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Abstract 

 All eukaryotes have internal mechanisms to promote survival in stressful conditions. 

Plants are particularly susceptible to harsh changes in environment due to their sessile nature, 

and therefore possess extensive stress-response pathways that can be exploited to engineer 

increasingly robust crops. The ubiquitin 26S proteasome system (UPS) enables the quick and 

effective degradation of proteins to facilitate cellular change, and the degradation of regulatory 

proteins is an important component of many stress response pathways. The substrate selectivity 

of the UPS is determined by the E3 ligase enzyme. One type of E3 ligase, the SKP-CUL-F-BOX 

(SCF) complex, chooses degradation targets based on the F-BOX protein attached. There are 

approximately 680 F-BOX genes in Arabidopsis thaliana – orders of magnitude more than in 

most animals – and F-BOX STRESS INDUCED 1 (FBS1) has been identified as a contributor to 

A. thaliana responses to biotic and abiotic stresses. FBS1 possesses a unique domain architecture 

with an N-terminal domain shown to interact with 14-3-3 proteins, a class of highly conserved 

regulatory proteins. Other members of the FBS protein family also contain this 14-3-3 interaction 

domain, but it is unknown whether they interact with 14-3-3s in the same way as FBS1. This 

project aims to understand the biological roles of FBS protein interactions with 14-3-3s, and 

whether these interactions are a unique characteristic of FBS1 when compared to other FBS 

family members. The specific role(s) of FBS1 in plant stress response are unknown, so 

determining how 14-3-3s contribute to the function and/or regulation of FBS1 will provide novel 

information about F-BOX regulation in the UPS that will further inform studies of FBS proteins 

in plant stress response. This work is currently in progress and cannot provide conclusive results 

at this time.  
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Introduction 

Across the eukaryotic kingdom, all organisms share the innate need to adapt and respond 

to threats on a cellular level. Plants and animals alike must be able to quickly and effectively 

react to changes in their internal and external environments, including extreme temperature 

fluctuations,1–4 infection by pathogens,5–7 physical wounding,8–10 and nutrient deprivation11,12, so 

an important characteristic of eukaryotic cells is their ability to initiate intercellular stress-

response mechanisms. Cells can regulate internal response systems like differentiation, 

expression, and apoptosis by controlling the concentrations and activities of relevant regulatory 

proteins.13–16 These responses are particularly important in plants due to their sessile nature. 

Unable to physically escape stressful situations in the way animals can, plants heavily rely on 

internal mechanisms to ensure survival under stressful conditions (Figure 1). 

 

 

Figure 1. Common stresses faced by plants. Because of their sessile nature, plants have 
developed extensive internal mechanisms to cope with environmental and internal stresses, 
including heat, cold, drought, pathogen, wounding, and salt stresses. Adapted from Jorge et. Al 
(2016).17  
  

Stress responses often require fast-acting internal reactions in addition to more sustained 

cellular changes. One of the most effective ways to quickly promote a cellular response is 

through the regulation of protein concentrations. In eukaryotes, the Ubiquitin Proteasome System 

(UPS) regulates cellular protein quantities through the identification, tagging, and degradation of 

critical proteins by the 26S proteasome.13–15,18–20 This system is a rapid and efficient way to 
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eliminate specific proteins and alter the rates of important pathways within a cell, and therefore 

is a crucial component of stress response. 

 

The Ubiquitin Proteasome System 

The 26S proteasome is the primary proteolytic powerhouse of the UPS; this protein 

complex directly destroys proteins that have been chosen for degradation based on the 

requirements of the cell.19 To be recognized by the 26S proteasome, ubiquitin – a small (76 

residue) protein that tags targets for degradation – must be covalently attached to a target 

protein.14,15,21,22 This ubiquitinylation process is facilitated by a three-part enzymatic pathway 

(Figure 2) involving a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), 

and a ubiquitin ligase (E3). 

 

 

Figure 2. Protein degradation mediated by the 26S proteasome pathway. E1, E2, and E3 
enzymes facilitate the recognition of a target protein, its linkage to ubiquitin, and its degradation 
by the 26S proteasome. Adapted from Gomes (2013).23  
 

E1 enzymes initiate the cascade by linking a glycine at the carboxy terminus of ubiquitin to a 

cysteine on the E1 enzyme. Ubiquitin is then transferred to and activated by the E2 enzyme 

before being attached to a lysine residue on the target protein with the assistance of a ubiquitin 
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ligase E3 enzyme.13 This process must be repeated at least four times to create a polyubiquitin 

chain that the proteasome can easily recognize.13,24 E3s are a crucially specialized component of 

ubiquitinylation because they select which potential target proteins are fatally tagged with 

ubiquitin.24,25 The model plant  Arabidopsis thaliana  is capable of assembling approximately 

1500 different E3 complexes.24 This suggests that E3 enzymes likely play significant roles in 

plant proteomes, and their immense diversity contributes to the wide array of stress responses 

plants must be capable of to ensure survival as sessile organisms.  

 

The SCF complex is an important E3 ligase 

 One type of E3 ligase commonly found in eukaryotes is the four-subunit SKP1-Cullin-F-

BOX (SCF) complex (Figure 3).24,25 The carboxy terminus of CUL1 acts as a scaffold to interact 

with Rbx1 and recruit a ubiquitin-conjugating enzyme in the ubiquitinylation pathway, while the 

amino terminus of Cul1 associates with SKP1, an adaptor protein that binds the ~60 residue F-

BOX motif of a designated F-BOX protein to form the completed SCF complex.25,26 The 

carboxy terminus of F-BOX proteins contain a unique protein-interaction domain that recognizes 

a specific target protein, designating the specificity of a given SCF complex.24,25 In plants, 

hundreds of F-BOX proteins with specialized affinities for unique substrates enable the SCF to 

ubiquitinate a wide array of targets.25   

 

 
 
 
 
