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domain (CTD) (Fig. 11). Full length lhx1a is an inactive activator. Overexpressing the full-length 

protein in zebrafish embryos did not cause a phenotype. In contrast, overexpressing a truncated 

protein (missing the LIM domain) caused a phenotype that was consistent with overactive 

transcriptional activity [Dawid et al.,1998]. This suggests that the LIM domain inhibits the 

transcriptional activity of lhx1a, likely through intramolecular interaction. [Shawlot & 

Behringer,1995]. Agulnick et al. have found that in the frog, the Lhx1 LIM domain can interact 

with a LIM domain binding protein, Ldb1, which is required to activate Lhx1[Agulnick et 

al.,1996]. Ldb1 also dimerizes with itself. Others have shown that Lhx1 can be activated by fusing 

it with the Ldb1 dimerization domain. This fusion brings four molecules together, two Ldb1 

dimerization domains and two Lhx1 molecules, which resulted in activation of Lhx1. This 

suggested that Ldb1 interacts with LIM domain of Lhx1 and these interaction allows the Lhx1 to 

be active [Milan and Cohen,1999]. Recently Dr. Diep’s lab showed that the lhx1a protein could 

dimerize with itself directly without Ldb1 using a genetic assay. This dimerization was enhanced 

when the LIM domain was deleted from one of the lhx1a proteins. Since deleting the LIM domain 

caused dimerization and activation of lhx1a, we hypothesize that lhx1a dimerization is important 

for its activation (Fig. 12). Therefore, it is imperative to understand the molecular pathways that 

regulate kidney stem cells in zebrafish, and find molecules that enhances lhx1a activity in kidney 

stem cells. This molecules could shed the light on kidney regeneration process in zebrafish, and 

could help to find curative treatment to kidney failure as well. 
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Figure 11. Protein map of lhx1a and its molecular activities. The lhx1a protein can be divided into the 

following domains: LIM, LINKER, HD, and CTD. Wild-type (full length) lhx1a only weakly dimerizes 

and has no transcriptional activity. In contrast, the LIM domain deletion mutant strongly dimerizes and 

also has potent transcriptional activation activities. Therefore, we hypothesize that the LIM domain 

inhibits both dimerization and activation. Removing the inhibitory effect of the LIM domain will then 

lead to dimerization and activation of lhx1a. 

 

Peptide 

Peptides with high binding affinity and specificity to proteins are useful components for 

studying protein function and developing diagnostic or therapeutic reagents. Peptides have been 

used as a tool to validate proteins as therapeutic agents.  Developing peptide affinity agents, such 

as antibodies, have helped in creating many new techniques. Western blot and in situ are 

examples of the antibodies use that make it possible to study many protein functions [Bardou et 

al., 2009; Gibert et al, 2011]. Linear, cyclic, and scaffold- constrained are peptide affinity agents. 

Linear peptides are less desirable peptides because of their instability, the fact that they undergo 

conformational changes upon binding to their targets, and their susceptibility to degrade by 

proteases which make them lose their affinity [Ladner, 1995]. On the other hand, scaffold- 

constrained peptides are large, stable, and exhibited as a surface loop on a protein. Scaffold- 

constrained peptides can be produced by naturally occurring scaffold proteins such ankyrin, 

lipocalins, antibodies, and fibronectin, and synthetically designed scaffold proteins, such as 

peptide aptamers, peptamers, and thioredoxin insert proteins (TIPS) [Skerra, 2007; Norman et al., 

1999]. Cyclic peptides are small, stable, constrained without scaffold proteins, and can work on 



24 

extracellular and intracellular targets which make them favorable over scaffold- constrained 

peptides. Cyclic peptides can be synthesized using solid phase peptide chemistry. Moreover, some 

cyclic peptides have the ability to cross cell memblogbrane and others can be imported inside the 

cell using liposome or permeation tags to increase their bioavailability. [Yongye et al., 2009; 

Maupetit et al., 2009]. Furthermore, cyclic peptides are widely found in nature. For example they 

are produced by plants, bacteria fungi, and mammals. Cyclic peptides have natural defense agents 

where they function as antimicrobials and antivirals [Saether et al., 1995; Trabi and Craik, 2002]. 

An example of antiviral effect of cyclic peptide is the theta -defensin that used by rhesus monkeys 

to defend against HIV [Tang et al., 1999]. Humans have lost this defensin mechanism due to 

single mutation, early stop codon, in theta -defensin cyclic peptides gene. In humans, theta -

defensin has been produced by repairing this stop codon which indicate that a general mechanism 

to produce cyclic peptides in humans is still active [Venkataraman et al., 2009]. Cyclic peptides 

are good candidates for therapeutic reagents.  

