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Freezing tolerance in plants often increases due to activation of the ICE-CBF pathway. A key 

activator of this pathway is Inducer of CBF Expression 1 (ICE1), which is positively regulated 

by Open STomata 1 (OST1) through phosphorylation following cold stress. The phosphorylated 

ICE1 activates the CBF-COR transcription cascade, resulting in gene expression associated with 

increased freezing tolerance. While studied extensively in the model plant, Arabidopsis thaliana, 

much is still unknown about the functions of OST1 homologues in other plant species, such as 

economically important grape varieties (highly susceptible to freezing injury). Through 

fluorescence microscopy and co-immunoprecipitation experiments, this thesis aimed to 

investigate the OST1-ICE association from a highly frost tolerant grape, Vitis riparia. The results 

of these experiments suggest that VrOST1 interacts with all VrICE proteins regardless of its 

phosphorylation state and presence of the C-terminal putative interaction domain. These findings 

can broaden our understanding of the Vitis CBF pathway. 
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1 Introduction 

1.1 Grapes and the wine industry 

Grape is an economically important crop in many countries worldwide; in Canada 

specifically, the wine industry alone provides billions in revenue annually (Rimmerman & Eyler, 

2017). However, the primary grape species cultivated for wine production, Vitis vinifera, is very 

frost sensitive and it is common for annual crop yields to decrease up to 15% from freezing 

damage alone (Evans, 2000). Due to this temperature sensitivity, some cultivars of V. vinifera 

cannot be successfully grown in certain areas in Europe and hybrid varieties are cultivated 

instead (Lisek, 2012). This can obviously pose quite an issue for grape cultivation in other 

temperate climates with harsh winter seasons (such as Canada). With extensive management 

practices (such as burying vines during coldest parts of the winter season in snow), hybrid 

cultivars such as the Baco Noir and Léon Millot are considered more freezing tolerant than 

traditional V. vinifera, though they are still susceptible to frost damage (OMAFRA, 2021; 

Svyantek, et al., 2020). V. riparia, on the other hand, is a highly frost tolerant grape species and 

is able to withstand temperatures as low as -40°C post cold acclimation, whereas V. vinifera 

varieties can only survive temperatures between -10 to -23°C (Davenport et al., 2008; Fennel, 

2004). However, berries harvested from V. riparia are not favoured for wine production and are 

considered inferior in quality to V. vinifera and even its hybrids. 

Apart from the valuable information that can be gained from studying a freezing 

tolerance pathway in a highly freezing tolerant plant species such as V. riparia, this research can 

be used as a steppingstone for the development of more frost resistant varieties of V. vinifera. 

Such a development could lead to a dramatic increase in crop yields and high reduction of annual 
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losses, particularly in light of current climate change which could affect the future amount and 

timing of snowfall, amongst other disruptions (Templer et al., 2017).  

1.2 Freezing tolerance and the C-repeat Binding Factor (CBF) pathway 

Since plants are unable to move to seek shelter or escape danger, they have evolved to 

use their internal mechanisms to survive in a very efficient manner. Cold acclimation is a period 

during which a plant exposed to low, non-freezing temperatures is primed for survival during 

freezing temperatures (Guy et al., 1985; Leuendorf et al., 2020; Thomashow, 1999). This 

typically occurs in plants native to temperate regions that have a season of low temperatures 

(autumn) before a season with sub-zero temperatures (winter). During cold acclimation, several 

different mechanisms and signaling pathways are activated to prepare the plant for freezing 

temperatures, one of which is the CBF pathway. The time spent at low temperatures to enhance 

freezing tolerance varies between different plant species, with some requiring only 24 hours 

while others require at least 72 hours (van Buer et al., 2016). CBF transcripts can accumulate as 

quickly as just 15 mins after cold exposure (Gilmour et al., 1998; Jaglo-ottosen et al., 1998; 

Zarka et al., 2003). The life stage of the plant is also important in the effectiveness of cold 

acclimation; freshly germinated seedlings are not going to be as efficient in enhancing their 

freezing tolerance as an older plant with more established mechanisms (Leuendorf et al., 2020). 

In addition, whether a plant is an annual (such as Arabidopsis) or perennial (ex: grapes) will alter 

its need to cold acclimate, since annuals typically only live for one growing season and do not 

need mechanisms for surviving multiple winters (Wisniewski et al., 2015; 2018). Finally, 

expression levels of each CBF gene may vary between species, along with which tissues are 

expressing different CBFs (Liu et al., 2019). For example, in poplar, only PtCBF1 and PtCBF3 
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were highly expressed in stems upon cold exposure and not PtCBF2 and PtCBF4 (Benedict et 

al., 2006). 
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Figure 1. Schematic diagram illustrating the general CBF pathway model in Arabidopsis thaliana. 

Under ambient temperatures, OST1 is bound to by EGR2 due to its myristoylation (green). HOS1, an E3 

ligase, ubiquitinates ICE1 and marks it for proteasomal degradation. The CBFs-COR transcription cascade 

is not activated and the plant experiences minimal freezing tolerance. Upon cold stress perception, OST1 

is autophosphorylated since the EGR2 is no longer myristoylated and its binding to OST1 is greatly 

reduced. OST1 inhibits HOS1 binding to and ubiquitinating of ICE1 and phosphorylates ICE1, which can 

now activate the CBF-COR transcription cascade resulting in increased freezing tolerance. Figure adapted 

from Ding et al., 2015, 2018.  
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1.2.1 The CBF pathway in Arabidopsis thaliana 

Initially discovered and studied in the model plant, Arabdiopsis thaliana, the CBF 

pathway refers to a transcriptional cascade which results in the expression of different COld-

Related (COR) genes that improve the plant’s freezing tolerance through a variety of 

mechanisms, such as membrane stability in the case of COR15a, the first COR gene to be 

connected to enhanced freezing tolerance (Artus et al., 1996; Stockinger et al., 1997; 

Thomashow, 1999). According to the current basic model of the CBF pathway, ICE1 (a 

transcription factor) is activated by phosphorylation via Open Stomata 1 (OST1, a protein 

kinase) upon cold stress and is then able to transactivate CBFs, which in turn bind to C-

repeat/dehydration elements (CRT/DRE) on various COR genes and result in their expression 

(Ding et al., 2015) (Figure 1). The expression of COR genes leads to a variety of changes within 

the plant that promote freezing tolerance, as well as stunted plant growth (Jaglo-ottosen et al., 

1998; Thomashow, 1999). Freezing tolerance is enhanced by many different mechanisms, such 

as the synthesis of sugars and other cryoprotective compounds, in addition to chaperone proteins 

(Cook et al., 2004; Kaplan et al., 2004; Thomashow, 1999). Under ambient temperature (without 

cold stress), ICE1 is targeted by the E3 ligase HOS1 and subsequently degraded via the 26S 

proteasome (Ding et al., 2015; Dong et al., 2006; Ishitani et al., 1998). Under cold stress 

conditions, OST1 is not bound to by EGR2, a protein type 2C phosphatase which prevents OST1 

autophosphorylation, and is therefore able to interfere with the HOS1-mediated ICE1 

degradation (Ding et al., 2015; 2019). The CBF pathway and its key components, such as ICE, 

CBFs, and CORs have been identified to be highly conserved in most higher plants, including 

economically important crops such as rice, barley, and grapes (Dubouzet et al., 2003; Skinner et 
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al., 2005; Xiao et al., 2006; 2008). This observation is an indication to the importance and 

complexity of the CBF pathway in healthy plant function and abiotic stress regulation. 

1.2.2 CBFs 

The AtCBF1 coding sequence was first isolated from and identified in A. thaliana to play 

a transcriptional activating role in binding to C-repeat elements in response to cold temperature 

(Stockinger et al., 1997). Since then, five more AtCBF homologues have been identified, with 

AtCBF2 and AtCBF3 also being important players in the cold-responsive CBF pathway, while 

other AtCBFs such as AtCBF4 are involved in other abiotic stress responses (ex: drought) 

(Gilmour et al., 1998; Haake et al., 2002; Jia et al., 2016; Liu et al., 1998; Thomashow et al., 

2001). In addition to cold, CBF expression is also regulated by photoperiod; cold exposure in the 

morning was found to enhance CBF expression when compared to cold exposure during night 

(Dong et al., 2011). Although their mechanisms of action are still not fully understood, it is 

apparent that CBF1, CBF2, and CBF3 are essential regulators of freezing tolerance in plants; it is 

commonly observed that the inactivation of all three cold-responsive CBFs greatly reduced 

freezing tolerance in plants (Jia et al., 2016; Park et al., 2018; Zhao et al., 2016). However, it is 

important to note that AtCBFs are not functionally redundant; it has been discovered that 

AtCBF1 and AtCBF3 act together to induce COR transcription, while AtCBF2 negatively 

regulates AtCBF1/3 (Novillo et al., 2007).  

1.2.3 CBF pathway in grapes 

As mentioned previously, there are many CBF genes in the CBF pathway across all 

species; key domains between cross-species genes are conserved, such as the C-

repeat/dehydration-responsive elements and domain AP2 (Haake et al., 2002; Jaglo et al., 2001; 
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Xiao et al., 2006). There have been seven CBF genes identified in V. vinifera and V. riparia with 

little to no differences in sequence between the two Vitis species, and presumably function 

(Carlow et al., 2017); an eighth CBF gene was predicted through genome annotation but has not 

been successfully isolated from Pinot Noir, Chardonnay, or Riesling varieties of V. vinifera or V. 

riparia (Carlow et al., 2017; Jaillon et al., 2007). Vitis CBF1-3 are mostly expressed in young 

grape tissue upon cold stress (4°C), while Vitis CBF4 has significantly higher expression in both 

young and mature tissue, with the high expression maintained for several days (Xiao et al., 2006; 

2008). It has been suggested that due to this contrast, Vitis CBF4 could be specifically involved 

in overwintering of grapes (Xiao et al., 2008). Vitis CBF5 was not found to have any 

transactivation activity, so it has been suggested it could be a pseudogene; all other Vitis CBFs 

were transactivating CRT and/or DRE elements, supporting their categorization as CBF/DREB 

genes (Carlow et al., 2017). 

