrane, whereas the long PINS have been shown to mediate polar 

auxin efflux in various cell types (Bennett, 2015). Research has shown that PIN1 

is primarily polar-localized within the cell as is critical for auxin efflux in shoots, 

while PIN2 shows similar cellular localization patterns but has been shown to 

function primarily within roots (Grunewald and Friml, 2010; Liscum et al., 2014).  

The PINS have been shown to function in many plant growth and development 

responses like gravitropism and organogenesis, as well as phototropism 

(Bennett, 2015).  In roots Wan and colleagues (2012) have shown PIN2 

relocalization in a blue light and phot1-depdendent manner (Wan et al., 2012). 
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Additionally, it has been shown that not only do pin3 mutants show a moderate 

loss-of-function phototropic phenotype, but they show lateral relocalization in 

response to blue light (Friml et al., 2002; Ding et al., 2011). 

Regulation of PIN proteins involves intracellular cycling, phosphorylation 

and members from the AGC protein kinase family 

Localization and function of the PIN proteins has been shown to involve 

protein recycling and phosphorylation by two proteins in the AGCV111 protein 

kinase family. D6 PROTEIN KINASE (D6PK), a member of the AGC 1 protein 

kinase family, has been identified to be polarly localized and necessary for polar 

auxin transport through a mutant screen of seedlings lacking the D6PK protein 

(Zourelidou et al., 2009). Furthermore, Zourelidou and colleagues identified that 

PIN is a substrate of D6PK kinase activity, resulting in increased PIN activity at 

the plasma membrane. More recently D6PK has been implicated in phototropic 

signal transduction as seedlings lacking this protein exhibit a loss-of-function 

bending response (Willige et al., 2013). 

A second kinase involved in regulating PIN function has been shown to be 

involved in polarity cycling of PIN protein between the apical and basal cell 

locations named PINOID (PID) (Friml et al., 2004). Two serine/threonine protein 

kinase, WAG1 and WAG2, have been found to be similar to PID (Santner and 

Watson, 2006). PID has been shown to phosphorylate PIN proteins, signaling for 

their polarity switch within the cell (Huang et al., 2010). Interestingly, Ding and 

colleagues (2011) were able to show that in seedlings lacking PID/WAG1/WAG2, 

PIN3 localization was unchanged regardless of blue light stimulation. 
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Furthermore, these seedlings also exhibited a lack of phototropic response, 

implicating the involvement of these protein kinases along with PIN proteins in 

the lateral redistribution of auxin leading to the bending response (Ding et al., 

2011). 

In addition to cycling between the apical and basal locations within the 

cell, PIN proteins have also been shown to be recycled by the action of GNOM, 

which is an ARF GEF (ADP-RIBOSYLATION FACTOR GUANINE-NUCLEOTIDE 

EXCHANGE FACTOR), recycling PINs from the plasma membrane through 

vesicle trafficking (Geldner et al., 2003). Seedlings with a partial loss-of-function 

allele: gnomR5 (Geldner, 2003) display a defect in their phototropic bending 

response, THUS linking GNOM recycling of PIN proteins to phototropic signal 

transduction leading to a change in auxin distribution (Ding et al., 2011). 

Perception of Auxin 

(Sections below written by Kyle Willenburg) 

As described above, phot1 initiates a set of molecular signaling events 

that lead to the formation of an auxin gradient within the hypocotyl, which is 

prerequisite to phototropism. In the following sections we will detail the 

mechanisms by which the auxin perception and response occur.  

SCFTIR1/AFB functions as an auxin perception complex 

Auxin perception is necessary to transduce the blue-light dependent auxin 

gradient into differential growth—phototropic growth.  Several systems of auxin 

perception have been discovered to date, SCFTIR1/AFB complex, S-phase-

kinase-associated protein 2 (SKP2), and the now more controversial Auxin 
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Binding Protein 1 (Strader and Zhao, 2016; Dezfulian et al., 2016; Harper et al., 

2000; Grones and Friml, 2015). Due to its specificity the SCFTIRT1/AFB 

complex, functions as a sensitive receptor of auxin concentration that ultimately 

leads to signal transduction through activation of specific tropic responsive 

genes. The SCFTIR1/AFB complex is comprised of three core component 

proteins: Skp1/ASK1, Cullin1, and an F-box (TIR1 or an AFP) protein, as well as 

the RBX1 and an E2 ligase proteins necessary for enzymatic activity of the 

complex (Grones and Friml, 2015). Together, the proteins of the SCF complex 

function as a nuclear localized E3 ubiquitin ligase to ubiquitinate repressor 

proteins (Aux/IAAs), marking them for degradation and ultimately leading to 

transcriptional de-repression of auxin responsive transcriptional factors (ARFs) 

(Grones and Friml, 2015). 

SCF complex proteins: Who they are and what they do 

Arabidopsis SKP1-Like (SKP1/ASK1) functions to connect the SCF 

complex to the F-box protein. CULLIN1 (Cul1) provides a scaffold for the 

ubiquitin ligase to associate with, connecting ASK1 and RBX1 proteins together. 

RING Like BOX PROTEIN 1 (RBX1) connects Cul1 to the E2 ubiquitin ligase. 

TRANSPORT INHIBITOR RESPONSE 1 (TIR1) and AUXIN SIGNALING F-BOX 

PROTEINS (AFBs) are F-box proteins that function as coreceptors of auxin along 

with Aux/IAAs. 

Auxin Signaling: Linking auxin perception to activation 

The first component of the auxin responsive signaling response system is 

the TIR1/AFB auxin co-receptor. The second component is the Auxin/INDOLE-3-
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ACETIC ACID (Aux/IAA) protein auxin co-receptors (Grones and Friml, 2015), 

and the third the AUXIN RESPONSE FACTOR (ARF) transcription factors that 

bind to specific DNA sequences, dubbed auxin responsive elements (AuxREs) in 

the promoters of auxin responsive genes (Ulmasov et al., 2017). There are 29 

AUX/IAAs (Kim et al., 1997; Liscum and Reed, 2002; Guilfoyle, 2015), four 

TIR1/AFBs, and 23 ARFs in Arabidopsis (Okushima et al., 2005). Both ARFs and 

Aux/IAA transcription factors have been shown to hetero-homodimerize, forming 

ARF-ARF, ARF-Aux/IAA, or Aux/IAA-Aux/IAA associations by means of 

electrostatic interactions in their Carboxyl-terminal located PB1 domain, 

historically referred to as domain III/IV (Korasick et al., 2014; Han et al., 2014; 

Guilfoyle, 2015). ARFs additionally contain an N-terminal DNA binding Domain 

(DBD) that recognizes auxin responsive gene promoter regions (Boer et al., 

2014; Guilfoyle, 2015).  

The mechanisms by which the SCFTIR1/AFB complex senses auxin and 

activates gene expression  

The SCFTIR1/AFB complex functions to ubiquitinate Aux/IAA proteins, 

targeting them for 26S proteasomal degradation. When auxin levels are low, 

Aux/IAA repressor proteins are bound to ARF transcriptional activators that are 

associated with (AuxREs), inhibiting transcription of auxin responsive genes 

(Lavy and Estelle, 2016). However, when auxin concentrations are relatively 

high, Aux/IAAs bind to auxin in conjunction with the F-box coreceptor TIR1, 

which in turn allows the E3 ubiquitin ligase complex, SCFTIR1/AFB, to bind the 

AUX/IAA proteins, polyubiquitinating and marking the Aux/IAA proteins for 
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degradation. Once the Aux/IAA proteins are degraded and their ARF binding 

repression eliminated, ARFs are free to dimerize and induce the expression of 

the auxin responsive genes they are associated with. The regulatory method of 

repression/de-repression described above provides a sensitive and elegant 

mechanism for regulating differential growth.  

Transcriptional Modification Induced by the Polar Auxin 

Gradient Leads to Phototropism 

Auxin-regulated gene expression specific to phototropism requires ARF7 

for phototropic signaling (Stowe-Evans et al., 1998)(Liscum, 1995)(Harper et al., 

2000)(Liscum and Briggs, 1996)(Liscum, 1995). ARF7 was initially identified as 

NON-PHOTOTROPIC HYPOCOTYL 4 (NPH4) in a fast-neutron mutant screen 

(Liscum, 1995; Liscum and Briggs, 1996). At the time NPH4 was not yet 

characterized as an auxin responsive factor, but phototropic and gravitropic 

assays soon demonstrated a likely role in modulating the differential growth 

responses associated with tropic curvature (Liscum and Briggs, 1996).  

Phenotypic studies of nph4 mutants suggested that NPH4 functions in the 

differential growth of tropic curvature and further suggested that NPH4 is a 

modulator of auxin-dependent differential growth (Stowe-Evans et al., 1998). 

Map-based cloning of NPH4 revealed that it encodes ARF7 and produced the 

first genetic links between ARF biochemistry and physiology (Harper et al., 

2000). 
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In a screen that identified mutants with defects in auxin induced curvature, 

IAA19/MSG2 was identified (Tatematsu, 2004). In the same study it was shown 

that NPH4/ARF7 and IAA19 interact with each other and that in the nph4-1 

mutant, IAA19 showed a drastic decrease in transcript level, although it normally 

increases rapidly in response to auxin (Tatematsu, 2004). NPH4 and IAA19 likely 

function in a negative feedback loop where auxin causes NPH4 to upregulate its 

own repressor. It is also worth noting that in plants carrying a dominant mutation 

in IAA19 that stabilizes the AUX/IAA19 protein, a reduction in auxin induced gene 

expression is observed (Tatematsu, 2004). 

Auxin triggered tropic genes 

While research has focused on and generally been effective at elucidating 

the mechanisms of phototropic light perception and some understanding of the 

formation of the auxin gradient that precedes and induces the phototropic genes, 

the specific genes causative for the downstream mediation of the phototropic 

response have not been fully identified, nor their roles well characterized. The 

auxin gradient that leads to differential expression of auxin-responsive genes in 

regions of the hypocotyl necessitates comparing transcripts between opposing 

flanks of phototropically stimulated hypocotyls to determine which genes are 

altered by phototropic signaling. This impediment alone would not be a true 

roadblock if much of the current phototropic research was not conducted in the 

model plant organisms Arabidopsis thaliana (Esmon et al., 2006). Esmon and 

colleagues (Esmon et al., 2006) circumvented some of the difficulties associated 

Arabidopsis thaliana by using Brassica oleracea as a test organism. By collecting 
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mRNA from opposing flanks of light-stimulated B. oleracea seedlings and probing 

an A. thaliana microarray, eight genes were identified that had AuxREs and 

increased transcript levels where increase in auxin levels was observed (Esmon 

et al., 2006). What is more, none of the eight genes, termed tropic stimulus 

induced (TSI) genes, displayed differential accumulation in a nph4-1 null 

background (Esmon et al., 2006). It is worth discussing each of the genes or 

gene families in some detail below. 

Expansins 

Of the TSI genes identified two genes, EXPANSIN A1 (EXPA1) and 

EXPANSIN A8 (EXPA8) can be most easily fit into an elegant model for 

phototropism (Esmon et al., 2006). Expansins promote rapid, within seconds, cell 

wall creep that allows for cell wall elongation (Yuan et al., 2001; Park and 

Cosgrove, 2012; Li and Cosgrove, 2001). The expansin superfamily contains four 

families, 26 alpha expansins (A), 6 beta (B) expansins, 3 expansin-like A, and 1 

expansin-like B (Sampedro and Cosgrove, 2005; Li et al., 2002). The proteins 

themselves are usually 250-275 amino acids long with two domains and a signal 

peptide to permit its secretion to the apoplast (Yennawar et al., 2006). Expansins 

are thought to mediate cell growth by functioning to weaken noncovalent bonds 

that exist between cellulose and hemicellulose, thereby permitting polymers to 

move as turgor pressure puts tension on the cell wall (Cosgrove, 1997, 2000). 

Expansins are an important piece of the acid-growth hypothesis, which 

states that auxin induces a decrease in pH, leading to subsequent cell-wall 

loosening (Rayle and Cleland, 1992). Cell wall loosening is highly dependent on 
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the pH of the cell wall with maximal cell wall loosening occurring between pH 3.5 

and pH4.5 (Mcqueen-mason et al., 1992; Rayle and Cleland, 1992). It has long 

been accepted that auxin and cell wall acidity are interconnected (Rayle and 

Cleland, 1970). More recently, the H+-ATPases (AHAs) have been identified in 

the process of cell wall acidification (Baxter et al., 2003; Haruta et al., 2010) and 

the link between auxin and wall acidification more clearly established by the 

demonstration that auxin stimulates phosphorylation of AHAs (Takahashi et al., 

2012). In this context it is important to note that expansin proteins are activated 

by acidic conditions (Mcqueen-mason et al., 1992). The finding that two 

expansins (EXPA1 and EXPA8) exhibit increased transcript accumulation in 

response to tropic stimulation in the elongating hypocotyl flank prior to absorbed 

curvature early on (Esmon et al., 2006) is certainly consistent with these 

molecules directly regulating the differential growth response. 

Auxin conjugating enzymes GH3.5/WES1 and GH3.6/DFL1 may attenuate 

auxin induced transcription during tropism 

Signal attenuation is critical for most signaling events, and this is certainly 

true of phototropism. Because auxin acts to initiate the transcription of genes, 

either removing auxin or preventing its signaling influences could serve as rapid 

mechanism to halt such transcription. In plants the GH3 family of proteins have 

been shown to mediate conjugation of Ala, Asp, Phe, and Trp to auxin as a 

method of regulating auxin activity (Westfall et al., 2010; Staswick, 2005). 

Transcripts for two GH3 proteins, GH3.5/WES1 and GH3.5/DFL1, have been 

shown to accumulate in response to tropic stimulation (Esmon et al., 2006). 



29 

 

Interestingly, these GH3 transcripts exhibit maximal accumulation coincident with 

the peak tropic response, suggesting that they may indeed down-regulate the 

response (Esmon et al., 2006). These two proteins have been shown in 

Arabidopsis to conjugate amino acids to IAA (Park et al., 2007; Staswick et al., 

2002; Staswick, 2005). A dominant overexpressing mutant of the GH3.6/DFL1 

gene (dfl1-D) was shown to have reduced shoot elongation in blue, red, and far-

red light, as well as root phenotypes (Nakazawa et al., 2001). Additionally, 

GH3.5/WES1 knockout and dominant overexpressing lines manifested 

interesting phenotypes: the wes1 knockout showed increased hypocotyl length, 

while wes1-d dominant-overexpressing line showed decreased hypocotyl 

elongation compared to wild-type plants (Park et al., 2007). Taken together, 

current evidence supports a hypothesis for a role of GH3 proteins in the 

regulation of hypocotyl elongation, including the differential elongation response 

observed in tropisms by regulating the auxin concentration fluctuations. 

