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Hypothesis

The transcription factor FY belongs to a highly conserved group of eukaryotic proteins theRNA3’ end-processing factors.

FY regulates RNA 3’ end processing in FCA regulation in Arabidopsis thaliana.

Introduction

Advantages of Arabidopsis thaliana 


Arabidopsis thaliana is a small flowering plant that is widely used as a model organism in plant biology.  Arabidopsis offers important advantages for basic research in genetics and molecular biology and has become universally recognized as a model plant for such studies:

· Small fully sequenced genome (114.5 Mb/125 Mb total).

· Extensive genetic and physical maps of all 5 chromosomes of Arabidopsis. 

· A rapid life cycle (about 6 weeks). 

· Prolific seed production and easy cultivation.

· Efficient transformation methods. 

· A large number of mutant lines and genomic resources. 

· Multinational research community of academic, government and industry laboratories. 


The transcriptional regulation and the control of flowering time in Arabidopsis via the autonomous pathway were examined in this article. Transcriptional factors are critical regulatory components of the pathways that maintain many aspects of plant growth, development, and physiology.

Pathway Overview

Genes required for the promotion of flowering have been identified through the characterization of late-flowering mutants that comprise the three genetically separable pathways:

· The photoperiod promotion pathway (e.g. changes in daylight or photoperiod length). 

· The phytohormone gibberellin (associated with plant growth).

· The autonomous pathway controls the expression of a floral repressor, FLOWERING LOCUS C (FLC), which regulates the activity of the other two pathways.  Six late-flowering recessive mutants, fca, fy, fpa, fve, ld, and fld have been used to characterize this pathway. The level of FLC mRNA was found to be increased in these mutants, indicating that the autonomous pathway normally functions to prevent FLC mRNA accumulation.
Autonomous Pathway Proteins

FCA

· encodes an RNA-binding protein that promotes flowering, and its expression is regulated through alternative splicing of its pre-mRNA.
· two RNA recognition motif (RRM) binding domains.

· contains a WW protein interaction domain that is essential for FY interaction.

FLC (Flowering Locus C)

· acts as the repressor of the floral transition.

FY

· encodes a protein required for the negative autoregulation of FCA expression. 

WW Domain


The WW domain is a protein-protein interaction module composed of 35-40 amino acids. The major features of the WW domain primary structure are: 

· two conserved tryptophans (abbreviated "W") spaced 20-22 amino acids apart

· a block of two or three aromatic amino acids located centrally between the two signature tryptophans

· a conserved proline located three amino acids carboxyterminal to the second conserved tryptophan. 

FCA Domain Structure

· The WW domain binds proline-rich ligands. The primary sequence of the FCA WW domain most closely resembles that of FBP11, a group II WW domain containing protein sequence that binds Pro-Pro-Leu-Pro (PPLP). 

·  This sequence is present in FY.

FCA Regulation

· FCA expression is autoregulated through the use of different polyadenylation FCA pre-mRNA is alternatively processed, resulting in the formation of four different transcripts, α, β, γ, and δ.

· Full-length FCA protein (FCA- γ) promotes premature cleavage and polyadenylation at a promoter-proximal site within intron 3 of its own pre-mRNA via negative feedback.

· This results in the production of a nonfunctional truncated transcript, known as FCA- β at the expense of the fully spliced transcript, FCA- γ.  

· FCA/FY interaction is required for efficient selection of the promoter-proximal polyadenylation site.

· FCA autoregulation presets the level of active FCA which in turn controls the level of FLC mRNA. When the negative regulation of FCA expression is bypassed, the balance of the pathways controlling FLC is perturbed and flowering time is accelerated.

Methods and Results

Plant Transformation

· To determine whether the FCA WW domain was required for the function of FCA, the second tryptophan (W) was mutated to phenylalanine (F).  This was accomplished through the use of a U.S.E. (Unique site elimination) Mutagenesis Kit (Pharmacia Biotech) and a mutated oligonucleotide.

· Oligo-directed mutagenesis uses a mutagenic oligo which, after hybridization to a gene on a plasmid, provides a template for heteroduplex production. The heteroduplexes, containing one normal and one mutant strand, are used to transform bacteria directly. Because of semiconservative replication, best one can hope for is 50% recovery of mutants.

· The individual techniques employed in the kits allow either for negative selection against the parental, non-mutated plasmid or positive selection for the mutated plasmid, both of which significantly raise the efficiency of mutant isolation. Most of the oligo-directed mutagenesis kits allow for variety of types of mutations-point mutations, deletions or insertions. 