 There are several different types of cyclic peptides, including lactams, lactones, and 

disulfide-cyclized. Cyclosporine is the most common lactam- cyclized peptide. Lactam peptides 

are referred to as “head-to-tail” cyclized peptides because they do not have N- or C-termini but 

have continuous amide bond linkage. Coibamide A [Barreto & Geyer, 2014] and 

Theonellapeptolide-Id are lactone peptides. Lactone peptides are formed when the C-terminus of 

the peptide forms an ester linkage with a hydroxyl group from a threonine or serine side chain.  

Disulfide-cyclized peptides have a free N- and C-terminus and are constrained by one or more 

disulfide bonds between cysteine residues. The small size of cyclic peptides allows their structure 

to be determined by nuclear magnetic resonance (NMR), X-ray crystallography, and in silico 

modeling techniques. Hence, these techniques can be used to identify which parts of the cyclic 
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peptide interact with the target [Yongye et al., 2009; Maupetit et al., 2009]. Pharmacophores refer 

to the sites on cyclic peptides that are required to the interact with their targets. These sites can be 

grafted to small molecules with the same pharmaceutical activity as the cyclic peptide. Also, 

small molecules that target the same binding interface can be found by peptide–protein interaction 

[Vagner et al., 2008]. Generally, a lot of naturally occurring cyclic peptides are produced non-

ribosomally and contain non-standard amino acids. There is a growing body of research to 

decipher the mechanism that used to synthesize non-ribosomally produced cyclic peptides. 

Generating libraries of cyclic peptides without a genetically tractable way has proven difficult 

[Barreto & Geyer, 2014].  

Many studies have used libraries of biologically derived or chemically synthesized cyclic 

peptides to screen for their ability to produce a phenotype [Baldwin, 1996]. The disadvantage of 

this method is that the number of cyclic peptides able to be screened is limited by the number of 

the assays that can be performed [Tan, 2005; Webb, 2005]. Furthermore, it is impossible to 

determine the target or mode of action of a cyclic peptide isolated from a phenotype-based assay. 

Since biologically derived phenotype-based assays consist of complicated mixtures of peptides, 

proteins, and other molecules, it makes it difficult and time consuming to identify the bioactive 

compound in these mixtures [Escoubas et al., 2008]. Recently, some studies have been using 

combinatorial peptide libraries to isolate peptides that bind to specific domains of proteins 

without effecting the other domains [Pamonsinlapatham et al., 2008]. In this case, specific protein 

functions or conformations can be blocked while all other functions are unaffected. In some cases, 

the domain of interest is inaccessible due to the conformation of the protein. Some studies have 

isolated members that inhibit cellular processes using combinatorial libraries of intein generated 

lactam peptides [Barreto & Geyer, 2014]. Lactam peptides created by combinatorial libraries of 
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intein do not have a C- or N -terminus. Therefore, they cannot be used in protein interaction 

screens that require additional protein moieties such as the yeast two-hybrid assay. Generating a 

lariat peptide, by blocking the intein-producing cyclic peptide reaction at an intermediate step, is a 

new strategy to overcome some of lactam peptides obstacle. Lariat peptides have a free N-

terminus that allow the lariat to be covalently fused to other proteins [ Barreto & Geyer, 2014]. 

Combinatorial peptide libraries can screen for more than a million lariat peptides using the 

yeast two-hybrid assay by knowing the target the mode of action of the lariat peptides. Genetic 

screens have many advantages over other types of screens. As such, the libraries can be 

genetically manipulated allowing for a large number of combinatorial cyclic peptide libraries to 

be screened [Barreto & Geyer, 2014]. Chemical genetics screening was used to identify a 

molecule, methyl-4-(phenylthio) butanoate (M4PTB), that both expanded lhx1a-GFP+ kidney 

stem cells and accelerate regeneration after acute kidney injury [Novitskaya at el, 2014]. The goal 

of this project is to perform a genetic screen to identify peptides that bind to lhx1a. Such 

candidate peptides will then be screened again (in future projects) to identify the ones that may 

disrupt the hypothesized intramolecular integration (e.g., the inhibitory effect of the LIM 

domain), and thus may enhance lhx1a dimerization and activation. In the long term, we hope to 

identify peptides that bind to lhx1a and inhibit the function of the LIM domain, causing lhx1a to 

dimerize and become active. Understanding the effect of activating lhx1a on kidney stem cells 

could have an implication in designing regenerative therapies for kidney disease. We used yeast 

two-hybrid system to screen for peptides that interact with lhx1a.  