SMALL AUXIN UP RNAs (SAURs) and tropisms 

Among the classes of early auxin responsive genes, SAURs are the 

largest family (Ren and Gray, 2015). SAURs were originally identified while 

screening for genes rapidly induced by auxin in soybean hypocotyls (McClure 

and Guilfoyle, 1987), and present bioinformatic analyses have catalogued 81 

SAURs in Arabidopsis (Hagen and Guilfoyle, 2002). At least one SAUR to date 

(SAUR50) has been shown to be tropically induced in the elongating flanks of 

growing hypocotyls (Esmon et al., 2006). The SAUR genes usually lack introns 

(Wu et al., 2012) and have two or more AuxREs (Jain et al., 2006). SAUR genes 
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encode small proteins with a predicted range in molecular masses from 9.3 to 

21.4 kDa that do not contain any characterized motifs with known biochemical 

function (Hagen and Guilfoyle, 2002). SAUR proteins are predicted to localize to 

the nucleus, cytosol, mitochondria, chloroplasts, and on the plasma membrane 

(Wu et al., 2012). Multiple sequence alignments have revealed that SAUR 

proteins have a highly conserved central domain (CDD) specific to SAURs that is 

essential to their function and highly conserved (Marchler-Bauer et al., 2013; Ren 

and Gray, 2015).  

Several SAURs have been implicated in hypocotyl elongation in a number 

of recent studies (Spartz et al., 2017, 2012; Chae et al., 2012; Qiu et al., 2013; 

Wu et al., 2012). The method by which SAURs mediate an elongation response 

is not yet well characterized, but it has been recently suggested that SAURs may 

be involved in acid growth. For example, SAUR19 appears to upregulate plasma 

membrane H+ ATPases through a double negative regulation where it inhibits 

protein phosphatases that are responsible for repression of the H+ ATPases 

(Spartz et al., 2014). This finding is particularly exciting knowing that expansins 

are activated when cell wall pH is decreased as discussed above. This 

information together with the finding that SAUR50 is transcriptionally upregulated 

upon tropic stimulation is indeed intriguing (Esmon et al., 2006). 

HATs and auxin-induced hypocotyl elongation 

HAT2 was identified as a tropic stimulus induced gene (Esmon et al., 

2006) and has roles that fit into the model of tropic growth so far discussed. 

HAT2 contains a homeodomain and a leucine zipper domain and is classified as 
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a member of the HD-Zip II subfamily which contains 10 members (Ciarbelli et al., 

2008; Sawa et al., 2002). HAT2 was shown to be rapidly induced by auxin (within 

10 minutes) (Sawa et al., 2002). Interestingly, 35S::HAT2 overexpression lines 

displayed longer than normal hypocotyls because of increased cell elongation but 

not cell proliferation (Sawa et al., 2002). Certainly, this phenotype is consistent 

with differential up-regulation of HAT2 in the elongating flank of a tropically-

stimulated seedling being positively correlated with increased elongation in that 

flank  

SKS1 is a Glycosylphosphatidylinositol-Anchored (GPI-Anchored) Protein 

Though identified as a TSI gene, expression of SKS1 was not examined in 

detail by (Esmon et al., 2006). SKS1 belongs to a 19 member gene family SKS 

(for SKU5 Similar) which encode structurally related proteins with homology to 

the multiple-copper oxidases ascorbate oxidase and laccases though they lack 

copper binding motifs and are thus predicted to confer no catalytic activity 

(Sedbrook et al., 2002). SKU5, the founding member of the family is a GPI 

anchored protein (Borner et al., 2003) involved in anisotropic growth, potentially 

through regulation of cell expansion (Sedbrook et al., 2002; Borner et al., 2003). 

Though much more research is required into the mechanisms by which SKS 

proteins function, what little is known implicates SKS1 as a potential player in 

tropic growth responses. 
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A bHLH may serve as an additional regulator of tropic induced hypocotyl 

elongation 

Previous work has indicated that the expression of a basic helix-loop-helix 

protein (bHLH) has expression that is induced by both photo and gravitropism 

(Esmon et al., 2006). bHLH proteins were initially discovered as DNA binding 

proteins in animals (Murre et al., 1989), then in maize (Ludwig et al., 1989) and 

yeast (Berben et al., 1990). Within plants bHLH proteins have been shown to be 

the second largest family of transcription factors (Mao et al., 2017). Most of the 

recent research conducted on this family has been conducted at the whole 

genome level (Carretero-Paulet et al., 2010; Li et al., 2006; Pires and Dolan, 

2010; Mao et al., 2017) yet few studies have begun to examine the responses 

these transcription factors regulate. One study showed that PIF3, a bHLH that 

interacts with the red light photoreceptors phyA and phyB, was involved in 

regulating phyA and phyb signaling (Ni et al., 1998). More recently it was shown 

that overexpression of PACLOBUTRAZOL RESISTANCE1 (PRE1)/bHLH134 

promotes elongated hypocotyls and early flowering (Lee et al., 2006). 

Overexpression of the four most closely related bHLHs to PRE1 (PRE2-5) results 

in similar phenotypes (Lee et al., 2006). PRE2 is bHLH134, the gene shown to 

be tropic stimulation induced (Esmon et al., 2006). Further, bHLH134 (called 

BNQ2 in this study) was shown to heterodimerize with and negatively regulate 

other bHLH transcription factors, specifically binding to LONG HYPOCOTYL IN 

FAR-RED LIGHT1 (HFR1) (Mara et al., 2010). All this evidence taken together 
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points towards bHLHs involvement in photomorphogenesis and likely in the case 

of bHLH134, the differential cellular elongation of tropism. 

Other Modifiers of Phototropism 

Phytochrome A: Phytochromes are red/far-red reversible light receptors 

phototropin, as discussed so far, is the photoreceptor responsible for 

perception of blue light and initiates signaling events that progress to the 

development of a bending response. However, phototropins, though the primary 

receptor responsible for phototropic light perception, rely on phytochromes, the 

red/far-red light-sensing family of light receptors to modulate the bending 

response. 

In plants phytochromes are dimerized large, 124kDa, proteins with, 

broadly speaking, two modules: an N-terminal photosensory module that 

contains a linear light-absorbing tetrapyrrole and a C-terminal regulatory module 

important for dimerization and signal output (Franklin and Quail, 2010; Rockwell, 

2006; Møller et al., 2002).  

Phytochromes are grouped together in a small gene family containing five 

members PHYA-E (Clack et al., 1994). The five phytochromes (A-E) are divided 

into two groups: phyA is the sole member of the group I being quickly turned over 

in high light and serving a primary function in very low fluence responses, group 

II phys, phyB-C with phyB function as the dominant receptor are light stable and 

mediate responses such as shade avoidance and flowering time (Fankhauser, 

2001). As a group, phytochromes mediate many important responses: 

germination, de-etiolation, gravitropic orientation, shade avoidance, stomatal 
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development, circadian clock entrainment, flowering, and photoperiodic 

perception (Kami et al., 2010; Franklin and Quail, 2010; Fankhauser, 2001). In 

addition to these commonly described phytochrome-mediated responses it is well 

established that phototropic modulation by phytochromes occurs (Parks et al., 

1996; Stowe-Evans et al., 2001; Rosler et al., 2007; Hughes, 2013; Lariguet and 

Fankhauser, 2004). In fact, a number of phytochrome dependent modulations of 

phototropin signaling have been observed: modulation of chloroplast movement 

(DeBlasio et al., 2003), far-red-light hypocotyl growth inhibition (Rosler et al., 

2007), pulses of red light enhance phototropism phyA dependently (Stowe-Evans 

et al., 2001; Parks et al., 1996), phyA is necessary for gravitropic abrogation in 

low fluences of blue light, phyA is necessary for blue light-induced hypocotyl 

growth inhibition in low to moderate light (Rosler et al., 2007), that both phyA and 

phyB modulate phototropism without red-light pretreatment, and that phyA 

functions in the attenuation of phototropism under very high fluence rate 

phototropism (Whippo and Hangarter, 2004; Tsuchida-Mayama et al., 2010; 

Kami et al., 2012). 

As noted above, phototropin signaling is modulated by the phytochromes 

in many physiological responses and that phyA seems to serve a primary 

function in many of the phototropic modulations. Genetic and physiological 

screening has generally been effective at identifying the modulatory influences of 

phytochromes on phototropin signaling, but mechanistic evaluation has proven 

more difficult to elucidate. The localization of phyA and the development of 

genetic lines that influence phyA localization have proven valuable in describing, 
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not the mechanism of action, at least the cellular location. phyA exists as at 

highly abundant levels in the cytosol in darkness, and upon light perception is 

quickly shuttled into the nucleus by two proteins FR-elongated hypocotyl 1 

(FHY1) and FHY1-like (FHL). In a study by Rosler and colleagues (2007), in a 

null fhy1/fhl background where phyA cannot be localized to the nucleus, multiple 

phyA dependent responses were still observed while several were impaired, 

which implies that phyA in the cytosol and phyA that is localized to the nucleus 

both mediate different sets of responses and supports a hypothesis where 

phytochrome has a cytosolic and nuclear signaling route. It was shown that far-

red hypocotyl growth inhibition was impaired but not blue-light-induced hypocotyl 

growth inhibition, implying that phyA cannot signal far-red hypocotyl growth 

inhibition responses unless it is localized to the nucleus but able to modulate 

blue-light-induced hypocotyl growth inhibition from the cytosol (Rosler et al., 

2007). Interestingly, they further showed that cytosolically localized phyA is able 

to enhance blue-light phototropism and that seedlings grown in directional blue 

light are able to abrogate the gravity vector and grow towards a blue light source 

(Rosler et al., 2007).  

It is intriguing to note that many of the cytosolically modulated responses 

are blue-light phototropin mediated responses. There is evidence to support, 

though somewhat speculatively, that a more direct signaling route may exist 

between phot1 and the phyA. As noted already, phot1 is a plasma membrane 

associated protein and phyA is cytosolically localized, putting both proteins at 

least in the same space, making possible some level of interaction, possibly via 
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an intermediate molecule. Red-light pulses prior to low fluence rate blue-light 

treatments has been shown to prevent the blue-light-induced loss of phot1 from 

the membrane, a movement with a great deal of research devoted to 

investigating (Liscum, 2016), but shows that phyA regulates phot distribution 

(Han et al., 2008). Other evidence exists that phot1 and phyA may cooperate in 

signaling at the membrane; both phyA and phot1 interact with PHYTOCHROME 

KINASE SUBSTRATE 1 (PKS1) (Kami et al., 2014; Lariguet et al., 2006; 

Fankhauser et al., 1999). Present research has not conclusively demonstrated 

any more direct interaction between phyA and phot1, but the current evidence is 

tantalizing nevertheless. When looking in other plant lineages, phots and phys 

have been clearly shown to interact, so it would be unsurprising to find that a 

similar relationship exists in higher plants. For instance, ferns and algae mediate 

phototropism by means of a neochrome photoreceptor (Nozue et al., 1998; 

Suetsugu et al., 2005; Hughes, 2013), which is essentially a phototropin and 

phytochrome chimeric protein, in the moss Physcomitrella patens PHY4 was 

shown to interact with Physcomitrella phototropins in yeast two-hybrid (Y2H) 

studies (Hughes, 2013). Lastly, (Jaedicke et al., 2012) showed that phot1 and 

phyA interact at the membrane in onion cells in split-YFP studies, but did not 

show interaction in Y2H tests; as a result, the authors suggested that yeast cells 

may lack one or component of a larger complex, suggesting PKS1 or NPH3 as 

potential links between phyA and phot1.  
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Cryptochromes 

Cryptochromes (crys) are an additional class of blue-light absorbing 

flavoprotein photoreceptors belonging to a subgroup within the cry/photolyases 

superfamily, which are broadly distributed from bacteria to plants to humans 

(Chaves et al., 2011; Liu et al., 2016). The superfamily that crys belong to 

contains the more well-known proteins, the photolyases, which are responsible 

for repair of UV induced pyrimidine-pyrimidine DNA adducts by using blue light 

as an energy source for the repair (Sancar, 2004; Chaves et al., 2011); 

cryptochromes themselves have no photolyase activity but have protein 

sequence homology. In Arabidopsis, there are two cryptochromes (cry1 and 

cry2) that have been implicated in many developmental responses during the 

lifecycle of plants such as photoperiod induced flowering time (Ahmad et al., 

1998; Chaves et al., 2011; Liu et al., 2016), but first discovered for their role in 

regulating hypocotyl growth inhibition in blue-light (Ahmad and Cashmore, 1993).  

Crys facilitate physiological responses to blue through transcriptional 

regulation of many genes (Franklin et al., 2005; Liu et al., 2011; Chaves et al., 

2011). Crys function by perceiving blue light and transducing the signal through 

other unknown intermediate proteins by means of a C-terminus domain, though 

the domain is not highly conserved between Arabidopsis cry1 and 2 (Chaves et 

al., 2011). Two methods by which crys regulate transcription have been 

discovered so far; crys have been shown to operate by suppressing 

CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1)-mediated proteolytic 

degradation of the LONG HYPOCOTYL 5 (HY5) transcription factor and by 
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binding directly to basic helix-loop-helix transcription factors (Liu et al., 2012, 

2011, 2016). 

A number of studies have demonstrated cryptochrome roles in 

phototropism by evaluating lines expressing single or double mutations and in 

hypocotyl elongation (Whippo and Hangarter, 2003; Lascève et al., 1999; 

Tsuchida-Mayama et al., 2010; Ohgishi et al., 2004; Nagashima et al., 2008; Liu 

et al., 2016). Cry1, cry2, phyA, and phyB mutants showed defects in high light 

phototropism and transcriptional activation of RPT2, suggesting that crys 

together with phyA and phyB may be regulating phototropism by modulating 

RPT2 expression, which has been shown to attenuate a negative function in 

hypocotyl phototropism (Tsuchida-Mayama et al., 2010; Inada et al., 2004). 

