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ABSTRACT OF THE THESIS 

 

Finding Interactions of SCRAMBLED by Using the Yeast Two-Hybrid System 

 

by 

 

Jacqueline Phuong Anh Nguyen 

 

Master of Science in Biology 

 

University of California, San Diego, 2008 

 

Professor Martin Yanofsky, Chair 

 

Many crop plants, like soybean and canola, have pods that open to release 

seeds.  However, the molecular mechanism of this pod‐opening process is not well 

understood.  I have studied two genes, called SCRAMBLED (SCM) and QUIRKY (QKY), 

that regulate this process in Arabidopsis thaliana.  SCM encodes for a leucine‐rich 

repeat receptor‐like kinase and QKY encodes for a transmembrane protein with C2 

domains.  Mutations in these genes cause the plants to have small, twisted, and non‐

shattering pods contrasting to wild type pods, which are long, straight, and 



ix 

shattering.  I carried out a double mutant analysis to determine if SCM and QKY 

genes function in the same genetic pathway.  scm qky double mutants show very 

similar phenotypes to scm and qky phenotypes indicating that both genes function 

in the same genetic pathway.  Using yeast two‐hybrid assay, I showed that SCM and 

QKY proteins do not bind to each other in yeast.  In addition, I screened a flower 

cDNA library using the yeast two‐hybrid system for interactors of QKY, SCM 

extracellular domain, and SCM kinase domain.  I found many interactors of SCM in 

yeast.  However, so far, knock‐out mutants of the genes did not show scm‐like 

phenotypes.  Further tests need to be done in order to determine if any of these 

putative interactors of SCM actually bind to SCM in Arabidopsis. 
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INTRODUCTION 

Genes regulating the development of Arabidopsis fruit 

 Flowering plants develop fruit in order to protect their seeds until maturation and 

to aid in seed dispersal.  Fruit come in different forms like fleshy fruit, such as grapes, 

and shattering pods, such as soybeans.  The model plant, Arabidopsis thaliana, has 

shattering pods that are partitioned into four main regions: septum, repulm, valves, and 

valve margin.  The septum is a ribbon-like tissue layer inside the fruit that divides the 

fruit into two sections.  The septum is attached to the replums, which are located on 

opposing sides of the septum.  The replum acts as a seed holder.  The valves are the most 

visible components of the fruit and act as protective walls for the immature seeds.  The 

valve margin lines the valves and act as a border between the valves and the replum.  The 

valve margins get lignified, or harden and become rigid, which aid in separation of the 

valves and the replum.  This separation allows seeds to scatter (Figure 1). 

Many genes regulating pod shattering in Arabidopsis have been found.  

SHATTERPROOF1 (SHP1) and SHATTERPROOF2 (SHP2) are two redundant genes 

encoding MADS-box transcription factors that are expressed at the valve margin 

(Liljegren et al., 2000).  shp 1 shp2 double mutant exhibit non-shattering pod phenotype.  

Further analysis by Liljegren et al. reveals that the shp1 shp2 double mutant pods lack 

valve margin (Liljegren et al., 2000).  In addition, ectopic expression of SHP1 and SHP2 

resulted in fruit with crowded seeds and appearance of lignified cell layer in the valves.  

These results indicate that SHP is required for development of valve margin, dehiscence 

zone, and lignification



2 

 

of valve margin cells.  INDEHISCENT (IND)encodes a bHLH transcription factor that 

also regulates expression of valve margin genes (Liljegren et al., 2004).  ind mutant has 

non-shattering pods, absence of valve margin, and absence of lignified cells at the region 

corresponding to the valve margin.  These results show that IND is necessary for 

formation and lignification of valve margin.  FRUITFULL (FUL) is a gene that encodes a 

MADS-box transcription factor that is expressed at the valves (Gu et al., 1998).  ful 

mutants display small fruit phenotype with crowded seeds, like the mutants with ectopic 

expression of SHP1 and SHP2.  Also, ind shp1 shp2 ful mutants have 80% of pod length 

rescued suggesting that FUL is a repressor for valve margin genes IND and SHP 

(Liljegren et al., 2004).  Furthermore, ectopic expression of FUL resulted in non-

shattering pod without lignification in the region that is supposed to be valve margin 

(Ferrandiz et al., 2000).  These results indicate that FUL is required for elongation of the 

valves and preventing lignification of the valves. Together, SHP, IND, and FUL, function 

to restrict and promote lignification of the valve margin and, in turn, allowing for pod 

shattering to occur.  

 

Role of SCRAMBLED and QUIRKY in pod shattering 

Two additional genes, called SCRAMBLED (SCM) and QUIRKY (QKY), have 

been found in Dr. Martin Yanofsky’s lab, which regulate pod shattering in Arabidopsis.  

Both scm and qky mutants were identified through EMS mutagenesis, a method used to 

create mutations in genes.  scm and qky mutants have indehiscent and twisted fruits 

(Figure 2A).  The valve margins of scm and qky fruits have helical structures instead of a 
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straight line that is seen in wild type Arabidopsis fruits (Figure 2B).  In addition, scm and 

qky plants are shorter than wild type plants and their stems and leaves are also twisted.  

For all mutant phenotypes, scm display more severe defects compare to qky.   

Unlike previously studied genes, SCM and QKY encode for transmembrane 

proteins.  SCM encodes for a putative leucine-rich repeat (LRR) receptor-like kinase 

(RLK), which is a protein on the plasma membrane that typically binds to a ligand and 

subsequently binds to intracellular proteins to activate it through phosphorylation (Kwak 

et al., 2005).  Through sequence analysis, SCM was found to belong to group LRR-V of 

Arabidopsis LRR-RLKs (Chevalier et al., 2005).  Sequence analysis of SCM revealed 

that it has a signal peptide, an amino-terminal domain that is characteristic of LRR-V 

proteins, six LRRs, a proline-rich region, a transmembrane domain, a juxta-membrane 

domain, and a C-terminal kinase domain.  The C-terminal kinase domain has sequences 

that are conserved among serine/threonine kinases (Kwak et al., 2005).  Furthermore, 

studies by Chevalier et al. showed that SCM does not undergo phosphorylation like 

typical kinases suggesting that SCM activates other proteins through a different 

mechanism (Chevalier et al., 2005).  QKY encodes for a putative transmembrane C2 

domain-containing protein.  Sequence analysis of QKY revealed that it contains two 

transmembrane domains, four C2 domains, and an extensin-like region.  Transmembrane 

proteins with multiple C2 domains are known to be involved in signal transduction and 

membrane trafficking (Shin et al., 2005).  There are four groups of transmembrane 

proteins with C2 domain(s) in animal: synaptotagmins, which contain one 

transmembrane domain and two C-terminal C2 domains; ferlins, which contain three to 
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six C2 domains and one C-terminal transmembrane domain; E-Systs, which contain an 

N-terminal transmembrane domain and multiple cytoplasmic C2 domains; and finally, 

multiple C2 domain and transmembrane domain proteins (MTCP), which contain many 

transmembrane domains and C2 domains.  Since QKY has many C2 domains and 

transmembrane domains, QKY is predicted to have similar characteristics to animal 

MTCPs.  Studies by Shin et al. showed that MTCPs are vesicular proteins that may be 

involved in membrane trafficking (Shin et al., 2005).   