Figure 3. The SKP1-Cullin-F-
BOX (SCF) complex facilitates 
ubiquitination of target proteins. 
The F-BOX domain (shown in red) 
recognizes the protein of interest 
and confers substrate specificity to 
the UPS. Once a target has 
accumulated a ubiquitin chain, it 
will be degraded by the 26S 
proteasome. Adapted from Price 
and Kwaik (2010).27  
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F-BOX genes (FBX) comprise one of the largest gene superfamilies known in plants, 

encompassing roughly 2.7% of the Arabidopsis thaliana genome (at least 698 different 

genes).24,25 In contrast, humans, yeast, and Drosophila melanogaster each contain less than 100 

known FBX genes. This strongly suggests that FBX proteins are central to the unique cellular 

responses required for sessile plants to respond to stresses or changes. The UPS is involved in a 

myriad of cellular functions in plants, such as photomorphogenesis, phytohormone response, the 

cell cycle, and senescence.22,28 Plants can use the UPS to efficiently alter their proteome, 

promoting developmental plasticity and environmental adaptation. In addition, the UPS can 

control cell growth and regulation by regulating transcription factors involved in hormone 

signaling pathways, helping to maximize plant survival in dynamic environments.15 Arabidopsis 

thaliana uses SCF complexes to regulate growth, development, flowering time, hormonal 

signaling, and circadian clock rhythms, acting as a major pathway of cellular regulation.25,29 

However, though FBX genes are extremely important in plant proteomic regulation, we know the 

biological functions of less than 15% of known FBX genes,24 and the specific targets or other 

protein interactions of the resulting FBX proteins have yet to be uncovered.  

 Because E3 complexes facilitate rapid ubiquitylation and destruction of their targets, it 

can be difficult to identify these targets and confirm their association with E3 ligases in the UPS 

system.26 The E3 ligase KEG is essential for growth and development in A. thaliana, specifically 

regulating the ABA signaling that promotes plant survival in unfavorable or stressful conditions 

by protecting seed dormancy and germination potential.30 The SIS3 gene is also involved in the 

UPS system in A. thaliana; SIS3 recombinant proteins exhibit E3 ligase activity in vitro during 

early seedling development in response to sugar,31 implicating the UPS in metabolic and energy 

responses that can accompany stress. SCF complexes are also involved in the regulation of 

circadian rhythms.32 Cryptochromes regulate the oscillation of the circadian clock, and the FBX 

protein FBXL3 ubiquitinates cryptochromes to target them for degradation. Interestingly, 

FBXL3 is unable to associate with the SKP1 and CUL1 components of the SCF complex until it 

has bound a cryptochrome target,33 suggesting that FBX proteins must identify a target and 

undergo conformational changes before the SCF complex can ubiquitinate the target for 

degradation by the UPS. This hierarchy of events highlights the key role played by FBX proteins 

in the UPS protein-degradation pathway; without an FBX protein, an SCF complex is 

fundamentally unable to bind a target protein. 
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 SCF complexes are also involved in hormonal regulation of stress. For example, the 

repressor protein JAZ1 controls jasmonate signaling, where an increase in jasmonate causes the 

degradation of JAZ1 by the SCFCOI1 ubiquitin ligase in the UPS system.34 JAZ genes are highly 

expressed in response to wounding in A. thaliana, where wounding induces increased jasmonate 

synthesis to promote degradation of JAZ repressor proteins by the SCFCOI1 complex.9 In 

addition, the SCF E3 ubiquitin ligase complex containing KISS ME DEADLY (KMD) F-BOX 

proteins directly interacts with type-B Arabidopsis response regulators (ARRs) to regulate the 

response to cytokinin by preventing the activation of ARR transcription factors.35 The regulation 

of FBX protein activity is crucial for maintaining proper cellular function, and stress is a key 

factor in the activity of many plant FBX proteins. 

 

The FBX protein F-BOX STRESS-INDUCED 1 (FBS1) 

 An FBX protein of particular interest in plant stress response is FBS1. This FBX protein 

is present in A. thaliana (and a variety of other plants) and its mRNA transcript accumulates in 

response to certain biotic and abiotic stresses, implicating FBS1 in the facilitation of a wide 

variety of stress response mechanisms in plants.24 The ubiquitination targets of the SCFFBS1 

complex are unknown,24 so studies examining the interactions and physiological functions of 

FBS1 in A. thaliana will help determine the exact role(s) played by FBS1 in plant stress response 

systems.  

 After the discovery of FBS1 in Phaseolus vulgaris, Physcomitrella patens, and 

Selaginella moellendorffii, homologous FBS genes (FBS1-4) were also identified in A. thaliana, 

suggesting that FBS genes are conserved amongst the UPS system in plants and must therefore 

play crucial roles in their responses to biotic and/or abiotic changes. In A. thaliana, FBS1 and 

FBS3 mRNA expression is similarly induced after exposure to osmotic stress and hormonal 

signaling molecules associated with stress response, while FBS2 levels remain constitutive 

regardless of conditions.36 FBS1 and FBS3 may therefore play complementary functional roles in 

A. thaliana stress response, while FBS2 may be a preliminary or non-specific background 

response to any stress faced by the plant. In addition, FBS1 expression increases quickly after 

stimulation by a stressor, indicated by mRNA accumulation peaking 30 minutes after stress but 

declining after 60 minutes.36 FBS1 may therefore be integral to the initial mechanisms of plant 

stress response that facilitate the ubiquitination and subsequent degradation of repressor proteins 
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involved in the negative regulation of stress response. Because transcriptional activation of FBS1 

is promoted by both biotic and abiotic stresses24 and their regulatory hormones, FBS1 likely acts 

in a general response pathway to a variety of stressors and may initiate a diverse array of 

regulation within the A. thaliana proteome.36 FBS1 upregulation is induced by cold, drought, 

heat,24 high salinity, and ABA.37 FBS1 undergoes a 10-fold induction within the first hour of 

drought or heat stress exposure and declines after three hours; conversely, FBS1 is induced 60-

fold after three hours of cold stress and declines in expression after twelve hours, illustrating the 

diverse roles FBS1 may be playing in the regulation of various stresses.24 The differential 

induction of FBS1 at different timepoints in response to unique stresses may implicate it in the 

regulation of different stress response pathways. For example, induction at the onset of stress 

suggests that FBS1 may be initiating a general cascade of responses needed to initiate an 

immediate large-scale cellular response. FBS1 activity also influences hormone pathways 

involved in stress response by regulating the biosynthesis of important signaling hormones, 

particularly jasmonate, and impacting the genes involved in hormonal stress response.24 