Additionally ABCB19 has been shown to suppress phototropism and be 

regulated by cryptochromes and phytochromes (Nagashima et al., 2008), 

representing another route that cryptochromes use to regulate phototropism. 

Katanin and microtubule reorientation is necessary for phototropism 

In many organisms, centrosomes act to organize microtubule arrays by 

controlling and positioning nucleation complexes, yet higher plants lack 

centrosomes altogether and the mechanism by which they regulate microtubule 

arrays is not well understood (Bartolini and Gundersen, 2006). At the cell cortex, 

higher plants construct highly ordered microtubule arrays that organize cell wall 

and growth, directing morphogenesis (Baskin, 2001; Paredez et al., 2006). The 

microtubules of cortical cells are dynamically responsive to signals, most 

interesting to this review, light (Zandomeni and Schopfer, 1993). In elongating 
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hypocotyls, cortical microtubule arrays are transversely organized to the axis of 

growth, but blue light signals them to reorient 90 within minutes (Nick et al., 

1990). This blue light induced microtubule reorientation is phototropin dependent, 

mediated by a Katanin activity, and without Katanin, phototropism is severely 

impaired (Lindeboom et al., 2013). Do to the severity of phototropic impediment 

in Katanin mutants, the regulation of Katanin by phot1 is certainly a critical step in 

the phototropic signaling and further research in the mechanisms of blue-light 

dependent microtubule arrangement will likely prove valuable to the field as a 

whole. 

Conclusions and Final Thoughts 

The following sections written by Johanna Morrow 

Since Darwin first observed oat coleoptiles bending towards the light in the 

1880s, many phototropic signaling events have been discovered. However, the 

complete pathway between light perception and response - plant bending, still 

has not been completely elucidated. And as evidenced here, may not be quite as 

simple as this pathway involves multiple proteins many of whom can affect this 

signaling pathway in a multitude of means depending on environmental 

conditions.  

NPH3 structure and function still needs to be fully resolved. Identifying 

critical phosphorylation site(s) within this protein necessary for the bending 

response will be helpful in more fully understanding the role NPH3 plays in this 

pathway. Additionally, as previously mentioned, all 33 NRL family members 
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contain the NPH3 domain, but the function of this domain is unknown (Pedmale 

et al., 2010). Further studies to uncover the function of the NPH3 domain will be 

helpful, not only to NPH3 and the phototropic pathway, but also to the other 32 

members of this family and the growth and development functions they are 

involved in. NPH3 has been shown to be involved in the blue-light-, CRL3NPH3-

dependent ubiquitination of phot1 (Roberts et al., 2011). As Roberts and 

colleagues (2011) have shown, phot1 is ubiquitinated upon blue light exposure, 

and this ubiquitination is necessary for the bending response. However, the role 

of phot1 ubiquitination has yet to be fully resolved. Answering the above 

questions will help to more fully elucidate signal transduction within the 

phototropic pathway. 
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Chapter 2 Characterization of phot1 function in mutants with 

altered phot1 ubiquitination 
 

Introduction 

Plants are sessile organisms; therefore, they are limited in their ability to 

gather resources to aid them in their growth and development. As such, they 

have evolved mechanisms to maximize photosynthetic light capture, as well as 

water and nutrient acquisition (Lariguet and Dunand, 2005). These mechanisms 

utilize proteins called photoreceptors (Lariguet and Dunand, 2005). 

Photoreceptors are contained in most organisms, plant and animal alike, and are 

characterized as proteins that are associated with a light absorbing cofactor or 

chromophore (Parihar et al., 2016). Photoreceptors in plants mediate many 

growth and developmental processes (Sullivan and Deng, 2003). Of interest to 

this study are the blue light-absorbing phototropins (phots), which mediate 

phototropism, leaf movement and expansion, chloroplast accumulation and 

avoidance, and stomatal opening (Christie et al., 2015). Arabidopsis thaliana 

contains two phots, phot1 and phot2 (Lariguet and Dunand, 2005).  

Phototropin is characterized by an amino-terminal sensory domain and a 

carboxyl-terminal protein kinase (PK) output domain. The sensory domain 

contains two LOV (Light Oxygen and Voltage) domains which each bind a flavin 

mononucleotide (FMN) chromophore (Huala et al., 1997). In darkness these 

FMN chromophores are bound non-covalently, while upon blue light exposure 

they form a covalentadduct with conserved cysteines. In response to adduct 
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formation, phots undergo a conformational change that leads to PK activation 

and subsequent autophosphorylation/transphosphorylation, (Christie et al., 1998; 

Salomon et al., 2000; Sullivan et al., 2008; Inoue et al., 2008a). The phots are 

plasma membrane-localized in darkness, however, upon blue light exposure, a 

portion of the total phot protein pool is internalized (Sakamoto and Briggs, 2002; 

Kong et al., 2007). Of particular interest to this study is the mechanism 

phototropism, a plants ability to bend toward or away from a light source. 

Arabidopsis contains two phots:  phot1 functions as the primary photoreceptor 

under low intensity light, while phot1 and phot2 act redundantly in high intensity 

light (Lariguet and Dunand, 2005).  

A second protein which has been shown to be critical for phot1-mediated 

phototropism, as well as phot1-mediated leaf movement, is NPH3 

(NONPHOTOTROPIC HYPOCOTYL3) (Liscum and Briggs, 1996; Inoue et al., 

2008b). NPH3 is characterized by an amino-terminal BTB (broad complex, 

tramtrack, and bric a brac) domain (Stogios et al., 2005), a central ‘NPH3 

domain’ (Pfam, PF03000), and a carboxyl-terminal coiled coil (CC) domain 

(Motchoulski and Liscum, 1999; Pedmale et al., 2010). The CC domain of NPH3 

has been shown to mediate interaction of NPH3 with phot1 in light and dark 

conditions (Motchoulski and Liscum, 1999).  

NPH3 is a phosphoprotein which is dephosphorylated upon blue light 

exposure in a phot1-dependent manner by a yet to be identified type1 protein 

phosphatase (Pedmale and Liscum, 2007). In fact, Pedmale and Liscum (2007) 

demonstrated that it is the dephosphorylated state of the protein which is likely 



43 

 

the active form for phototropic bending to occur. Additionally, the BTB domain of 

NPH3 has been shown to mediate interaction with CUL3 (CULLIN3). As such, 

NPH3 acts as a substrate adapter in a CULLIN RING E3 ubiquitin ligase complex 

(CRL3NPH3) that is responsible for ubiquitinating phot1 in response to blue light 

exposure (Roberts et al., 2011) Roberts and colleagues (2011) demonstrated 

that under high intensity blue light phot1 is polyubiquitinated by CRL3NPH3, 

resulting in protein degradation by the 26S proteasome. In contrast, under low 

intensity blue light phot1 is mono/multiubiquitinated. Further studies were 

performed to identify K899 as the critical blue light- and NPH3-dependent 

ubiquitination site within phot1 (Roberts, 2013). This K899 site is targeted for 

both mono/ and polyubiquitination (Roberts, 2013). This study, and 

independently one by Deng and colleagues (2014), identified a ubiquitination site 

at K526 which is blue light- but not NPH3-dependent. 

NPH3, along with RPT2 (ROOTPHOTOTROPISM2) (Okada and Shimura, 

1992; Harada et al., 2013; Sakai et al., 2000) are the founding members of a 33-

member protein family termed NRL (NPH3/RPT2-LIKE) (Pedmale et al., 2010). 

Members of this protein family are involved in a variety of processes such as 

phototropism, chloroplast movement, organ development, pollen germination, 

vein patterning, and pathogen responses (Suetsugu et al., 2016; Zhang et al., 

2014; Petricka et al., 2008; Cheng et al., 2007; Lalanne et al., 2004). The general 

structure of the NRL proteins is similar as they all contain the central ‘NPH3 

domain’, two thirds of the family contain the CC domain, but most strikingly, all 

but two contain the amino-terminal BTB domain (Pedmale et al., 2010). 
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Furthermore, two members of this family:  NRL31/NCH1 (NRL PROTEIN FOR 

CHLOROPLAST MOVEMENT 1)/ SR1IP1 (AtSR1 interaction protein 1) and 

NRL3/ BPH1 (BTB/POZ PROTEIN HYPERSENSITIVE TO ABA 1) have both 

been shown to interact with CUL3 through the BTB domain (Zhang et al., 2014; 

Woo et al., 2018). 

While ubiquitination of phot1 has been shown to be necessary for 

phototropic responsiveness (Roberts et al., 2011), the mechanism by which 

ubiquitination influences the response is not yet fully understood. phot1 mutants 

were generated by using site-directed-mutagenesis substituting a lysine(s) 

(identified to be blue light and/or NPH3-dependent) with an arginine(s).This 

substitution conserves the structure and charge of the normally-occurring amino 

acid, but unable to be modified with the ubiquitin molecule (Haglund and Dikic, 

2005). The purpose of this study is to identify what effect(s) the inability to be 

ubiquitinated, completely or at individual identified lysines, has on phot1-

mediated processes. 

Materials and Methods 

Plant Materials and Generation of Transgenic Plants  

Positive controls used in these experiments are the Arabidopsis thaliana 

Columbia (Col-0) accession, as well as transgenic phot1-GFPphot1-5 which 

expresses phot1 tagged to GFP transformed into a phot1-null mutant in Col-0 

(Sakamoto and Briggs, 2002). The phot1-5 mutant is used as a negative control 

(Liscum and Briggs, 1995). 
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phot1 ubiquitin mutants (substituting an arginine for the normally occurring 

lysine) were generated by site-directed-mutagenesis (Thermo Fisher Phusion 

Site-Directed Mutagenesis Kit), thus prohibiting the ubiquitin molecule from 

binding to that site. Additionally a cDNA with all 80 lysines converted to arginine  

was synthesized to render phot1 incapable of being ubiquitinated (Diana Roberts 

& Liscum, E, 2013; Life Technologies). Expression of PHOT1 transgenes were 

controlled by the native phot1 promoter, as well as 3’ UTR, cloned into a binary 

vector containing GFP (Curtis and Grossniklaus, 2003). We utilized the floral dip 

method (Clough and Bent, 1998) to mobilize constructs into the null phot1-5 

mutant. Homozygous independent insertion lines identified by utilizing a 

hygromycin screen were used for further experiments.  

Growth and Light Conditions 

Seed was sterilized with 30% bleach for 30 minutes and plated on half 

strength Murashige and Skoog (MS) media plates with a thin layer of media on 

top. Plates were then placed in the cold at 4°C for a period of 2-4 days for the 

purpose of vernalization. After vernalization, seed was exposed to red light for 1 

hour to stimulate uniform germination as described by Stowe-Evans and 

colleagues (2001). Experiments were then performed on seedlings which were 

grown in darkness for three days following red light treatment. Unless otherwise 

stated in following experimental design, seedlings for total protein extractions 

were either mock treated or exposed to saturating blue light conditions 

(3000umol m-2) (Lascève et al., 1999)  
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Hypocotyl Phototropism 

Three-day-old seedlings were exposed to 4 hours of unilateral blue light at 

a fluence rate of 0.1 mol m-2 s-1. After light treatment seedlings were placed on 

transparency film, covered with transparent tape. Curvatures were determined 

from tracings of immobilized seedlings (Stowe-Evans et al., 2001). Data was 

plotted as average degrees of curvature plus and minus standard error. A 

students T-test was used to determine statistical significance of means between 

genotypes in a given condition. 

Leaf Movement and Petiole Angle 

Seed was sown on promix with additional Miracle-Gro water soluble all-

purpose plant food (https://www.miraclegro.com) (1 tbsp per gallon of water) 

added for nutrients, and plants allowed to grow for 9 days under 50 mol m-2 s-1 

constant white light. Plants were then transferred to red (25 mol m-2 s-1) plus 

blue light (0.2 mol m-2 s-1) for 5 days (Inoue et al., 2008b). Plants were then 

photographed from the side and ‘petiole angle’ was measured using FIJI imaging 

software. Angle measured from hypocotyl to right petiole, with angle vertex 

serving where the petiole is attached to the hypocotyl, with one ray forming a 

horizontal line at this attachment and the second moving up along the petiole 

(Figure 2-6). Data is plotted as mean petiole angle plus and minus standard. 

Statistical significance was determined by performing a student’s T-test between 

genotypes. 
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Chloroplast Movement 

Mesophyll chloroplast positioning within a leaf was determined by 

assessing a change in red light transmittance through the leaf after specific light 

treatments, as described by Johansson and Zeidler (2016). Using a hole punch, 

leaf discs were taken from 3 to 5-week-old rosette leaves, placed in 96 well 

plates containing half strength MS media topped with 100ul of half strength MS 

liquid, and then placed in the dark for 3 hours to allow chloroplasts to return to 

dark state. Using the Nanoquant Tecan Infinite 200 microplate reader, 

measurements were taken at wavelengths of 660nm and 800nm. Four 

measurements were taken in the dark with a period of 10 minutes between each 

measurement. Following dark measurements, 96 well plates containing leaf discs 

were exposed to low intensity blue light (0.1 mol m-2 s-1) for 60 minutes with 

measurements taken every 10 minutes within that 60-minute time period. After 1 

hour of low intensity light, leaf discs were exposed to high intensity blue light (75 

mol m-2 s-1) for 60 minutes again with measurements taken at 10-minute 

intervals throughout the 60-minute light treatment. 

MG132 Treatment 

To assess ubiquitination in transgenic lines, seedlings were either mock 

treated with DMSO or treated with 50ug/ml of the 26S Proteasome inhibitor 

MG132 (AdipoGen, catalog number AG-CP3-0011) in 5-8 mL’s of half strength 

MS liquid for 2 hours in darkness with gentle shaking. Following treatment, a time 

course was performed where seedlings were exposed to either low intensity blue 
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light (0.1 mol m-2 s-1) or high intensity blue light (117 mol m-2 s-1) for a time 

period of 0, 30 or 240 minutes. 

Total Protein Extraction  

Following the indicated treatments, seedlings were removed from plates 

and frozen in liquid nitrogen. Protein was extracted by grinding in buffer 

described by Lariguet and colleagues (2006), followed by centrifugation at 

10,000 rpm to remove particulate matter. Supernatants containing total protein 

were then transferred to a new tube. Protein was quantified by using Coomassie 

Protein Assay Kit (Thermo Pierce, catalog number 23200). 