 

The Yeast Two-Hybrid System 
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The principle of the Yeast Two-Hybrid (Y2H) system is based on splitting a functional 

transcription activator into two separate domains (a DNA binding domain (DBD) and an 

activation domain (AD)). One protein of interest is fused to the DBD and this is called the bait. 

Another protein of interest is fused to the AD and this is called the prey. If the two proteins of 

interest interact, they bring together the DBD and AD, reconstituting the original activator in the 

nucleus to turn on reporter genes. This nuclear Y2H system is the most commonly used two-

hybrid system. Two-hybrid systems also exist in mammals and bacteria [Ozawa et al., 2000; 

Joung et al., 2000; Fields and Song, 1989; Gyuris et al., 1993]. Mating interaction assays have 

many advantages as a single library of preys can be constructed in one yeast strain and then mated 

to different strains carrying various baits. In this assay, libraries of yeast cells containing different 

preys are mated to yeast cells containing the target bait, which results in diploid cells that contains 

bait, prey, and reporter genes [Barreto & Geyer, 2014].  

Since our protein of interest is lhx1a, a transcription activator that is active in the nucleus, 

it cannot be used in the nuclear Y2H system. Instead, it has to be used in a cytosolic Y2H system 

(cytoY2H) [Mockli, 2007]. The cytoY2H is modified from the previously established split-

ubiquitin system [Johnsson & Varshavsky, 1994]. Its modification was directed towards 

circumventing the problems of autonomous activation of reporter genes by proteins of interest 

that are transcription acctivators. In the cytoY2H, one terminus of the bait is targeted to the 

cytosolic side of the endoplasmic reticulum (ER) membrane by fusion with the integral membrane 

protein Ost4 [Kim, 2003]. The other terminus of the bait is fused to a reporter cassette composed 

of the C-terminal half of ubiquitin (Cub) and the artificial transcription factor LexA-VP16 (Fig. 

12). Anchoring the bait protein to the ER prevents unwanted transcriptional activation of reporter 

genes in the nucleus. The prey is fused to a mutated version of the N-terminal half of ubiquitin 
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(NubG), lacking an intrinsic affinity for Cub. When the bait and prey interact, they force Cub and 

NubG into close proximity, resulting in reconstitution of native ubiquitin. Ubiquitin is recognized 

by ubiquitin-specific proteases (UBPs), which cleave the polypeptide bond that attaches LexA-

VP16 to Cub. This releases LexA-VP16 which translocates into the nucleus where it activates the 

LexA-responsive reporter genes HIS3, ADE2, and lacZ (Fig. 13). Activation of HIS3, ADE2 

allows yeast to grow on selective TLHA media. 

 

Figure 12. Schematic representation of cytosolic Yeast 2 hybrid assay (cytoY2H). This figure shows that 

interaction between the bait and prey proteins will consequently release the LexAVP16 transcription factor 

that is translocated into the yeast nucleus to turn on reporter genes. This figure is obtained from Mockli et 

al., 2007.  

 

 

 

 

 

 

 

 

CHAPTER 3 
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MATERIAL AND METHODS 

 

We followed the Barreto and Geyer protocol [Barreto & Geyer, 2014] to carry out the genetic 

screen. However, modifications were made to compensate for the different yeast two-hybrid 

system that we used. 

Plasmid Preparation 

For the preparation of the PR3N-intein plasmid, PR3N was digested with Sfi-I endonuclease (New 

England BioLabs; R0123S). After incubation, 5 ul of the reaction mix run on a 1.2 % agarose gel 

for confirmation of the digestion. The expected size of PR3N was 4000 base pairs (bp).  

Plasmid Extraction from Yeast 

Plasmids were isolated according to protocols described previously (Hoffman and Winston, 1987; 

Geyer and Brent, 2000). Briefly, a single yeast colony was grown overnight in 5 mL of 

appropriate media in a shaking incubator at 30° C. Cells were harvested by centrifugation at 

18,000 x g for one minutes. The cell pellet was resuspended in 200 μL of breaking buffer, 

followed by the addition of 3 μl of zymolyase enzyme. The reaction was mixed gently and 

incubated at 37° C for 30 minutes. After that, 200 μl of solution 2 was added 200 μl and mixed 

well, and 400 ul of solution was added, vortexed, and centrifuged. The supernatant was 

transferred to a new tube and washed with washing buffer. Finally, the reaction was centrifuged 

and the pellet was suspended with 10 μl of nuclease free water. 