There is some overlap between drought and freezing tolerance mechanisms, in terms of 

the genes being expressed. For example, it has been found that some CBFs, such as AtCBF4 and 

Vitis CBF1 respond mostly to drought and ABA stress signaling (Haake et al., 2002; Siddiqua & 

Nassuth, 2011). Since both stresses involve dehydration, it would be more efficient for the plant 

to repurpose already existing mechanisms for additional similar functions. Cellular freezing 

injury typically occurs because of intercellular ice formation, which causes a lower osmotic 

potential than water resulting in an efflux of water from the cell and thus, dehydration of the cell 

and degradation of proteins from digestive enzymes contained in now ruptured vacuoles 

(Steponkus, 1984).   
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1.3 OST1 knowledge and limitations 

1.3.1 Initial discovery of OST1 

OST1, a serine/threonine protein kinase belonging to the SnRK2 family, was originally 

discovered in the model plant, A. thaliana, during a homozygous recessive mutant screening 

using infrared thermal imaging (Mustilli et al., 2002). The aptly named “Open Stomata 1” refers 

to the importance of this gene in the regulation of opening and closing of stomatal pores in 

response to ABA signaling. The action of OST1 was thought to be directly correlated with ABA 

stress signaling, since the absence or presence of OST1 was not seen to affect seed germination 

in combination with ABA (Mustilli et al., 2002). Initially, the role of OST1 was being researched 

primarily in the context of drought response and ABA stress signaling. In addition to a 

phenotype exhibiting enhanced freezing tolerance being observed in OST1 overexpression 

mutants, the connection of OST1’s involvement in the CBF pathway was supported through 

other perspectives, such as its ability to significantly enhance CBF expression levels when 

overexpressed, as well as interact with, phosphorylate, and stabilize ICE1 upon cold stress 

perception (Ding et al., 2015). Phylogenetic analyses revealed that OST1 has been present as a 

single gene in the embryophyte common ancestor, as well as in streptophyte algae, hornworts, 

mosses, and most other groups of plants – even before the evolution of modern stomata, OST1 

orthologues are highly conserved (Harris et al., 2020).  

1.3.2 Kinase activity of OST1 

Protein phosphorylation via protein kinases is an important, rapid way of activating many 

different signaling pathways in many organisms, not only plants (Kulik et al., 2011). 

Interestingly, early in vitro kinase activity assays of a recombinant OST1 protein isolated from 
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Escherichia coli yielded no kinase activity and it was proposed that activation/modification via 

specific pathways within the plant system was crucial for kinase activity to occur (Kelner et al., 

2004; Li et al., 2000; Mustilli et al., 2002). However, some groups successfully isolated active 

recombinant OST1 protein from non-plant systems; the reason for this discrepancy is unknown, 

though it was speculated that ingredients within the extraction buffers or the conditions of 

extraction inactivated the protein (Belin et al., 2006). Alternatively, there could be a precursor 

required for activation of recombinant OST1. More recent kinase activity and interaction studies 

were commonly performed in vitro, however, often using extracts taken from overexpressing 

transgenic seedlings (Ding et al., 2015). Through phospho-site mapping and in-gel kinase assays, 

multiple autophosphorylation sites of the AtOST1 were identified, with Ser-175 being suggested 

to be critical for OST1 kinase activity (Belin et al., 2006; Vlad et al., 2010). Preventing the 

phosphorylation of Ser-175 by altering the residue to alanine or the deletion of the SnRK2-

specific domain resulted in little to no kinase activity of OST1, when compared to the unaltered 

wildtype OST1; as suggested by the researchers, this indicates the great importance of this one 

residue in the activity of OST1 (Belin et al., 2006). Although additional autophosphorylation 

residues of OST1 were identified (Ser-7, Ser-18, Ser-29, Thr-176), the alteration of these 

residues to a non-phosphorylatable form did not lead to such a drastic decrease in kinase activity 

as did the Ser-175A mutant (Belin et al., 2006). It is possible that the additional 

autophosphorylation residues could be functionally redundant and secondary to Ser-175. These 

studies were done with a focus on OST1’s role in ABA signaling, since the connection between 

OST1 and cold stress was not made yet.  
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The connection between OST1 and cold stress was not made until a few years later, 

during a freezing tolerance reverse genetic screen (Ding et al., 2015). It was discovered that 

OST1 is able to interact with and enhance the stability of ICE1, as well as disrupt the interaction 

between ICE1 and HOS1, an E3 ligase that leads to proteasomal degradation of ICE1 (Ding et 

al., 2015). Subcellular localization of OST1 was not affected by a 4°C cold treatment; OST1 

remained both within the nucleus and cytosol (Ding et al., 2015). This could be due to the 

relatively low molecular weight of OST1 (~42 kDa) that allows for passive diffusion of the 

protein through a nuclear pore (Mustilli et al., 2002; Timney et al., 2016).  

1.3.3 Regulation of OST1 

OST1 is regulated by a few different type 2C protein phosphatases; ABI1 in ABA 

signaling, and EGR2 and PP2CG1 in cold stress signaling (Ding et al., 2019; Lv et al., 2021; 

Mustilli et al., 2002; Yoshida et al., 2006). The basic premise of this regulation across the 

different pathways is similar; the protein phosphatase is bound to OST1 until a specific condition 

within the plant system is met and the activation of OST1 is required. In the case of EGR2, 

myristoylation allows its binding to OST1; upon cold stress perception, the myristoylation of 

EGR2 is disrupted because of the inactivation of NMT1 (a myristoyl transferase). The 

unmyristoylated EGR2 attenuates the myristoylated EGR2-OST1 interaction, and the OST1 is 

free to autophosphorylate and thus, activate (Ding et al., 2019; Lv et al., 2021). In addition to 

EGR2, another protein phosphatase, PP2CG1 was recently discovered to play a role in the 

regulation of OST1 in the context of cold stress (Lv et al., 2021).  
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1.3.4 OST1 interaction with other proteins 

Apart from protein phosphatases involved in OST1 activity regulation, OST1 can interact 

with and phosphorylate many other proteins. Some key documented interacting partners for 

OST1 within the CBF pathway include BTF3L, ICE1, and PUB25/26 (Ding et al., 2015; 2018; 

Wang et al., 2019). In most documented cases, the direct interaction between OST1 and its 

phosphorylation of the interacting proteins results in positive regulation of freezing tolerance by 

enhancing the stability and/or transcription of CBFs (Ding et al., 2015; 2018; Wang et al., 2019).  

1.3.5 OST1 in Vitis 

Although an active field of research in Arabidopsis, there have not been any studies 

published about OST1 in Vitis to date. However, it seems to be the logical next step in the 

studying of freezing tolerance in grapes since it is such a key positive regulator of the CBF 

pathway.  
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1.4 ICE proteins 

1.4.1 ICE1 discovery 

It was initially proposed that there is a protein that gets activated by low temperatures and 

in turn activates the CBF-COR transcription cascade (Gilmour et al., 1998). This protein was 

later identified to be ICE1, a MYC-like basic-helix-loop-helix (bHLH) protein (Chinnusamy et 

al., 2003). A few years later, another group of researchers isolated and named SCREAM, a 

protein involved in stomatal development, only to realize that SCREAM is actually ICE1 

(Kanaoka et al., 2008). It is interesting to note that both ICE1 and OST1 are proteins related to 

stomatal development and regulation, respectively, and are also extremely important in the CBF 

freezing tolerance pathway. Given that there is overlap between drought and freezing stress in 

the form of severe cellular dehydration, as well as stomata being key regulators of water loss, 

this connection can be understood.  

Recently, Kidokoro et al. (2020) published a paper detailing various experiments 

performed by their group that demonstrated that ICE1 is not required to induce CBF transcription 

and enhance freezing tolerance. Their conclusion was that the low CBF3 expression in the ice1-1 

mutant they studied is due to DNA methylation caused by the method by which the mutants were 

created in the first place (T-DNA insertional mutagenesis) (Kidokoro et al., 2020). This was 

quite a controversial and contradictory argument, since there have been dozens of studies on 

ICE1 and its role in the CBF pathway from various independent groups around the world, 

through many different experiments and techniques. Additionally, it is unknown whether the 

original group that discovered and characterized ICE1 for its role in the CBF pathway used the 

same seed stock as Kidokoro et al. in this novel paper (Chinnusamy et al., 2003). A point of 
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interest that was also brought up by Thomashow and Torii regarding this issue was that it is 

becoming clearer how complex the CBF pathway is and that differences from growing substrate 

and photoperiod to memory of previous cold exposure could influence the level of freezing 

tolerance (Thomashow & Torii, 2020). Therefore, it is important to consider this contradictory 

finding and keep it in mind while reviewing the existing literature. 

1.4.2 Domains of ICE1 and additional factors influencing ICE1 stability and activity 

ICE1 is a bHLH protein, which is a key feature that led to its being categorized as a 

dimerizing transcription factor (Chinnusamy et al., 2003). More specifically, ICE1 recognizes 

and transactivates via MYC and MYB-related elements, which are found in CBF promoter 

sequences (Chinnusamy et al., 2003). In addition to the bHLH domain, there is also a highly 

conserved ICE-specific domain that is located at the C-terminus (Rahman et al., 2014) (Figure 

2). 

Another reported way through which ICE1 stability and activity has been shown to 

increase is through sumoylation, supposedly by AtSIZ1 (Miura et al., 2007). It is hypothesized 

that sumoylation of ICE1 may also disrupt the AtHOS1 targeting and ubiquitination, and 

subsequent degradation of AtICE1 via the 26S proteasome pathway (Miura et al., 2007). This is 

similar to one of the proposed roles of OST1 and it is worth noting that there are two different 

post translational modifications in place for one function – to ensure that the ICE1 is not 

degraded and can perform its function. Further speculation brings up questions of whether 

sumoylation and phosphorylation of ICE1 in the above-mentioned ways is redundant or whether 

the two mechanisms are used simultaneously by the plant system. In any case, this adds to the 

body of evidence that ICE1 is a key player in the induction of the CBF pathway.  
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While it is suggested that phosphorylation of AtICE1 (at Ser-278) via AtOST1 is required 

to increase its stability and induce its transcriptional activity, phosphorylation at Ser-403 has 

been demonstrated to do the opposite (Ding et al., 2015; Miura et al., 2011). This observation 

adds to the complexity of protein-protein interactions and the role of phosphorylation within the 

CBF pathway.  
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Figure 2. Alignment (A) and schematic diagram (B) illustrating the differences in amino acid sequences 

of AtICE1, 2, and VrICE proteins. Indicated components: domain I (blue), domain II (orange), domain III 

(teal), PEST motifs (magenta), phosphorylation residues Ser-278 and Ser-403 respective to AtICE1 (yellow), 

bHLH domain (grey), and the ICE-specific domain (green). Figure adapted from Rahman et al., 2014. 
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1.4.3 OST1-ICE1 interaction 

Through a series of interaction studies (yeast-two-hybrids, BiFC, in-vitro pulldown, and 

co-immunoprecipitation (coIP) experiments), it was determined that AtOST1 interacts with and 

phosphorylates AtICE1 under cold stress, while being able to disrupt the targeting and 

subsequent degradation of ICE1 by AtHOS1 (Ding et al., 2015). Additionally, by testing deletion 

constructs of AtOST1, it was suggested that the putative ICE1 interaction domain is located at 

the C-terminus of the OST1 sequence in so-called “domain II” (Ding et al., 2015). Deletion of 

this region of OST1 resulted in no interaction with ICE1, while the putative interaction domain 

on its own had a high interaction ability with ICE1 (Ding et al., 2015). Interestingly, this domain 

is highly conserved in the Vitis OST1 sequence (Figure 8), which could indicate that it has a 

similar role and function in regard to Vitis ICE protein interaction. Another important aspect of 

the interaction between AtICE1 and AtOST1 is that the presence of AtOST1 has been shown to 

increase CBF transcript levels during transactivation assays (Ding et al., 2015). 