 

The unique domain architecture of FBS1 

 The majority of FBX proteins bind to targets via a unique C-terminal region of their 

interaction domain. Often containing variations of leucine-rich, WD-40, or Kelch repeats, this 

region of the protein is responsible for the protein target recognition that gives the SCF complex 

its specificity.25 However, FBS1 possesses a crucial, unique, and highly conserved  N-terminal 

region that allows it to interact with a class of proteins  called 14-3-3s (Figure 4).38  

 

 

Figure 4. The structure of FBS1 compared with other FBX proteins. The majority of F-BOX 
proteins interact with the SCF complex via an F-BOX domain in the N-terminal region (shown 
in red), and interact with protein substrates via a target domain near the C-terminus (shown in 
green). In contrast, the F-BOX domain of FBS1 is found in the middle of its sequence, 
sandwiched by two “mystery domains.” While the exact functions of these mystery domains are 
not well known, mystery domain 1 is associated with the binding of 14-3-3 proteins to FBS1.  
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Figure 5. Multiple sequence amino acid alignment of FBS family members. A = full sequence 
alignments of FBS1-4, B = truncated sequence alignments from the boxed region in part A. 
Salmon-colored sections indicate areas of high sequence and functional similarity. Red boxes 
highlight RKR-related motifs in the sequence of FBS1, indicating possible 14-3-3 recognition 
sites. The F-BOX domains of all four FBS proteins are situated in the middle region of the 
sequences and are highly conserved. FBS1-4 all contain a highly conserved sequence near the N-
terminal region of the sequences, termed the “mystery domain.” This domain is implicated in 
FBS1 interactions with 14-3-3 proteins because of its RKR motif. Created with the T-Coffee 
freeware opensource package.39 
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The N-terminus of FBS1 contains three sequences similar to the common RKR motif, 

and FBS2-4 share this conserved sequence in the N-terminal region. 14-3-3s likely utilize this 

region to interact with FBS1.38  14-3-3s are known to utilize RKR amino acid motifs when 

interacting with other proteins,40 and because the RKR motif is highly conserved in the “mystery 

domain 1” region of FBS1-4 – and two additional regions in FBS1 (Figure 5) – it is likely that 

14-3-3s are capable of interacting with other FBX proteins in addition to FBS1. However, the 

roles played by 14-3-3s in this relationship are unclear.  

 

14-3-3 proteins: bridging the gap between protein partners 

  14-3-3 proteins are a family of small (30 kD) proteins conserved throughout all 

eukaryotic organisms, including plants.38,41–44 By binding specific (and often phosphorylated) 

target proteins (Figure 6) , 14-3-3s alter the activity of enzymes45 to regulate important 

physiological processes, including metabolism, stress response, and phytohormone signaling.38 

Individual 14-3-3s have distinctly different binding affinities for the same substrates, so each 14-

3-3 is designed to uniquely assist specific complexes more than others.  

14-3-3s also exhibit unique cellular localization patterns that may be indicative of 

different target-specific functions.46,47 For example, the isoflavonoid regulator GmMYB176 

helps control plant stress resistance and nitrogen fixation by governing isoflavonoid gene 

expression and biosynthesis. Gene regulation occurs primarily in the nucleus, and 14-3-3s 

facilitate the nuclear localization of GmMYB176 while helping it to associate with the 

transcription factor GmMYB62 in the nucleus.47 The 14-3-3s are not only facilitating the target’s 

specific subcellular localization, but also promoting the association of two proteins whose 

functions rely on direct interaction with one another.  

Every 14-3-3 protein contains a characteristic amphipathic groove capable of binding 

compatible proteins with conserved 14-3-3 recognition sequences, but the carboxyl and amino 

termini of each type of 14-3-3 is unique, conferring specialized subcellular and tissue 

localization or the ability to distinguish between different isoforms of a given target protein for 

more specialized binding affinity.38,44,46 The C-terminal region is flexible and displays the most 

sequence variation between 14-3-3 isoforms, making it an important determiner of each 

isoform’s binding properties and targets.44 14-3-3s most commonly act as a bridge, bringing two 

proteins in close proximity to one another to facilitate a change in the activity, stability, 
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localization, or interaction affinities of the client proteins.38,47,48 In addition, 14-3-3 protein 

dimers are notably rigid, and may act as a solid podium upon which to reshape a target protein.44 

Two 14-3-3 subgroups – epsilon (ɛ) and non-ɛ – have been identified, and almost 20% of the A. 

thaliana genome is predicted to comprise targets of 14-3-3-mediated interactions, indicated by 

the presence of 14-3-3 complementary binding sites.45 Members of the epsilon group are 

isoforms that appear to facilitate fundamental eukaryotic functions, so non-epsilon 14-3-3s may 

regulate organisms-specific scenarios.48 The subcellular locations of 14-3-3s can also dictate 

their substrates and their subsequent functions. 46  

 

 

Figure 6. 14-3-3 proteins 
interact with target proteins 
to alter their functions.  
Proteins containing a 
conserved 14-3-3 
recognition sequence can 
bind to the inner groove of 
a 14-3-3 dimer and be 
prevented from interacting 
with another protein (B), 
be sequestered to a specific 
subcellular location (C),  
undergo a stabilizing 
conformational change (D), 
be brought in close 
proximity with another 
protein to facilitate an 
otherwise unfavorable 
interaction (E), or even 
change its susceptibility to 
ubiquitination (F). This 
variety of regulatory 
mechanisms enables 14-3-
3s to regulate protein 
function and subsequent 
cellular responses through 
a multitude of pathways. 
Adapted from Cornell and 
Toyo-oka (2017).49  
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14-3-3 proteins regulate plant stress pathways 

In plants and other eukaryotes, 14-3-3s are associated with a variety of cellular pathways, 

regulate protein activity,44,47 and largely facilitate signal transduction of phosphorylated 

partners.47 These proteins are implicated in carbon, sulfur, and nitrogen metabolism in A. 

thaliana,50 where they regulate the enzymatic activity of glutamate synthase, alanine-glyoxylate 

aminotransferase, and phosphoenylpyruvate carboxylase to control physiological processes. 