Immunoprecipitation 

Protein from MG132 or mock treated seedlings were incubated with Anti-

GFP mAb-Agarose (MBL, D153-8) plus protease inhibitor (Sigma, P9599) for 4 

hours on a rotary shaker at 4°C. After incubation, agarose beads were washed 3 

times in protein extraction buffer, 2X Urea buffer added to the sample, and the 

sample was then boiled for 5 minutes prior to separating on an SDS-Page gel.  

SDS-Page Analysis, Antibodies and Immunoblot Analysis 

Total protein samples were separated on an 8% SDS-Page gel until the 

70kDa protein standard contained in the Pageruler Prestained Ladder 

(ThermoFisher, catalog number 26616) was at or near the bottom of the gel. 

Separated proteins were then transferred to nitrocellulose by electrophoresis in a 

20% methanol, tris-glycine buffer at 250mA overnight at 4° C. Nitrocellulose blots 

were then incubated in 5% dry milk made in tris-buffered saline (TBS) with 0.5% 

Tween 20 for a period of at least 2 hours prior to immunodetection. 
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Primary antibodies used include previously described anti-phot1 (1:8000 

dilution ratio, in 1% milk, TBST) (Christie et al., 1998), anti-NPH3 (1:6000 dilution 

ratio, in 1% milk, TBST) (Motchoulski and Liscum, 1999), and a ubiquitin-specific 

antibody, P4D1, which detects mono/multiubiquitin, as well as polyubiquitin 

chains (1:1500 dilution ratio, in 1% milk, TBST) (Cell Signaling, 3936S). 

Nitrocellulose blots were incubated with primary antibodies for a period of no less 

than 2 hours. Secondary antibodies were incubated with blots (goat anti-rabbit, 

Genscript, catalog number A00098, 1: 10,000 dilution ratio, in 1% milk, TBST; 

and goat anti-mouse, Bio-Rad, 170-656, 1:3000 dilution ratio in 1% milk, TBST) 

following primary antibody incubation for 1 hour. Chemiluminescent HRP 

substrate (Millipore Sigma, catalog number WBKLS0500) was used to detect 

protein. 

Results 

Creation of phot1 Ubiquitin Mutants 

Previously identified ubiquitination sites within the phot1 protein (K527 and 

K899) (Roberts, 2013; Deng et al., 2014) were mutated to assess the 

physiological impact on phot1 transgenic plants deficient in their ability to be 

ubiquitinated at K526 or K899. K527 was additionally mutated along with 

identified K526, as it’s been reported that ubiquitination can be promiscuous, 

attaching a ubiquitin molecule to a near-by lysine if it’s intended target is 

unavailable (Stringer and Piper, 2011). Additionally, plants containing a mutated 

phot1 protein where all 80 lysines are substituted with arginine (Life 

Technologies) were evaluated, henceforth referred to as phot1K*R. Arginine was 
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chosen as it mimics structure and charge of lysine but is unable to bind 

covalently to the ubiquitin molecule (Haglund and Dikic, 2005). Several 

independent lines were identified for each specific transgene which express 

mutant phot1 protein (Figure 2-1, Figure 2-2a).  
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Figure 2-1 phot1 complete lysine-arginine mutant express normal levels of phot1 protein  

3-day-old etiolated seedlings were exposed to saturating conditions of blue light (3000umol m-2) (Lascève et 

al., 1999). No phosphorylation band shift of phot1 is detected in4 independent phot1K*R transgenic lines nor 

do we detect dephosphorylation of NPH3 in mutant seedlings. Phot1 total protein detected by anti-phot1 

(Christie et al., 1998) dilution ratio 1:8000, NPH3 total protein detected by anti-NPH3 (Motchoulski and 

Liscum, 1999) dilution ratio 1:6000. 
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Figure 2-2 Protein expression in phot1K899R seedlings 

A. 3-day-old etiolated seedlings were mock treated or exposed to saturating conditions of blue light 

(3000umol m-2) (Lascève et al., 1999). Phot1 total protein detected by anti-phot1 (Christie et al., 1998) 

dilution ratio 1:8000. B. 3-day-old seedlings mock treated or exposed to 30 minutes blue light (0.1 mol m-2 

s-1). Immunoprecipitation by anti-GFP, protein detected by anti-phot1. Phosphorylation band shift is detected 

in phot1GFP and phot1K899R upon blue light exposure, but not in complete lysine mutant phot1K*R.  
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C.  NPH3 total protein detected by anti-NPH3 (Motchoulski and Liscum, 1999) dilution ratio 1:6000. Normal 

dephosphorylation of NPH3 is detected in phot1K899R transgenic lines.  
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Phototropic Phenotypes of phot1 Ubiquitin Mutants 

Transgenic seedlings subjected to low fluence rate (0.1 mol m-2 s-1) 

unilateral blue light for 4 hours exhibited differing phototropic phenotypes based 

on mutation (Figure 2-3, 2-4 and 2-5). Phot1 complete lysine-arginine mutant 

(K*R), while expressing normal levels of phot1 protein (Figure 2-1 top blot), do 

not exhibit a phototropic bending response upon blue light exposure (Figure 2-3). 

Knowing that autophosphorylation/transphosphorylation of the photoreceptor 

(Liscum and Briggs, 1995; Christie et al., 1998) are critical for phototropic 

signaling and dephosphorylation of NPH3 (Pedmale and Liscum, 2007), the 

observed lack of both of these responses in the K*R (Figure 2-1, top and bottom 

blot) was not surprising given their lack of phototropic responsiveness.  

Unlike what was observed with the K*R lines, seedlings carrying the 

K899R mutation exhibit a quantitatively normal phototropic response (Figure 2-

4). The normal phototropic bending response of phot1K899R is consistent with 

the observed autophosphorylation/transphosphorylation (Figure 2-2, A, B), and 

dephosphorylation of NPH3 (Figure 2-2, C) in these mutant seedlings. Since blue 

light and NPH3-dependent ubiquitination is necessary for phototropism (Roberts 

et al., 2011) and a normal phototropic response was observed, we predict that 

ubiquitination may still be occurring in the K899R lines, but at an alternate lysine. 

Similar to phot1K899R findings, seedlings carrying the K526/527R 

substitutions also exhibited normal phototropic bending response under low 

intensity blue light (Figure 2-5). While ubiquitination at K526 was shown to be 
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blue light-dependent (Deng et al., 2014), it appears not to be NPH3-dependent 

(Roberts, 2013)  



56 

 

 

Figure 2-3 Hypocotyl phototropism of phot1 complete lysine mutant (K*R) seedlings 

Hypocotyl phototropism of phot1 transgenic lines for 4 hours of unilateral blue light at a fluence rate of 0.1 

mol m-2 s-1. Positive control represented by phot1GFP (Sakamoto and Briggs, 2002) and the null allele 

phot1-5 represents the negative control. Data is represented by average degrees of curvature with standard 

error denoted from three independent replicate experiments (n>68 seedlings). Statistical significance 

determined by a students T-test, of mean average differing from that of phot1GFP is denoted with two 

asterisks (P<0.01). 
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Figure 2-4 Hypocotyl phototropism in phot1K899R ubiquitin mutant seedlings 

Hypocotyl phototropism of phot1 transgenic lines for 4 hours of unilateral blue light at a fluence rate of 0.1 

mol m-2 s-1. Positive control represented by phot1GFP (Sakamoto and Briggs, 2002)and the null allele 

phot1-5 represents the negative control. Data is represented by average degrees of curvature with standard 

error denoted from three independent replicate experiments (n>50 seedlings). Statistical significance 

determined by a students T-test, of mean average differing from that of phot1GFP is denoted with two 

asterisks (P<0.01).  
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Figure 2-5 Hypocotyl phototropism of phot1K526-527R ubiquitin mutant seedlings 

Hypocotyl phototropism of phot1 transgenic lines for 4 hours of unilateral blue light at a fluence rate of 0.1 

mol m-2 s-1. Positive control represented by phot1GFP (Sakamoto and Briggs, 2002) and the null allele 

phot1-5 represents the negative control. Data is represented by average degrees of curvature with standard 

error denoted from three independent replicate experiments (n>66 seedlings). Statistical significance 

determined by a students T-test, of mean average differing from that of phot1GFP is denoted with two 

asterisks (P<0.01). 
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Leaf Movement Response is Normal in phot1K899R Seedlings  

As previously mentioned, phot1 mediates a number of growth responses 

(Christie et al., 2015). Of these responses, NPH3 has been shown to be critical 

only for the phototropic bending response (Liscum and Briggs, 1996) and leaf 

movement response (Inada et al., 2004; Inoue et al., 2008b). We examined 

petiole angles in seedlings carrying this substitution to characterize a second 

phot1-mediated function in which NPH3 is involved. Angles were measured from 

photographed images of seedlings. Angle vertex is where the petiole is attached 

to the hypocotyl, with one ray forming a horizontal line at this attachment and the 

second moving up along the petiole (Figure 2-6). Maybe not surprising, given the 

normal phototropic responsiveness of the K899R lines, we also observed normal 

leaf movement in three transgenic lines, however, we do see a significantly 

different phenotype in one line (phot1K899R-J3) (Figure 2-6). More replicates of 

this line may need to be performed to further examine this phenotype. However, 

as we do not see a statistically significant change in leaf movement in other 

transgenic lines, this leads to the conclusion that ubiquitination may be occurring 

in phot1K899R seedlings at an alternate lysine, or perhaps that phot1 

ubiquitination is not necessary for this response. 

  



60 

 

 

Figure 2-6 Petiole angle measurement example 

Pictures were taken of 5-day-old seedlings grown in red (25 mol m-2 s-1) plus blue light (0.2 mol m-2 s-1). 

Images were measured using FIJI software. Θ represents angle measured. A. Columbia, wildtype seedling, 

B. NPH3 null mutant:  nph3-6 seedling. 
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Figure 2-7 Leaf movement observed in phot1K899R mutant seedlings 

Leaf movement of phot1 transgenic lines is identified by measuring petiole angle of seedlings in red (25 

mol m-2 s-1) plus blue light (0.2 mol m-2 s-1) for 5 days. Positive control represented by phot1GFP 

(Sakamoto and Briggs, 2002) and the null alleles phot1-5, nph3-6 as well as a phototropin double mutant 

(phot1-5phot2-1) represents the negative control. Data is represented by average petiole angle in degrees 

with standard error denoted from three independent replicate experiments (n>20 seedlings). Statistical 

significance determined by a students T-test, of mean average differing from that of phot1GFP is denoted 

with an asterisk (P < 0.05), or two asterisks (P<0.01). 

  



62 

 

Characterization of Another phot1-Mediated Function Which Does Not 

Involve NPH3 

Chloroplast movement is a response that is mediated by both members of 

the phototropin family of photoreceptors:  both phot1 and phot2 mediate 

chloroplast accumulation, while phot2 alone mediates chloroplast avoidance 

(Jarillo et al., 2001; Kagawa et al., 2001). In darkness, chloroplasts are randomly 

distributed within individual cells, but upon exposure to low intensity blue light, 

chloroplasts exhibit the accumulation response in which they will move to the 

periclinal sides of the cell to maximize their photosynthetic light capture. 

However, in high intensity blue light, chloroplasts move and stack along the 

anticlinal sides of the cell in order to avoid photodamage (Figure 2-8) (Kong and 

Wada, 2016). While NPH3 is not involved in this response, two other members of 

the NRL protein family, RPT2 and NRL31/NCH1/SR1IP1 have been shown to be 

involved (Suetsugu et al., 2016).  

When we examined the chloroplast movement responses in our phot 

ubiquitin mutant lines, we found that the K*R lines exhibited responses similar to 

that of the phot1-5 null-mutant (Figure 2-9). These phenotypes were not 

surprising given that lack of early biochemical responses (Figure 2-1) and 

phototropic bending response (Figure 2-3). Surprisingly, given their normal 

biochemical (Figure 2-2), phototropic (Figure 2-4), and leaf angle (Figure 2-7) 

responses, K899R lines also exhibited a phenotype more similar to that of the 

phot1-5 null mutant than that of the positive phot1GFP control (Figure 2-10). 

While we observe a loss-of-function in K*R and K899R lines compared to the 
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positive control in chloroplast accumulation, we do not see a loss-of-function in 

these lines in the chloroplast avoidance response. 

As previously mentioned, the NRL member NRL31/NCH1/SR1IP1 is 

involved in chloroplast accumulation, and has been shown to interact with phot1 

similarly to NPH3, through its CC domain (Suetsugu et al., 2016). Zhang and 

colleagues (2014) have shown that NRL31/NCH1/SR1IP1 can also interact with 

CUL3a through its BTB domain and act as a substrate adapter in an E3 ubiquitin 

ligase complex involved in plant pathogen responses. Based on these findings 

we speculate that perhaps ubiquitination at K899 is necessary for chloroplast 

accumulation in a non-NPH3-dependent manner. Conceivably 

NRL31/NCH1/SR1IP1, rather than NPH3, may act as a substrate adapter in a 

CRL3 ubiquitin ligase complex in the chloroplast accumulation response. 