1.4.4 Vitis ICE proteins 

While there are two AtICE proteins, in Vitis species, there are 4 (Fursova et al., 2009; 

Rahman et al., 2014). AtICE2 is hypothesized to exist due to an ancestral gene duplication event 

within the Brassicaceae family because its paralogs are not always present in other flowering 

plants, as is the case for AtICE1 (Kurbidaeva et al., 2014). It has been demonstrated that AtICE1 

has preferential transactivation of AtCBF3 (Chinnusamy et al., 2003), while AtICE2 is required 

for cold induction of AtCBF1 (Fursova et al., 2009). Vitis ICE proteins have not been studied as 

extensively as AtICE1/2. However, the high similarity between the amino acid sequences of Vitis 

ICE1-3 and AtICE1/2 is an indicator that their functions may also be similar (Rahman et al., 
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2014). Interestingly, Vitis ICE4 also contains the ICE-specific and bHLH domains, though it 

differs more in amino acid sequence compared to Vitis ICE1-3 and it does not contain the 

putative OST1 phosphorylation residue (Ser-278 in AtICE1) (Rahman et al., 2014) (Figure 2). 

This observation brings up the question of whether the Vitis OST1 can interact with Vitis ICE4, 

since the main hypothesized reason for the OST1 doing so is to phosphorylate ICE and putative 

phosphorylation sites have not been analyzed in the sequence thus far (Rahman et al., 2014). 

Alternatively, maybe Vitis OST1 is able to phosphorylate another serine/threonine residue on 

Vitis ICE4 that was not predicted in various software. In either case, it is clear that the Vitis ICE 

proteins require further research to uncover their specific roles within the CBF pathway in 

grapes.  
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1.5 Rationale, hypotheses, and objectives 

Although extensive research has been done on the importance of OST1 in the CBF 

pathway in the model plant, A. thaliana, there is a significant gap in knowledge regarding the 

role of VrOST1 in regulating the freezing tolerance by inducing the CBF pathway in the highly 

frost tolerant V. riparia. Single homologues have been found in various higher plants (Harris et 

al., 2020), suggesting that the function of OST1 could be highly conserved as well. The research 

and findings presented herein are intended to investigate the regulatory role of VrOST1 in the 

CBF pathway and analyze its association with the four VrICE proteins.  

This research aimed to test the hypothesis that VrOST1 has a higher binding affinity for 

VrICE1-3 than it does for VrICE4, and that this interaction is dependent on the presence of the 

putative VrICE interaction domain and phosphorylation state of VrOST1 at Ser-177. This 

hypothesis was tested with the following objectives:  

1. To isolate and analyze VrOST1 sequence and prepare its interaction (ΔC/ΔN) and 

phosphorylation (S177A/S177D) variants  

2. To analyze the association between VrICE1, 2, 3, 4 and full-length, interaction, and 

phosphorylation variants of VrOST1 through BiFC analysis and coIP experiments 

In the research presented in this thesis, OST1 was isolated from V. riparia and its association 

with the 4 Vitis ICE proteins was studied in the hopes of shedding light on this important 

component of freezing tolerance acquisition.   
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2 Materials and Methods 

2.1 Plant material 

V. riparia (wild grape) plants were grown in greenhouse conditions with 16 hr light, 8 hr 

dark at 20-22°C. Other growth conditions were as described in (Rahman et al., 2014). Nicotiana 

benthamiana plants were grown in a growth chamber with the same photoperiod and temperature 

as the V. riparia plants.  

2.2 Construct preparation 

Primers for the VrOST1 sequence were designed based on the V. vinifera predicted OST1 

sequence (NCBI: XM_002284923.4). Due to the presence of long introns in the OST1 DNA 

sequence, total RNA was extracted from 3rd and 4th young leaves of mature Vitis riparia plants 

using the Spectrum Plant Total RNA kit (Sigma), as per the manufacturer’s instructions. Using 

the qScript Flex cDNA synthesis kit (Quantabio), cDNA was synthesized with oligo dT. The 

cDNA was used for nested 2-step PCR to amplify the VrOST1 open reading frame (ORF) and 

add BamHI and KpnI restriction sites to facilitate eventual cloning into the pCAMBIA 

expression vector (Supplemental Table 1). Through traditional cloning methods, VrOST was 

ligated into the pGEM-T easy vector plasmid (Promega) and transformed into Escherichia coli 

DH5α cells. The sequence from isolated plasmids was confirmed at the Advanced Analysis 

Centre (AAC) at the University of Guelph. Quick-Change Site-directed Mutagenesis (QCM) was 

used to create phosphorylation and interaction variants of VrOST1 (Liu & Naismith, 2008) 

(Figure 3). VrOST1 interaction domain variants were created based on the AtOST1 interaction 

domain variants described in Ding et al., 2015. Using a double restriction enzyme digest with 

KpnI and BamHI (Fast Digest, Thermofisher), the various VrOST1 inserts for interaction and 
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phosphorylation variants were cut out, isolated from a 1% agarose gel using the GeneJET Gel 

Extraction kit (Thermofisher), and ligated into various pCAMBIA constructs containing -RFP/-

cSCFP/-nVenus tags. Ligation mixtures were transformed into E. coli DH5α and sequences of 

isolated plasmids were confirmed. Verified VrOST1-RFP/-cSCFP/-nVenus plasmids were 

transformed into Agrobacterium tumefaciens EHA105. Isolated, single colonies were used to 

inoculate liquid selective LB cultures and make 10% glycerol stocks that were stored at -80°C 

until ready to use.  
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Figure 3. Schematic outlining different VrOST1 variants that were created. The phosphorylation 

variants have either an alanine (non-phosphorylating) or aspartic acid (phosphomimic) in place of serine-

177 in the wildtype VrOST1. The interaction variants are deletion variants either missing the putative 

ICE interaction domain (ΔC wt/S177A/S177D) or missing all other domains except for the ICE 

interaction domain (ΔN). 
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2.3 Agroinfiltration procedure 

The following protocol was modified from Carlow et al., 2017 by Edge and Nassuth 

(unpublished) (Figure 4). Three mL LB cultures (with 50 µg/mL kanamycin and 10 µg/mL 

rifampicin) were grown from a glob of glycerol stocks of A. tumefaciens EHA105 containing 

plasmids with protein of interest (POI) open reading frames (ORFs). Cultures were grown 

overnight in the dark at 28°C, ~215 rpm. Cultures were used to inoculate 25 mL LB antibiotic 

mixture (50 µg/mL kanamycin, 10 µg/mL rifampicin, 10 mM MES (2-(N-morpholino-

ethanesulfonic acid) at pH 5.6, and 40 µM acetosyringone) and shaken in the dark at 28°C, ~215 

rpm for 2-3 hours. Once an OD600 of 0.4 – 0.7 had been reached, cultures were centrifuged at 

5000 rpm for 10 mins (at 4°C) and resuspended in 10 mM MgCl2 and 150 µM acetosyringone. 

Resuspensions were incubated at room temperature without shaking for 2-3 hours to allow for 

further expression of Vir (virulence response) genes, activated by acetosyringone. Using a 

needle-less syringe, the 3rd and 4th leaves of three different Nicotiana benthamiana plants (at 5-8 

leaf stage) were co-infiltrated with a mixture of P19 (RNA silencing suppressor), POI ORF-tag, 

and VrCBF1 PKK-tag, which is the N-terminal end of the VrCBF1 that includes the NLS 

domain (Carlow et al., 2017) (Table 1).  

  Final OD of each construct was dependent on the nature of the downstream assays. 

Samples were collected 40-48 hours post infiltration to allow transfer of DNA via 

Agrobacterium and expression of the constructs.  
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Figure 4. Diagram of general agroinfiltration workflow. Constructs in the pCAMBIA plasmid (35S::POI 

ORF-tag) were transformed into Agrobacterium tumefaciens EHA105. Mixtures of desired constructs in A. 

tumefaciens resuspension were infiltrated into 3rd and 4th leaves (abaxial side) of 3 different plants. Two 

days post infiltration (2 dpi), (I) three small leaf sections from each treatment were observed under the 

epifluorescence microscope for either RFP assays or BiFC experiments. (II) four leaf discs from each plant 

(12 discs total per treatment) were flash frozen in liquid nitrogen for use in either stability timepoint or coIP 

experiments, followed by analysis through SDS-PAGE and western blotting. 



 

 

24 

 

Table 1. Final OD600 used in agroinfiltrations for different experimental purposes. Solutions 

containing individual constructs were combined in 10 mM MgCl2, 150 µM acetosyringone resuspensions 

following OD600 measurements with a spectrophotometer. P19 was used as an RNA silencing suppressor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Construct 
Final OD600 used 

RFP assay BiFC 

POI-RFP POI-cSCFP 0.05 

- POI-nVenus 0.05 

CBF1 PKK-GFP 

(normalizer) 

CBF1 PKK-RFP 

(normalizer) 
0.025 

P19 P19 0.3 

Construct Final OD600 used 

VrICE-GFP 0.5 

VrOST1-nVenus 0.15 

CBF1 PKK-nVenus 0.15-0.3 

P19 0.3 

Table 1.A. Final OD600 values for RFP assays and BiFC experiments.  

 

Table 2.0.A. Final OD600 values for RFP assays and BiFC experiments.  

 

Table 2.0.A. Final OD600 values for RFP assays and BiFC experiments.  

 

Table 2.0.A. Final OD600 values for RFP assays and BiFC experiments.  

 

Table 1.A. Final OD600 values for RFP assays and BiFC experiments.  

 

Table 2.0.A. Final OD600 values for RFP assays and BiFC experiments.  

 

Table 2.0.A. Final OD600 values for RFP assays and BiFC experiments.  

 

Table 2.0.A. Final OD600 values for RFP assays and BiFC experiments.  

Table 1.B. Final OD600 values for stability timepoint and coIP experiments.  

 

Table 2.0.B. Final OD600 values for stability timepoint and coIP experiments.  

 

Figure 5.0. Detection of extracted VrOST1 and VrICE proteins 

following SDS-PAGE and western blotting. (A) GFP-tagged VrICE1-4 

proteins detected with rat anti-GFP antibody after 0 hr, 2 hr, and 3 hr 4°C 

incubation of extracts from N. benthamiana leaves transiently expressing 

the indicated construct combinations. Additional bands at ~100 kDa 

detected for both VrICE1 and 3. RuBisCO L (~52 kDa, Ponceau S 

stained) or CBF1 PKK-GFP (antibody detection) were used as loading 

controls. VrICE-GFP bands that differed from the predicted MW are 

indicated with a green star. (B) nVenus(C-MYC)-tagged VrOST1 

proteins detected with mouse anti-MYC antibody in samples extracted 

from N. benthamiana leaves. All detected VrOST1 proteins were present 

in high amounts which did not seem to differ between variants. VrOST1 

full-length and ΔC variants all seemed to have an additional 

detected band 20-30 kDa above expected bands. ΔN variant was 

predicted to be 26.8 kDa and was detected at ~37 kDa. CBF1 PKK-

nVenus detection shown as loading control. Detections imaged following 

incubation with HRP-conjugated anti-rat (A) or anti-mouse (B) 

antibodies.Table 2.0.B. Final OD600 values for stability timepoint and coIP 

experiments.  