Specifically, 14-3-3κ expression increases in response to nutrient deprivation and is localized to 

A. thaliana leaves, while 14-3-3ψ prevalence is dependent on whether nutrient deprivation is 

most severe in the plant roots or leaves, altering its expression in each location accordingly.51 14-

3-3s are also implicated in membrane transport in response to metabolic needs, which are 

directly influenced by environmental stresses. It is postulated that 14-3-3 proteins may be critical 

for proper ion and nutrient transport, though the mechanisms behind such regulation are still 

hypothetical.48 We see that 14-3-3s are involved in metabolic regulation, particularly in stressful 

instances of deprivation, and that certain isoforms are associated with certain regions of plant 

morphology, confirming that location-specific responses are available due to the wide array of 

14-3-3 isoforms present in plant genomes. 14-3-3 proteins interact with isoforms of 1-

aminocyclopropane-1-carboxylate synthase (ACS) in A. thaliana.52 In response to cold stress, 

14-3-3 ψ acts as a negative regulator of freezing tolerance and cold acclimation by controlling 

cold-inducible gene expression, primarily by interacting with ACC synthase isoforms to decrease 

their stability and restrict ethylene biosynthesis.53 

   

F-BOX and 14-3-3 interactions as potential UPS regulators 

  FBS1 transcript is known to accumulate when A. thaliana is faced with stressors, but 

what, in turn, regulates this F-box protein? FBS1 directly interacts with 14-3-3s, which are 

known regulators of enzymatic activity and therefore may be controlling the efficiency of 

FBS1.38,51,52 FBS1 mutants containing a mutated N-terminal sequence are unable to associate 

with 14-3-3s, and both the F-BOX domain and N-terminus of FBS1 are thought to be necessary 

for the protein-protein relationship between FBS1 and 14-3-3s.38 Previous studies have shown 

14-3-3s to directly recognize the RKR motif of ATP-sensitive potassium channels and G-protein 

coupled receptors,40 and the N-terminus of FBS1 contains three sequences analogous to this 
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motif that may be imperative for recognition by 14-3-3s, especially considering that nearly all 

plants containing versions of FBS1 maintain this conserved sequence.36 

The regulatory role of 14-3-3 proteins in plant stress response pathways has implicated 

14-3-3s in the regulation of the UPS in plants. For example, 14-3-3 proteins positively regulate 

ACS isoforms by both increasing ACS stability and destabilizing the E3 ligases that target ACS 

proteins for 26S proteasome-mediated degradation, implicating 14-3-3s in the regulation of E3 

complexes in the UPS, as well as the enzymatic control of ethylene biosynthesis (suggesting that 

14-3-3s may play a role in hormonal stress response).52 14-3-3 proteins have been directly 

associated with the ubiquitin ligases ATL31 and ATL6 in A. thaliana, where the accumulation of 

14-3-3s increases in response to carbon and nitrogen stress conditions when both ligases were 

present. In addition, overexpression of these 14-3-3s causes seedlings to be hypersensitive to 

carbon and nitrogen metabolic stress. Sato et. al suggest that ATL31 targets 14-3-3s for 

ubiquitinylation and subsequent degradation, depending on the availability of carbon and 

nitrogen within plant cells.28 This means that 14-3-3s have the potential to interact with other 

ubiquitin ligases, including SCFF-BOX complexes involving FBS1-4. 

  BiFC results (M. Bacher ’17) suggest that FBS1 interacts with 14-3-3 ψ in A. thaliana 

(Figure 7), but the specific role of 14-3-3/FBS1 interactions in the UPS is unknown. In addition, 

it is unclear whether FBS1 uniquely interacts with these 14-3-3s, or whether certain 14-3-3s 

distinctly associate with particular FBS proteins to deliberately facilitate control of UPS 

mechanisms that may require certain subcellular localization. It is possible that the SCFFBS1 is 

targeting 14-3-3s for degradation via ubiquitylation, but because we see 14-3-3s interacting with 

the N-terminal and F-box sequences of FBS1 rather than its C-terminal substrate-recognition 

domain,38 it seems unlikely that 14-3-3s are being identified for destruction by SCFFBS1. A more 

likely theory is that 14-3-3s help direct FBS1 to the correct subcellular location to find its 

designated target protein, and/or helps FBS1 maintain the conformational stability required to 

interact with this target. It has also been suggested that 14-3-3s may be integral in the 

dimerization of the SCF complex with FBS1,38 and therefore may be playing a somewhat 

indirect or general role in A. thaliana stress responses. 
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Figure 7. Confocal microscopy displaying a positive interaction between FBS1 and 14-3-3 ψ. 
Green fluorescence indicates an interaction between the constructs of interest. FBS1 interacts 
with14-3-3 ψ in the cytoplasm and cell membrane of leaf cells. GFP acts as a positive control; an 
empty vector acts as a negative control. Images courtesy of M. Bacher (2017). 
 

 

Project goals 

FBS1 interacts with 14-3-3s in A. thaliana38 (Bacher ’17, unpublished), but the extent of 

these interactions remains unknown. This project aims to characterize the specific interaction 

mechanism between FBS1 and 14-3-3s ω, ψ, κ, and ϕ while determining whether 14-3-3s can 

also interact with other FBS proteins, namely FBS2, FBS3, and FBS4. Using bimolecular 

fluorescence complementation (BiFC, in vivo) in concert with yeast two-hybrid (Y2H, ex vivo) 

assays (Apathy ’18), we aim to comprehend successful interactions between FBSs and 14-3-3s 

and visualize their subcellular locations. I hypothesize that 14-3-3 proteins interact with FBS 

proteins in A. thaliana, and that these interactions have a regulatory effect on FBS proteins. I 

find it plausible that 14-3-3 proteins are important regulators of the Ubiquitin 26S Proteasome 

System through their interactions with FBS1, and determining whether 14-3-3s interact with 

multiple FBSs will give insight into the specificities and potential functions of 14-3-3s in the 

FBS1 + 14-3-3 ψ 

Empty vector 

GFP control 
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UPS, as well as the subtle functional differences that likely exist between FBS1-4. Current gaps 

in scientific knowledge prevent us from understanding the potential role(s) played by 14-3-3s in 

the UPS, and my research may help build a more complete picture of not only FBSs and 14-3-3s, 

but the minute details and targeted mechanisms of eukaryotic protein degradation. If my 

hypothesis is correct, identifying the 14-3-3s associated with certain F-BOX proteins can 

illuminate the subcellular locations where these interactions are taking place, and thereby 

illuminate which elements of stress response certain FBS proteins are responding to on a 

molecular level. 