We observed a variable response in chloroplast accumulation in lines 

carrying the phot1K526/527R substitution (Figure 2-11). As previously mentioned 

K526 was identified as a blue light dependent ubiquitination site (Deng et al., 

2014), that is not NPH 3-depdendent (Roberts, 2013). While we do observe 

normal phototropic responsiveness in these lines, it is critical to identify phot1 

protein expression in individual lines, as perhaps this may explain the variable 

chloroplast accumulation phenotypes. 
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Figure 2-8 Chloroplast movement upon differential light intensity exposure 

Schematic diagram of chloroplasts location within an individual cell in A.  low intensity light, B.  high intensity 

light and C.  darkness.  Image from S. G. Kong & Wada, 2016. 
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Figure 2-9 Chloroplast movement in phot1 complete lysine mutant seedlings 

3-5-week-old rosette leaf discs were dark adapted, then exposed to low intensity light (0.1 mol m-2 s-1) for 

60 minutes, and then exposed to high intensity light (75 mol m-2 s-1) for 60 minutes. Measurements were 

taken every 10 minutes to measure the amount of red light transmitted through leaf discs. Data from three 

replicate experiments is plotted by percent change in red light transmittance compared to the 0-time point of 

each line. 
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Figure 2-10 Chloroplast movement in phot1K899R mutant seedlings 

3-5-week-old rosette leaf discs were dark adapted, then exposed to low intensity light (0.1 mol m-2 s-1) for 

60 minutes, and then exposed to high intensity light (75 mol m-2 s-1) for 60 minutes. Measurements were 

taken every 10 minutes to measure the amount of red light transmitted through leaf discs. Data from three 

replicate experiments is plotted by percent change in red light transmittance compared to the 0-time point of 

each line.  
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Figure 2-11 Chloroplast movement in phot1K526-527R mutant seedlings 

3-5-week-old rosette leaf discs were dark adapted, then exposed to low intensity light (0.1 mol m-2 s-1) for 

60 minutes, and then exposed to high intensity light (75 mol m-2 s-1) for 60 minutes. Measurements were 

taken every 10 minutes to measure the amount of red light transmitted through leaf discs. Data from three 

replicate experiments is plotted by percent change in red light transmittance compared to the 0-time point of 

each line. 
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Characterization of phot1 Ubiquitination in Mutant Plants 

As previously reported by Roberts and colleagues (2011), phot1 

polyubiquitination under high blue light conditions was not detected without the 

use of a protease inhibitor to stabilize the protein. Therefore, we pretreated phot1 

ubiquitination mutant lines with DMSO (mock treatment) or with MG132 (a 26S 

proteasome inhibitor), two hours prior to a time course high blue light treatment. 

Similar to the findings of Roberts and colleagues (2011), total protein 

immunoblots show phot1 protein levels stabilized by MG132 pretreatment as 

compared to mock treatment in control seedlings as well as phot1 ubiquitination 

mutants (K899R and K*R) in both low and high intensity blue light conditions 

(Figure 2-13, 2-14). 
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Figure 2-12 Total protein of mock or MG132 treated low light time course seedlings 

3-day-old etiolated seedlings were treated with DMSO (mock) or MG132 2 hours prior to a time course light 

treatment. Seedlings were exposed to low intensity blue light (0.1 mol m-2 s-1) and collected at 0, 30 and 

240-minute time points. Phot1 total protein detected by anti-phot1 (Christie et al., 1998) dilution ratio 1:8000. 
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Figure 2-13 Total protein of mock or MG132 treated high light time course seedlings 

3-day-old etiolated seedlings were treated with DMSO (mock) or MG132 2 hours prior to a time course light 

treatment. Seedlings were exposed to high intensity blue light (117 mol m-2 s-1) and collected at 0, 30 and 

240-minute time points. Phot1 total protein detected by anti-phot1 (Christie et al., 1998) dilution ratio 1:8000. 
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To assess phot1 ubiquitination in mutant plants we utilized the GFP 

protein (which is translationally-fused to our phot1 control and mutant proteins) to 

immunoprecipitate phot1 protein. After immunoprecipitation, we performed 

immunoblot analysis using native phot1 antibody and a ubiquitin-specific 

antibody which recognizes both monoubiquitination and polyubiquitination. 

Multiple replicates have confirmed that indeed both the phot1 complete lysine-

arginine substitution (K*R), as well as the critical K899R mutant are both 

ubiquitinated under high and low intensity light conditions (Figure 2-15, 2-16). In 

fact, there does not appear to be less ubiquitin detected in our ubiquitin mutant 

transgenic seedlings. There can be multiple explanations for our lack of 

ubiquitination change within our mutant seedlings. It’s been long shown that 

ubiquitination is promiscuous. If a native ubiquitination site is unavailable to the 

ubiquitination machinery, it’s been shown that ubiquitin can be covalently linked 

to a nearby lysine within the protein (Stringer and Piper, 2011). Additionally, it’s 

been shown that if no lysines are present, protein degradation marked by the 

polyubiquitination can still occur (Gilkerson et al., 2015). 
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Figure 2-14 Low light phot1 ubiquitination 

3-day-old etiolated seedlings were treated with (A) DMSO (mock) or (B) MG132 2 hours prior to a time 

course light treatment. Seedlings were exposed to low intensity blue light (0.1 mol m-2 s-1) and collected at 

0, 30 and 240-minute time points. Phot1 protein was immunoprecipitated by anti-GFP and 
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immunoprecipitated phot1 protein was detected by anti-phot1 (Christie et al., 1998) dilution ratio 1:8000 and 

ubiquitin detected by anti-P4D1 (Cell Signaling, 3936S) dilution ratio 1:1500. 

 

  



74 

 

 

Figure 2-15 High light phtot1 ubiquitination 

3-day-old etiolated seedlings were treated with DMSO (mock) or MG132 2 hours prior to a time course light 

treatment. Seedlings were exposed to high intensity blue light (117 mol m-2 s-1) and collected at 0, 30 and 

240-minute time points. Phot1 protein was immunoprecipitated by anti-GFP and immunoprecipitated phot1 

protein was detected by anti-phot1 (Christie et al., 1998) dilution ratio 1:8000 and ubiquitin detected by anti-

P4D1 (Cell Signaling, 3936S). 
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Discussion 

Ubiquitination has been shown to be involved in a variety of cellular 

functions such as endocytosis, nuclear transport and protein degradation, among 

others (Haglund and Dikic, 2005). phot1 has been shown to be ubiquitinated 

upon blue light exposure in an NPH3-dependent fashion (Roberts et al., 2011). 

This ubiquitination leads to varying outcomes dependent on light intensity. For 

example, under high intensity blue light, phot1 is polyubiquitinated leading to 

receptor degradation by the 26S proteasome. In contrast, under low intensity 

blue light phot1 is monoubiquitinated rather than polyubiquitinated (Roberts et al., 

2011). The function of phot1 monoubiquitination has recently been suggested as 

means to retain phot1 signaling at the plasma membrane (Askinosie, 2016). 

Under high intensity blue light, phototropic bending may not be necessary as the 

plant is receiving enough light to perform photosynthesis; however, under low 

intensity blue light it is more imperative that the plant maximize its photosynthetic 

light capture. 

We assessed several phot1-mediated functions in plants containing a 

mutation at the previously identified blue light- and NPH3-dependent 

ubiquitination site (K899R) (Roberts et al., 2011), as well as a previously 

identified blue light-dependent, NPH3-independent ubiquitination site (K526/527) 

(Deng et al., 2014). In addition to these phot1 ubiquitin mutants, we assessed 

plants containing a mutant phot1 protein where all lysine residues were mutated 

to arginine in an effort to prevent ubiquitination from occurring (K*R).  
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Plants with all ubiquitination sites mutated express phot1 protein, but 

exhibit a non-phototropic phenotype, similar to the phot1-5 null mutant (Figure 2-

1). These results are not surprising as we did not observe phosphorylation of 

phot1 nor dephosphorylation of NPH3, both of which have been shown to be 

necessary for this response (Liscum and Briggs, 1995; Pedmale and Liscum, 

2007). Additionally, these K*R plants exhibited a chloroplast accumulation, 

similar to the phot1-5 mutant. As 80 amino acids within this protein have been 

substituted from lysine to arginine, it is not hard to image that the general 

structure of this protein may have been altered in a way in which affects this 

proteins function. It would be interesting to ascertain in the future whether or not 

this protein is perceiving light. Interestingly, in the absence of lysines within the 

phot1 protein, we still detect ubiquitin modification on phot1 (Figure 2-14, 2-15). 

Gilkerson and colleagues (2015) found that proteins with lysine substitutions can 

still be ubiquitinated at serine/threonine through the hydroxyl group. It has 

additionally been reported that ubiquitin can alternatively bind at a cysteine as 

well as at the amino-terminus of a protein (McDowell and Philpott, 2013). 

Contrary to the phot1 complete lysine-arginine substitution (K*R), the 

single phot ubiquitin mutant (K899R) exhibits normal phototropic curvature 

(Figure 2-4) as well normal leaf movement (Figure 2-7) with the exception of one 

transgenic line. Both of these phot1-mediated functions involve the substrate 

adapter NPH3 (Liscum and Briggs, 1996; Inoue et al., 2008b; Roberts et al., 

2011), and lysine899 was identified as the blue light- and NPH3-dependent 

ubiquitination of phot1 (Roberts, 2013). As ubiquitination can be promiscuous, 
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attaching a ubiquitin residue at a nearby lysine or other residue (Haglund and 

Dikic, 2005; Gilkerson et al., 2015; McDowell and Philpott, 2013), it is plausible 

that the K899R lines exhibit normal responses because the phot1 protein is being 

ubiquitinated elsewhere. As we have shown there is no difference in detected 

ubiquitin with immunoprecipitated phot1GFP control versus our phot1K899R 

mutant lines, this hypothesis seems likely.  

Unexpectedly we observed abnormal chloroplast accumulation in the 

K899R lines (Figure 2-10). As NPH3 is not involved in this phot1-mediated 

function, this was surprising. But as previously mentioned, RPT2 and 

NRL31/NCH1/SR1IP1, both members of the same protein family as NPH3, have 

been shown to be involved in chloroplast accumulation (Suetsugu et al., 2016). 

Furthermore, not only does RPT2 and NRL31/NCH1/SR1IP1 interact with phot1 

(Inada et al., 2004; Suetsugu et al., 2016) but NRL31/NCH1/SR1IP1 has also 

been shown to interact with CUL3a (Zhang et al., 2014) which would make one 

of these two proteins potential candidates for phot1 ubiquitination in the 

chloroplast accumulation response. It is possible that lysine899, identified as the 

ubiquitination site in the phototropic response, may also be involved in phot1 

ubiquitination in the chloroplast accumulation response but be targeted by a 

different CRL3NRL complex.  

Additionally, lysine526, which was previously identified as a blue light-

dependent phot1 ubiquitination site (Deng et al., 2014), may serve as a 

ubiquitination site in the chloroplast accumulation response as we observe the 

same bending response in seedlings harboring the phot1K526/527R substitution 
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as those with the phot1K899R substitution, but observed varied phenotypes with 

respect to the chloroplast accumulation response. Moving forward, assessing 

phot1 protein levels in leaves where we observe this loss of function is significant 

to begin to identify a role of ubiquitination of phot1 in this response. 
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Chapter 3 Characterizing an allelic series of mutants within 

NPH3 to identify domain function 
 

 Introduction 

Plants are limited in their ability to gather resources as they are rooted into 

the ground. However, they have evolved several mechanisms to assist them to 

overcome this disadvantage. Phototropism is one mechanism that plants have 

evolved to maximize their photosynthetic light capture and nutrient in-take 

(Liscum et al., 2014). Phototropism, a plants ability to bend towards or away from 

a light source, is facilitated by the perception of blue light by the phototropin 

(phot) family of blue light photoreceptors (Briggs et al., 2001). In Arabidopsis 

thaliana, there are two phototropins, with phototropin1 functioning as the primary 

photoreceptor under low intensity light and phot and phot2 acting redundantly in 

high intensity light (Khurana and Poff, 1989; Liscum and Briggs, 1995; Sakai et 

al., 2001). 

Equally critical for the phototropic bending response is a second protein, 

NPH3 (NONPHOTOTROPIC HYPOCOTYL3) (Liscum and Briggs, 1996) which 

has been shown to interact with phot1 in light and dark conditions (Motchoulski 

and Liscum, 1999). In addition to phototropism, NPH3 is involved in phot-

mediated leaf movement (Inada et al., 2004; Inoue et al., 2008b). NPH3 has 

been shown to be dephosphorylated by an unknown type 1 protein phosphatase 

(PP1), in a blue light- and phot-dependent manner, and this dephosphorylation is 

critical for the phototropic bending response (Pedmale and Liscum, 2007). 
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Roberts and colleagues (2011) reported that NPH3 interacts with Cullin 3 (CUL3) 

proteins to act as an adapter protein in an E3 ubiquitin ligase complex, named 

CRL3NPH3 (CULLIN RING LIGASE3 NPH3). This CRL3NPH3 complex is 

responsible for ubiquitinating phot1 (Roberts et al., 2011).   

NPH3 interaction with phot1 and CUL3 occurs through two distinct protein-

protein interaction domains:  an amino-terminal BTB (broad complex, tramtrack, 

and bric a brac) domain (Stogios et al., 2005) mediates interaction with CUL3, 

while, a carboxyl-terminal coiled coil (CC) domain mediates interaction with phot1 

(Motchoulski and Liscum, 1999). Between these two domain lies a central ‘NPH3 

domain’ (Pfam, PF03000) which is a conserved sequence domain contained 

within all 33 members of the NRL (NPH3-RPT2-LIKE) protein family (Pedmale et 

al., 2010). 

While only RPT2 (ROOTPHOTOTROPISM2), has been shown to be 

involved in the phototropic pathway (Inada et al., 2004), NRL members have 

been shown to in involved in a variety of growth and development processes 

such as organ development, vein patterning, pollen germination, chloroplast 

movement among others (Petricka et al., 2008; Lalanne et al., 2004; Cheng et 

al., 2008; Suetsugu et al., 2016). Interestingly, two other NRL members, NRL3/ 

BPH1 (BTB/POZ PROTEIN HYPERSENSITIVE TO ABA 1) , and NRL31/NCH1 

(NRL PROTEIN FOR CHLOROPLAST MOVEMENT 1)/ SR1IP1 (AtSR1 

interaction protein 1) have been shown to interact with CUL3 and act as a 

substrate adapter in an E3 ubiquitin ligase complex (Suetsugu et al., 2016; 

Zhang et al., 2014; Woo et al., 2018) with NRL31/NCH1/SR1IP1 functioning in 
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chloroplast movement, which is another phot-mediated function (Suetsugu et al., 

2016).  

CUL3 interacts with BTB domain-containing proteins (Genschik et al., 

2013). It is interesting to speculate that the NRL family members (which all but 

two members) contain a BTB domain (Pedmale et al., 2010), may act as 

substrate adapters in an E3 ubiquitin ligase complex, and that the CC or ‘NPH3 

domain’ may lend substrate specificity. Therefore, learning more regarding these 

domains may help identify function. 