 

Table 2.0.B. Final OD600 values for stability timepoint and coIP experiments.  
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2.4 Fluorescence microscopy  

An RFP fluorescence assay was usually used as a precursor to the BiFC assay to ensure 

that the desired protein constructs were expressed well in the system under the same conditions 

as BiFC. All experiments were performed using agroinfiltrated leaf tissue, using the 

agroinfiltration protocol described. Most interactions or proteins being observed were seeming to 

occur in the nuclei of cells, so the VrCBF1 PKK was consistently kept as an infiltration 

efficiency control and normalizer for all RFP/BiFC assay experiments due to its nuclear 

localization and high stability (Carlow et al., 2017). The wavelength at which BiFC fluorescence 

is emitted is the same as for the GFP channel on the microscope used (Nikon Eclipse 80i epi-

fluorescence microscope equipped with standard GFP/RFP filter sets, and a Nikon C-0.6x TV 

Lens). For this reason, the VrCBF1 PKK-RFP was used as a normalizer for BiFC, while the 

VrCBF1 PKK-GFP was used for the RFP assay. Small sections (~25 mm2) of the adaxial surface 

of the leaf were observed under the epifluorescence microscope 40-48 hours post infiltration. 

Pictures were taken using a Leica DFC800 microscope camera in Adobe Photoshop software 

(version CS4 11.0), with a 120 ms exposure time, 4.5X gain, and 1X colour saturation. Three 

leaves per combination were observed (one leaf per biological replicate), with 4-5 pictures taken 

per section. Pictures of the same area were first taken in the “normalizer/control” channel (RFP 

for a BiFC assay and GFP for the RFP assay) and then in the “BiFC” GFP channel or the RFP 

channel.  

2.4.1 RFP assay 

VrOST1-RFP was co-infiltrated with VrCBF1 PKK-GFP as a normalizer/control. The 

RFP tag is preferred in an assay such as this, since it has been found to cause a darker 
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background than the GFP tag (Verkhusha et al., 2012). As a method of semi-quantification, the 

number of cells also emitting the RFP signal (usually in the nuclei) was divided by the total 

number of counted cells emitting the GFP “control” signal, multiplied by 100% for an RFP 

percentage. The number of GFP cells counted was usually at least 100 per construct.  

2.4.2 BiFC assay 

In addition to -nVenus and -cSCFP tagged protein constructs, P19 (an RNA silencing 

suppressor), and the VrCBF1 PKK-RFP were included as an infiltration efficiency control and 

normalizer. The VrCBF5e-nVenus/-cSCFP (Carlow et al., 2017) was commonly used as a 

negative control. Pictures were first taken in the “normalizer/control” RFP channel and then in 

the “BiFC” GFP channel, without moving the area being observed through the microscope or 

changing the settings in the Photoshop software (Figure 5).  

For a relative comparison between BiFC signals obtained with various plasmid 

combinations within experiments, semi-quantitative cell counting was performed to obtain a 

BiFC percentage, similar to the RFP percentage method above; the number of nuclei counted 

which also emitted the BiFC signal were divided by the total number of nuclei which emitted the 

RFP control signal, and the resulting number was multiplied by 100% (Figure 5 B). Cells which 

only emitted the BiFC signal and not the RFP “control” signal were not counted.  

2.4.3 Statistical analysis for fluorescence work 

To determine statistical significance between average RFP and BiFC percentages, a one-

way ANOVA test was performed with three biological replicates per combination, followed by a 

post-hoc Tukey HSD test (p˂0.05). Statistical analysis was performed online using astatsa.com.  
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A 

Figure 5. Diagram of BiFC technique (A) and simplified example of the semi-quantification method 

(B). (A) Two proteins of interest (POI) are tagged with split halves of the YFP protein (-nVenus and -

cSCFP). If the two POIs (in this case illustrated as ICE1 and OST1) interact, the YFP is reformed and emits 

fluorescence (= BiFC signal). (B) Pictures were taken of the same abaxial leaf area first through the RFP 

“control” channel and then the channel producing the BiFC signal. The number of cells emitting the BiFC 

signal and the RFP “control” is divided by the total number of cells emitting the RFP “control” signal, 

multiplied by 100 %. Note: images and sample calculation are both simplified; n > 100 for each BiFC 

combination tested. 

 



 

 

28 

 

2.5 Protein analyses 

2.5.1 Protein extraction procedure 

Protein extraction followed the procedure from Liu et al., 2010. Agroinfiltrated leaf tissue 

(8 mm diameter leaf discs, ~80 mg total) was taken for each protein extraction (4 discs each from 

3 biological replicates), flash frozen in liquid nitrogen and stored at -80°C until extraction. 

Samples were quickly ground into a fine powder in the presence of liquid nitrogen to prevent 

thawing and immediately vortexed following the addition of 400 µL of protein extraction buffer 

– either denaturing buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% NP-40, 4 M urea, 1 

mM PMSF) for protein stability analysis or native NB1 buffer (50 mM Tris-MES pH 8.0, 0.5 M 

sucrose, 1 mM MgCl2, 10 mM EDTA, 5 mM DTT, Roche protease inhibitor cocktail Complete 

Mini EDTA-free tablets) for coIP. After resuspension, samples were centrifuged at 16,000 x g, 

4°C for 30 mins. The supernatant (containing extracted proteins) was collected without 

disturbing the pellet.  

2.5.2 Analysis of protein stability 

After centrifugation, protein samples extracted with native NB1 buffer were gently mixed 

at 4°C for 0-3 hours on a tumbler and prepared for SDS-PAGE to determine protein stability at 

different timepoints.  

2.5.3 Co-immunoprecipitation procedure 

Co-IP experiments were performed using GFP-Trap Magnetic Particles (M-270, 

Chromotek). Interaction was analyzed between two proteins of interest (POI), one of which was 

tagged with the GFP tag, while the other was tagged with nVenus (containing MYC sequence, 

(Gehl et al., 2009)). POI1-GFP would bind to the anti-GFP magnetic beads and it would be 
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determined whether the POI2-nVenus was pulled down by POI1-GFP (Figure 6). As an internal 

negative control, the VrCBF1 PKK-nVenus was used. Desired combinations for co-

immunoprecipitation were co-infiltrated into tobacco leaves. Samples were collected 40-48 hours 

post infiltration and extracted with native NB1 buffer (80 mg/400 µL) immediately or were kept 

frozen at -80°C until use.  

For each coIP reaction, 25 µL of blank agarose beads (Cedarlane AC-001L) were pre-

blocked with a 1% BSA and 1X TBS solution at 4°C either overnight or for 1-2 hours on a 

rotational tumbler. After blocking, beads were thoroughly washed (3-4 times) with 500 µL wash 

solution containing 10mM Tris-Cl (pH 7.5), 150 mM NaCl, 0.05% NP-40, 0.5 mM EDTA, and 

0.018% sodium azide. Between washes, agarose beads were centrifuged at 500 x g for up to 30 

sec. Before adding protein samples, the agarose beads were equilibrated with NB1 extraction 

buffer for a few minutes. 300-350 µL of protein extract was incubated with blank agarose beads 

for up to 1 hr at 4°C on a rotational tumbler, after which it was transferred to 25 µL of GFP trap 

magnetic bead slurry, pre-washed with wash solution (3 times) and equilibrated with NB1 

extraction buffer. About 20-50 µL of extract was reserved and kept at the same conditions as the 

coIP incubation (“input”). The rest of the protein extract (~300-350 µL) was incubated with the 

GFP trap magnetic beads for 1 hr at 4°C on a rotational tumbler. About 50 µL of flow-through 

was reserved, while the rest was discarded. After 3-4 thorough washes and transfer to a fresh 

Eppendorf tube, the bound protein complex was eluted once or twice with 25 µL of 200 mM 

glycine (pH 2.5) by vigorously pipetting the bead slurry up and down for about 1 minute. The 

“eluate” was promptly separated and removed from the beads by placing the tube containing the 

mixture onto a magnetic rack. The eluate was mixed with 2.5 µL of 1M Tris (pH 8-9) to 
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neutralize the pH. The input, flow-through, and eluate samples were prepared for SDS-PAGE as 

described below. The GFP trap magnetic beads were re-used up to 4 times with no issues in 

complex elution quality or contamination. Reconstitution of GFP trap beads was done with 

resuspension in 20% ethanol after thorough washing post elution; stored at 4°C. A procedure 

without the agarose beads gave similar results and this step was therefore eliminated from some 

later experiments. Western blotting was used to determine the success of POI-GFP capture and 

the presence/absence of interaction between the proteins of interest.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6. General co-immunoprecipitation (co-IP) workflow. POI-GFP and POI-nVenus containing 

protein extracts from agroinfiltrated N. benthamiana were incubated with anti-GFP antibody cross-linked 

magnetic beads (Chromotek, M-270). The POI-GFP and POI-nVenus complex (which will form if there 

is an interaction between the two POIs) will bind to the anti-GFP beads. The complex can then be eluted 

with low pH buffer and the sample prepared for SDS-PAGE and western blot detection. Method adapted 

from Liu et al., 2010.  
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2.5.4 SDS-PAGE and western blotting 

Samples were mixed with 2X Laemmli sample buffer (equal amounts of sample with 

buffer for a final 1X buffer concentration in the sample) and denatured at 95-100 °C for 5 mins. 

SDS-PAGE was performed on 10% acrylamide gels which were run at 105 V for 20 mins, 

followed by 150 V for 1 hr. Semi-dry transfer of proteins to polyvinylidene fluoride (PVDF) 

membrane was performed using the Bio-Rad Trans-Blot Turbo Transfer System on the “standard 

1 mini-gel per cassette” setting, as per the instructions specified by manufacturer. After transfer, 

membranes were immediately placed into blocking solution (5% BSA, 1X TBST, 0.02% sodium 

azide) either for 1 hr at room temperature or overnight at 4°C. Blots were washed thoroughly (2-

3 times, for 10 mins each) with 1X TBST prior to primary antibody incubation (3% BSA, 1X 

TBST, 0.02% sodium azide) of either rat anti-eGFP (Chromotek 3h9 20, 1:1000 dilution) or 

mouse anti-MYC (gift from Mullen lab, 1:10 dilution). Other primary anti-GFP antibodies were 

also tested prior to finding the anti-eGFP used in the presented experiments, however, they were 

not suitable for these experiments due to cross-reaction with nVenus-tagged proteins (Figure 7). 