 

Methods 

Polymerase chain reaction (PCR) of FBS1-4, FBA5, and 14-3-3s. Primers were designed to 

directionally clone FBS1-4, FBA5 (a BiFC cytoplasmic control) and 14-3-3 ϕ, κ, ψ, ω, and λ into 

the Gateway® pENTR entry vector in a known orientation. Forward primers contained a 5’ 

CACC overhang sequence; reverse primers were non-complementary with this overhang 

sequence (Appendix 1). 25 μl Phusion Master Mix, 2 μl forward primer (10 μM), 2 μl reverse 

primer (10 μM), and 16 μl H O were added to 5 μl cDNA template and thermocycled (initial 

denaturation: 98 °C for 30 sec; 25-35 cycles: 98 °C for 5-10 sec, 45-72 °C for 10-30 sec; final 

extension: 72 °C for 5-10 min). PCR products were separated on an electrophoresis gel (1% 

agarose). PCR bands were excised and DNA was isolated using the QIAGEN QIAquick® gel 

extraction kit, sequenced, and aligned with Geneious software (the forward and reverse primer-

produced sequences were aligned for each gene). 

 

TOPO® cloning reaction. PCR product (5 ng/μl) was combined with 0.5 μl stock salt solution, 

1.5 μl H2O, and TOPO® vector (20 ng/μl) and incubated for 30 min at room temperature (22–23 

°C). 3 μl of each pENTR™ TOPO® construct (FBS1-4, FBA5, and 14-3-3 ϕ, κ, ψ, ω, and λ) was 

transformed into One Shot® TOP10 chemically competent E.coli, incubated on ice for 30 min, 

and heat-shocked for 30 sec at 42 ºC. Cells were kept on ice during the addition of 250 μl room 

temperature S.O.C. medium, then shaken horizontally for 1 hr (200 rpm, 37 ºC). Cells were then 

plated on LB kanamycin (50 μg /mL) selective plates and incubated overnight (37 ºC). Surviving 

colonies were cultured overnight in 5 mL LB growth medium with spectinomycin (50 μg/μl). 
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LR recombination reaction. 100 ng pENTR entry clone, 150 ng/μL destination vector (pCL112 

or pCL113), and TE buffer (pH 8.0) were combined to a final volume of 8 μL. 2 μL Gateway® 

LR Clonase™ II enzyme (Thermo Fisher Scientific) was added, mixed thoroughly by pipetting, 

and incubated at 25 ºC for 2 hrs. 1 μL Proteinase K solution was then added and samples were 

incubated for 10 min (37 ºC).  

 

Plasmid preparation. Surviving colonies were cultured overnight (16 hrs) in 5 mL LB medium 

with 5 μl kanamycin (50 μg/μl). For both the TOPO and LR reactions, cell cultures were 

centrifuged for 5 min at 2000 rpm (break level 3) to form a pellet. Excess LB medium was 

removed before DNA isolation with the QIAquick Miniprep Kit (Qiagen); excess supernatant 

was removed before resuspending the pellet in PB buffer. Washes were allowed to sit in the 

column for 1-2 extra minutes to promote increased plasmid yield. Buffers sat in the column for 

1-2 min extra before centrifugation to promote increased yield. 

  

Transformation into Agrobacterium. 100 ng of plasmid from the LR reaction was added to 40 

μl electrocompetent  Agrobacterium tumefaciens  (strain GV3101) cells before electroporation 

(150 μF, 2.0 kV, 360 Ω). Transformed cells were immediately resuspended in 1 mL LB broth 

and incubated with shaking for 3 hrs (30 ºC), then plated on LB 

gentamycin/rifampicin/spectinomycin plates and incubated (30 ºC) for two days. Colonies were 

inoculated into 3 mL LB gentamycin/rifampicin/spectinomycin seed cultures  for 24 hours. 1 mL 

of seed culture was subcultured into 5 mL LB gentamycin/rifampicin/spectinomycin overnight. 

 

Nicotiana benthamiana infiltration. Agrobacterium overnight cultures were spun down at 3,000 

rpm for 5 min. Supernatant was removed and pellets were resuspended in infiltration media (150 

μM acetosyringone, 10 mM MgCl2, 10 mM MES buffer) until reaching the appropriate OD600 

(0.4 for suppressors (encoding viral p19, HcPro, ptoHA, and gamma-β), 1.2 for experimental 

constructs). Resuspensions incubated at room temperature for 3 hours. Desired strains were 

combined and infiltrated into Nicotiana leaves (approximately 1 mL per leaf). 

   

 Visualization with fluorescent microscopy. Leaves were visualized 3-5 days after infiltration. 

Small leaf sections were mounted on slides and viewed under a Nikon D-Eclipse C1 Confocal 
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Microscope with a 488 nm blue-light laser (20% laser strength). Images were captured with the 

EZC13.90 confocal imaging program (medium pinhole, gain = 6-8 B, 1024) and formatted with 

NIS Elements software. 

 

 

Results  

  Using the Gateway® cloning system, the constructs included in Table 1 were 

successfully created. The destination vectors pCL112 and pCL113 encode opposite ends of a 

yellow fluorescent protein (YFP; pCL112 carries the N-terminal region (YN), pCL113 carries 

the C-terminal region (YC)), and upon a successful interaction between the proteins of interest 

the YFP segments are attached to, the YFP protein will recombine and produce a quantifiable 

fluorescent signal. An absence of fluorescence indicates a lack of interaction between the two 

proteins of interest. Unless the proteins of interest experience a direct interaction, the YFP 

fragments should not be able to arbitrarily recombine to produce a false positive fluorescent 

signal.54–57 FBS and 14-3-3 proteins were paired into pCL112/113 combinations to visualize 

potential interactions. 