In many organisms it has been shown that missense mutations can result 

in temperature-sensitive phenotypes (Horowitz and Mitchell, 1950; Horowitz, 

1950). A change in permissive conditions, for example, higher or lower 

temperature, might affect the structure and/or function of the protein containing a 

single amino acid change compared to that of the wildtype protein (Sandberg et 

al., 1995). This could occur due to a change in expression levels, or affect proper 

protein folding, or otherwise affect protein stability (Sandberg et al., 1995). We 

have utilized an allelic series of NPH3 missense mutants located throughout the 

NPH3 protein, generated by TILLING (Targeting Induced Local Lesions in 

Genomes) (McCallum et al., 2000; Till et al., 2003) to characterize the 

phototropic phenotype under permissive and non-permissive temperatures, in an 

attempt to relate that phenotype to particular domains within NPH3. 
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Materials and Methods 

Plant Materials 

Arabidopsis thaliana seedlings used in this study were in the Columbia 

(col-0) ecotype but carry a homozygous erecta105 (er105) mutation. The erecta 

mutation does not influence phototropism and was utilized in design and 

execution of the TILLING mutagenesis scheme (Till et al., 2003). Several 

different alleles of NPH3 (nph3-10 through nph3-18) generated by TILLING were 

used, along with the null mutant nph3-6 (Motchoulski and Liscum, 1999). We 

also examined several different accessions of Arabidopsis that are part of the 

1001 genomes collection (Alonso-Blanco et al., 2016). Lastly, used as a positive 

control for the transgenic plants generated, we used NPH3:mCHERRY line as 

described in Roberts et al, (2011).  

nph3TILLING alleles and Arabidopsis thaliana ecotypes were obtained from the 

Arabidopsis Biological Stock Center. Ecotype seed stocks include:  Var2-1 (CS), 

IP-Fun-0 (obtained kindly from Joy Bergelson), IP-Cad-0 (CS76739); IP-Mun-0 

(CS77114); IP-Sne-0 (CS77258); IP-Vdt-0 (CS78838); IP-Ver-5 (CS78841); 

Benk-1 (CS22530); Ca-0 (C1060S), Kelsterbach-4 (CS6041), Li-7 (CS1330), 

Noveg-3 (CS77133), Bijisk-4 (CS9627), IST-29 (CS76948), IP-Moc-11 

(CS77103), Jea (CS76148), IP-Vdm-0 (CS78837), Noveg-1 (CS77131); and 

nph3TILLING allele seed stocks include:  nph3-10 (CS87061), nph3-11 (CS87451), 

nph3-12 (CS87701), nph3-14 (CS90709), nph3-15 (CS86489), nph3-17 

(CS80291), nph3-18 (CS91404). nph3TILLING allele seed stocks were 

subsequently genotyped for homozygosity by the use of CAPS or dCAPS 

https://www.arabidopsis.org/servlets/TairObject?type=stock&id=4502051096
https://www.arabidopsis.org/servlets/TairObject?type=stock&id=4502051414
https://www.arabidopsis.org/servlets/TairObject?type=stock&id=4502051541
https://www.arabidopsis.org/servlets/TairObject?type=stock&id=4502051668
https://www.arabidopsis.org/servlets/TairObject?type=stock&id=203701
https://www.arabidopsis.org/servlets/TairObject?type=stock&id=4502051403
https://www.arabidopsis.org/servlets/TairObject?type=stock&id=3501673698
https://www.arabidopsis.org/servlets/TairObject?type=stock&id=4502051664
https://www.arabidopsis.org/servlets/TairObject?type=stock&id=4502051430
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markers (Konieczny and Ausubel, 1993) designed for each allele. Only 

homozygous lines were used in further experiments. 

nph3TILLING alleles were transgenically recapitulated by using site directed 

mutagenesis (Thermo Scientific, Phusion Site-Directed Mutagenesis Kit). Primers 

were designed to introduce the single nucleotide polymorphism within the coding 

sequence of a NPH3 cDNA. Once mutated, using a gateway cloning strategy 

(Invitrogen) the sequence was fused to an mCHERRY (Shaner et al., 2004) and 

flag tag, flanked by the native NPH3 promoter and 3’UTR sequence.  Using the 

floral dip method (Clough and Bent, 1998), these constructs were transformed 

into null-mutant nph3-6 plants. Screening plants for hygromycin resistance, as 

this gene is contained within the binary vector (pMDC111 backbone (Curtis and 

Grossniklaus, 2003)), homozygous lines were identified and used in further 

experiments.  

Growth and Light Conditions 

Seeds were sterilized with 30% bleach and spread on half strength 

Murashige and Skoog (MS) media plates with a thin layer of media on top. Plates 

were placed at 4 degrees Celsius in the dark for 2-4 days. After this vernalization 

period, seeds were subjected to a 1-hour red light treatment (yellow fluorescent 

bulbs, plates placed underneath and covered with a piece of red plexiglass) to 

stimulate uniform germination (Short and Briggs, 1990). Subsequently plates are 

placed in the dark at 22° C for 3 days prior to light treatment.   
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Hypocotyl Phototropism Measurements 

Three-day old etiolated seedlings are grown in darkness for 3 days at 22° 

C and then exposed to 4 hours of unilateral blue light at a fluence rate of 0.1 

mol m-2 s-1. After light treatment, seedlings are immobilized on transparency 

film, covered with transparent tape. Curvatures were determined from tracings of 

immobilized seedlings (Stowe-Evans et al., 2001). Data was plotted using 

average degrees of curvature along with standard error. A students T-test was 

used to determine statistical significance of means between genotypes in a given 

condition. 

Leaf Angle Measurements 

Plants were grown for 9 days under 50 mol m-2 s-1 constant white light on 

promix potting soil mixed with Miracle-Gro water soluble all-purpose plant food 

(https://www.miraclegro.com) (1 tbsp per gallon of water) for additional nutrients. 

After 9 days, plants were transferred to red (25 mol m-2 s-1) plus blue light (0.2 

mol m-2 s-1) for 5 days (Inoue et al., 2008b). Subsequent pictures were taken of 

light treated seedlings and used in conjunction with Fiji Is Just ImageJ (FIJI) 

software to measure the petiole angle of the first true leaf. Angles were 

measured between the hypocotyl to the petiole, and subsequently subtracted 

from 90° to determine the horizontal axis (see figure 2-6). Data was plotted by 

angle average (in degrees) along with the standard error. Again, a student’s t-test 

was used to determine statistical significance. 
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Protein Extraction, SDS Page, and Immunoblot Analysis 

Three-day old seedlings grown as described above were either mock 

treated (darkness for 4 hours) or subjected to 4 hours of unilateral blue light at a 

fluence rate of 0.1 mol m-2 s-1. Following either mock or light treatment, 

seedlings were removed from plates and frozen in liquid nitrogen awaiting protein 

extraction. To extract total protein from seedlings, seedlings were ground in 

buffer described by Lariguet and colleagues (2006), spun down at 10,000 rpm, 

and the supernatant transfer to a new tube. Total protein was quantified by using 

Coomassie Protein Assay Kit (Thermo Pierce, catalog number 23200). 

Total protein samples were separated on an 8% SDS-Page gel until the 

72kDa standard contained in the Pageruler Prestained Ladder (ThermoFisher, 

catalog number 26616) was near the bottom of the gel. Separated proteins were 

then transferred to nitrocellulose by electrophoresis in a 20% methanol, tris-

glycine buffer at 250mA overnight. Nitrocellulose blots are then incubated in 5% 

milk made in tris-buffered saline with 0.5% Tween 20 (TBST) for a period of at 

least 2 hours prior to immunodetection. 

Antibodies raised again the C-terminal end of NPH3 (Motchoulski and 

Liscum, 1999) were used to detect NPH3 protein levels as well as 

phosphorylation status (1:6000 dilution ratio, in 1% milk, TBST). Blots were 

incubated in primary antibody for a period of at least 2 hours, after which blots 

were rinsed 3 times in TBST for at least 5 minutes each. Following washing, blots 

were incubated in secondary antibody (goat anti-rabbit, Genscript, catalog 

number A00098, 1: 10,000 dilution ratio, in 1% milk, TBST) for 1 hour.  
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Afterwards, blots are detected with the use of Immobilon Western 

Chemiluminescent HRP Substrate (Millipore Sigma, catalog number 

WBKLS0500). 

Results 

nph3TILLING alleles Exhibit a Temperature-Sensitive Phototropic Phenotype. 

A series of nph3 (nph3-10 through nph3-18) mutants were obtained from 

the Arabidopsis Biological Resource Center generated by TILLING (Targeting 

Induced Local Lesions in Genomes) (McCallum et al., 2000; Till et al., 2003). 

These mutants contain a single nucleotide polymorphism (SNP) within the 

genomic DNA sequence of NPH3 resulting in a missense mutation (Figure 3-1). 
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Figure 3-1 Position of nph3TILLING alleles on block diagram of NPH3 

The black boxes represent conserved sequence domains within the NRL protein family, with the most 

conserved sequence identified in yellow (Motchoulski and Liscum, 1999). Gray ovals represent conserved 

structural domains and non-conserved regions are shown in light gray (Motchoulski and Liscum, 1999). 

Position of missense TILLING (Till et al., 2003) alleles is denoted within this diagram and amino acid change 

is shown. 
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Under permissive conditions, (room temperature), when subjected to low 

fluence (0.1 mol m-2 s-1) unilateral blue light, with the exception of nph3-16, 

these alleles exhibit a partial loss of function, that is, they bend, but not 

equivalent to the positive control er105 (Figure 3-2). These results are not 

surprising given the nature of the mutations. However, when the same light 

treatment was applied to these mutants under non-permissive conditions (10°C 

rather than room temperature), we see the loss-of-function phototropic 

phenotype become more severe, again except for nph3-16 (Figure 3-3).  

While these alleles are dispersed throughout most of the conserved and 

non-conserved domains of NPH3 (Figure 3-1), nph3-16 is of particular interest. 

It’s location near the CC domain is interesting, but the nph3-16 mutation also 

affects a differentially phosphorylated serine within the protein, identified by 

MS/MS, which is phosphorylated in dark, dephosphorylated upon blue light 

exposure (Pedmale, 2008). Based on pharmacological studies, Pedmale and 

Liscum (2007) proposed that the dephosphorylated form of NPH3 represents the 

phototropically active form of the protein. If dephosphorylation of this particular 

serine696 is critical for the bending response, a mutation resulting in the inability 

to be phosphorylated would result in a constitutively dephosphorylated state 

leading to a phototropically ‘sensitized’ NPH3 protein. This may explain why we 

see a loss-of-function in the other alleles, but enhanced bending in nph3-16.   
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Figure 3-2 Hypocotyl phototropism of nph3TILLING alleles at room temperature 

Hypocotyl phototropism of nph3TILLING alleles for 4 hours of unilateral blue light at a fluence rate of 0.1 mol 

m-2 s-1. Positive control represented by er105, and the null allele nph3-6 represents the negative control. 

Data is represented by average degrees of curvature with standard error denoted from three independent 

replicate experiments (n>73 seedlings). Statistical significance determined by a students T-test, of mean 

average differing from that of er105 is denoted with two asterisks (P<0.01). 

  



90 

 

 

Figure 3-3 Hypocotyl phototropism under non-permissive temperature 

Hypocotyl phototropism of nph3TILLING alleles for 6 hours of unilateral blue light at a fluence rate of 0.1 mol 

m-2 s-1 at 10°C. Positive control represented by er105, and the null allele nph3-6 represents the negative 

control. Data is represented by average degrees of curvature with standard error denoted from three 

independent replicate experiments (n>53 seedlings). Statistical significance determined by a students T-test 

of mean average differing from that of er105 is denoted with two asterisks (P<0.01). 
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Phototropic Phenotypes of nph3TILLING Alleles can be Recapitulated in 

Transgenic Seedlings. 

Due to the nature of EMS mutagenesis, the missense mutations within 

NPH3 (represented in Figure 3-1) designate one mutation, of likely several, 

within the Arabidopsis genome of these lines. In order to connect without doubt 

the phototropic phenotype of the nph3TILLING alleles to the mutations within 

nph3TILLING mutations, we attempted to transgenically recapitulate in an nph3-6 

null-mutant background. Transgenic lines were selected that express similar 

NPH3 protein levels to that of the positive control NPH3:mCHERRY (Roberts et 

al., 2011) (Figure 3-4). In fact, transgenic TILLING allele lines appear to express 

higher levels of NPH3 than that of the NPH3:mCHERRY control (Figure 3-4). 