Plant Transformation using Agrobacterium
· Transgenes (WW and WF complementation) were introduced into Agrobacterium strain C58C1 and transformed into either Arabidopsis thaliana  fca-1 or Ler by floral dip.

· Agrobacterium is a naturally occurring soil bacterium that infects plants and transfers a segment of its Ti plasmid to the plants genome.  The genes transferred are expressed with the plants own genes and cause cell proliferation.  For the purpose of transformation, the genes that cause proliferation are replaced with the insert of interest.  A strong promoter, such as the 35S CaMV promoter is often included in the construct to increase expression of the protein.
Transformation of A. thaliana by Floral Dip

· Floral organs are dipped into a culture containing transformed Agrobacterium.  Female reproductive cells are transformed.

· The seeds are collected and plated on a selective media (ampr), and plantlets are transferred to soil and grown.

· T1 plants are selfed, T2 seeds are collected, plated, and grown.  T3 seeds are collected and plated to identify homozygous T2 plants.

Flowering time

· Flowering time was measured by counting the number of rosette leaves at flowering, the number of leaves present being inversely proportional to the amount of time required for flowering.

FCA and FLC Expression

· Western analysis of the transgenic plants shows that both the WW and WF constructs lead to expression of the full length FCA protein, which is not seen in the fca-1 mutant.

· Northern analysis of the same plants shows that plants not expressing the WW domain of FCA express elevated levels of FLC

Affinity Purification and Far Western: 
The search for the interacting protein

· To isolate any proteins that interact with FCA, affinity purification was carried out using FCA #6 coupled to N-hydroxy-succimidyl chloroformate activated agarose.

· The extracted proteins were run on SDS-PAGE then probed with labeled FCA-WW.

· The top gel shows the results from cauliflower protein extract, while the lower gel was from a number of species of A. thaliana.

Candidate cloning:
 The search for the interacting protein continues

· A:  The fy-1 mutation was previously determined by positional cloning to be located on Arabidopsis chromosome V.

· B:  Structure of the FY gene (exons shown as boxes) with a predicted ORF of 84 kDa.  The fy-1 mutation at the 3’ splice acceptor of exon 16 is shown, as is the insertion causing the elongated FY protein seen in fy-2 mutants.

· C:  Domain sequences of FY with repeating WD sequences and the pro-pro-leu-pro sequence predicted to interact with the WW domain of FCA.

dCAPs

· The G – A point mutation of FY to give fy-1 was confirmed through the use of derived cleaved amplified polymorphisms (dCAPs).  This mutation leads to an early termination codon which is thought to create an unstable mRNA seen only at very low levels.  The protein translated from this transcript would not contain the pro-pro-leu-pro sequence essential for FCA interaction.

· In CAPs, gene specific primers are used to amplify template DNA and the polymorphic nucleotides are detected by the loss of gain of a restriction enzyme recognition site.  

· (dCAPs)-Eliminates the need for single nucleotide polymorphism to fall within the recognition site for restriction enzyme. 

· SNP recognition site is introduced into PCR product by primer containing mismatches to DNA  template.  

· The PCR product is then subjected to r.e. digestion and the presence or absence of the SNP is determined by the resulting restriction pattern. 

Northern Analysis

· Northern of FY from wild-type and mutant species of Arabidopsis.  fy-2 shows abnormally sized FY protein.  

(Probed with FY specific probe).

· Northern of FLC showing elevated levels in fy-2.

GST-pull down:
Confirmation that FY interacts with FCA-WW

GST-pull down:
Confirmation that FY interacts with FCA-WW

GST-pull down:
Confirmation that FY interacts with FCA-WW

· GST:FCA-WW pulled down FY and this interaction was impaired when GST:FCA-WF was tested

· Therefore, recombinant FCA and FY proteins do interact in vitro in a manner that is dependent on an intact FCA WW domain

FCA-FY Control of Flowering Time

· FCA was over expressed in Arabidopsis by driving expression with the CaMV 35S promoter (35S) and removing regulatory sequences such as the introns and 5’ region. 

· FCA protein produced from this transgene is shorter than wild type, but plants expressing 35S::FCA flower early and can accelerate the floral transition of certain late-flowering mutants.