 

Double mutant analysis 

Double mutant analysis can be used to determine whether SCM and QKY function 

in the same genetic pathway or in different ones controlling the same process.  In a 

double mutant analysis, phenotypes of single mutants are compared to phenotype of 

double mutant.  Four different scenarios are possible and described as follow.  If mutant a 

and mutant b do not have the same phenotype and phenotypes of both mutants are 

observed in the double mutant, this implies that gene A and B function in different 

pathways governing different processes.  If mutant a and mutant b have the same 

phenotype and the phenotype is also observed in the double mutant, this implies that gene 

A and gene B function in the same genetic pathway governing the same process.  If 

mutant a and mutant b have opposite phenotypes and only mutant a phenotype is 

observed in the double mutant, this implies that gene A and B function in the same 

genetic pathway where gene B is a repressor of gene A.  If mutant a and mutant b have 

the same phenotype and a more severe defect is observed in the double mutant, this 
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implies that gene A and gene B function in different pathways governing the same 

process. 

 

Finding interactors using yeast two-hybrid system 

 I used the yeast two-hybrid system as a tool for finding interactors of SCM and 

QKY.  In yeast-two hybrid system, a protein of interest, or bait, is fused to Gal4 DNA 

binding domain, and the potential binding protein, or prey, is fused to Gal4 activation 

domain.  Gal4 is a yeast transcription factor, which functions properly when there is a 

DNA binding domain and an activation domain.  The two domains of Gal4 transcription 

factor can maintain correct protein folding and retain their function once separated from 

each other.  If the two proteins under speculation interact with each other, then the DNA 

binding domain and the activation domain of Gal4 are brought together and Gal4 is able 

to activate the transcription of reporter genes. 

 There are previous studies that utilized yeast-two hybrid system to find or confirm 

protein interaction with RLKs.  It has been reported that yeast two-hybrid system was 

used to discover intracellular proteins ARC1, THL1, and THL2 as interactors of S 

receptor kinase (SRK) (Mazzurco et al., 2001).  SRK is one component of the signaling 

pathway that leads to self-incompatibility in Brassica.  When a pollen grain lands on the 

stigma of a plant with the same S allele, SRK will activate a signaling pathway that 

would prevent fertilization by this pollen grain.  Additional studies used regions of SRK 

as bait and THL1 and THL2 as preys in directed yeast two-hybrid assays to find regions 
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of SRK that are important for the binding of THL1 and THL2 (Mazzurco et al., 2001).  

Furthermore, cystein residues in CPPC motif in THL1 and THL2 were replaced with 

serine residues and the altered THL proteins were used as bait in a directed yeast two-

hybrid assay to determine whether the cystein residues are important for the interactions 

with SRK.  These results helped define the role of THL1 and THL2 in the SRK pathway.  

In a different study, Brassica kinase-associated protein phosphatase (KAPP), used as 

prey, was found to interact with SRK, used as bait, in a directed yeast two-hybrid assay 

(Vanoosthuyse et al., 2003).  From this result, Vanoosthuyse et al. (2003) were 

encouraged to carry out yeast two-hybrid screens to find novel interactors of SRK.  Two 

novel interactors were successfully found and they are calmodulin and sortin nexin 1.  

Clearly, many components of SRK signaling pathway have been found using yeast two-

hybrid system.   

Yeast two-hybrid system was also shown to be useful in other discoveries like 

finding the ligand of a pollen-specific receptor kinase in tomato called LePRK2.  This 

ligand is called LAT52 and is a small cystein-rich protein (Tang et al., 2002).  Protein-

protein interaction that is detected using the yeast two-hybrid system occurs in the 

nucleus.  However, binding of ligand to receptor generally occurs outside of the cell, and 

extracellular environment is very different from nuclear environment.  Different 

environments may prevent proper interaction of extracellular proteins in the nucleus.  The 

discovery of LAT52 as the ligand of LePRK2 through yeast two-hybrid screen shows that 

it is possible to determine extracellular interactions using this system. 
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In studies of embryo development, yeast two-hybrid was used to find novel 

components of Arabidopsis somatic embryogenesis receptor-like kinase 1 (AtSERK1) 

signalling pathway.  AtSERK1 is a LRR-RLK, like SCM, that has a serine/threonine 

kinase (Rienties et al., 2005).  By carrying out yeast two-hybrid screen using the kinase 

domain of AtSERK1, Rienties et al. (2005) found that AtCDC48, which is an AAA-

ATPase, and GF14λ, which is a 14-3-3 protein, are novel interactors of AtSERK1.  These 

results provided new information about AtSERK1 pathway and further supported yeast 

two-hybrid system as a good tool to use for finding interactors of receptor kinases.  

Previous studies have shown that yeast-two hybrid system is a reliable tool to use 

to find interactors of a protein.  Therefore, I decided to use the yeast two-hybrid system to 

find interactors of SCM and QKY.  