  
Table 1. Interaction combinations tested with bimolecular fluorescence complementation. (+) 
indicates a positive control. Visible interactions (fluorescence) indicated in green; absence of 
fluorescence indicated in red. Each combination of experimental strains (each strain OD600 ≈ 1.2) 
was combined with four RNAi suppressors: p19, HcPro, ptoHA, and gamma-β (each strain 
OD600 ≈ 0.4). 

  
14-3-3 K-
pCL112  

14-3-3 K-
pCL113   

14-3-3 ψ-
pCL112   

14-3-3 ψ-
pCL113   

14-3-3 φ-
pCL112  

SPA1-
pCL113  

ASK1-
pCL113 

No 
pair 

FBS1-pCL112               (+)  

FBS1-pCL113                  

FBS2-pCL112                  

FBS2-pCL113                  

SPA1-pCL112            (+)    

35S:GFP                 (+) 
 

The results described in Table 1 summarize the confocal images presented in Figure 8. The 

following fluorescent images were captured 2.5 days after infiltration and presented weak to 

moderate fluorescent signals. The GFP positive control presented the strongest green fluorescent 
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signal. Images with multiple isolated dots of fluorescence represent nuclear localization of 

protein interactions, as these fluorescent spots were consistently located within the cell walls of 

N. benthamiana leaf cells. 

FBS1-pCL112 interacts with 14-3-3 κ -pCL113 in the cytoplasm and cell membranes of 

leaf cells (Figure 8-1A) and with 14-3-3 ψ-pCL113 in the nuclei of leaf cells (Figure 8-1B). 

These results match those of FSB1-pCL113 with 14-3-3 κ -pCL112 (Figure 8-1D) and 14-3-3 ψ-

pCL112 (Figure 8-2E and F), as expected. FBS1-pCL113 is also shown to interact with 14-3-3 ϕ 

-pCL112 in the nuclei of leaf cells (Figure 8-2G). The fluorescence in Figure 8-1A was 

moderately strong and was not seen consistently throughout a large portion of the infiltrated leaf. 

Only isolated areas of the leaf emitted a fluorescent signal. The strongest fluorescence is seen in 

the outermost regions of the leaf cells, suggesting primary localization to the cell membrane. The 

same patterns of fluorescence are seen in Figure 8-1C and D, though Figure 8-1D shows a wider 

area of cells expressing fluorescence. Figure 8-1B and Figure 8-2E, F, and G emitted strong 

fluorescence that was consistent throughout the majority of the infiltrated leaf and was only seen 

in the nuclei of cells. In Figure 8-2F, it the fluorescence appears to extend into the cytoplasmic 

and cell membrane regions of a couple of cells; this may indicate additional regions of 

localization aside from the nucleus, or could be a product of background fluorescence from the 

nearby interactions.  

FBS2-pCL112 interacts with 14-3-3 κ-pCL112 in the cytoplasm and cell membranes of 

leaf cells (Figure 8-2H), and also appears to interact with 14-3-3 ψ-pCL112 (Figure 8-3I), though 

the latter interaction displays such weak fluorescence that this may be a product of background 

noise. FBS2-pCL113 interacts with 14-3-3 κ -pCL112 in the cytoplasm and cell membrane of 

leaf cells (Figure 8-3K), and similarly with 14-3-3 ψ-pCL112 (Figure 8-3L). In addition, FBS2-

pCL113 interacts with 14-3-3 ϕ -pCL112 in the cytoplasm and cell membrane (Figure 8-4M), 

displaying strong fluorescence.  

Most of these experimental fluorescent images depict moderate or weak fluorescence, 

and very few cells express the fluorescence. Even the GFP positive control (Figure 8-4P), in 

which the majority of cells are expected to fluoresce, only appears to impact cells sporadically. 

This may be because the plants were visualized before the optimal 3-day post-infiltration time 

point, so full fluorescence was not properly expressed. 
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Figure 8-1. Confocal microscopy images of Gateway® BiFC construct pairs. Whole N. 
benthamiana leaf sections were mounted on glass slides with water and viewed with the Plan 
Apo 10X DL Dry objective 2.5 days after infiltration. Green fluorescence indicates an interaction 
between the constructs of interest. A) moderate fluorescence is seen in the outer regions of leaf 
cells (cell membrane and cytoplasm). B) strong fluorescence is seen in the innermost regions of 
leaf cells (nucleus). C) weak fluorescence is seen in the outer regions of leaf cells (cell 
membrane and cytoplasm); positive control. D) moderate fluorescence is seen in the outer 
regions of leaf cells (cell membrane and cytoplasm). 

 

 

A) FBS1-pCL112 + 14-3-3 K-pCL113 B) FBS1-pCL112 + 14-3-3 ψ-pCL113 

C) FBS1-pCL112 + ASK1-pCL113 D) FBS1-pCL113 + 14-3-3 K-pCL112 
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Figure 8-2. Confocal microscopy images of Gateway® BiFC construct pairs. Whole N. 
benthamiana leaf sections were mounted on glass slides with water and viewed with the Plan 
Apo 10X DL Dry objective 2.5 days after infiltration. Green fluorescence indicates an interaction 
between the constructs of interest. E) strong fluorescence is seen in the inner regions of leaf cells 
(nucleus). F) a magnified image of the interactions seen in panel E (using the Plan Apo VC 20X 
Dry microscope objective). G) strong fluorescence is seen in the inner regions of leaf cells 
(nucleus). H) weak fluorescence is seen in the outer regions of leaf cells (cell membrane and 
cytoplasm). 

 

 

E) FBS1-pCL113 + 14-3-3 ψ-pCL112 F) FBS1-pCL113 + 14-3-3 ψ-pCL112 (20X) 

G) FBS1-pCL113 + 14-3-3 φ-pCL112 H) FBS2-pCL112 + 14-3-3 K-pCL113 
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Figure 8-3. Confocal microscopy images of Gateway® BiFC construct pairs. Whole N. 
benthamiana leaf sections were mounted on glass slides with water and viewed with the Plan 
Apo 10X DL Dry objective 2.5 days after infiltration. Green fluorescence indicates an interaction 
between the constructs of interest. Panels I-K show very weak fluorescence seen in the outer 
regions of leaf cells (cell membrane and cytoplasm). 
 