· When this transgene was introduced from fca-1 into an fy-1 mutant background (by crossing), fy-1 was found to be epistatic to the early flowering of 35S::FCA.
Expression of FY is Required for 3’ End  Processing

· Northern: Over-expressed FCA-γ promoted alternative splicing of its own mRNA leading to higher expression of FCA-β.

· This increased expression of FCA-β was not seen in fy-1 mutants.

· Western: Over-expression of FCA-γ protein was seen in the plants expressing the 35S promoter transgene. The continued expression of FCA-γ+ (wt) is seen in the fy-1 mutants. 

Discussion and Conclusions

· FCA autoregulation is dependent on FCA/FY interaction, which is dependent on an intact FCA-WW domain.

· Fy interaction is required for proximal site polyadenylation of the FCA mRNA, indicating that FY acts as a 3’ RNA end-processing factor.

· FY shares a high amount of homology with a number of eukaryotic proteins previously identified as 3’ RNA end-processing factors.

· fy-1 mutation results from a G-A mutation at the 3’ splice acceptor site of the 16th exon, leading to a premature stop codon and mRNA degradation.

· fy-2 mutation is caused by an insertion into the 16th exon, leading to a disrupted WW domain.

· fca-1 mutant leads to a premature stop codon and encodes a protein lacking the WW-domain.
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Positional-Candidate Cloning

· Positional Approach first (mapping) 

· Candidate Approach second 

· search through cloned cDNA’s and EST’s 

· candidates? Clone genes and characterize 

· look for mutations in affected individuals 

· More likely as more genes cloned, sequenced 

http://www.brunel.ac.uk/depts/bio/GATC/positional_candidate_gene_cloning/positional_cloning.htm
Positional Cloning

Positional cloning is one of four main approaches to locate and clone inherited disease genes.
It has been used quite successfully in the cloning of genes behind high profile single gene disorders such as Cystic Fibrosis, Huntington's Disease or Polycystic Kidney Disease, where there is no prior information as to the location of the gene nor any clues as to the protein malfunction in the pathology observed. A classical example is the cloning of the CF-gene.
Positional cloning was widely used from the mid 1980 to the late 1990s 
The experimental steps involved are as follows
1. Approximate location of candidate genes (genome scan, linkage analysis, association studies ->generation of flanking markers delineating candidate region 
2. Establishing a clone-based contig 
3. Identification of coding regions - candidate genes (Zoo-blotting, exon trapping, cDNA selection) 
4. Gene expression studies (Northern, RT-PCR etc.) 
5. Mutational analysis 
6. Functional analysis 
In recent years positional cloning has evolved into positional candidate cloning, mainly due to the rapid advances made in Human Genetics, facilitated by the human Genome Project. It is a more directed approach bypassing several steps such as contig building and gene finding and uses a more 'in silico approach'.
The main steps are as follows:
1. Due to haplotype mapping the candidate region should locate the candidate gene within not more that 0.5 cM 
2. Retrieve the genomic data for that region from relevant database containing approx. 6 candidate genes (including the exon structure and any possible alternative splicing) 
3. Obtain gene expression data from SAGE or microarray database (1-2 genes) 
4. Consult gene mutation database whether any known mutations are described for this gene 
5. Consult protein motif and structure database whether anything is known about functional domain etc. 
6. Consult protein interaction database to analyse interacting proteins 
7. Analyse other animal database to identify orthologues 
8. Backup this information with a few experiments (mutational analysis of all exons via gene chip technology or direct automated sequencing of PCR amplified exons) 
This methodology will cut the time required for identifying disease genes by up to 90%.
This higher throughput is required since it needs to be pointed out that the time of cloning single gene disorders is over. The new frontier is now the study of polygenic diseases, which requires the identification of several different genes all of them making some contribution to the disease state.
http://www.tau.ac.il/~karena/docs/Gen_L3.pdf
Positional-candidate

cloning

Identifies candidate

genes by a combination

of their map position,

expression, function or

homology.
http://www.google.ca/search?q=cache:1O7nCg0Sz7AJ:medlib.med.utah.edu/reprogen/reprogen.html++%22candidate+cloning%22&hl=en&ie=UTF-8
Families with a high incidence of one of these disorders can now be studied using a powerful technique called "positional candidate cloning". In this amazing laboratory process, we use a (volunteered) biological sample from an at-risk individual. Then, based on our best working knowledge of the function of specific areas of the human genetic system, we examine a specific region of the individual's DNA to see if it is different than the DNA of people who do NOT have a familial disease or abnormality. In this way, we can rapidly uncover the gene responsible for the disease. Each gene discovered through these analyses becomes a target for pharmaceutical research leading to novel treatments, as well as new diagnostic tests. The "positional candidate" approach is yielding important discoveries in every area of medicine. Given the appropriate samples, a gene can now be discovered in just a few month's time. 