These transgenic seedlings were exposed to 6 hours of low intensity (0.1 

mol m-2 s-1) unilateral blue light at both room temperature (Figure 3-5) and 

under non-permissive conditions (10°C) (Figure 3-6). At room temperature, 

similar to the original nph3TILLING alleles, the transgenic lines recapitulate the 

partial loss-of-function phototropic phenotype as compared to the positive control 

(Figure 3-5). However, under non-permissive conditions, 10°C, we do not 

observe a recapitulation of the phenotype (Figure 3-6). While the observed 

phenotype is not significant, we do still observe the same trend in our 

recapitulated alleles as we do in the original nph3TILLING alleles. Additionally, we 

do not see a significant change in bending phenotype at non-permissive 

temperatures between our positive control and our null allele nph3-6, suggesting 
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that our transgenic control is either affected by temperature more so than wild-

type, or perhaps this may be due to the fact that our control transgenic seedlings 

at room temperature only recapitulate 50% of wild-type seedlings. While we do 

observe a decrease in average curvature in the wild-type seedlings as well, in 

our transgenic control seedlings, the average observed is already measuring 

closer to the null allele, therefore, as seedlings are affected by temperature, it 

seems likely that this may explain the lack of significance. A second explanation 

for this lack of significance between controls seedlings and transgenic lines at 

non-permissive temperatures could be due to the difference in protein expression 

(Figure 3-6). As observed, there is higher expression of NPH3 protein in the 

recapitulated TILLING seedlings than the control NPH3:mCHERRY line. At room 

temperature, or permissive temperature, this lower amount of protein expression 

might not affect these seedlings ability to bend towards the light; however, under 

non-permissive temperatures, this lower protein expression may affect seedlings 

ability to respond normally. 
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Figure 3-4 Recapitulated TILLING alleles express NPH3 protein 

Seedlings were either mock treated or exposed to 4 hours of unilateral blue light at a fluence rate of 0.1 

mol m-2 s-1. NPH3 total protein was detected by anti-NPH3 (Motchoulski and Liscum, 1999) dilution ratio 

1:6000. Bottom panel represents a loading control. 
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Figure 3-5 At room temperature transgenic lines recapitulate the phototropic phenotype of original TILLING 
alleles  

Hypocotyl phototropism at room temperature of NPH3 transgenic lines for 6 hours of unilateral blue light at a 

fluence rate of 0.1 mol m-2 s-1. Positive control represented by NPH3: CHY (Roberts et al, 2011) and the 

null allele nph3-6 represents the negative control. Data is represented by average degrees of curvature with 

standard error denoted from three independent replicate experiments (n>66 seedlings). Statistical 

significance determined by a students T-test, of mean average differing from that of NPH3: CHY is denoted 

with an asterisk (P < 0.05), or two asterisks (P<0.01).  
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Figure 3-6 Hypocotyl phototropism under non-permissive conditions of recapitulated TILLING alleles 

Hypocotyl phototropism at 10°C of NPH3 transgenic lines for 6 hours of unilateral blue light at a fluence rate 

of 0.1 mol m-2 s-1. Positive control represented by NPH3: CHY (Roberts et al, 2011) and the null allele 

nph3-6 represents the negative control. Data is represented by average degrees of curvature with standard 

error denoted from three independent replicate experiments (n>50 seedlings). Statistical significance 

determined by a students T-test, of mean average differing from that of NPH3: CHY is denoted with an 

asterisk (P < 0.05). 
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Leaf Movement in Transgenic TILLING Lines 

In an effort to use these TILLING mutants to further characterize the 

conserved sequence domains within the NPH3 protein we investigated their 

phenotype in a second phot1-mediated function. As previously mentioned, NPH3 

is involved in phot1-mediated leaf movement (Inada et al., 2004; Inoue et al., 

2008a). Therefore, we examined petiole angles of transgenic seedlings carrying 

the TILLING mutations after red plus blue light treatment to observe if the leaf 

movement is defective in mutant plants (Figure 3-7). With the exception of nph3-

18, no significant change in petiole angle was observed in transgenic mutant 

seedlings, indicating that the single amino acid changes do not affect leaf 

movement function in plants at permissive temperatures. While we do observe a 

significant change in the phototropic phenotypes at permissive temperatures in 

transgenic seedlings, the phenotype is not a complete loss-of-function, indicating 

that it is possible we could see a significant change in leaf movement at non-

permissive temperatures. Moving forward, identifying whether this function is 

defective at non-permissive temperatures would further our characterization of 

this protein. 
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Figure 3-7 Petiole angle measurements of transgenic TILLING alleles 

Leaf movement of NPH3 transgenic lines is identified by measuring petiole angle of seedlings in red (25 

mol m-2 s-1) plus blue light (0.2 mol m-2 s-1) for 5 days. Positive control represented by NPH3: CHY 

(Roberts et al, 2011) and the null allele nph3-6 as well as a phototropin double mutant (phot1-5phot2-1) 

represents the negative control. Data is represented by average petiole angle in degrees with standard error 

denoted from three independent replicate experiments (n>25 seedlings). Statistical significance determined 

by a students T-test, of mean average differing from that of NPH3: CHY is denoted with an asterisk (P < 

0.05), or two asterisks (P<0.01). 
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Characterizing the Phototropic Phenotype of Arabidopsis thaliana 

Accessions  

With the use of 1001 genomes (Alonso-Blanco et al., 2016), Arabidopsis 

accessions containing single nucleotide polymorphisms (SNPs), relative to the 

Columbia (Col-0) accession, within the NPH3 sequence were identified. SNPs 

that occurred within few or only one accessions were chosen as those more 

likely to represent functional divergence within NPH3. SNP’s within these 

accessions are dispersed throughout all conserved domains within NPH3 (Figure 

3-8).  

Arabidopsis accession seedlings exposed to 4 hours of low intensity (0.1 

mol m-2 s-1) unilateral blue light results in a variety of phototropic phenotypes 

relative to the Col-0 accession (Figure 3-9). Three classes of phenotypes emerge 

from this screen. Several accessions exhibit a similar bending response to that of 

Col-0, one accession displays a significantly higher degree of curvature, and the 

majority exhibit a partial loss-of-function. Interestingly, those accessions with the 

same SNP do not present the same phenotype across the board, leading to the 

assumption that there may be a second site mutation within the genome 

responsible for the phenotype observed. 
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Figure 3-8 Location of NPH3 SNP within Arabidopsis thaliana ecotypes relative to Columbia 

Arabidopsis thaliana ecotypes which contain a SNP within the NPH3 sequence relative to Columbia. 

Location of SNP is denoted on the block diagram of NPH3 along with the amino acid change produced by 

SNP.  
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Figure 3-9 Hypocotyl phototropism on 3-day-old Arabidopsis thaliana ecotype seedlings 

Hypocotyl phototropism at room temperature of Arabidopsis thaliana ecotypes for 4 hours of unilateral blue 

light at a fluence rate of 0.1 mol m-2 s-1. The null allele nph3-6 represents the negative control. Data is 

represented by average degrees of curvature with standard error denoted from three independent replicate 

experiments. Statistical significance determined by a students T-test, of mean average differing from the 

Columbia accession line is denoted with an asterisk (P < 0.05), or two asterisks (P<0.01). 
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Discussion 

Within the NPH3 protein, two protein-protein interaction domains occur 

which allow NPH3 to interact with phot1 and CUL3 (Motchoulski & Liscum, 1999; 

Roberts, D., et al., 2011). A sequence specific domain referred to as the ‘NPH3 

domain’ lies between these protein-protein interaction domains and is conserved 

within all 33 members of the NRL protein family (Pedmale et al., 2010). Function 

of this sequence specific domain is unknown at this time. In an effort to further 

characterize domains within the NPH3 protein, we described the phototropic 

phenotype in a series of induced mutants and naturally occurring Arabidopsis 

accessions which containing a SNP within NPH3 relative to the Columbia 

accession.  

Temperature-sensitive mutants have been well documented in many 

organisms (Horowitz and Mitchell, 1950; Horowitz, 1950; Ben-Aroya et al., 2010), 

thus allowing one to assess protein function by using missense mutants. With the 

exception of nph3-16, the TILLING alleles represent a collection of temperature-

sensitive mutants within NPH3. With regard to the original TILLING alleles except 

nph3-16, it’s interesting to look at the individual amino acid changes which lead 

to a phenotypic change within these seedlings. Changes include polar side chain 

to a nonpolar side chain, and vice versa, polar to acid side chain, and a change 

resulting in loss of an aromatic ring. However, it’s interesting to denote that no 

matter the change, the same loss-of-function phenotype in either permissive or 

non-permissive temperatures is observed. However, while the average curvature 

response is significantly different under permissive conditions, we still observe 
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bending in seedlings carrying these mutations. But, at non-permissive 

temperatures, the average degrees of curvature for these mutant seedlings is 

reduced far more dramatically, leading to the conclusion that under non-

permissive temperatures, these mutations have a greater effect on protein 

expression, stability or folding. Additionally, with the exception of nph3-16, these 

amino acid substitutions occur throughout the NPH3 domain leading us to the 

conclusion that this domain may in fact lead to function specificity.  

While we were able to recapitulate the phenotype transgenically at 

permissive temperatures, under non-permissive temperatures, we did not see a 

significant difference in phenotype as compared to our control NPH3:mCHERRY. 

The level of NPH3 protein expression observed within our transgenic mutants is 

higher than in our positive control. This may imply that the lower level of 

expression at permissive temperatures is enough for normal response, but at 

non-permissive temperatures normal function cannot occur with this lower protein 

expression. The higher level of NPH3 protein expressed within our transgenic 

TILLING lines may close the gap between the observed phototropic phenotype 

compared to our positive control. It still needs to be determined whether these 

mutations lead to a change in the ability of NPH3 to interact with either phot1 

and/or CUL3, and whether the function of the CRL3NPH3 ubiquitin ligase complex 

is altered.  

An exciting and unexpected discovery in this study is the enhanced 

phototropic phenotype of nph3-16 compared to the other nph3TILLING alleles that 

exhibit a loss-of-function. As previously mentioned, NPH3 is a phospho-protein 
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and dephosphorylation has been shown to be critical for the bending response 

(Pedmale and Liscum, 2007). Furthermore, Pedmale (2008) identified by MS/MS 

several differential phosphorylation sites dependent on light condition and 

serine696 represents one such site which was shown to be phosphorylated only in 

dark conditions. This serine is substituted for a phenylalanine in the nph3-16 

allele. This substitution renders this site unable to be phosphorylated, resulting in 

a constitutive ‘dephosphorylated’ state at site 696. The bending response of this 

allele supports the hypothesis that the dephosphorylated state of the NPH3 

protein is the functional state. If indeed serine696 represents the critical 

phosphorylation site within the protein we would expect this response in 

permissive and non-permissive conditions. In order to further assess if serine696 

is the critical phosphorylation site, we have generated transgenic seedlings 

carrying a substitution for this serine to an aspartic acid, to mimic a constitutively 

‘phosphorylated’ state to further characterize phosphorylation status. Again, if 

this serine696 is critical for the phototropic bending response, we should observe 

a loss-of-function in seedlings carrying this substitution, the opposite phenotype 

to that of nph3-16. 

Lastly, naturally occurring Arabidopsis thaliana accessions were obtained 

that carry a SNP within NPH3 relative to the Columbia accession. Interestingly, 

three classes of bending responses were observed:  accessions that respond 

similarly to Col-0, one accession that has an increased bending response, and 

several accessions exhibit a loss-of-function phenotype. Similar to the nph3TILLING 

alleles, we see a variety of amino acid changes in these substitutions which may 
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explain the phenotypes observed, and these SNP’s occur throughout the 

domains of NPH3. Two ecotypes which exhibit a loss-of-function response, Var2-

1 and IP-Fun-0, both occur within the BTB domain, which facilitates interaction 

with CUL3. These amino acid substitutions include a nonpolar side change for a 

polar side chain, or a nonpolar side chain for a nonpolar side chain which has a 

large aromatic ring. We speculate that these changes and their location may 

result in reduced ability of the protein to interact with CUL3, which is necessary 

for the phototropic bending response (Roberts et al., 2011). A similar conclusion 

can be made with regard to IP-Vdm-0, which contains a substitution in the CC 

domain, the interaction domain with phot1. This amino acid change substitutes a 

charged amino acid for nonpolar alanine, which may inhibit NPH3s ability to 

interact with phot1 resulting in a loss-of-function response. Interestingly, the 

same SNP occurs in a few accessions, and we do not see the same phenotype 

in those seedlings, leading to the assumption that there may be a second site 

mutation within another gene responsible for the phenotype observed. While it’s 

interesting to make these conclusions with regards to phototropic phenotype and 

NPH3 amino acid change, it still remains that there are other amino acid changes 

within the genome of these ecotypes. In order to fully assess phenotypically 

these substitutions, within NPH3, they need to be transgenically recapitulated 

within the null nph3-6 allele. Additionally, protein-protein interaction between 

NPH3 and CUL3 or phot1 can then be assessed as well as the functionality of 

the CRL3NPH3 complex.   
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Chapter 4 Conclusions and Future Directions 

Introduction 

Plants are rooted in the ground, and therefore are limited in their ability to 

gather necessary resources, such as water and light energy for photosynthesis. 

One mechanism plants have developed to aid in this limitation is phototropism, a 

plants ability to bend towards or away from a light source (Liscum et al., 2014). 

Phototropism is initiated through light perception by the phototropin (phot) family 

of blue light photoreceptors (Briggs et al., 2001). Arabidopsis thaliana contains 

two phots:  phot1 is the primary photoreceptor under low intensity blue light, 

while phot2 acts redundantly with phot1 under high intensity blue light (Briggs et 

al., 2001). In addition to phototropism, the phots mediate several other functions 

associated with optimization of photosynthesis, such as chloroplast movement, 

stomatal opening, and leaf movement and expansion (Christie, 2007).  

Phototropin is characterized by an amino-terminal light sensory domain, 

and carboxyl-terminal protein kinase output domain (Huala et al., 1997; Christie 

et al., 1998) The sensory domain has associated with it two flavin 

mononucleotide (FMN) co-factors that act as light-absorbing (Christie et al., 

1998). While the FMN associate with the sensory domain non-covalently in 

darkness, these co-factors form covalent adducts with conserved cystine 

residues in response to blue light absorption, which in turn leads to a 

conformational change in phot1 resulting in 

autophosphorylation/transphosphorylation (Christie et al., 1998; Salomon et al., 
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2000; Sullivan et al., 2008). This autophosphorylation has been shown to be 

necessary for the phototropic bending response (Inoue et al., 2008a; Sullivan et 

al., 2008; Kaiserli et al., 2009). 

 A second protein shown to be critical for the phototropic bending response 

is NPH3 (NONPHOTOTROPIC HYPOCOTYL3) (Liscum and Briggs, 1996; 

Motchoulski and Liscum, 1999). In addition to phototropism, NPH3 is involved in 

phot1-mediated leaf movement (Inoue et al., 2008b). The NPH3 protein is 

characterized by an amino-terminal BTB (broad complex, tramtrack, and bric a 

brac) domain (Stogios et al., 2005), a central ‘NPH3 domain’ (Pfam, PF03000) 

and a carboxyl-terminal coiled-coil (CC) domain (Motchoulski and Liscum, 1999; 

Pedmale et al., 2010). Both phot1 and NPH3 have been shown to be plasma 

membrane-localized (Sakamoto and Briggs, 2002; Motchoulski and Liscum, 

1999) and further, through the CC domain, NPH3 has been shown to interact 

with phot1 (Motchoulski and Liscum, 1999; Lariguet et al., 2006; Inada et al., 

2004). 

 NPH3 is a phosphoprotein that is rapidly dephosphorylated upon blue light 

exposure by an unidentified type 1 protein phosphatase (Pedmale and Liscum, 

2007). Not only is this dephosphorylation blue light-dependent, but it is also 

phot1-dependent (Pedmale and Liscum, 2007). Pedmale and Liscum (2007) 

proposed that it is this dephosphorylated state of NPH3 which is the active 

signaling form in the phototropic pathway.  