 

I) FBS2-pCL112 + 14-3-3 ψ-pCL113 J) FBS2-pCL112 + ASK1-pCL113 

K) FBS2-pCL113 + 14-3-3 K-pCL112 L) FBS2-pCL113 + 14-3-3 ψ-pCL112 
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Figure 8-4. Confocal microscopy images of Gateway® BiFC construct pairs. Whole N. 
benthamiana leaf sections were mounted on glass slides with water and viewed with the Plan 
Apo 10X DL Dry objective 2.5 days after infiltration. Green fluorescence indicates an interaction 
between the constructs of interest. M) strong fluorescence is seen in the outer regions of leaf 
cells (cell membrane and cytoplasm); positive control. N) moderate fluorescence is seen in the 
outer regions of lead cells (cell membrane and cytoplasm). O) a magnified image of the 
interactions seen in panel N (using the Plan Apo VC 20X Dry microscope objective). P) strong 
fluorescence seen in the outer regions of leaf cells (cell membrane and cytoplasm); positive 
control. 
 
 
 

FBS2-pCL113 + 14-3-3 φ-pCL112 M) FBS2-pCL113 + 14-3-3 φ-pCL112 

P) GFP 

N) ASK1-pCL113 + 14-3-3 K-pCL112 

O) ASK1-pCL113 + 14-3-3 K-pCL112 (20X) 
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Discussion & Conclusion 

 This work is significant because the role(s) played by FBS1 in plant stress response are 

currently unknown. FBS1 expression increases in response to biotic and abiotic stresses,36 yet the 

identity of its protein target(s) remains elusive, the specific pathway(s) impacted by FBS1 are 

unknown, and its functional relationships with other FBS family members have not been 

previously investigated. Because FBS1 expression increases at the onset of stress and tends to 

decrease over time,36 it is likely that FBS1 targets a protein at the beginning of a cellular pathway 

that triggers a cascade of further responses. For instance, the degradation of a transcriptional 

suppressor that prevents gene expression in the absence of stress would immediately activate the 

genes involved in that stress response pathway, effectively “turning on” a stress response via the 

degradation of this singular regulatory protein. Another possibility it that FBS1 controls the 

concentration of a protein catalyzing the rate-determining step of a stress-related pathway, 

whether it be metabolic, hormonal, or otherwise. Decreasing the concentration of a rate-

determining enzyme would slow the entire pathway upon which it depends, creating a cellular 

response that may be beneficial in the presence of stress. Additionally, this reduction in rate 

could promote the activation of a related pathway via a decrease in a molecular product or 

byproduct of the initial reaction targeted by FBS1. The highly conserved domains of FBS1-4 

may implicate the entire FBS family in these large-scale responses to stress. The results of this 

thesis project will begin to address the unknown cellular roles of FBS2, FBS3, and FBS4. 

Because FBS1 could be initiating the initial steps to plant stress response, understanding its 

specific roles will lead to more comprehensive knowledge about stress response cascades and the 

pathways heavily impacted by certain stresses. My project contributes to this investigation by 

exploring how FBS1 may be regulated by 14-3-3 proteins; understanding how FBS1 is regulated 

gives important insight into how it may be functioning within the larger context of cellular stress 

response.  

 The interactions between 14-3-3s and FBS1 could facilitate a variety of relationships. 

First, 14-3-3 proteins could be targeted by SCFFBS1 for degradation by the 26S proteasome. 

However, because the target domain of F-BOX proteins is typically located on the C-terminal 

end, and the 14-3-3 recognition sequence is located on the N-terminal end of FBS1, it seems 

unlikely that 14-3-3s are being targeted for ubiquitination by FBS1,38 especially considering the 

highly conserved nature of 14-3-3s; only 13 isoforms exist in A. thaliana, so degrading one of 
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them would likely have massive impacts across cells by impacting the functional capabilities of 

any proteins that rely on 14-3-3 regulation. However, targeting a specific 14-3-3 protein would 

be a quick way to enact massive cellular change, and therefore could be plausible when 

considering the widespread cellular consequences of stress response, but it seems that too wide a 

variety of 14-3-3 protein substrates would be affected by the degradation of a 14-3-3, and it 

would be difficult to control any related pathways because of the broad roles of 14-3-3s. 

 Another possibility is that 14-3-3 proteins are essential to the formation of the SCFFBS1 

complex. It is plausible that 14-3-3s promote increased SCFFBS1 efficiency by stabilizing the 

complex or facilitating interactions within the complex. By interacting with a 14-3-3 protein, the 

conformation of FBS1 may be crucially altered to allow it to interact with the SKP subunit of the 

SCF complex. This would mean that in the absence of the necessary 14-3-3s, FBS1 would not be 

able to successfully bind to the SCF complex. Similarly, 14-3-3s could stabilize the interaction 

between FBS1 and the SKP subunit, either by promoting FBS1 conformational stability or 

bringing the FBS1 and SKP proteins close enough to interact. If the functional role of 14-3-3s is 

to promote FBS1 stability, this could mean that the association of FBS1 with the SCF complex is 

a somewhat transient interaction, and the addition of a 14-3-3 to stabilize the interaction may 

indicate a more dramatic stress response by allowing FBS1 to remain attached to the SCF 

complex for a longer period of time, and thereby degrade a higher volume of target protein. If 

14-3-3 proteins act as a bridge to facilitate SKP and FBS1 interactions, it is possible that the 

absence of 14-3-3s would prevent SCFFBS1 complex formation.  

 In another scenario, 14-3-3 proteins may be dictating the subcellular location of FBS1. 