A very informative walk through of candidate cloning… to informative: http://www.brunel.ac.uk/depts/bl/project/biocomp/disease/introduc/sts2.htm#STRATEGY
SMITH DISCUSS EVOLUTIONARY CONTEXT TO FLC RESEARCH http://www.plantcell.org/cgi/content/full/11/5/763

Discussion 

We have demonstrated that the WW protein interaction 

domain is essential for the function FCA performs in 

flowering time control and identified FY as a molecular 

partner for this domain. In doing so, we have characterized 

one of the original late-flowering mutants (Koornneef 

et al., 1991). Loss-of-function fy mutants exhibit 

the same flowering time phenotypes as fca, and as such 

they have been classified together in the same genetically 

defined autonomous pathway. fca-1 is epistatic 

to fy-1 (Koornneef et al., 1998) and fy-1 is epistatic to 

35S::FCA-
. We have demonstrated that FCA and FY do 

not function in a linear pathway to control each other’s 

expression. Instead, the molecular basis of this genetic 

epistasis is the interaction of FCA and FY proteins. FY 

encodes a protein that is highly related to an RNA 3. 

end-processing factor, and we have demonstrated phenotypic 

defects in FCA RNA 3. end formation in fy loss-

of-function mutants. We therefore propose that FCA and 

FY interact to regulate RNA 3. end formation. 

In theory, FCA could interact with FY either to inhibit 

its activity and prevent 3. end formation or to tether the 

3. end machinery to a regulated site and thus promote 

3. end formation. We have been able to distinguish between 

these two possibilities and understand the mechanistic 

consequence of the FCA-FY interaction by analyzing 

the molecular basis of FCA autoregulation. An 

intact WW domain is required for FCA autoregulation 

(Quesada et al., 2003) and, consistent with the interaction 

of FY with this domain, we have now demonstrated 

a genetic requirement for FY in this process. Two alternative 

3. ends are selected in FCA pre-mRNA: a pro-

moter-proximal site within intron 3 and a promoter-distal 

site in the conventional 3. UTR. FCA negatively regulates 

its expression by promoting selection of the proximal 

site (Quesada et al., 2003). FCA could interact with FY 

at the distal site to block its usage, with 3. end formation 

then occurring at the proximal site by default. However, 

we have made use of the 
-ray induced fca-4 allele, in 

which the two poly(A) sites are expressed on separate 

transcripts (as a result of a chromosomal breakpoint 

and rearrangement within this allele of FCA) to demonstrate 

that FCA actively promotes selection of the proximal 

3. end (Quesada et al., 2003). Our data therefore 

supports a model in which FCA would promote proximal 

poly(A) site selection by binding RNA close to this site 

(with its N-terminal RNA binding domains), while simultaneously 

interacting with FY and the 3. end-processing 

machinery through its WW domain. In this way, FCA 

would act as a regulator of 3. end formation by tethering 

or stabilizing the 3. end-processing machinery to an 

otherwise weak poly(A) site and thereby actively promoting 

its selection (Figure 7). No precedent exists for a 

regulatory factor interacting directly with the 3. endprocessing 

machinery in order to modulate the site of 

3. end formation (Zhao et al., 1999). 

We propose that FCA is a regulator of 3. end formation, 

while FY (by sequence similarity) is a conserved 

component of the 3. end-processing machinery. It 

seems unlikely that FCA is involved in constitutive 3. 

end formation. First, since the early flowering flc-3 null 

allele is epistatic to fca loss-of-function mutants, the 

late-flowering phenotype of fca can be explained exclusively 

by its role in regulating one gene, FLC, as opposed 

to the accumulated misregulation of multiple transcripts 

(Michaels and Amasino, 2001). Second, consistent with 

a regulatory role, the level of FCA expression is normally 

limiting for flowering, since elevated levels of FCA protein 

promote precocious flowering (Macknight et al., 

2002; Quesada et al., 2003). Third, the role of FCA and 

FY can be genetically separated: fy-1fpa-1 double mutants 

are lethal, but fca-1fy-1 or fca-1fpa-1 double mutants 

are not (Koornneef et al., 1998). Therefore, FY must 

perform an additional essential function separate from 

its interaction with FCA. Although the hypomorphic nature 

of fy-1 and fy-2 means that we cannot as yet distinguish 

whether FY acts in constitutive or regulated 3. 

end formation, these genetic data reveal that FCA plays 

a more limited regulatory role in plant development than 

FY. The further examination of this model will require 

the characterization of null fca and fy alleles and the 

identification of FY protein partners. 