Membranes were incubated in the primary antibody solution for 1 hr at room temperature (anti-

MYC) or overnight at 4°C (anti-eGFP). Primary antibody solutions were stored at 4°C and re-

used up to 10 times. Thorough washes with 1X TBST (3x 10 mins) were performed before 

incubation with the secondary HRP-conjugated antibody solution of either goat anti-rat 

(Cedarlane A110-143P, 1:20,000) or rabbit anti-mouse (Sigma A9044; 1:70,000). Blots were 

then washed 3x with 1X TBST before detection with ~500 µL ClarityTM Western ECL Substrate 

(Bio-Rad) on a ChemiDoc imaging system. Images of blots were edited in Image Lab 6.1.  
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Figure 7. Comparison between different anti-GFP primary and secondary antibody preparations. 

All anti-GFP antibodies except rat anti-GFP (Chromotek, on left) seemingly cross-reacted with -nVenus 

tagged protein (VrOST1). Protein detections indicated with either blue (VrOST1-nVenus) or green 

(VrCBF1 PKK-GFP) stars. Non-specific bands are indicated with a red dot. HOS1-GFP was not detected. 
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3 Results 

3.1 Preparation of constructs 

All VrOST1 constructs used in experiments were created from RNA extracted from V. 

riparia using the procedure described in Chapter 2 (Materials and Methods). When aligned with 

AtOST1, it was discovered that there is 88.4% identity between the two amino acid sequences. 

This includes a high conservation of the identified AtICE1 interaction domain, critical 

autophosphorylation site at Ser-175 (Ser-177 in VrOST1), as well as the protein kinase domain 

and activation loop (Figure 8). The VrOST1 amino acid sequence is 98% identical to the 

predicted OST1 in V. vinifera, which also contains all key components of AtOST1 described 

above (Figure 8).  
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Figure 8. Alignment of OST1 amino acid sequences from A. thaliana, V. vinifera, and V. riparia. (A) 

shows actual amino acid sequences with indicated components, while (B) shows a schematic diagram for 

visualization of differences between AtOST1 and VrOST1 amino acid sequences. Indicated are the 

following: protein kinase domain (teal), activation loop (red), conserved putative AtICE1 interaction 

domain (green), Ser-175 and Ser-177 in AtOST1 and VrOST1, respectively (yellow), and other identified 

AtOST1 autophosphorylation sites (grey). (Belin et al., 2006; Ding et al., 2015; Vlad et al., 2010; Yunta et 

al., 2011). Identity percentage between AtOST1 and VrOST1 = 88.4%; VrOST1 and VvOST1 = 98.0%.  

Alignment and identity percentage calculations were done with Clustal Omega.   

A 
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3.2 Stability and accumulation of interacting proteins 

Before any interaction experiments were performed, the different conditions of each 

experiment were tested to ensure that the prepared constructs were expressing and led to the 

accumulation of protein. This was done to ensure that any potential low interaction levels seen 

were not simply due to a low amount of interacting protein(s). VrICE and some VrCBF1 PKK 

constructs were made and tested by previous Nassuth lab members (data not included). 

Expression and accumulation of proteins of interest (POI) were tested through the RFP 

fluorescence assay, as well as protein extraction and western blotting (specifically for coIP 

experiments).  

3.2.1 Analysis of VrOST1 protein variant accumulation by RFP fluorescence 

An RFP percentage is affected by the amount of protein synthesized and by the amount 

of protein degraded, so it is the net accumulation of protein. According to RFP fluorescence 

results, all prepared VrOST1 constructs were stable and accumulated to between 65-80% 

compared to the control protein CBF1 PKK (Figure 9). In one experiment, the OST1 ΔC wt-

RFP construct was not expressed while all other constructs were (Figure 9 A). However, 

subsequent experiments involving OST1 ΔC wt-RFP (from a new permanent A. tumefaciens 

culture) did yield a high RFP percentage, at around 75% (Figure 9 C). A 65-80% of RFP signal 

was deemed sufficient for BiFC experiments and there was no significant difference in RFP 

percentage between the VrOST1 phosphorylation or interaction variants according to one-way 

ANOVA (p>0.05) (Figure 9 A-C).  

The subcellular localization of transiently expressed VrOST1 within the N. benthamiana 

epidermal pavement cells was found to be both cytosolic and nuclear and did not differ based on 
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Ser-177 phosphorylation state nor the lack of or presence of the putative ICE interaction domain 

(Figure 9 D). These findings are consistent with previous results reported regarding AtOST1 

(Ding et al., 2015). VrICE1-4 exclusively localize to the nucleus, which is also consistent with 

findings reported regarding AtICE1 cellular localization (Chinnusamy et al., 2003). 
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Figure 9. RFP fluorescence assay results for VrOST1-RFP interaction and phosphorylation variants. 

The accumulation of various VrOST1-RFP constructs was analyzed 48 hours post-agroinfiltration into 

Nicotiana benthamiana leaves and normalized using the CBF1 PKK-GFP signal. Summary of average RFP 

% data (number of nuclei with RFP signal/number of nuclei with normalizer GFP signal x 100%) of (A) 

VrOST1 interaction, (B) phosphorylation, and (C) ΔC phosphorylation variants. Three biological and three 

technical replicates were analyzed for each combination. Sample size (n) is indicated for each data set and 

represents the number of cells counted per treatment. All tested VrOST1-RFP constructs accumulate to 

similar levels and no statistical significance was observed between any VrOST1 variants (one-way 

ANOVA, p>0.05). CBF1 PKK-RFP was used as a positive control in some experiments shown. (D) 

Representative images of CBF1 PKK-GFP normalizer (GFP channel on left) and subcellular localization 

of full-length VrOST1 wildtype, within epidermal pavement cells of N. benthamiana leaves.  
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3.2.2 Testing the stability of extracted VrOST1 variants and VrICE proteins 

The molecular weight of full-length AtOST1 is 42 kDa; the VrOST1 sequence was also 

computationally predicted to be 42 kDa (Kobayashi et al., 2005; Vlad et al., 2010). The VrOST1 

constructs for coimmunoprecipitation studies were prepared to have a translationally fused 

nVenus tag containing a MYC epitope (bringing the estimated MW to 62.4 kDa) which could be 

detected by an anti-MYC antibody, following SDS-PAGE. VrOST1 ΔC-nVenus and VrOST1 

ΔN-nVenus variants were predicted to be 56.8 and 27.0 kDa, respectively (Table 2). There were 

additional higher MW bands (by ~15-30 kDa) detected for full-length and ΔC variants of 

VrOST1-nVenus proteins (Figure 10 A). The GFP-tagged VrICE1, 2, 3, and 4 proteins were 

predicted to be 82.4, 85.2, 86.6, and 64.3 kDa respectively (eGFP tag is 26.8 kDa). While 

VrICE1-3 all seemed to migrate to their expected molecular weight on an SDS-PAGE gel, 

VrICE4-GFP was always detected at a higher MW, around 80 kDa (Figure 10 B). VrICE2-GFP 

and VrICE3-GFP became difficult to detect at the 2 hr timepoint while VrICE1-GFP and 

VrICE4-GFP were present at all three timepoints (Figure 10 B). Interestingly, extracted protein 

samples containing VrICE1 or 3 both had an additional band at around 100 kDa in addition to 

the expected ~85 kDa band, which tended to disappear when extracts were incubated at 4°C for 2 

hours (Figure 10 B).  

 According to various western blots, the VrICE proteins did not seem very stable once 

extracted from transiently expressing N. benthamiana leaves, as indicated by the relatively weak 

VrICE-specific bands that were detected (Figure 10 B). This was even more apparent when 

comparing the detected VrICE bands to other proteins such as any of the VrOST1 variants, 

which all had relatively strong bands, suggesting that the amounts of protein were higher despite 
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the constructs being designed with the same 35S constitutive promoter and 5’UTR sequence; 

thus it was expected they would be expressed similarly (Figure 10).  

 

 

 

Table 2. Molecular weight (MW) of detected proteins expressed as a result of various constructs. 

This table shows a comparison between the predicted and observed MW of each construct with its 

respective tag. Cells with a dash (-) indicate that the specific construct-tag combination was not analyzed.   

 

 

 

 

 

 

 

 

 

 

Construct 

MW (kDa) of detected protein with tag 

-GFP tag -nVenus tag 

Predicted Observed Predicted Observed 

VrOST1 wt (full-length) - - 62.4 ~65, 100 

VrOST1 S177A - - 62.4 ~65, 100 

VrOST1 S177D - - 62.4 ~65, 100 

VrOST1 ΔC wt - - 56.8 ~58, 70 

VrOST1 ΔC S177A - - 56.8 ~58, 70 

VrOST1 ΔC S177D - - 56.8 ~58, 70 

VrOST1 ΔN - - 27.0 ~36 

VrICE1 82.4 ~85, 100 -  -  

VrICE2 85.2 ~100 -  -  

VrICE3 86.6 ~70, 100 -  -  

VrICE4 64.3 ~80 -  -  

VrCBF1 PKK 33.6 ~36 27.8 ~35 
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B 

Figure 10. Detection of extracted VrOST1 and VrICE proteins following SDS-PAGE and western 

blotting. (A) nVenus(C-MYC)-tagged VrOST1 proteins detected with mouse anti-MYC antibody in 

samples extracted from N. benthamiana leaves using denaturing buffer. All detected VrOST1 proteins 

were present in high amounts which did not seem to differ between variants. VrOST1 full-length and 

ΔC variants all seemed to have an additional detected band 20-30 kDa above expected bands. The ΔN 

variant was predicted to be 26.8 kDa but was detected at ~37 kDa. CBF1 PKK-nVenus detection shown 

as loading control. (B) GFP-tagged VrICE1-4 proteins detected with rat anti-GFP antibody after 0 hr, 2 

hr, and 3 hr 4°C incubation of extracts (in native NB1 buffer) from N. benthamiana leaves transiently 

expressing the indicated construct combinations. Additional higher MW bands (at ~100 kDa) were 

detected for both VrICE1 and 3. RuBisCO L (~52 kDa, Ponceau S stained) or CBF1 PKK-GFP 

(antibody detection) were used as loading controls. VrICE-GFP bands that differed from the predicted 

MW are indicated with a green star. Detections imaged following incubation with HRP-conjugated anti-

rat (A) or anti-mouse (B) antibodies. 
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3.3 VrOST1-VrICE interaction studies 

Co-immunoprecipitation and Bimolecular Fluorescence Complementation experiments 

were performed in an effort to: (1) test whether VrOST1 can interact with any of the VrICE 

proteins; (2) test whether the putative ICE interaction domain on VrOST1 is required for 

interaction with all 4 VrICE proteins; and (3) test whether interaction with all 4 VrICEs is 

dependent on the phosphorylation state of VrOST1 at Ser-177. 