This could either prevent FBS1 from interacting with its substrate and thereby enforce negative 

regulation, or the 14-3-3 protein could direct FBS1 to the proper subcellular location of the 

substrate. Elucidating where FBS1 is located before and after 14-3-3 intervention would give 

valuable insight into the nature of SCFFBS1 substrates. For example, if the substrate of FBS1 is 

located in the nucleus, it suggests that FBS1 may be targeting critical transcription factors that 

control stress-related gene expression. If FBS1 substrates are found in chloroplast, the SCFFBS1 

complex may be degrading proteins involved in photosynthesis and energy production. Because 

unique 14-3-3s are associated with different subcellular localizations, FBS1 may be able to 

interact with different 14-3-3s depending on its localization needs.46  
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  If only FBS1 is found to interact with 14-3-3s, it may imply that FBS2-4 are being 

phased out of cellular use. Genetic drift could be at play, and FBS1 may have evolved into a 

protein efficient enough to encompass the functions of the other FBS family members. Because 

of the large degree of sequence homology between FBS1-4 and the conserved presence of 

“mystery domain 1,” this is certainly a possibility. A lack of 14-3-3/FBS interactions could also 

mean that FBS2-4 simply do not require 14-3-3s to regulate their function, and perhaps may be 

regulated via other mechanisms. This would indicate that FBS1 requires a unique form of 

regulation when compared to its FBS family counterparts, perhaps suggesting that its role(s) in 

plant stress response are significantly different or more general from those of FBS2-4.   

 The preliminary results discussed in this thesis suggest that FBS1 and FBS2 both interact 

with 14-3-3 proteins. FBS1 interacts with 14-3-3 κ and 14-3-3 ϕ in the cytoplasm and cell 

membranes of infiltrated leaf cells, and with 14-3-3 ψ in the nuclei of leaf cells (Figure 8). 

Interestingly, the latter interaction contradicts previous results that place FBS1/14-3-3 ψ 

interactions in the cytoplasm and cell membrane (Figure 7), but nevertheless confirm that an 

FBS1/14-3-3 ψ interaction is taking place. FBS2 interacts with all three of these 14-3-3s in the 

cytoplasm and cell membranes of leaf cells, and this is consistent with the interactions seen 

between 14-3-3s and FBS1. However, qualitative analysis of FBS1/14-3-3 interactions shows 

that the fluorescence produced is much stronger than the fluorescence produced by FBS2/14-3-3 

interactions (Figure 8), and this suggests that FBS1/14-3-3 interactions are more abundant than 

those of FBS2. Perhaps FBS1 impacts stress responses more broadly than FBS2, and therefore 

requires more regulation by 14-3-3s. If future results confirm that FBS1 is interacting with 14-3-

3 ψ in the nucleus, it may implicate 14-3-3 ψ in a crucially different form of regulation than other 

14-3-3 isoforms, and determining which stresses promote FBS1/14-3-3 ψ interactions could 

elucidate specific functions of FBS1 in relation to different stresses based on subcellular 

localization, as mentioned previously. However, previous studies with 14-3-3s suggest that their 

functions are redundant,58,59 and my results contradict this by implicating 14-3-3 ψ in a unique 

form of regulation compared to other 14-3-3s. This is also different from the conclusions made 

by M. Bacher’s previous BiFC work, and therefore my results may be an anomaly. Perhaps the 

localization of FBS1 and 14-3-3 ψ interactions changes over time, and taking fluorescent images 

earlier in the infiltration process shows interactions in the nucleus while viewing 3-5 days later 

shows that the interactions have moved to the cell membrane and cytoplasm. This seems 
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somewhat unlikely, but would mean that interacting with 14-3-3 ψ might cause FBS1 to move 

out of the nucleus, which may impact its ability to bind its substrate protein. If these nuclear 

localization results are consistent in the future, it could alter the way we think about interactions 

between 14-3-3s and FBX proteins, in that specific 14-3-3s may be causing unique changes in 

FBX subcellular localization.  

 Future work will continue to optimize and consistently confirm these FBS/14-3-3 

interactions in N. benthamiana. Once FBS3 and FBS4 have been successfully cloned into pCL 

destination vectors, they will be tested for interactions with 14-3-3 proteins to build a more 

comprehensive understanding of FBS/14-3-3 interactions. Future experiments may investigate 

these interactions under a variety of abiotic stresses to discern how 14-3-3s may be regulating the 

function of FBS1 in both the presence and absence of stress. Because A. thaliana is a model 

plant, these results can be applied to other plants to provide a foundation for understanding how 

FBS homologs are functioning throughout the plant kingdom, and thereby enhance our 

understanding of plant stress response across a variety of plant species. 
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Appendix 1 

 

Table 1. Forward (F) and reverse (R) primers used for PCR amplification and directional cloning 
of desired genes into the pENTR entry vector. 

 

Gene Primer Sequences 
FBS1 

 
F: CACCATGGCATTGGGGAAGAAAAGAATCG 
R: TCAGTGGAATAGAGCCACTGAGAC 

FBS2 
 

F: CACCATGATCCATTATCTCCATTTCA 
R: TCATGTAAACAAAGCCGCAG 

FBS3 
 

F: CACCATGGCGTATTTGAGTGATG 
R: TCATTTAAACAATACCATAGAGATCTTCGACAAATC 

FBS4 
 

F: CACCATGGGGAAGGTATCTCCAAAG 
R: TCAGGTGAGGTTGTTTTGAGC 

FBA5 
 

F: CACCATGTCTGCTTTTGTCGGC 
R: CACCATGTCTGCTTTTGTCGGC 

14-3-3 κ 
 

F: CACCATGGCGACGACCTTAAGCAG 
R: TCAATATGCGAGTTTCTGATGATGC 

14-3-3 ψ 
 

F: CACCATGTCGACAAGGGAAGAGAATGT 
R: TTACTCGGCACCATCGGG 

14-3-3 λ 
 

F: CACCATGGCGGCGACATTAG 
R: TTACATAGAGTAGTAATAACTCAGC 

14-3-3 ϕ 
 

F: CACCATGGCGGCAC CACCAGCATC ATCC 
R: TTAGATCTCCTTCTGTTCTTCAGCAGGC 

14-3-3 ω 
 

F: CACCATGGCGTCTGGGCGTGAAG 
R: TCACTGCTGTTCCTCGGTCG 
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Figure 1. pENTR/D-TOPO vector map. 
 