 

Reverse Genetics in Arabidopsis thaliana 

 After finding putative interactors of a protein using the yeast two-hybrid system, 

reverse genetics needs to be done to determine whether the putative interactors regulate 

the same process as the protein of interest.  If any of the putative interactors and the 

protein of interest regulate the same process, then this would raise the possibility that the 

putative interactors and the protein of interest bind to each other in vivo.  Reverse genetic 

approach involves mutating the gene of interest and observing for phenotype in 

homozygous mutants. Many reverse genetics resources are available for Arabidopsis so 

studying any gene can be done by obtaining knock-out lines.  Knock-out lines are created 
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by inserting transfer DNA (T-DNA) in random areas in the Arabidopsis genome which 

would alter expression of genes.  Two sources of knock-out lines that we used are SALK 

lines and GABI-KAT lines (Alonso et al., 2003) (Li et al., 2007).  These lines can be 

obtained from Arabidopsis Biological Resource Center (ABRC) (Ostergaard and 

Yanofsky, 2004). 
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MATERIALS AND METHODS 

Double mutant analysis 

 Plants were grown under continuous light at 24C.  scm and qky mutants were both 

backcrossed to Columbia (Col) once before analysis.  scm was crossed to qky mutant and 

the double mutants were found in the F2 population by genotyping.  Three independent 

double mutant lines were used for this study. 

 

Yeast two-hybrid constructs 

 To make S2LRR-DB construct, DNA fragment encoding extracellular domain of 

SCM was first amplified from a SCM cDNA clone using polymerase chain reaction 

(PCR) with flanking primers S2LRR-SalF (5’-

AAGTCGACAGTTACTAATCTACGAGAT-3’) and S2LRR-SpeR (5’-

TTACTAGTTTATCTTTGAGTGGACCAGAA-3’).  The PCR product was gel purified 

using Qiagen gel purification kit and used for cloning into TOPO vector from Invitrogen 

TOPO TA cloning kit.  A clone was chosen for sequencing to check for mutations.  

Restriction enzymes SalI and SpeI were used to cut out the SCM DNA fragment from the 

TOPO TA clone.  Restriction enzymes SalI and SpeI were also used to cut out multiple 

cloning sites (MCS) from pDBLeu vector (Invitrogen ProQuest Two-Hybrid System), 

which contains the Gal4 DNA binding domain.  The DNA fragments of SCM 

extracellular domain and cut pDBLeu vector were gel purified as described above and 
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ligated using Roche ligation buffer and ligase.  This S2LRR-DB construct was 

subsequently transformed into yeast. 

 To make QNT-DB, QNT-AD, QCTDB, and QCT-AD constructs, regions of QKY 

were amplified from a Q-DB clone using PCR with flanking primers: Q2NT-SpeR (5’-

TTACTAGTTTAGAGCTGAATGTCACCGGAA-3’) and Q2H-XmaF (5’-

AACCCGGGAATGAACACGACGCCGTTTCAC-3’) for the QNT constructs; Q2CT-

XmaF (5’-AACCCGGGATCTGGGAGAATTTCCGGTGACA-3’) and Q2H-SpeR (5’-

TTACTAGTTTAATGGACTAGCACCGTCGTCA-3’) for the QCT constructs.  QNT 

and QCT PCR products were gel purified and used for cloning into TOPO vector as 

described above.  A clone from each TOPO TA cloning was sequenced to check for 

mutations.  Restriction enzymes XmaI and SpeI were used to cut out QNT and QCT from 

the TOPO TA clones and MCS from pDBLeu vector and pEXP-AD502 vector, which 

contains the Gal4 activation domain.  QNT, QCT and cut pDBLeu and pEXP-AD502 

vectors were gel purified as described above and used for cloning.  Roche ligation buffer 

and ligase were used to ligate QNT and QCT to pDBLeu or pEXP-AD502.  QNT-DB, 

QNT-AD, QCT-DB, and QCT-AD constructs were transformed into yeast. 

 To make JKY-DB and JKY-AD constructs, a region of QKY which contains no 

C2 sequence was amplified from a Q-DB clone using PCR with flanking primers: JKY-

SalF (5’-GTCGACCGTTAAGATCTATGGAAGC-3’) and JKY-SpeR (5’-

ACTAGTCTACACAATCCGAACGAAGA-3’) for the JKY constructs.  JKY PCR 

product was gel purified as described above and used for cloning into pGEM-T vector 

using Promega pGEM-T Easy Vector System I.  A clone was sequenced to check for 
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mutations.  Restriction enzymes SalI and SpeI were used to cut out JKY from the pGEM-

T clone and MCS of pDBLeu and pEXP-AD502 vectors.  JKY and cut pDBLeu and 

pEXP-AD502 vectors were gel purified and used for cloning JKY into pDBLeu and 

pEXP-AD502 vectors as described above.  JKY-DB and JKY-AD constructs were 

transformed into yeast. 

 The DNA fragment encoding SCM kinase domain to make S-DB and S-AD 

constructs were amplified from SCM cDNA using PCR with flanking primers S2H-SalF 

(5’-AAGTCGACCTGGAGATGTTGCAGAAGTAAA-3’) and S2H-SpeR (5’-

TTACTAGTTTAGATCATATGTTGAAGATCTTG-3’).  The QKY DNA fragment to 

make Q-DB and Q-AD constructs were amplified from genomic DNA through PCR with 

flanking primers Q2H-XmaF and Q2H-SpeR (described above). 

 

Yeast transformation for testing protein interaction 

 I used materials from Invitrogen ProQuest Two-Hybrid System with Gateway 

Technology (obtained from Dr. Jeff Long lab at Salk Institute) for all yeast 

transformations.  Using the protocol provided in the Invitrogen manual as a basis and 

with help from Dr. Sharon Stanfield, I have developed my own protocol for high 

efficiency yeast transformation.  A small amount of Mav203 cells were picked with a 

toothpick and inoculated in 3ml of YPAD media overnight for about 16 hours at 30C.  

500ul of overnight cells were alliquoted to 1.5ml eppy tube and centrifuged at 5,000rpm 

for 1 min.  The supernatant was removed and the cells were washed with 1ml dH2O.  The 
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tube is centrifuged at 5,000rpm for 3 mins and the supernatant was discarded.  3-5ul of 

construct DNA obtained from bacterial culture using Promega Wizard miniprep kit was 

added to the cells.  The eppy tube was tapped to mix cells and DNA.  Freshly made PEG 

solution (800ul of 50% PEG 3350, 100ul of 10X TE, and 100ul 1M lithium acetate) was 

added to the cells and mixed by inverting.  The tube was incubated at 30C for 30 mins 

and inverted every ten mins.  Then, 53ul of DMSO was added to the tube and mixed by 

inverting.  The tube was incubated at 42C for 20 mins.  After incubating at 42C, the tube 

was centrifuged at 5,000rpm for 3 mins and the supernatant was discarded.  500ul of 

dH2O was added to the cells and the cells were mixed by gently pipetting.  200ul of cell 

mixture was plated on SC-Leu, if the transformed construct contains pDBLeu vector, or 

SC-Trp, if the transformed construct contains pEXP-AD502 vector (plate size 100 x 

15mm).  The plate was incubated at 30C for 2-3 days. 