3.3.1 VrOST1 has high BiFC percentage with all VrICE proteins regardless of 

phosphorylation state and deletion of putative interaction domain  

The results of various BiFC experiments suggested that full-length wildtype VrOST1 can 

interact with all four VrICE proteins (Figure 11 A). Although not always statistically significant, 

BiFC percentages for VrICE1 and ICE3 with VrOST1 were always higher than for VrICE2 and 

ICE4. For example, for the experiment shown in Figure 11 A, it was observed that the average 

BiFC percentage for the VrOST1 and VrICE1 combination (69.2% ± 1.0%) was significantly 

higher than the BiFC percentage with VrICE2 (49.7% ± 2.1%) and VrICE4 (46.4% ± 3.5%) 

according to one-way ANOVA and post-hoc Tukey HSD test (p<0.05).  

In a BiFC experiment testing combinations of VrOST1 Ser-177 phosphorylation variants 

and VrICE1 and 2, the full-length wildtype VrOST1 and VrICE2 combination yielded a 

significantly lower 40.6% (± 10.5%) BiFC percentage while the VrICE2 and S177A (non-

phosphorylating) combination gave a significantly higher 66.1% (±2.6%) with the same 

statistical analysis as noted above (p<0.05) (Figure 11 B). However, there was no other 

significant difference in BiFC % between VrICE1 and VrOST1 wt/S177A/S177D 

phosphorylation variants or between VrICE2 and VrOST1 wt/S177A/S177D phosphorylation 
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variants (Figure 11 B). The BiFC percentage for combinations of VrICE4 and any VrOST1 

variant was always relatively low, ranging from 34-47% compared to BiFC percentage for 

VrICE1-3 and VrOST1 variants which ranged from 40-70% (Figure 11). This difference was not 

always found to be significant, although a significant difference in BiFC % was seen between 

VrOST1 S177A with VrICE3 (68.8% ± 3.7%) compared to with VrICE4 (34.6% ± 4.0%) 

(Figure 11 C). The BiFC signal from any VrOST1 variants paired with VrICE1-4 always 

occurred within the nucleus (data not shown). 

According to BiFC analyses, the presence or absence of the putative ICE interaction 

domain on VrOST1 did not significantly affect the BiFC percentage with VrICE1 and VrICE2 

(Figure 11 D-E). This result is once again not fully in alignment with findings reported in 

literature regarding the AtOST1 and AtICE1 interaction (Ding et al., 2015), though it is in 

alignment with the coIP results between VrOST1-VrICEs (Figure 12). This discrepancy 

prompted a closer look into the BiFC technique for the studying of the VrOST1-VrICE 

association, as well as a repeat of the experiment with the addition of the VrOST1 ΔC Ser-177 

phosphorylation variants to determine whether the phosphorylation state of VrOST1 ΔC 

contributes to its increased interaction with VrICE (Figure 11 E). It was determined that the 

phosphorylation state of VrOST1 ΔC does not significantly affect the BiFC percentage with 

either VrICE1 or VrICE2 (Figure 11 E). However, the VrOST1 ΔC wt and ΔN both yielded a 

significantly higher BiFC percentage with VrICE1 (69.6% ± 4.3%; 68.2% ± 1.2%, respectively) 

compared to with VrICE2 (42.9% ± 5.3%; 32.0% ± 4.9%, respectively) (p<0.05) (Figure 11 E). 

Additionally, a high BiFC percentage was calculated for both VrOST1 full-length (82.5% ± 

4.0%) and VrICE1 (83.7% ± 2.3%) with CBF1 PKK, the normalizing protein for BiFC 



 

 

43 

 

experiments (Figure 11 E). This indicated that the CBF1 PKK, used at the specific OD600 under 

the current conditions of BiFC experiments, may not be a good control protein for BiFC 

experiments due to its apparent high binding affinity to both VrOST1 and VrICE1. 

Unfortunately, other putative negative control proteins that were tested, SPEECHLESS (SPCH), 

FAMA, and MUTE seemed to give a high amount of BiFC signal (>50%) in combination with 

VrOST1 (data not shown). Alternatively, these high BiFC percentages could be due to a high 

accumulation of the proteins synthesized, resulting in false positives due to the close proximity 

of the BiFC tags.   
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Figure 11. Average BiFC percentages between VrICE1-4 and VrOST1 phosphorylation and 

interaction variants. Average BiFC percentages calculated for three biological and technical replicates 

by dividing the number of BiFC signal-emitting cells over the normalizer RFP signal cells x 100 % 

(sample size ‘n’ indicated below each dataset; representing the total number of cells counted per 

combination). CBF5e-nVenus is used as a negative control. Statistical analysis for each dataset comprised 

of one-way ANOVA with a post-hoc Tukey HSD test (p<0.05). BiFC pairs presented as “-cSCFP + -

nVenus” tagged proteins. For all panels (except E), All statistically insignificant groups are indicated with 

the same letter (ex. A). (A) All four VrICE-nVenus proteins interact with full-length wildtype VrOST1-

cSCFP, with VrICE1 having a significantly higher interaction level with VrOST1 (69.2% ± 1.0%) than 

both VrICE2 (49.7% ± 2.1%) and VrICE4 (46.4% ± 3.5%). (B) VrOST1 S177A (non-phosphorylating) 

variant yields a significantly higher BiFC % (66.1% ±2.6%) with VrICE2 than with VrOST1 wt (40.6% 

± 10.5%). (C) VrOST1 S177A variant yields a significantly higher BiFC % with VrICE3 (68.8% ± 3.7%) 

compared to with VrICE4 (34.6% ± 4.0%). (D) BiFC % does not differ significantly between VrICE1 and 

VrOST1 full-length (wt), ΔC (non-interacting) and ΔN (interacting) variants. (E) VrOST1 ΔC wt yields 

a significantly higher BiFC % with VrICE1 (69.6% ± 4.3%) over VrICE2 (42.9% ± 5.3%) (indicated with 

*); VrOST1 ΔN also produces a significantly higher BiFC% with VrICE1 (68.2% ± 1.2%) over VrICE2 

(32.0% ± 4.9%) (indicated with *). VrOST1 full-length and VrICE1 both show an unexpected high BiFC 

signal % with the normalizing protein CBF1 PKK-cSCFP (82.5% ± 4.0%; 83.7% ± 2.3%, respectively). 
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3.3.2 All four VrICE proteins pull down VrOST1 interaction variants in coIP 

experiments 

Each of the four VrICE proteins were co-infiltrated with different VrOST1-nVenus 

interaction variants and CBF1 PKK-nVenus (meant as an internal negative control) via A. 

tumefaciens into N. benthamiana leaves as previously described. Extracted protein samples were 

used to perform coIP experiments. All VrICE-GFP proteins were immunoprecipitated by the 

beads, except for some experiments with VrICE4-GFP and VrOST1 ΔC wt-nVenus. Otherwise, 

all VrICE-GFP proteins co-immunoprecipitated some VrOST1 full-length-, ΔC-, and ΔN-

nVenus variants (Figure 12 A-D). However, a very faint CBF1 PKK-nVenus band, included as a 

negative control is also present in elutions from VrICE1, VrICE2, and VrICE3 (Figure 12 A-C). 

Interestingly, there is always an unknown double band at around 70 and 80 kDa observed in 

combinations including the VrOST1 ΔN-nVenus variant, that can only be seen in the input and 

flow-through lanes and not the eluate (Figure 12 A-D).   

 Another coIP experiment was performed to test whether the phosphorylation state at Ser-

177 of VrOST1 affects association with VrICE1 (Figure 12 E). VrICE1 appeared to pull down 

the full-length wild-type, non-phosphorylating (S177A), and phosphomimic (S177D) VrOST1 

variants equally (Figure 12 E).  
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Figure 12. Detections of co-immunoprecipitation experiments between VrICE1-4-GFP and VrOST1-

nVenus interaction and phosphorylation variants, following SDS-PAGE and western blotting. (A) 

VrICE1-GFP, (B) VrICE2-GFP, (C) VrICE3-GFP, and (D) VrICE4-GFP all co-immunoprecipitated 

VrOST1-nVenus full-length and ΔN (interacting) variants with little to no difference. (A) VrICE1-GFP, 

(B) VrICE2-GFP, and (C) VrICE3-GFP also pull down VrOST1 ΔC-nVenus (non-interacting) variant with 

little observed difference to full-length and ΔC (non-interacting variants). The absence of VrICE4-GFP 

when co-infiltrated with VrOST1 ΔC-nVenus variant is inconclusive (D). CBF1 PKK-nVenus detection 

shown as loading control, although a faint band of this protein can sometimes be seen in the elution lanes. 

(E) VrICE1-GFP also pulls down both VrOST1 phosphorylation variants (S177A/non-phosphorylating, 

S177D/phosphomimic) with little difference to VrOST1 wildtype. Note: the band at the ~80 kDa mark in 

the OST1-nV elution box is VrICE1-GFP from prior anti-GFP detection. VrICE-GFP constructs were 

detected with rat anti-GFP antibody, while all VrOST1-nVenus and CBF1 PKK-nVenus constructs were 

detected with mouse anti-C-MYC followed by incubation with HRP-conjugated anti-rat or anti-mouse 

antibodies. HRP luminol solution was used to detect bands using chemiluminescence. IN = input (~5% of 

sample), FL = flow-through (~5% of sample), E = eluate (50% of sample). 
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4 Discussion 

According to the A. thaliana proposed model, the phosphorylation of AtICE1 by AtOST1 

is crucial for the activation of the CBF pathway and increased freezing tolerance (Figure 1). As 

previously mentioned, there has not been much research published about the Vitis CBF pathway 

and the results presented here are hopefully a step towards uncovering more about the 

association between VrOST1 and the VrICE proteins. The general questions driving this research 

were whether all four VrICE proteins can interact with VrOST1, whether the same (highly 

conserved) domain on VrOST1 is required for VrICE interaction as it is for AtICE1 interaction, 

and what the importance is of Ser-177 in the association between VrOST1-VrICEs. 

4.1 Stability and amount of extracted VrOST1 and VrICE proteins 

Throughout the various stability and coIP experiments performed with different 

combinations of VrOST1 variants and VrICE1-4, it was evident that the amount of VrOST1 

variants detected in sample extracts (from transiently expressing N. benthamiana leaves) was 

always relatively higher than the amount of VrICE1-4-GFP (Figure 10). It was also observed 

that the amount of VrICE1-4-GFP usually decreased with time upon 4°C incubation, in addition 

to an already low amount at 0 hr, pre-incubation (Figure 10 A). This could suggest that VrICE1-

4-GFP proteins are unstable within the plant and when extracted. The VrOST1 and its 

phosphorylation and interaction variants, on the other hand, were detected in relatively very high 

amounts in extracts and did not seem to degrade over time during incubation at 4°C (Figure 10 

B). In fact, during western blot detection, the signal from VrOST1 bands was sometimes strong 

enough to “overshadow” other proteins with a weaker signal, such as the CBF1 PKK-nVenus. It 

was not possible to pinpoint the specific reason why this discrepancy in amount was present 
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despite the VrOST1 and VrICE1-4 constructs having the same constitutive 35S promoter, 

5’UTR, and tag sequence. It could be argued that, in fitting with the proposed A. thaliana model, 

VrICE1-4 are unstable in the agroinfiltrated tobacco plants at room temperature without 

exposure to cold stress due to degradation triggered by endogenous NtHOS1. However, it is 

known that AtICE1 stability does not fully rely on the kinase activity of AtOST1, also being 

positively regulated by AtSIZ1 so perhaps the absence of other stabilizers in large quantities 

played a role in the low stability of VrICE1-4 (Miura et al., 2007). Alternatively, the lack of 

expression of certain constructs could be potentially due to codon usage bias or tRNA 

complementation in certain tissues, leading to a variation in the translation of different proteins 

(Payea et al., 2018; Camiolo et al., 2012).  