 Roberts and colleagues (2011), identified that CUL3 (CULLIN3) is 

involved in the phototropic bending response and interacts with NPH3 through its 
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BTB domain. This interaction facilitates formation of an E3 ubiquitin ligase 

complex, designated CRL3NPH3 (CULLIN RING LIGASE3NPH3), which 

ubiquitinates phot1 in response to blue light (Roberts et al., 2011). However, 

ubiquitination type differed under low and high light conditions:  under high light, 

phot1 is monoubiquitinated and poly-ubiquitinated, resulting in protein 

degradation by the 26S proteasome. In contrast, under low light, phot1 is solely 

monoubiquitinated (Roberts et al., 2011). A resent study has shown that this 

monoubiquitination promotes retention of dispersed phot1 at the plasma 

membrane as a means to facilitate signaling (Askinosie, 2016). Roberts (2013) 

mapped ubiquitination sites within phot1 and identified one site which was shown 

to be blue light- and NPH3-dependent:  K899. A second ubiquitination site 

independently reported by Deng and colleagues (2014), K526, was also 

identified but shown to be blue light-dependent, but NPH3-independent. 

 NPH3 along with RPT2 (ROOT PHOTOTROPISM2) are founding 

members of a 33-protein member family called NRL (NPH3-RPT2 LIKE) 

(Pedmale et al., 2010). Their general structure is similar, as they all contain the 

central ‘NPH3 domain’, two thirds contain the CC domain like NPH3, and all but 

two members contain the BTB domain (Pedmale et al., 2010). RPT2 has been 

shown to function in phototropism, (Okada and Shimura, 1992; Sakai et al., 

2000). Other NRL family members have been shown to be involved in a variety 

of growth and development functions (Christie et al., 2017). Most interesting is 

the involvement of RPT2 and NRL31/NCH1 (NRL PROTEIN FOR 

CHLOROPLAST MOVEMENT 1)/ SR1IP1 (AtSR1 interaction protein 1) in phot1-
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mediated chloroplast accumulation (Suetsugu et al., 2016), as well as the fact 

that both these proteins interact with phot1 (Inada et al., 2004; Suetsugu et al., 

2016). Furthermore, NRL31/NCH1/SR1IP1 as well as recently identified NRL3/ 

BPH1 (BTB/POZ PROTEIN HYPERSENSITIVE TO ABA 1), have been shown to 

interact with CUL3 to form E3 ubiquitin ligase complexes (Woo et al., 2018; 

Zhang et al., 2014). It’s interesting to speculate that BTB domain-containing NRL 

members may function as substrate adapters in CRL3s for a variety of different 

responses. 

Conclusions and Future Directions 

Further Characterize Blue Llight-Dependent phot1 Ubiquitination on phot1-

Mediated Phototropism and Chloroplast Accumulation 

A characteristic of ubiquitination is that it’s been shown to be promiscuous. 

That is, ubiquitin molecules can be attached to a nearby lysine if the native 

ubiquitination site is unavailable (Haglund and Dikic, 2005). This represents a 

possible explanation for the phototropic and immunoblot results with our 

transgenic phot1K899R lines. Phot1 contains 80 lysines within the amino acid 

sequence (Figure 4-1) so there are a number of alternative ubiquitination sites if 

K899 is unavailable. Additionally, when all lysines are mutated to arginine, we 

still observe ubiquitination in phot1K*R lines (Figure 2-14, 2-15). As it has been 

reported that ubiquitination can occur at serine, threonine as well as cysteine in 

addition to lysine (Stringer and Piper, 2011; McDowell and Philpott, 2013; 

Gilkerson et al., 2015). An alternative approach to characterize the role of phot1 

ubiquitination that addresses promiscuous ubiquitination at a nearby lysine or 
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other residue, is utilizing deubiquitinating enzymes (DUbs) (Stringer and Piper, 

2011) Stringer and Piper (2011) have reported that the catalytic domain of a DUb 

can be fused to a protein thus rendering it unable to be ubiquitinated. In light of 

our results, it seems as if this alternative approach will allow us to characterize 

physiological function of phot1 in a ubiquitin-deficient mutant. 

One outcome of this study which was unexpected, was the loss-of-

function chloroplast accumulation phenotype we observed in the phot1K899R 

lines as well as some of the phot1K526-527R lines. As NPH3 has been shown to 

have no role in this response, mutating a NPH3-dependent ubiquitination site and 

observing a loss-of-function was surprising. In the future, identifying and 

comparing phot1 protein expression as well as phot1 ubiquitination via 

immunoprecipitation and immunoblot analysis in rosette leaves of phot1GFP 

control as well as phot1K899R and phot1K526/527R is critical to make sense of 

this observed phenotype. 

As previously mentioned, RPT2 and NRL31/NCH1/SR1IP1 both interact 

with phot1 (Suetsugu et al., 2016; Inada et al., 2004) and have been shown to 

function in phot1-mediated chloroplast accumulation (Suetsugu et al., 2016). 

Additionally, Zhang and colleagues (2014) found that NRL31/NCH1/SR1IP1 can 

interact with CUL3a. It is possible that one of these proteins functions as a 

substrate adapter in a CRL3 complex involved in phot1 ubiquitination in blue 

light-dependent chloroplast accumulation, and that either K899 or K526 

represents the ubiquitination site in this function. To further evaluate if RPT2 or 

NRL31/NCH1/SR1IP1 is involved in blue light-dependent phot1 ubiquitination in 
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chloroplast accumulation, loss-of-function mutants of RPT2 or 

NRL31/NCH1/SR1IP1 can be crossed with phot1GFP (Sakamoto and Briggs, 

2002) to assess phot1 ubiquitination in the absence of RPT2 or 

NRL31/NCH1/SR1IP1. 
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Figure 4-1 phot1 protein sequence 

Amino acid sequence of phot1. Yellow highlighted boxes represent lysines, possible ubiquitination sites, 

within the sequence. Figure adapted from Roberts, 2013. 

  

1.  MEPTEKPSTK PSSRTLPRDT RGSLEVFNPS TQLTRPDNPV FRPEPPAWQN  

 

51  LSDPRGTSPQ PRPQQEPAPS NPVRSDQEIA VTTSWMALKD PSPETISKKT  

 

101 ITAEKPQKSA VAAEQRAAEW GLVLKTDTKT GKPQGVGVRN SGGTENDPNG  

 

151 KKTTSQRNSQ NSCRSSGEMS DGDVPGGRSG IPRVSEDLKD ALSTFQQTFV  

 

201 VSDATKPDYP IMYASAGFFN MTGYTSKEVV GRNCRFLQGS GTDADELAKI  

 

251 RETLAAGNNY CGRILNYKKD GTSFWNLLTI APIKDESGKV LKFIGMQVEV  

 

301 SKHTEGAKEK ALRPNGLPES LIRYDARQKD MATNSVTELV EAVKRPRALS  

 

351 ESTNLHPFMT KSESDELPKK PARRMSENVV PSGRRNSGGG RRNSMQRINE  

 

401 IPEKKSRKSS LSFMGIKKKS ESLDESIDDG FIEYGEEDDE ISDRDERPES  

 

451 VDDKVRQKEM RKGIDLATTL ERIEKNFVIT DPRLPDNPII FASDSFLELT  

 

501 EYSREEILGR NCRFLQGPET DLTTVKKIRN AIDNQTEVTV QLINYTKSGK  

 

551 KFWNIFHLQP MRDQKGEVQY FIGVQLDGSK HVEPVRNVIE ETAVKEGEDL  

 

601 VKKTAVNIDE AVRELPDANM TPEDLWANHS KVVHCKPHRK DSPPWIAIQK  

 

651 VLESGEPIGL KHFKPVKPLG SGDTGSVHLV ELVGTDQLFA MKAMDKAVML  

 

701 NRNKVHRARA EREILDLLDH PFLPALYASF QTKTHICLIT DYYPGGELFM  

 

751 LLDRQPRKVL KEDAVRFYAA QVVVALEYLH CQGIIYRDLK PENVLIQGNG  

 

801 DISLSDFDLS CLTSCKPQLL IPSIDEKKKK KQQKSQQTPI FMAEPMRASN  

 

851 SFVGTEEYIA PEIISGAGHT SAVDWWALGI LMYEMLYGYT PFRGKTRQKT  

 

901 FTNVLQKDLK FPASIPASLQ VKQLIFRLLQ RDPKKRLGCF EGANEVKQHS  

 

951 FFKGINWALI RCTNPPELET PIFSGEAENG EKVVDPELED LQTNVF 
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Identify Phosphorylation Site(s) Within NPH3 Critical to Phototropism 

Pedmale and Liscum (2007) previously identified the active, signaling 

state of NPH3 in the phototropic pathway is the dephosphorylated form. Using 

MS/MS phosphoproteomics approach, Pedmale (2008) identified 10 sites within 

NPH3 that are phosphorylated in the dark, but dephosphorylated upon blue light 

exposure (Figure 4-2). The tilling allele nph3-16 represents one of these 

previously identified sites (Figure 4-2). As our results suggest, the phototropic 

phenotype of this allele differ from that of the other TILLING alleles. The amino 

acid substitution in this allele is a phenylalanine for the native serine (S696F). This 

substitution changes the structure of that particular residue, resulting in its 

inability to be phosphorylated, leading to a site mimicking a constitutively 

dephosphorylated state. This result lends further evidence to support Pedmale 

and Liscum’s (2007) hypothesis that the active form of NPH3 is the 

dephosphorylated form as this allele is hyper-phototropic rather than hypo-

phototropic.  

The next step is to confirm that this serine696 represents the critical 

phosphorylation site within NPH3 in phototropism. We have generated transgenic 

plants containing a S696D substitution within NPH3 fused to mCHERRY as well 

as the native NPH3 promoter and 3’UTR. This substitution will accomplish the 

opposite of the nph3-16 substitution, if it represents the critical phosphorylation 

site, a loss-of-function phototropic phenotype should be observed. Homozygous 

lines have been identified and are awaiting analysis. Secondly, transgenically 

recapitulating the nph3-16 allele will confirm the gain-of-function phenotype seen 
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in nph3-16 plants. Observing phosphorylation state in immunoblot analysis along 

with phototropic phenotype of both these lines should support S696 as the critical 

phosphorylation site in the phototropic pathway. 
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Figure 4-2 NPH3 protein sequence 

NPH3 protein sequence:  BTB domain indicated by single underline, CC domain indicated by double 

underline and NPH3 domain (I-IV) indicated in bold (Motchoulski and Liscum, 1999). Sites phosphorylated in 

darkness highlighted in blue and sites phosphorylated in light highlighted in yellow (Pedmale, 2008). S696 

indicated by circle. Figure from Roberts et al., 2013. 
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Further Characterize NPH3 and Its Role in the CRL3NPH3 Complex and phot1 

Ubiquitination  

An allelic series of NPH3 mutants:  nph3TILLING alleles, with the exception 

of nph3-16, represent temperature sensitive mutants. It has previously been 

reported that a single amino acid change can affect protein stability, folding 

and/or expression at non-permissive temperatures (Sandberg et al., 1995). 

Original alleles as well as recapitulated transgenic lines display a significant 

difference in their phototropic bending response upon blue light exposure at 

permissive temperatures (room temperature). Under non-permissive 

temperatures we see this same trend, that is, our temperature sensitive alleles 

exhibit a decrease in their bending response, exhibiting a phenotype similar to 

our null allele nph3-6. NPH3 protein levels for all recapitulated TILLING alleles 

show higher levels of expression than that of our positive control 

NPH3:mCHERRY, which provides a possible explanation for why our phototropic 

non-permissive temperature results are not significantly different. Possibly this 

lower level of protein expressed in the positive control represents a level of 

expression which at permissive temperatures is able to function normally; 

however, under non-permissive temperatures, this lower protein expression is 

not enough to function normally, paired with the higher amount of protein 

expression in our transgenic lines we do not see a significant change in bending 

response. This leads to the conclusion that these amino acid substitutions may 

indeed be affecting protein stability, structure and/or function at non-permissive 

temperatures.  
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To address whether these nph3TILLING alleles affect the function of NPH3 

as a substrate adapter in a CRL3NPH3 ubiquitin ligase complex, we need to first 

assess protein-protein interaction of the mutant NPH3 protein with phot1 and 

CUL3. We will immunoprecipitate NPH3 by using ANTI-FLAG® M2 Affinity Gel 

(Sigma A2220) and immunoblot with native phot1 antibody (Christie et al., 1998) 

to assess NPH3-phot1 interaction. Next it will be critical to assess the function of 

the CRL3NPH3 complex. Assuming there is interaction between NPH3, phot1 and 

CUL3, we can immunoprecipitate the NPH3-phot1-CUL3 complex and assess 

phot1 ubiquitin levels by immunoblot analysis using a ubiquitin specific antibody.  

Interestingly, the Arabidopsis accessions lines identified with a unique 

single nucleotide polymorphism (SNP) within NPH3 compared to the accession 

line Col-0 display varying phototropic phenotypes. That is, at permissive 

temperatures, either their bending response is similar to Col-0, or we observe a 

hyper- or hypo-phototropic response. Of particular interest is IP-Fun-0 and Var2-

1, as both of these contain amino acid substitutions within the BTB domain. As 

this domain within NPH3 is where interaction with CUL3 occurs (Roberts et al., 

2011), we may speculate that these substitutions may interfere with NPH3-CUL3 

interaction, which may influence the function of the CRL3NPH3 complex. 

Additionally, it’s interesting to observe differing bending responses within 

accession lines containing the same SNP. This may imply a second-site mutation 

may occur in a gene yet to be identified in this mechanism. Interestingly, 

preliminary results suggest that the temperature sensitive nature of the TILLING 

alleles is not observed within Arabidopsis accession lines (Figure 4-3). More 
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experiments need to be performed to confirm this result on displayed accession 

lines as well as other lines in which phototropic phenotype at non-permissive 

temperature has yet to be determined. 
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Figure 4-3 Preliminary hypocotyl phototropism of Arabidopsis accession lines at non-permissive temperature 

Hypocotyl phototropism at non-permissive temperature of 10 °C of Arabidopsis thaliana ascension lines for 6 

hours of unilateral blue light at a fluence rate of 0.1 mol m-2 s-1. The null nph3-6 mutant represents the 

negative control. Data is represented by average degrees of curvature with standard error denoted from one 

independent experiment. Statistical significance of mean average differing from that of Columbia is denoted 

with an asterisk (P < 0.05). 
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