 The transformed yeast cells described above were inoculated in 3ml YPAD media 

overnight for about 16 hours at 30C to prepare for serial transformation of a second 

construct.  If the yeast cells contained a construct with pDBLeu vector, then the second 

construct being transformed had pEXP-AD502 vector, or vise versa.  The yeast 

transformation followed the same steps described above except the transformed cells 

were plated on SC-Leu-Trp plates instead of SC-Leu or SC-Trp plates. 

 

X-gal assay 
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 Using the Invitrogen manual and a X-gal assay protocol from Dr. Kristina 

Gremski, I developed my own X-gal assay protocol.  Yeast cells were streaked on SC-

Leu-Trp plates (size 100 x 15mm) and incubated at 30C for 2 days.  The yeast cells were 

then transferred to MAGNA nylon transfer membrane (0.45 micron, 82mm).  The nylon 

membrane was placed on YPAD plate with cells facing up and incubated at 30C for 1 

day.  Two Whatman 90mm filter papers were cut to fit inside 100 x 15mm petri dish.  

Freshly made X-gal solution (5m Z buffer, 250ul X-gal 20mg/ml, and 30ul 2-

mercaptoethanol) was added to the filter papers and excess amounts were removed from 

the plate.  The membrane with cells was immersed in liquid nitrogen for 20-30 sec and 

placed on the filter paper with cells facing up.  The petri dish was incubated at 37C for 1 

day.  Strong interactors can be detected within 1 hr of incubation. 

 

3AT tests for yeast two-hybrid screen 

 Because conventional 3AT test on which yeast cells are streaked on plates with 

certain 3AT concentration were found to be unreliable in simulating the actual screening 

condition, we developed a protocol to more closely simulate crowded growth condition 

during screening.  Yeast cells were inoculated in selective media SC-Leu-Trp for about 

16 hours.  O.D. was measured for the yeast cell culture.  Calculations were made to 

determine the amount that corresponds to 1,000 yeast cells.  For this strain, O.D. of 1.315 

corresponds to 1.5 x 105 cells/ul.  Approximately 1,000 yeast cells were plated on 

selective plates SC-Leu-Trp-His with addition of various 3-amino-1,2,4-triazole (3AT) 

concentractions.  The plate was incubated at 30C for 4 days. 
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Yeast transformation for screening 

 Yeast cells with constructs containing pDBLeu vector were inoculated in 3ml of 

YPAD media and incubated overnight until O.D. reaches 1.6 (~ 16 hours).  200ul of the 

overnight yeast cells was reinoculated in 3ml of YPAD media and incubated for 6 hours.  

500ul of the 6 hours yeast cells was aliquoted to 1.5ml eppy-tube.  The tube was 

centrifuged for 1 min at 5,000rpm and the supernatant was discarded.  The cells were 

washed with 1ml of dH20 and the tube was centrifuged for 3 mins at 5,000rpm.  200ug of 

ssDNA (10 mg/ml) was boiled for 3 mins and chilled on ice immediately.  0.1ug of 

flower cDNA library (gift of Dr. Detlef Weigel lab, Max Plank Institute, Germany) and 

10ug of ssDNA were added to the tube and the DNA were mixed by tapping the tube.  

Freshly made PEG solution was added to the tube.  The tube was incubated at 30C for 30 

mins and inverted every 10 min.  53ul of DMSO was added to the tube and mixed by 

inverting. The tube was then incubated at 42C for 20 mins.  Afterwards, the tube was 

centrifuged at 5,000rpm for 3 mins and the supernatant was discarded.  The cells were 

resuspended with 500ul of dH2O.  All the cells were plated on SC-Leu-Trp-His+3AT and 

incubate at 30C for 4-6 days. 

 

Yeast plasmid DNA extraction 

 Yeast cells were inoculated in SC-Leu-Trp media and incubated at 30C overnight.  

Yeast plasmid DNA were extracted using RPM yeast plasmid isolation kit. 
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Sequencing X-gal positive clones 

 Primer sequence 5’-CGGTCCGAACCTCATAACAACTC-3’ was used for 

sequencing X-gal positive clones. 
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RESULTS 

SCM and QKY are in the same genetic pathway 

 Since scm and qky mutants display similar phenotypes, I wanted to know whether 

SCM and QKY genes function in the same genetic pathway.  Therefore, I conducted a 

double mutant analysis and compared the phenotypes of each single mutant to scm qky 

double mutants. scm mutants was crossed to qky and the double mutant was found in the 

F3 generation.  scm phenotypes are compared to scm qky double mutant phenotypes 

because scm have more severe defects than qky in every aspect.  If SCM and QKY genes 

function in the same genetic pathway, then we would expect scm phenotypes to be 

similar to scm qky double mutant phenotypes.  However, if SCM and QKY genes function 

in different genetic pathway, then we would expect scm qky double mutant to display 

more severe defects compared to scm mutant.  Three biggest scm mutant pods were 

chosen and compared to three biggest scm qky double mutant pods (Figure 3A).  scm 

single mutant and scm qky double mutant showed similar pod sizes and similar degree of 

pod twisting in the biggest mutant pods.  Three additional pods with smaller pod sizes 

from scm single mutants and scm qky double mutants were chosen and compared (Figure 

3B).  scm single mutant and scm qky double mutants also displayed similar degree of pod 

twisting for these pods.  Ten seeds from scm mutant, scm qky mutant, and wild type were 

compared (Figure 3C).  scm seeds and scm qky double mutant seeds have similar sizes.  

However, scm seeds and scm qky double mutant seeds have smaller sizes compared to 

wild type seeds.  I also counted seeds from five different pods for scm mutants, scm qky 

double mutants, and wild type plants (Table 1).  scm and scm qky double mutant have 
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similar number of seeds, but both mutants have about half the number of wild type seeds.  

These results indicate that SCM and QKY function in the same genetic pathway. 