An interesting finding was the additional ~100 kDa band detected in VrICE1 and 3 

protein extracts, and that it disappears entirely during 1-3 hours of cold (4°C) incubation of 

extracts. This might be due to the ubiquitination of VrICE by endogenous NtHOS1. Again, when 

looking at the proposed model of the CBF pathway in A. thaliana, AtICE1 normally gets 

degraded at room temperature via the proteasomal pathway following its ubiquitination via 

AtHOS1 (Dong et al., 2006). A single ubiquitin adds ~8.5 kDa molecular weight to proteins but 

the addition of multiple ubiquitin molecules is fairly common (Xu & Jaffrey, 2013). Since these 

additional VrICE1 and VrICE3 bands were observed at ~15-20 kDa above the expected bands, it 

could be speculated that there were two ubiquitin molecules added to the proteins. These 

additional bands disappear with longer cold incubation, so the ubiquitinated proteins could be 

getting degraded but in accordance with the model, the presence of cold stress and VrOST1 

could be increasing the stability of VrICE proteins, leading to no further ubiquitination and 
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degradation. Due to the surprisingly high MW observed for VrICE4-GFP containing extracts, the 

construct was sent for re-sequencing which confirmed that its sequence and the Agrobacterium 

culture containing the VrICE4-GFP were correct. It can only be speculated at this time why there 

is such a large difference between the predicted and observed MW, one of which could be post-

translational modifications (i.e. polyubiquitination or phosphorylation). The additional band 

detected ~12-30 kDa above the VrOST1 full-length and ΔC variant bands could also be due to 

phosphorylation, as such a modification is also known to increase the MW of a protein (Bass et 

al., 2017). 

Interestingly, VrICE1 and VrICE4 were sometimes not detected in extracts when co-

infiltrated with VrOST1 ΔC wt-nVenus, despite being present in combination with VrOST1 full-

length and ΔN variants and originating from the same culture (Figure 12 D). It would be 

interesting to explore the reason for this discrepancy further, particularly because the VrOST1 

ΔC variant does not contain the putative ICE interaction domain. If the ICE interaction domain 

located at the C-terminus of VrOST1 is truly required for interaction with VrOST1, it would be 

logical to assume that the absence of this domain does not lead to stabilization of VrICE1/4, 

resulting in endogenous NtHOS1-mediated degradation via the proteasomal pathway. However, 

this observation was not consistent since a repeat of the experiment resulted in the VrICE1-GFP 

being present in co-infiltrations with all three VrOST1 interaction variants without noticeable 

difference. This possibility therefore requires further investigation through the repetition of co-

infiltration experiments.  
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4.2 VrOST1 and its interaction variants all seem to associate with VrICE1-4 

There is only one OST1 gene in the grape genome, and its encoded amino acid sequence is 

highly similar (88.4%) to that of the AtOST1, so it was predicted to fulfill similar functions 

(Figure 8). It was also hypothesized that due to the differences in amino acid sequences of 

VrICE1-4 and the absence of a potential VrOST1 phosphorylation site in VrICE4 (Figure 8), 

there may be differences in the association level between the VrICE proteins with VrOST1. This 

was tested through BiFC and coIP experiments. There was a significant difference between the 

BiFC % of VrOST1 with VrICE1 compared to with VrICE2 and 4, but there were no obvious 

differences in the amount of full-length VrOST1 that can be co-immunoprecipitated by VrICE1 

vs VrICE2/4 (Figures 11 A, 12 A). However, it is difficult to accurately quantify the amounts of 

eluted proteins from co-immunoprecipitation for direct comparison due to the variations in the 

relatively low amount of detected VrICE proteins. The presumed VrICE4 band often appeared 

slightly darker than VrICE1-3, although this difference is of course subjective and has not been 

quantified. Because crude extracts were being used for coIP experiments, there was no reliable 

method to control the amount of protein(s) being transiently expressed. Therefore, the only 

control over protein amount in the extracts was the OD600 of plasmid-containing A. tumefaciens 

cultures used to inoculate N. benthamiana leaves, but this is also not a very accurate metric. 

Furthermore, it is likely that the association between VrOST1 and VrICE proteins is a transient 

one, in that it is short-lived and relatively weak (Acuner Ozbabacan et al., 2011). If this is the 

case, coIP experiments would show weak elution bands of the VrOST1 and its variants (if the 

weak association is close to the threshold for background detection), while BiFC experiments 

would show a very strong (irreversible) BiFC signal.  
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 Additionally, there was no noticeable difference in the amounts of VrOST1 full-length, 

ΔC, and ΔN variants co-immunoprecipitated with VrICE1-4-GFP, suggesting that the putative 

ICE interaction domain of VrOST1 is not required for association with VrICE proteins (Figure 

12 A-D). The BiFC percentage was also the same between VrICE1/2-nVenus and VrOST1 

interaction variants (Figure 11 D-E). These results are not consistent with findings reported in 

literature regarding the AtOST1 and AtICE1 association, where yeast-two-hybrid and coIP 

experiments showed that the ICE interaction domain is required for association with AtICE1 

(Ding et al., 2015). However, it is important to note that the VrOST1 and VrICE proteins are 

from a different plant species than A. thaliana and despite the amino acid sequence similarity, 

the function of these proteins may differ. In addition, due to the lack of appropriate negative 

controls, the possibility that the low levels of protein being detected in the eluate samples are 

background and not due to “true” association cannot be disputed with the evidence presented.  

4.3 Phosphorylation state at Ser-177 may not affect VrOST1-VrICE protein 

association 

 There is no clear trend or difference in BiFC percentage between VrOST1 

phosphorylation variants with VrICE1-4, suggesting that the phosphorylation state at Ser-177 of 

VrOST1 does not influence association with VrICE proteins (Figure 11 B, C, E). No noticeable 

difference was detected in the co-immunoprecipitation of the VrOST1 phosphorylation variants 

with VrICE1-GFP either, consistent with the results of the BiFC experiments (Figure 12 E). 

Although there is no clear difference in interactions between VrOST1 and VrICE1-4 due to 

phosphorylation state at Ser-177, the downstream function of VrICE within the CBF pathway 

could still be affected by the activation or inhibition of this autophosphorylation site.  
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4.4 Issues with BiFC and coIP experiments  

All the BiFC and coIP experiments include the CBF1 PKK, as a normalizer for 

quantification and an internal negative control, respectively. This may not have been a good 

choice of protein because in later BiFC experiments, there was a high BiFC percentage between 

the CBF1 PKK and both VrOST1 and VrICE1 (Figure 11 E). It was assumed that the CBF1 

PKK, being mostly an NLS domain, cannot interact or interfere with the partnering BiFC 

proteins being analyzed, nor transactivate genes and trigger downstream effects. This protein was 

chosen because it seemed like a fairer control for localization of a POI than a tag sequence only, 

which would presumably remain in the cytoplasm after translation. Once the BiFC experiments 

between VrOST1 and all partners (except for CBF5e) were analyzed and it was calculated that 

there is virtually no difference in BiFC percentage between any combination with VrOST1, other 

proteins were being tested to see if they qualify as a better negative control. Unfortunately, there 

was no low BiFC percentage between VrOST1 or its variants and any other protein they were 

partnered with, including the CBF1 PKK which was a surprising discovery (Figure 11 E). 

Additionally, the common negative control being used for the BiFC experiments, CBF5e-nVenus 

could not be detected on western blots from protein extracts, and CBF5e-GFP also had an 

undetectable signal. This prompted a series of questions regarding the validity of the performed 

BiFC experiments, since VrOST1 and its various iterations all seem to interact with every 

protein. It is possible that this technique is much too sensitive for proteins which accumulate to 

very high amounts (such as the VrOST1) or that the inclusion of CBF1 PKK-RFP as a 

normalizer affects the BiFC interactions being observed. The BiFC conditions were optimized 

using a negative control (CBF5e) which seemed to be appropriate at the time due to a low BiFC 
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signal. It is now clear that the low BiFC signal observed was due to the lack of expression of the 

construct containing CBF5e. The logical next step would be to optimize the BiFC procedure 

again and repeat these experiments with a different normalizer and negative control, although 

this was not possible due to time constraints. Some possibilities include using the tag sequences 

only as negative controls, lowering the OD600 of agroinfiltration cultures, and shortening the 

period post infiltration before observation under the microscope to allow for less accumulation of 

protein. However, it can be concluded that the BiFC results presented here generally do not 

imply that there is a significant difference in the BiFC percentage between VrOST1 and its 

variants and VrICE1-4 (with the presence of the VrCBF1 PKK).  

The co-immunoprecipitation experiments were meant to clarify the findings in the BiFC 

experiments. While BiFC is a highly sensitive technique, coIP has a relatively low sensitivity. 

Because the coIP experiments were meant to verify the inconclusive BiFC results, including an 

internal negative (and loading) control was meant to increase confidence that the pulled down 

proteins included in the experiments were due to specific interactions. It was originally 

considered that the positive BiFC interaction between VrOST1 and CBF1 PKK was due to the 

VrOST1 accumulating to very high levels, so the CBF1 PKK-nVenus was chosen as an internal 

negative and loading control – also for consistency with replicating the BiFC conditions. 

Initially, this seemed to work well with no visible CBF1 PKK-nVenus bands in the eluate. 

However, as experiments progressed it became increasingly unclear whether the CBF1 PKK-

nVenus was co-immunoprecipitated by VrICE-GFP proteins or whether this was accidental spill-

over. Since this band (CBF1 PKK-nVenus) is generally much weaker than the VrOST1 bands 

observed, this may not fully disprove the VrOST1 and VrICE1-3 interactions, but it is worth 
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considering during interpretation of these results. Similar to the BiFC experiments, the coIP 

experiments between VrOST1 variants and VrICE1-4-GFP would ideally be repeated without 

the addition of CBF1 PKK-nVenus. Typical coIP experiments published in literature do not 

include an internal negative control; this was a new idea introduced in the Nassuth lab. While the 

premise is valuable, the choice of protein was unfortunately an issue. An alternative would be to 

include the dimerized nVenus-nVenus tag as a negative control, since there is less of a possibility 

that there would be non-specific interactions. Some preliminary experiments (data not shown) 

show the nVenus tag dimer to detect very well on western blots.  