Electroporation 

One μl of the plasmid and 25 μl of 10% glycerol were added to 1 μl of Top10 (Life Technologies) 

E. coli bacteria strain, and incubated for ten minutes in ice. The mixture was transferred to an ice-

cold electroporation cuvette. Cells were then electroporated with a field strength of ~ 12.5 kV/cm 
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MicroPulser™ Electroporator (Bio-Rad). Electroporated cells were mixed with 1000 μL of LB 

and incubated at 37 °C for thirty minutes. Cells were then plated onto LB agar plates containing 

the appropriate antibiotic.  

Making Backbone 

Plasmid midi-prep extraction from bacteria 

Plasmids were isolated per the manufacturer’s instructions. In short, 5ml of bacterial 

culture was inoculated in LB/ampicillin overnight at 37 °C while shaking. The next day, 100 μl of 

the overnight culture were re- inoculate in 35 mL LB culture with 35 μl of ampicillin, and 

incubated shaking overnight at 37° C. The next day, 35 mL culture was poured into a Nalgene 

round-bottom centrifuge tube. The tube was chilled on ice for 30 min. Then, the culture was spun 

at 4°C and 7000 RPM for fifteen minutes. Supernatant was poured out immediately and the tube 

was turned upside down on the paper towel to dry up the excess media.  4 mL of buffer P1 was 

used to re-suspend the pellet, the pellet was dissolved completely then 4 ml of buffer P2 was 

added, inverted genteelly until the solution become viscous and blue.  4 mL of buffer P3, was 

added and repeatedly inverted, solution turned clear, then the tube was incubated on ice for 15 

min. Then centrifuged for 15 min. at 4 degrees, 13,000 RPM. After centrifugation the supernatant 

was transferred into the equilibrate (empty) Q-100 tip, after the drip was dried completely, the tip 

was washed twice with 10 mL of buffer QC. Then the tip was transferred into new cleaned tube 

and 5ml of buffer QF was added to elute. after that, 3.5 ml of isopropanol was added into the tube, 

vortexed, and centrifuged for 30 min. at 13,000 RPM. The supernatant was taken out and the 

pellets were re-suspended with 1 mL cold 70% EtOH and span for 5 min at 4 degrees, 13,000 

RPM. Finally, the supernatant was removed and the DNA was re- suspended with 140 uL sterile 

water. 
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Backbone digestion and phosphorylation 

The backbone was digested using 100 ul of PR3N-intein midi-prep DNA, 100 ul of 10x 

NEBuffer, 797 ul nuclease-free water, and 4 ul Nru-I enzyme. Then the mixture was incubated 

overnight at 37°C. after that, the phosphorylation was performed as following. 995 ul of the 

digested backbone were added to a mixture of 150 ul of 10x Antarctic phosphatase Buffer, 20 ul 

of Antarctic Phosphatase enzyme, and 335 ul nuclease-free water. The mixture was vortexed and 

incubated at 37°C for three hours. Next, 300 ul of 6x dye was added to the mixture. Finally, 

agarose gels of one small well was made using a small comb with tape over it. Then, we ran 600 

ul of the mixture in the agarose gel for one hour, and the DNA was extracted from the gel.  

Agarose gel electrophoresis 

To determine the size of DNA, samples were mixed with 6x loading Buffer. Samples were 

loaded in an agarose gel consisting of 1 g agarose dissolved in 65 ml 1X TAE with final 

concentration 1.5%) and 2 ul ethidium bromide. Gels were run at a constant voltage between at 

100 V for fifteen to sixty minutes depending on the separation required. Gels were visualized and 

photographed using a UV light trans-illuminator. 