The known downstream target for FCA and FY in flowering 

time control is FLC (Michaels and Amasino, 1999, 

2001; Sheldon et al., 1999). Through genetic analysis, 

we have shown here that FY and an intact WW domain 

are necessary both for FCA to autoregulate its expression 

and for the function FCA performs in regulating FLC 

mRNA accumulation. This indicates that the molecular 

mechanisms involved in both these processes may be 

similar (Figure 7). FCA and FY could therefore regulate 

3. end formation of either FLC pre-mRNA directly or 

of an unidentified intermediate. Molecular and genetic 

approaches are now being undertaken to distinguish 

between these possibilities. So far, we have not detected 

alternatively polyadenylated transcripts of FLC 

through Northern analysis of wild-type, fca-1,or fy-1 

mutant backgrounds. This may be because such tran
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Figure 7. Model for FCA and FY Function 

We propose that FCA (red) binds target RNA through its two N-terminal RRMs and tethers the 3. end-processing machinery (pale blue) to 

this RNA via an interaction between the FCA WW domain and the PPLP domain of the 3. end-processing factor, FY (blue). One target of this 

interaction is FCA pre-mRNA (red). Autoregulation of FCA expression presets the level of active FCA protein available to regulate the floral 

repressor, FLC (green), which is executed by FCA again interacting with FY. It is not yet known whether the regulation of FLC pre-mRNA is 

direct or if an intermediate RNA is involved. The activity of other regulators of FLC (such as FPA and FVE) is not controlled by FCA (at the 

RNA level, at least) and conversely, they do not regulate FLC by controlling FCA expression. 

scripts are not stable: transcripts that are cleaved and 

polyadenylated at sites that do not include in-frame upstream 

stop codons are subject to nonstop decay 

(Frischmeyer et al., 2002). It is conceivable that this RNA 

decay pathway could be deliberately exploited through 

regulated 3. end formation as a means to control gene 

expression. 

The identification of FY and its interaction with FCA 

provides insight into the molecular nature of the autonomous 

pathway in flowering time control. The interaction 

of FCA and FY provides the only clear example of genetic 

epistasis between autonomous pathway mutants as 

classified by Koornneef (Koornneef et al., 1998). The 

molecular interaction of FCA and FY explains this genetic 

epistasis and the identification of FY suggests the 

molecular mechanism by which they act. Other autonomous 

pathway components appear to function in a genetically 

parallel manner to FCA and FY (Koornneef et 

al., 1998; our unpublished results). None of the other 

autonomous pathway components appear to be involved 

in 3. end formation: LD encodes a homeodomain 

protein (Lee et al., 1994) and although FPA encodes an 

RNA binding protein (Schomburg et al., 2001), it is not 

required for the function FCA performs in flowering time 

control (our unpublished results). Indeed, none of the 

other components of the autonomous pathway (except 

FY) are required for the role FCA plays in flowering time 

control, nor are any required for FCA expression (our 

unpublished results). Therefore, the genetically defined 

autonomous pathway does not appear to function in a 

conventional linear manner controlled by an upstream 

input signal. Instead, it may represent the evolution of 

multiple, divergent mechanisms that function in parallel 

to control the level of the critical regulator of Arabidopsis 

flowering time, FLC (Figure 7). 

Our work raises general questions about the composition 

of complexes regulating RNA 3. end formation in all 

eukaryotes. Pfs2p/FY are highly conserved eukaryotic 

proteins (Figure 7A). The function of Pfs2p in S. cerevisiae 

3. end formation has been clearly demonstrated (Ohnacker 

et al., 2000), and we have shown here that FY is 

required for the regulated 3. end formation of FCA premRNA. 

It therefore seems likely that all these Pfs2p/FY-

like proteins will turn out to function in 3. end formation. 