  

Interactors of SCM kinase domain 

 To find proteins that interact with SCM kinase domain, yeast two-hybrid flower 

cDNA screen was done using SCM kinase domain as bait.  DNA sequences encoding 

SCM kinase domain was cloned into the bait vector, or vector containing GAL4 DNA 

binding domain, and this construct, called S-DB, is used for the screens (Figure 4A).  For 

the first screen, 7.2ug of flower cDNA was used for transformation of yeast cells 

containing S-DB construct.  The cells were plated on SC-Leu-Trp-His+50mM 3AT 

selection plates and the transformation efficiency was 90,000 cells/ug of DNA.  We 

obtained fifty-seven His+ clones from this screen.  After X-gal assay, the number of 

positive clones reduced to thirteen.  Since lacZ promoter is more stringent than promoters 

for other reporter genes in the system, X-gal assay was done to test for B-gal activity and 

eliminate false positives if any.  After optimizing our protocol, I conducted a second 

yeast two-hybrid screen.  2.4ug of flower cDNA was used for transformation of yeast 

cells containing S-DB construct.  The cells were plated on SC-Leu-Trp-His+25mM 3AT 

selection plates and the transformation efficiency was 0.39 x 106 cells/ug DNA.  I redid 

the 3AT test with a modified 3AT test protocol and felt that cells with non-interactors can 

be distinguishable from cells with interactors at 25mM 3AT; thus, the amount of 3AT for 

the second screen was reduced.  We obtained forty His+ clones from this screen.  After 

X-gal assay, the number of positive clones reduced to thirty-nine.  Positive clones from 
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the first screen and some positive clones from the second screen were initially sequenced.  

Then, plasmid DNA from positive clones that were not sequenced initially were used in 

restriction mapping to determine whether any of these clones have the same identity as 

the sequenced clones.  Clones that were not identified with any of the sequenced clones 

were sequenced.  Two clones were not in frame with Gal4.  For the in frame clones, 

sequence analysis reveals twenty-three different proteins were picked up from the yeast 

two-hybrid screens (Table 2).  Of those twenty-three proteins, an ubiquitin ligase protein 

(UBL) was picked up seven times, SPIRAL2 (SPR2) was picked up four times, and a 

RRM-containing motif protein was picked up five times. 

 

Interactors of SCM extracellular domain 

 To find the ligand of SCM, yeast two-hybrid flower cDNA screen was done using 

SCM extracellular domain as bait.  DNA sequences encoding SCM extraceullular domain 

was cloned into bait vector and this construct, called S2LRRDB, was used for the screens 

(Figure 4A).  For the first screen, 2.0ug of cDNA was used for transformation of yeast 

cells containing S2LRRDB construct.  The cells were plated on SC-Leu-Trp-His+10mM 

3AT selection plates.  We obtained fifty-three His+ clones.  After X-gal assay, the 

number of positive clones reduced to four.  For the second screen, 2.0ug of cDNA was 

used for transformation of yeast cells containing S2LRRDB construct.  The cells were 

plated on SC-Leu-Trp-His+15mM 3AT selection plates instead of SC-Leu-Trp-

His+10mM 3AT selection plates since we wanted to select against more non-specific 

interactors in the second screen.  We obtained fifty-four His+ clones.  After X-gal assay, 
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the number of positive clones reduced to three.  All seven positive clones were sequenced 

(Table 3).  Of the seven clones, only two were in frame and code for ubiquitin extension 

protein2 and a transcriptional regulator. 

 

Yeast two-hybrid screen for QKY 

 To find potential interactors of QKY, yeast two-hybrid cDNA screen was done 

using different regions of QKY as bait.  First, QKY gene without the N-terminal 

transmembrane domains was cloned into bait vector and this construct, called Q-DB, was 

used for the screen (Figure 4B).  7.2ug cDNA was screened and the transformed cells 

were plated on SC-Leu-Trp-His+55mM 3AT selection plates.  After X-gal assay was 

done using the entire screen plates, no blue colonies were detected indicating that no 

potential interactor was found.  We hypothesized that the negative result was due to large 

protein size of QKY, so I made two new screen constructs, called QNT-DB and QCT-

DB, which contain smaller regions of QKY and the bait vectors (Figure 4B).  For the 

screen using QNT-DB construct, 1.8ug cDNA was screened and the transformed cells 

were plated on SC-Leu-Trp-His+10mM 3AT selection plates.  After X-gal assay was 

performed for twenty-four His+ cells, no blue colony was detected indicating that no 

potential interactor of N-terminal of QKY was found.  For the screen using QCT-DB 

construct, 1.6ug cDNA was screened and the transformed cells were plated on SC-Leu-

Trp-His+10mM 3AT selection plates.  No His+ colonies were detected which indicates 

that no potential interactor of C-terminal of QKY was found.  Then, we hypothesized that 

the C2 domains caused the screen failures so I made a new construct, called JKY-DB, 
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containing the bait vector and without any C2 domains (Figure 4B).  For yeast two-

hybrid screen using JKY-DB, 2.0ug cDNA was screened and the transformed cells were 

plated on SC-Leu-Trp-His+15mM 3AT selection plates.  X-gal assay was performed for 

two hundred and seventy-one His+ colonies and no blue colony was detected indicating 

that no potential interactor of this particular region of QKY was found. 

 

QKY and SCM interaction in yeast 

 To determine whether QKY and SCM proteins interact directly, I carried out 

directed yeast two-hybrid assays to test for binding of QKY to SCM kinase domain.  Bait 

constructs in SCM and QKY screens were used in these directed yeast two-hybrid assays.  

Additional SCM and QKY prey constructs, containing the vector with GAL4 activation 

domain, were made for these directed yeast two-hybrid assays (Figure 4B).  DNA 

sequences encoding SCM kinase domain was cloned the prey vector and this construct is 

called S-AD.  For the QKY prey constructs, Q-AD construct was made first and contains 

QKY gene without the N-terminal transmembrane domains in the prey vector.  Since 

proteins can fold differently when fused to Gal4 DNA binding domain or Gal4 activation 

domain, S-DB and Q-AD were transformed together into yeast and S-AD and Q-DB were 

transformed together into yeast to test for interaction.  X-gal assay was used to determine 

QKY and SCM kinase domain interaction in yeast because the lacZ promoter is more 

stringent compared to promoters of other reporter genes in the system.  There were no B-

gal activity detected for cells containing S-DB and Q-AD and cells containing S-AD and 

Q-DB (Table 4).  Next, QNT-AD and QCT-AD were made and contain DNA sequences 
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encoding for N-terminal and C-terminal of QKY, respectively, in the prey vectors.  QNT-

AD and S-DB, QNT-DB and S-AD, QCT-AD and S-DB, and QCT-DB and S-AD were 

transformed into yeast.  No B-gal activity was detected for in X-gal assays for these cells 

(Table 4).  Lastly, JKY-AD, which contains DNA sequences without C2 domains and the 

prey vector, was made.  JKY-AD and S-DB were transformed together into yeast and 

JKY-DB and S-AD were transformed together into yeast.  X-gal assays for these cells 

show no B-gal activity (Table 4).  These results indicate that SCM and QKY do not 

interact in yeast. 