DNA gel purification and extraction 

Gel purification was used to clean-up PCR products and restriction enzyme digested 

plasmids. Gel purification was performed using a Gel Purification kit as per manufacturer’s 

instructions. PCR products were purified using a PCR Clean-up kit as per the manufacturer’s 

instructions. 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) modified from 

Kushnirov et al. was used to separate proteins based on their apparent molecular weight. A 4% 
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stacking gel was prepared as following 1.25 ml of 0.5 M Tris-HCl pH 6.8, 750 ul of 30% 

acrylamide, (degassed acrylamide/bis-acrylamide 37.5:1 ratio), 5 ul TEMED, 20 ul of 25% 

ammonium persulphate (APS), 20 uL Phenol red, and 2.9 ml sterile water. A 10% of running gel 

prepared as following 3.75ml of 1.5 M Tris- HCl pH 8.8, 2.5 ml of 30% acrylamide (degassed 

acrylamide/bis-acrylamide 37.5:1 ratio), 12 ul of TEMED, 25 ul of 25% 0.05% APS, and 1.25 ml 

of sterile water. Proteins were suspended in SDS loading dye (60 mM Tris-HCl pH 6.8, 10 % 

(v/v) glycerol, 2% (w/v) SDS, 0.0025% (w/v) bromophenol blue, 4% (v/v) Beta-mercaptoethanol 

was added to the loading buffer when proteins were separated under reducing conditions. Samples 

were heated at 100 °C for five minutes and then cooled on ice prior to loading. Gels were run at a 

constant voltage of 100 V 10 mA (for 1 gel) (or 20 mA for 2 gels) until the dye front reaches the 

very bottom of the gel (~70-80 minutes).  

Western blot analysis 

Western blot analysis was used to visualize specific proteins after SDS-PAGE. 

Nitrocellulose and blotting paper were incubated in transformation buffer for 10 minutes. A piece 

of pre-soaked blotting paper was placed on the Trans-Blot SD Semi-dry electrophoretic transfer 

cell followed by the nitrocellulose membrane, the gel, and a second piece of pre-soaked blotting 

paper. Transblotting was performed at 100 V for 60 minutes. The nitrocellulose membrane was 

blocked for one hour at room temperature with 10 mL 5% blocking buffer. Membranes were 

washed three times with approximately 20 mL PBST (Phosphate buffered saline supplemented 

with Tween-20). Then 15 mL of primary antibody was added primary (1:1,000 dilution in PBST 

and 0.02% final sodium azide), and incubated for one hour at room temperature or overnight at 4 

°C. Membranes were washed three times with approximately 20 mL PBST and then incubated 

with secondary antibody (Anti-mouse or anti-rabbit, 1: 10,000 dilution) for one hour at room 
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temperature. Membranes were washed three times with 20 mL PBST. Then 4 mL of Pierce West 

Pico substrates were added to the membrane. Finally, membrane was dried and visualized using 

infrared imaging system. 

Polymerase chain reactions (PCR) 

Standard PCR reaction was performed in 50 μL reaction containing 1x Taq Buffer 200μM 

dNTP, 1 μM Primers 10 - 300 ng template, and 1 μL of Taq. DNA template was denatured with a 

five minutes’ denaturation step at 95 °C, followed by 20 – 30 cycles of amplification. Each cycle 

contained a denaturation step at 95 °C for thirty seconds, an annealing step at 50 °C for thirty 

seconds, and an extension step at 72 °C for one minute per kilobasepair of DNA. 

Making library 

We preformed the PCR reaction by modifying various conditions, different annealing 

temperatures and different concentrations of DMSO and MgCl2, showed that 3 mM MgCl2 gave 

the best product matching the expected product size. We amplified the library using 10 ml PCR 

reaction. The reaction containing 6.795 ml of water, 1 ml of 10X Taq buffer, 1.205 ml of 25 mM 

MgCl2 (3 mM final concentration), 200 μL of 10 mM dNTP, 200 μL  of 20 uM CQDp338-P1 

primer, 200 μL of 20 uM CQDp339-P2 primer, 200 μL of 2 Um CQDp337-NNK, 200 μL of Taq 

pol. enzyme. The the reaction was aliquoted to 104 ul into each well of a 96-well PCR plate, and 

the annealing temperature was changed to 50 degrees with no gradient.  