However, the human homolog, WDC146, has not been 

identified in complexes that carry out cleavage and polyadenylation 

in vitro (Zhao et al., 1999). This may be 

explained by the fact that the expression of this gene 

is under developmental control (WDC146 exhibits its 

highest level of expression in spermatocytes), and so 

WDC146 may not function in constitutive 3. end formation 

(Ito et al., 2001). Instead, another mammalian protein, 

cleavage stimulatory factor 50 kDa (CstF50), has 

been suggested to be the functional equivalent of Pfs2p 

(Ohnacker et al., 2000). CstF50 is an established component 

of mammalian complexes that carry out cleavage 

and polyadenylation in vitro and it resembles Pfs2p in 

domain organization (7 . WD repeats) and conservation 

of protein-protein interactions within 3. end-forming 

complexes (Ohnacker et al., 2000; Takagaki and Manley, 

1992, 2000). Our searches reveal that Pfs2p/FY and 

CstF50 homologs are highly conserved in model eukaryotic 

genomes. However, while Arabidopsis, D. melanogaster, 

C. elegans, and human genomes encode both 

Pfs2p/FY and CstF50 proteins, S. cerevisiae encodes 

only Pfs2p. This raises the possibility that in higher eukaryotes, 

the functional relatedness of these proteins 

has enabled the evolution of compositionally distinct 3. 

end-processing complexes that may distinguish constitutive 

3. end formation from regulated 3. end formation. 

The comparative characterization of Arabidopsis FY and 

CstF50-containing complexes will enable this question 

to be addressed. This is important because although 

alternative polyadenylation is increasingly well documented 

and can have profound effects on gene expression 

(Beaudoing and Gautheret, 2001; Edwalds-Gilbert 

et al., 1997), little is known about trans-acting factors 

that regulate it and no tissue-specific or transcript-spe-

cific factors have been discovered (Barabino and Keller, 

1999). Instead, two well-characterized cases of alternative 

polyadenylation within pre-mRNA introns can be 

explained by changes in general polyadenylation factor 

abundance; autoregulation of expression of the Drosophila 

polyadenylation factor suppressor of forked, 

Su(f) (Juge et al., 2000), and processing of mammalian 

immunoglobulin heavy chain transcripts (IgM) in B cell 

Molecular Partnership of FCA and FY 

maturation (reviewed by Zhao et al., 1999). In both cases, 

there are competing, suboptimal splicing and polyadenylation 

processing sites and it has been proposed that 

small changes in the efficiency of these reactions can 

tip the balance in favor of one of these processing reactions. 

The specificity of the FCA-FY interaction, described 

here, may therefore establish a regulatory paradigm 

and suggests that the search for regulators of 3. 

end formation in humans could begin with the characterization 

of WDC146 and its protein partners. 

The Arabidopsis genome encodes many more RRMtype 

RNA binding proteins than that of D. melanogaster 

and C. elegans (Lorkovic and Barta, 2002). More than 

half of these genes have no obvious metazoan homolog 

(Lorkovic and Barta, 2002). This indicates that these 

RNA binding proteins might regulate plant-specific processes 

(like FCA in controlling flowering time), but how 

do they function? They must act either in as yet undiscovered 

mechanisms of RNA processing or as novel 

regulators of established RNA processing events. Here, 

we have shown that FCA interacts with a plant-specific 

Pro-Pro-Leu-Pro-containing domain of an otherwise 

highly conserved component of the 3. end-processing 

machinery. We speculate that the evolution of this domain 

has facilitated the interaction of this conserved 

RNA processing complex with a regulatory RNA binding 

protein, and together, this has enabled regulated gene 

expression to control the timing of higher plant reproductive 

development. Likewise, the variable C-terminal 

sequence of Pfs2p/FY related proteins in other higher 

eukaryotes may have evolved as a platform to enable 

the association of the 3. end-processing machinery with 

additional regulatory proteins.

The FCA WW Domain Interacts with an 

Arabidopsis Protein in an 

FY-Dependent Manner 

Since the WW domain is essential for FCA function, we 

searched for proteins that it might interact with. A twostep 

affinity purification, Far Western procedure was 

developed initially using shaved cauliflower curd, but we 

also investigated the interaction in Arabidopsis directly. 