 There are many cases known in signaling pathways where proteins dimerize to 

become active or functional.  For instance, type I and type II receptors dimerize in the 

TGF beta pathway to phosphorylate themselves making them active.  In another instance, 

phosphorylated cytoplasmic proteins STAT dimerize in the Jak-Stat pathway to be active.  

To determine whether QKY and SCM dimerize, I carried out yeast two-hybrid assays to 

test for QKY proteins binding to themselves and for SCM kinase domain binding to 

itself.  The bait and prey vectors harboring the same QKY sequences were transformed 

together into yeast.  Likewise, the bait and prey vectors harboring DNA sequences 

encoding for SCM kinase domain were transformed together into yeast.  X-gal assays 

were carried out for yeast cells the bait and prey constructs.  For all cells, no B-gal 

activity was detected in the x-gal assays indicating that QKY and SCM do not dimerize 

(Table 5). 

 

False positive testing for putative interactors of SCM kinase domain 
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 One of the setbacks of the yeast two-hybrid system is that it generates a large 

amount of false positives when being used in a cDNA library screen.  One method in 

eliminating false positive clones is to determine whether any of the obtained putative 

interactors undergoes self-activation of gene expression.  Preys that can self-activate 

transcription of genes have the potential to bind DNA independently from Gal4 DNA 

binding domain leading to transcription of reporter genes.  Yeast two-hybrid assay was 

used to detect for self-activation by the putative SCM interactors.  Plasmids with the prey 

vector and sequences coding for putative SCM interactors were isolated from the positive 

clones.  These plasmids and plasmids with empty bait vectors were transformed together 

into yeast.  X-gal assay were done using the transformed cells with both the plasmid 

containing the prey vector and the plasmid with empty bait vector.  If the putative SCM 

interactor can self-activate transcription of genes, then the cells should turn blue 

indicating that the prey can activate transcription of lacZ gene in the absence of SCM.  Of 

the twenty-three different positive clones obtained from S-DB screen, two were false 

positives and they code for VOZ2 and an expressed protein.  The two positive clones that 

were obtained from S2LRRDB screen and were in frame are not false positives (Table 6). 

  False positives can also arise when the bait recognizes structural features of 

proteins.  An example of this kind of bait would be heat shock proteins.  Heat shock 

proteins do not bind to a small group of proteins specifically but bind to proteins that are 

newly made and ensure that they are folded correctly.  Therefore, heat shock proteins 

would bind to many different proteins in yeast nucleus in the yeast two-hybrid system.  

However, these interactors might not be real heat shock protein interactors because in 
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natural environment the proteins could have spatial differences.  To determine whether 

SCM binds to proteins with certain structural features, I check the alignments of putative 

interactors of SCM kinase domain and SCM extracellular domain for similarties.  The 

protein alignments for the putative interactors of SCM did not show any common motif 

recognized by SCM. 

 

Reverse genetics of the putative interactors of SCM kinase domain 

 From the list of putative interactors of SCM, SPR2, Rab GTP activating protein 

(Rab GAP), and UBL seemed the most interesting.  spr2 mutants have many similar 

phenotypes as scm.  SPR2 encodes for a microtubules associated protein with HEAT-

repeat motif.  spr2 mutants display right-handed twisting in leaf petioles and flower 

petals like scm (Shoji et al., 2004).  Since SPR2 is a cytoplasmic protein and spr2 has 

similar phenotypes with scm, it makes sense to obtain knock-out lines and check for fruit 

phenotypes.  From TAIR database, TDNA insertion lines for spr2 and a gene with similar 

DNA sequences with SPR2, which we called spr2-like, were obtained (Figure 5A).  Both 

spr2 and spr2-like mutants have fruits with normal phenotype.  Due to the possibility of 

redundancy, spr2 was crossed to spr2-like plants and the double mutant was found in F2 

generation.  spr2 spr2-like double mutant did not have non-shattering pods or exhibit any 

other fruit defects. 

 In animal, GAP is known to hydrolyze GTP that is bound to GTPase and 

converting GTP to GDP; thus, rendering the GTPase inactive.  Rab is a GTPase involved 
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in vesicle transport and protein trafficking in animal.  We hypothesized that Rab GAP 

would bind to SCM and direct for vesicles containing cell wall degrading enzymes to 

plasma membrane and undergo exocytosis releasing the enzymes.  Therefore, we 

obtained knock-out lines for the RAB GAP gene we picked up from yeast two-hybrid, 

which we called GAP1, and an additional gene that have similar DNA sequences to 

GAP1, which we called GAP2 (Figure 5B).  Both gap1 and gap2 mutants have fruits with 

wild type phenotype.  Due to the possibility of redundancy, gap1 was crossed to gap2 

plants and the double mutant was found in F2 generation.  gap1 gap2 double mutant did 

not display defects in fruit. 

 Studies have reported that an ubiquitin ligase in rice, called XB3, binds to a rice 

receptor kinase, called XA21, and gets phosphorylated to trigger a defense mechanism 

(Wang et al., 2006).  This leads us to hypothesized that UBL would bind to SCM, get 

activated, and subsequently activate downstream proteins responsible for pod opening.  

To test this hypothesis, we obtained knock-out lines for the UBL that was picked up from 

yeast two-hybrid, which we called UBL1, and another gene that has similar DNA 

sequences to UBL1, which we called UBL2 (Figure 5C).  ubl1 and ubl2 mutants do not 

have fruit defects.  Thus, ubl1 was crossed to ubl2, due to the possibility of redundancy, 

and the double mutant was found in F2 generation.  ubl1 ubl2 double mutant did not 

show any defects in fruit. 
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DISCUSSION 

 In an effort to find novel genes regulating the process of pod opening, SCM and 

QKY were discovered to have roles in this process.  SCM and QKY genes both encode for 

transmembrane proteins.  Mutations in these two genes resulted in twisted and non-

shattering pods (Figure 2).  Since both scm and qky mutants have similar phenotypes, we 

wanted to determine whether SCM and QKY genes function in the same genetic pathway.  