4.5 Conclusions and future directions 

In summary, the work presented in this thesis aimed to uncover the interaction between 

VrOST1 and one or more VrICE proteins and by extension, predict its regulation of the freezing 

tolerance CBF pathway. VrOST1 was isolated from V. riparia, and interaction and 

phosphorylation variants were designed. Though the BiFC and coIP experiments were not ideal, 

it can be suggested that VrOST1 and its interaction variants can associate with all four VrICE 

proteins, without much difference. Based on this interpretation, the hypothesis that VrOST1 has 

a higher binding affinity for VrICE1-3 than it does for VrICE4 cannot be accepted or rejected; 

the BiFC % was generally lowest between VrOST1 and VrICE4 compared to VrICE1-3 but the 

coIP results were not conclusive. The hypothesis that this interaction is dependent on the 

presence of the putative VrICE interaction domain and phosphorylation state of VrOST1 at Ser-

177 is rejected due to the similar BiFC percentages and no noticeable difference in amount of 

protein pulled down in coIP experiments. 
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Further interaction studies are required to verify the positive interactions observed during 

this project through BiFC and coIP analyses. Ideally, the presented experiments should be 

repeated with an appropriate negative control and without co-infiltration with VrCBF1 PKK as a 

loading control. One such possibility could be the -nVenus tag either on its own or dimerized. 

Additionally, due to the large difference in protein abundance, the protein being 

immunoprecipitated can be changed to VrOST1 (and variants), while the VrICE proteins would 

be co-immunoprecipitated. This would also be more consistent with coIP analyses done between 

AtOST1 and AtICE1 and allow for a more direct comparison (Ding et al., 2015).  

Since there does not seem to be a difference in interaction level between VrOST1 and 

VrICE1-4 (based on the results presented), other future directions could focus on the functional 

consequences of interaction with the different VrOST1 variants. For example, the effect of a 

non-phosphorylating (S177A) VrOST1 on VrICE1 transcriptional activity with VrCBF 

promoters. Prior studies of AtOST1 included transactivational analyses and it was determined 

that AtOST1 can significantly increase the transactivational activity of AtICE1 on the AtCBF3 

promoter (Ding et al., 2015). This transactivational activity was further increased following a 

4°C 3 hr cold treatment. A transactivation protocol for VrICE proteins on the VrCBF4 promoter 

has been established and this could be extended to include VrOST1 (Rahman et al., 2014). Even 

though VrOST1 interaction may not be too different between the four VrICE proteins, it is 

possible that there is still a difference in the transactivational activity of VrICE proteins in 

combination with different VrOST1 variants.  

Until this point, the importance of Ser-175 in the context of the cold stress response and 

activation of OST1 in the CBF pathway has not been studied. Since the current accepted A. 
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thaliana model suggests that the ability of AtOST1 to enhance the stability of AtICE1 is 

dependent on activation due to cold stress, and taking into account that protein kinases must self-

phosphorylate (i.e. gather the phosphate molecule) before being able to phosphorylate other 

proteins, this auto-phosphorylation site could be playing a part in the initial activation process 

(Belin et al., 2006; Vlad et al., 2010). Recently, a study was published validating the hypothesis 

that the critical auto-phosphorylation sites in AtOST1 are indeed also activated by cold stress (Lv 

et al., 2021). The vast difference in freezing tolerance between V. riparia and V. vinifera may not 

be due to differences in OST1 activity within the CBF pathway alone; the difference in identity 

between VrOST1 and VvOST1 is very minimal (Figure 8). Due to the complex nature of 

freezing tolerance, it is possible but highly unlikely that this difference in frost sensitivity 

between the two grape species is attributed to one single protein.  

It is evident that despite more recent advances in the field of plant freezing tolerance, 

there is still much that is unclear. Studying signaling pathways in any organism is always 

extremely complex due to the often large overlap with other signaling pathways and the many 

ways the pathway is regulated. The CBF pathway has a lot of overlap with ABA signaling and 

the Jasmonate pathway, both stress signaling pathways (Hu et al., 2013; Mustilli et al., 2002). 

The possibility that the discrepancy between the results presented and findings in literature is due 

to the influence of additional proteins which form association complexes, cannot be ruled out at 

this point. It cannot be deduced whether the endogenous proteins within the N. benthamiana 

plant system are already interacting with these proteins and, therefore, cause a change in their 

ability to further interact with other proteins.  
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APPENDICES 

Appendix 1: Supplemental Tables 

Supplemental Table 1. Primer sequences used for KOD 2-step nested PCR to amplify VrOST1 ORF from oligo dT synthesized cDNA from V. 

riparia RNA. BamHI, KpnI and SacI restriction sites are highlighted in the primer sequence in yellow, green and magenta, respectively. 

Primer name C/H Sequence 5’ → 3’  Tm (IDT)a Purpose Reference 

VvOST1-H-40 H TCGTCGGAGTAGGGTTCG 56.2 Amplify OST1 sequence from 

cDNA 

XM_002284923.4 

VvOST1-C1139 C GATGTTGGTCTTCTTCTTCACTTCC 55.6 

VvOST1-H1 + BamHI H TAGGATCCAAGGAGATATAACAATGGATCGGT

CGGCGATC 

57.3 

65.2 

Amplify OST1 ORF without stop 

codon, with added BamHI and 

KpnI restriction sites and 5’ UTR 

XM_002284923.4 

VvOST1-C1092 + KpnI C TCGACGGTACCCATTGCATACACTATTTCTCCA

CTGCTAT 

57.4 

65.3 

XM_002284923.4 

VrOST1 S177A H H CCAAAAGCAACTGTTGGAACCCCTGCATACAT

TGCTCCT 

pp: 50.8 

no: 58.8 

Mutate S177 to an alanine (A) via 

QCM 

Method from Liu 

and Naismith, 2008 

VrOST1 S177A C C TCCAACAGTTGCTTTTGGTTGTGAATGCAGCAC

TGAGGACT 

pp: 50.8 

no: 58.8 

Method from Liu 

and Naismith, 2008 

VrOST1 S177D H H CCAAAAGATACTGTTGGAACCCCTGCATACAT

TGCTCCTGAAGT 

pp: 51.5 

no: 57.3 

Mutate S177 to aspartic acid (D) 

via QCM 

Method from Liu 

and Naismith, 2008 

VrOST1 S177D C C GGTTCCAACAGTATCTTTTGGTTGTGAATGCAG

CACTGAGGA 

pp: 51.5 

no: 57.0 

Method from Liu 

and Naismith, 2008 

VrOST1ΔN-H + 

BamHI 

H TAGGATCCAAGGAGATATAACAATGCGGATAA

TAGGGGAAGCTATGATA 

57.1 

64.2 

Amplify C-terminal VrOST1 

truncated variant (ICE interaction 

domain only) + add KpnI site 

 

VrOST1ΔC-C + KpnI C TCGACGGTACCAATTTCATCGATTGACTGCATC

GG 

56.0 

64.9 

Amplify N-terminal VrOST1 

truncated variant (no ICE 
interaction domain) + add KpnI site 

 

VrOST1 ΔN 
H1108+SacI 

H AATGTGAGAGCTCGTCGAAATCACTAGTGAAT
TCGCGG 

pp: 48.2 
no: 54.0 

Add stop codon + replace BamHI 
with SacI of C-terminal VrOST1 

truncated variant (ICE interaction 

domain only) via QCM 

Method from Liu 
and Naismith, 2008 

VrOST1 ΔN C-3+SacI C GACGAGCTCTCACATTGCATACACTATTTCTCC
ACTGCT 

pp: 48.2 
no: 54.8 

Method from Liu 
and Naismith, 2008 

VrOST1 ΔC H927+SacI H AATTTGAGAGCTCGTCGAAATCACTAGTGAAT
TCGCG 

pp: 45.7 
no: 51.7 

Add stop codon + replace BamHI 
with SacI of N-terminal VrOST1 

truncated variant (no ICE 

interaction domain) via QCM 

Method from Liu 
and Naismith, 2008 

VrOST1 ΔC C-3+SacI C GACGAGCTCTCAAATTTCATCGATTGACTGCAT
CG 

pp: 45.7 
no: 52.5 

Method from Liu 
and Naismith, 2008 

VrOST1 ΔN H-
ΔBamHI 

H AGACAGACCCCGACCTCGATATTGATAGCAGT
GGAGAAA 

pp: 49.8 
no: 54.3 

Render internal BamHI site in 
VrOST1 non-functional (to 

facilitate cloning) via QCM 

Method from Liu 
and Naismith, 2008 

VrOST1 ΔN C- 
ΔBamHI 

C GTCGGGGTCTGTCTCCAGATCCTCCTCCATGTC
AT 

pp: 50.2 
no: 54.2 

Method from Liu 
and Naismith, 2008 
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Sp6 

 

N/A CCAAGCTATTTAGGTGACACTATAGAATACT 55.8 Sequencing pGEM-T plasmids  

T7 N/A GCCAGTGAATTGTAATACGACTCACTATA 

 

56.3 Sequencing pGEM-T plasmids  

5'UTR-H+BamHI H GGATCCAAGGAGATATAACAATG 50.8 Sequencing ORF of pCAMBIA 

from 5’UTR region 

 

Pre-GFP C GAATTGGGACAACTCCAGTG 53.5 Sequencing of ORF from GFP tag 

sequence containing pCAMBIA 

plasmids 

EF014963.1:5600-

6352  

 

Pre-RFP C CCTCGATCTCGAACTCGTG 54.8 Sequencing of ORF from RFP tag 

sequence containing pCAMBIA 

plasmids 

U87973.1  

Pre-cSCFP C CGTTCTTCTGCTTGTCAGC 54.1 Sequencing of ORF from cSCFP 

tag sequence containing pCAMBIA 
plasmids 

Waadt et al., 2008; 

Carlow, 
unpublished 

Pre-cSCFP C67 C TCTTGAAGTTGGCCTTGATG 52.9 Sequencing of ORF from cSCFP 
tag sequence starting further 

downstream containing pCAMBIA 

plasmids 

Gehl et al., 2009; 
Carlow, 

unpublished 

Pre-nVenus C CTTGCTCACCATAAGATCCTC 

 

52.7 Sequencing of ORF from nVenus 

tag sequence containing pCAMBIA 

plasmids 

Gehl et al., 2009; 

Carlow, 

unpublished 

a 
All Tm’s were calculated according to the oligoanalyzer tools on the website from Integrated DNA Technologies (IDT) for only the V. riparia DNA 

complementary region (in blue) and for the complete primer sequence. Abbreviations: C=complementary; H=homologous; pp=primer-primer complementary; 

no=non-overlapping; QCM=Quick Change Mutagenesis. 