Using this approach, an interaction was detected between 

FCA and a protein from cauliflower extract that 

migrated with an apparent molecular weight of 84 kDa 

(Figure 2A). When the affinity precipitation step was performed 

with recombinant FCA protein carrying the WF 

mutation, this interaction could not be detected (Figure 

2A). We tested whether this interaction was conserved 

in Arabidopsis and whether this protein corresponded 

to a factor involved in flowering time control by analyzing 

this interaction in mutant backgrounds defective in the 

floral transition. The interacting protein could be detected 

in extracts prepared from wild-type (Arabidopsis 

thaliana Landsberg erecta [Ler]), fpa-2, fve-1, fwa-1, and 

ap1 mutants, but not in extracts derived from fy-1 (Figure 

2B). Significantly, FY has been classified in the same 

genetic pathway as FCA. This raised two possibilities: 

Figure 1. The WW Domain Is Essential for the Function FCA Performs 

in Flowering Time Control 

(A) Contrasting phenotype of late-and early-flowering genotypes. 

All plants were sown at the same time and grown in identical conditions, 

but Ler and fca-1 plants expressing FCA-WW have already 

flowered while fca-1 and fca-1 plants expressing FCA-WF transgene 

continue to produce vegetative rosette leaves. 

(B) Quantification of flowering time data. Total leaf number (rosette 

and cauline) was determined, since this is closely correlated with 

flowering time. 

(C) Western analysis with anti-FCA (KL-4) antibodies of total protein 

extracts made from the same genotypes as in (A). The position of fulllength 

FCA-. protein and truncated mutant FCA protein produced in 

fca-1 is indicated. Asterisk denotes a non-FCA protein that crossreacts 

with KL-4 antibodies. 

(D) Northern analysis of total RNA extracted from the same genotypes 

in (C) probed for FLC and 
-TUBULIN as an internal control. 

first, the 84 kDa interacting protein could be FY, or second, 

FY normally functioned upstream of the interacting 

protein to affect its interaction with FCA. 

Identification of FY 

Based on the premise that the interacting protein might 

be FY, three pieces of information were available to 

Molecular Partnership of FCA and FY 

Figure 2. Affinity Precipitation and Far Western Analysis of Proteins 

Interacting with the FCA WW Domain 

(A) Affinity precipitation with either FCA-WW-or FCA-WF-coupled 

agarose beads as indicated and cauliflower protein extract. The 

affinity-purified proteins were separated by SDS-PAGE, electroblotted, 

and probed with labeled recombinant FCA:HMK:WW protein 

as detailed in Experimental Procedures. When run alongside wide 

molecular weight markers (Sigma), this protein migrates with an 

apparent molecular weight of 84 kDa. 

(B) Affinity precipitation with FCA WW-coupled agarose beads from 

extracts of Arabidopsis Ler, fpa-2, fve-1, fwa-1, ap1, and fy-1, followed 

by Far Western analysis with FCA:HMK:WW reveals an interacting 

protein migrating with an apparent molecular weight of approximately 

84 kDa in all backgrounds except fy-1. 

facilitate its identification. First, the fy-1 mutation had 

been genetically mapped to 0.6 cM north of tt4 on Arabidopsis 

chromosome V (Koornneef et al., 1994). Second, 

the size of the predicted open reading frame (ORF) 

would be approximately 84 kDa. Third, WW domains 

typically interact with proline-rich sequences, so these 

would likely be present in the ligand. Since WW domains 

can be classified on the basis of their ligand specificity 

(Bedford et al., 2000; Sudol and Hunter, 2000) and the 

molecular basis of this specificity is increasingly well 

understood (Bedford et al., 2000; Huang et al., 2000; 

Verdecia et al., 2000; Zarrinpar and Lim, 2000), we examined 

the sequence of the FCA WW domain and found 

that it lacked elements important in the recognition of 

phosphorylated Ser-Pro or Thr-Pro (Zarrinpar and Lim, 

2000), Pro-Pro-Tyr-Pro (Huang et al., 2000), or polyproline 

motifs flanked by Arg or Lys (Bedford et al., 

2000). Instead, the primary sequence of the FCA WW 

domain most closely resembles that of FBP11 (Macknight 

et al., 1997), a group II WW domain containing 

Figure 3. Identification of FY 

(A) Physical map of Chromosome V in the region of FY. Bacterial 

artificial chromosomes (BACs) are shown as rectangles. 

(B) Structure of the FY gene. Coding regions are shown as rectangles 

and introns as thick lines. The sequence distinction between Ler and 

fy-1 is shown below: lowercase denotes intron sequence, uppercase 

denotes exon sequence. The mutated G-A residue in fy-1 is underlined. 

The next downstream AG is selected as a 3. acceptor site in 

fy-1. Additional sequence excised as intron in fy-1 is denoted by 

lowercase text. The T-DNA insertion site within fy-2 is shown. 