Therefore, I carried out a double mutant analysis and compared the phenotypes of each 

single mutant to scm qky double mutant (Figure 3).  The results indicate that SCM and 

QKY function in the same genetic pathway governing pod shattering since scm qky 

double mutants have similar degree of pod twisting, have similar pod size, and have 

similar seed sizes compared to scm mutant pods.  This raises a question: Does SCM and 

QKY function in a novel pathway or are they part of known pathways governing pod 

opening like the IND pathway?  Although ind mutant do not have valve margin whereas 

scm and qky mutants do have valve margin, the genes can be in the same genetic pathway 

regulating pod shattering.  Since ind mutant do not have valve margin and have non-

shattering pods, this means that IND gene regulates development of valve margin and 

could regulate pod shattering.  Therefore, it is possible that IND, SCM, and QKY genes, 

expressed at later stages of development, can function together to allow pod shattering to 

occur.  More genetic tests need to be done in order to answer this question.  Thus far, 

known genes in the IND pathway encode for transcription factors.  If SCM and QKY 

genes are part of IND pathway, then we can connect the known transcription factors in 

the IND pathway to a signal transduction pathway since both SCM and QKY proteins are 
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predicted to be involved in signal transduction.  If SCM and QKY genes are not part of 

IND pathway, then we have found a new pathway regulating pod opening, which implies 

that pod shattering is a very complex process that is regulated by multiple pathways.  

Also, the double mutant analysis show that scm mutant is epistatic to qky mutant since 

scm mutants have more severe defects compared to qky mutants in all aspect and scm qky 

double mutants have similar defects to scm mutants.  This means that SCM is upstream of 

QKY in the genetic pathway.  In a signal transduction pathway, a ligand binds to a 

receptor leading to a conformational change of the receptor.  Thereafter, the receptor can 

bind to other proteins and activate them, which eventually will lead to changes in gene 

expression.  One way to test whether QKY is upstream of SCM in a biochemical pathway 

is to determine localization of SCM and QKY proteins in a fruit cell.  If SCM is localized 

to the plasma membrane in the presence of QKY and SCM is localized in the cytosol in 

the absence of QKY, then this indicates that QKY is upstream and is required to transport 

SCM to the plasma membrane. 

 I conducted yeast two-hybrid cDNA library screens to find putative interactors of 

QKY and SCM proteins, however, more tests need to be done to identify interactors of 

SCM and QKY in Arabidopsis.  Twenty-three putative interactors of SCM kinase domain 

were found (Table 2).  Two of the twenty-three putative interactors had self-activation 

activity indicating that they are false positives (Table 6).  The protein alignment of the 

putative interactors did not show similarities among the aligned proteins indicating that 

SCM kinase domain do not bind to proteins with certain motif in yeast (Figure 5A).   I 

used reverse genetics approach to study three putative interactors of SCM kinase domain 
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and they are SPR2, Rab-GAP, and UBL.  SPR2, Rab-GAP, and UBL were chosen 

because they are predicted to be involved in protein trafficking and signal transduction, 

which correlates with our hypothesis of functions of SCM and QKY proteins.  spr2 spr2-

like double mutant, gap1 gap2 double mutant, and ubl1 ubl2 double mutant did not have 

any fruit phenotypes (Figure 6).  Although these double mutants did not show fruit 

phenotypes, they cannot be eliminated from the list of putative interactors because 

redundancy can be the cause.  To reduce the effect of redundancy, other paralogs of these 

genes need to be identified, mutated, and crossed to the double mutants.  In addition, 

recently it has been reported that OBERON (OBE) genes, which we called UBL, regulates 

development of root and shoot apical meristem (Saiga et al., 2008).  obe1 knock-out line 

is the same as our ubl1 knock-out line.  However, knock-out line for ubl2 is different 

from knock-out line for obe2 and UBL2 is the same gene as OBE2.  Saiga et al. (2008) 

reported that obe1 obe2 double mutant has embryo lethal phenotype.  If a less severe 

obe1 obe2 double mutant phenotype can be generated with a different allele of obe1 or 

obe2, then maybe fruit phenotype can be detected. 

 Besides SPR2, Rab-GAP, and UBL, there are other putative interactors of SCM 

that are good candidate for reverse genetic studies to find genes that regulate pod 

shattering.  GLUTAREDOXIN (GLU) is one candidate and it encodes for an enzyme that 

reduces disulfide bonds in proteins.  Many GLU is predicted to be cytosolic proteins in 

plants; thus, making it more promising as an interactor of SCM.  Furthermore, it has been 

shown that GLU activates proteins in signal transduction pathway (Rouhier et al., 2004).  

Therefore, GLU could bind to SCM, get activated, and subsequently activate other 
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proteins in the signal transduction pathway.  Another good candidate would be MYOSIN 

HEAVY CHAIN RELATED PROTEIN (MHC).  In animal muscle cells, myosin binds to 

actin filament to lead to a contraction.  It has been reported that in plants organelles can 

move on actin filaments when coated with myosin proteins (Tang et al., 1989).  This 

raises the possibility that MHC can bind to SCM and directing vesicles containing cell 

wall digestive enzymes to the plasma membrane, which would lead to pod shattering 

once the cell wall digestive enzymes destroy the cells at the valve margin.   

 For QKY yeast two-hybrid screens, many regions of the QKY protein were used.  

Q-DB was used for the first QKY screen and no putative interactors were detected.  We 

thought that since QKY is a large protein, it might bind to many non-specific interactors.  

Therefore, I conducted screens for QNT-DB and QCT-DB, which contain smaller regions 

of QKY.  However, we did not detect for any putative interactors of QKY with this 

approach.  Few literature were found that described yeast two-hyrbid cDNA screen with a 

protein containing C2 domains as bait.  One paper by Sakata et al. reported that they 

found interactor of a protein containing two C2 domains, called N-copine, by carrying 

out yeast two-hybrid screen with N-copine containing only one C2 domain as bait 

(Nakayama et al., 1999).  This led us to hypothesize that C2 domains affect binding of 

QKY interactors; thus, I conducted another screen using JKY-DB that does not contain 

any C2 domains.  However, no putative interactors of QKY were found.  Another yeast 

two-hyrbid screen with a bait containing one C2 domain of QKY can be done in the 

future.  This approach would be similar to the approach taken by Sakata et al. (1999).   
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 I have shown that SCM do not dimerize in yeast.  Further analysis needs to be 

done to determine whether SCM dimerizes in Arabidopsis, and to figure out the 

mechanism of SCM signaling.  More studies on SCM and QKY mechanism would 

improve our understanding of molecular mechanism of pod shattering. 
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FIGURES 

 

 

Figure 1: Arabidopsis fruit structure.  

Arabidopsis fruit is divided into four main regions: valve, valve margin, replum, and 
septum.  SHATTERPROOF (SHP) and INDEHISCENT (IND) genes are expressed in the 
valve margin.  FRUITFUL (FUL) gene is expressed in the valves and function to repress 
expression of the valve margin genes. 
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Figure 2: scm and qky have similar phenotypes 

(A) Comparison of wild type, qky, and scm pods at stage 17 of flower development.  qky 
and scm pods are smaller than wild type pod and are twisted.  (B) Examination of 
magnified wild type, qky, and scm pods.  Wild type pod have straight valve margin, 
while qky and scm pods have curvy valve margin.   

 

 

 

 

 

 

 

 

 

Col        qky          scm 

  Col        qky              scm 



32 

 

A 

 

 

 

 

 

B 

 
 

 

 

C 

 
 

Figure 3: SCM and QKY function in the same genetic pathway 

(A) Biggest pods of scm qky double mutant and scm plants were chosen and compared.  
Pods from both mutants show similar degree of twisting and sizes.  (B) Small pods of 
scm qky double mutant and scm plants were compared.  Small pods of both mutants 
show similar sizes and degree of twisting.  (C) Seeds from scm qky double mutant, scm, 
and Col pods were compared.  Seeds of scm qky double mutant and scm have similar 
sizes but smaller than Col. 
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Figure 4: SCM and QKY yeast two-hybrid constructs 

(A) Diagram of regions of SCM used for making fusion constructs. S2LRR-DB and 
S2LRR-AD constructs contain S2LRR region.  S-DB and S-AD constructs 
contain SCM kinase domain region.  (B) Diagram of regions of QKY used for 
making fusion constructs.  JKY-DB and JKY-AD contains JKY region.  QNT-
DB and QNT-AD contain QNT region.  QCT-DB and QCT-AD contain QCT 
region.  Q-DB and Q-AD contain QKY region.  The double arrows line indicate 
region of gene used for making constructs.  LRR is leucine-rich region; Pro-rich 
is proline-rich region; TM is transmembrane domain; JM is juxtamembrane 
domain; and C2 is C2 domain.  
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Figure 5: Knock-out lines of SPR2, GAP, and UBL 

(A) Knock-out lines of SPR2 and SPR2-like genes.  The boxed diagram above shows the 
location of nine HEAT-repeats (HR) of SPR2.  The two line diagrams show the TDNA 
insertion in SPR2 and SPR2-like.(B)  Knock-out lines obtained for GAP1 and GAP2 
genes.  The line diagrams show the TDNA insertion in GAP1 and GAP2.  (C) Knock-out 
lines obtained for UBL1 and UBL2 genes.  The boxed diagram shows the location of 
PHD finger domain and coiled-coiled domain in UBL1.  The line diagrams show the 
TDNA insertion in UBL1 and UBL2.  + indicates start codon; * indicates stop codon; and 
the thick lines indicate coding regions. 
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TABLES 

 

Table 1: SCM and QKY function in the same genetic pathway 
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Table 2: Putative interactors of SCM kinase domain 

Positive Clone Identity Number of 
times picked up 

Determined 
through restriction 
mapping 

SPR2 4 0 

SPR2-like 1 0 

GAP1 1 0 

GAP2 1 0 

Glutaredoxin 4 1 

Casein kinase II 5 2 

Zn
2+

 finger transcription factor 3 0 

UBL 7 3 

RRM-containing protein 5 2 

Centromeric protein 1 0 

PAKRP1 1 0 

MKRP2 1 0 

Ser/arg transformer 
ribonucleoprotein 

1 0 

Myosin large-chain related 1 0 

PD1 3 2 

VOZ2 2 0 

HEN4 1 0 

dentin sialophosphoprotein 
related 

1 0 

nucleotidyltransferase 1 0 

 expressed protein 2 0 

hypothetical protein  2 0 

unknown protein 2 0 
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Table 3: Putative interactors of SCM extracellular domain 

Positive clone identity Number of times picked up In frame with 
Gal4 

UBQ2 1 Yes 

Transcriptional regulator 1 Yes 

Unknown protein 1 No 

60S ribosomal protein 1 No 

Rotamase CyP 3 1 No 

F-box family protein 1 No 
SEX4 1 No 

 

 

Table 4: SCM and QKY interaction in yeast 

Samples Cell color after X-gal assay Β-gal activity 

S-AD + Q-DB White No 

S-AD + QNT-DB White No 

S-AD + QCT-DB White No 
S-AD + JKY-DB White No 

S-DB + Q-AD White No 

S-DB + QNT-AD White No 

S-DB + QCT-AD White No 

S-DB + JKY-AD White No 
Control A White No 

Control C Blue Yes 

Control A is a control for no interaction. 
Control C is a control for moderate interaction  
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Table 5: Dimerization of SCM and QKY in yeast 

Sample Cell color after X-gal assay B-gal activity 

Q-DB + Q-AD White No 

QNT-DB + QNT-AD White No 

QCT-DB + QCT-AD White No 

JKY-DB + JKY-AD White No 

S-DB + S-AD White No 

Control A White No 

Control C Blue Yes 

Control A is a control for no interaction. 
Control C is a control for moderate interaction. 
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Table 6: Self-activation by putative interactors of SCM 

Samples in prey vector 
 

B-gal activity 

SPR2 No 

SPR2-like No 

GAP1 No 

GAP2 No 

Glutaredoxin No 

Casein kinase II No 

Zn
2+

 finger transcription factor No 

UBL No 

RRM-containing protein No 

Centromeric protein No 

PAKRP1 No 

MKRP1 No 

Ser/arg transformer ribonucleoprotein No 

Myosin large-chain related No 

PD1 No 

VOZ2 YES 

HEN4 No 

dentin sialophosphoprotein related No 

Nucleotidyltransferase No 

 Expressed protein  YES 

Hypthetical protein No 

Unknown protein No 

UBQ2 No 

Transcriptional regulator No 
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