(C) Domain organization of FY protein. 

(D) FY Northern. Northern blot analysis was performed with approximately 

11 
g of total RNA isolated from 12-day-old Ler and fy-1, 

Col and fy-2 plants and probed with an FY-specific probe. The blot 

was stripped and reprobed with a 
-TUBULIN probe as a loading 

control. 

(E) FLC Northern. Northern blot analysis performed with approximately 

11 
g of total RNA isolated from 12-day-old Col and fy-2 

plants, probed with an FLC-specific probe. The blot was stripped 

and reprobed with a 
-TUBULIN probe as a loading control. 

(F) Allelism test. Flowering time of fy-1 . fy-2 F1 plants compared 

to wild-type (Ler . fy-2 F1 plants). 

protein that binds the consensus Pro-Pro-Leu-Pro (Sudol 

and Hunter, 2000). 

An annotated but previously uncharacterized gene 

(At5g13480) north of tt4 on Chromosome V (Figure 3A) 

predicted to encode a WD-repeat protein with Pro-Pro-

Leu-Pro sequences in the C-terminal region was identi

Cell 

Figure 4. FCA/FY Interaction 

(A) PPLP motif in FY-related sequence of other plants. Sequence alignment of C-terminal sequences of FY from Arabidopsis thaliana (At), 

Medicago truncatulata (BI308160) (Mt), and Sorghum bicolor (BG411156) (Sb) with numbers referring to amino acid number. Identical residues 

are shown as white type on a black background, while similar residues are shaded with gray. Dashes indicate gaps introduced to optimize 

the alignment. The conserved Pro-Pro-Leu-Pro motif is flanked by horizontal lines. 

(B) The relative inputs of GST, GST:FCA-WW, and GST:FCA-WF proteins in the in vitro interaction study. 

(C) [35S]Met-labeled FY was produced by in vitro translation in rabbit reticulocyte extract. Lanes show protein retained in the following 

incubations: GST and FY, GST:FCA-WW and FY, and finally GST:FCA-WF and FY. 

fied. A G-A mutation at a predicted 3. splice acceptor 

site was detected in fy-1 genomic DNA (Figure 3B). The 

existence of this mutation was confirmed through use 

of a derived cleaved amplified polymorphisms (dCAPs) 

marker. The sequence of FY cDNA was completed and 

found to differ from the predicted annotation. The gene 

comprises 18 exons and 17 introns and encodes a protein 

with 7 WD-repeats and Pro-Pro-Leu-Pro sequences 

in the C-terminal region (Figure 3C). The consequence of 

the mutation found in fy-1 was assessed by sequencing 

cDNA amplified by RT-PCR from total fy-1 RNA. We 

found a shift in splice acceptor site usage within exon 

16, a change in reading frame, and the introduction ultimately 

of a premature termination codon (PTC) (Figure 

3B). Consistent with the effect that a PTC can have on 

mRNA stability through nonsense-mediated decay, the 

levels of this transcript were reduced in RNA prepared 

from fy-1 compared to wild-type (Figure 3D). The consequence 

of this mutation is that any protein made from 

this mRNA would be truncated, consisting only of the 

WD-repeats, and it would lack the Pro-Pro-Leu-Pro sequences 

we predicted would interact with the FCA WW 

domain. This is consistent with our inability to detect 

an interaction between FCA and the 84 kDa protein 

in extracts of fy-1 (see Figure 2B). We subsequently 

identified a second allele, fy-2, in the Syngenta Arabidopsis 

T-DNA insert population, which results from a 

T-DNA insertion within FY exon 16 (Figure 3B). FY transcripts 

of abnormal size are produced in fy-2 (Figure 

3D), and the consequence of this mutation, as with fy-1, 

is that any FY protein produced would encode the WDrepeat 

region but lack the Pro-Pro-Leu-Pro sequences 

we expect FCA to interact with. Like fy-1, fy-2 plants 

flower late, respond to vernalization, and exhibit elevated 

levels of FLC mRNA (Figure 3E). The allelism of 

fy-1 and fy-2 was confirmed by the fact that F1 progeny 

resulting from crossing these parents flowered late (Figure 

3F). The late flowering of fy-1 was complemented by 

introduction of an FY transgene fused to the cauliflower 

mosaic virus (CaMV) 35S promoter (see Experimental 

Procedures).[image: image1.png]
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