 

Lithium acetate transformation and gap repair 

Transformation procedures were used to transfer plasmids into yeast or to clone DNA 

fragments into plasmids by in vivo homologous recombination (Hua et al., 1997).  Frozen stocks 

of the W303 strain was used inoculate a 20 mL overnight culture in the appropriate media and 
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grown at 30 °C with shaking at 200 rpm. The cells were grown to an OD600 of 0.6 – 0.8. Cells 

were collected by centrifuging at 4,000 x g at room temperature. The supernatant was removed 

from the yeast pellet and the pellet were re-suspended in 60 μL nuclease free water, 10 μL of 1M 

lithium acetate (LiOAc), 10 μL of 10 X tris-EDTA (TE), 10 μL of DMSO, and 10 μL of single-

stranded DNA (ssDNA). The reaction was vortexed and aliquoted into two 50 μL aliquots, where 

one tube labeled as experiment and the other one control. 2 ul of backbone (PR3N-intein) and 2 ul 

of the peptide library were added to the experiment tube while only 2 ul of backbone was added 

to the control tube. After that mixture of 50% of PEG, LiAc, and TA was prepared in separate 

tube as following: 400 ul of 50% PEG added to 50 ul of LiAc and 50 ul of TA. The mixture was 

mixed well and, 150 ul of this mixture were added to the experiment and 150 ul to the control 

tubes. The mixture was vortexed rapidly and then incubated for thirty minutes at 30 °C and then 

heat shocked at 42 °C for fifteen minutes. The sample was vortexed, and plated on the appropriate 

media. After four days of incubation, we scrapped the colonies and froze them. After 24 hours, 

we took the frozen colonies and serial 1:10 dilution was plated on selective media to measure the 

bio-viability.  

Mating bait and prey 

We prepared the bait by streaking out NMY51 carrying the DHB1-lhx1a in selective 

media. After that, we picked one colony from the plate and inoculated in 50 ml selective broth 

overnight. Next day, we diluted the culture to an OD595 ~0.25 in 1 L in selective broth, and 

Incubated until OD ~ 0.8. then, the number of cells were calculated using the conversion factor 

0.8 OD595 = 1.1 x 107 CFU.  After that, the cells were span, washed twice, and re-suspended in 10 

ml YPD broth.  At this point, we were ready to mate the prey (W303 peptide-library) with the bait 

(NMY51-lhx1a). Because the bait concentration was determined by counting the gap repair bio-
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viability in the previous step, bait and prey were mixed at a 20:1 bait to prey ratio. Finally, tenfold 

dilution was preformed and the cells were plated on leucine drop out and Tryptophan drop out 

media to determine the bait/prey ratio plated. The rest of the cells were plated in rich media (YPD 

plates). Next day, the colonies that grew on the rich media were scraped, washed, re-suspended 

equal GFD volume, and saved in freezer for future interaction analysis. 

Qualitative growth assay 

The NMY51 yeast strain transformed with plasmids were inoculated overnight in 5 ml of 

Tryptophan Leucine dropout media and incubated at 30°C overnight. After 24-48 hours of 

incubation and the cultures reached saturation, the cultures were obtained and their optical density 

(OD) was measured using a spectrophotometer. Each culture was adjusted to 1 OD, and three 10-

fold serial dilutions (10-1, 10-2, 10-3) were prepared. The undiluted and serial dilutions were spot 

plated by placing 5 ul of each onto THLA (tryptophan/leucine/histidine/adenine) dropout (selective 

media) plates and the spotted plates were incubated at 30°C. Picture of the plates were taken every 

24 hours until day 5.  

 

 

 

 

 

 

Table 1: 

 List of primers 
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Note. The primer name is a unique identifier from Dr. Diep’s lab. P1 represent forward primers 

and P2 represent reverse primers. Oligonucleotides are represented by one letter nucleotide codes, 

where N = (A, C, T, G) and K = (G, T).              

 

 

 

Primer name Primer purpose Sequence (5` – 3`) 

CQDp335 Intein Recomb P1 cca gat tac gct gga tcc aag cag tgg tat caa cgc aga ATG 

GTT AAG GTT ATT GGT AG 

 

CQDp327 Intein Oligo 1 ATG GTT AAG GTT ATT GGT AGA AGA TCT TTG 

GGT GTT CAA AGA ATT TTC GAT ATT GGT TTG 

CCA CAA GAT CAC AAC TTC TT 

 

CQDp328 Intein Oligo 2 AAA ATT TCA GTA CCG AAA GAC AAA CAT 

CGC GAA GCG TGA GCA ATA GCA CCG TTA 

GCC AAC AAG AAG TTG TGA TCT TGT GG 

CQDp329 Intein Oligo 3 TCT TTC GGT ACT GAA ATT TTG ACT GTT GAA 

TAC GGT CCA TTG CCA ATT GGT AAG ATT GTT 

TCT GAA GAA ATT AAC TGT TC 

CQDp330 Intein Oligo 4 TCG TGC CAT TGA GCA ATA GCT TGA GTG TAA 

ACT CTA CCT TCT GGA TCA ACA GAG TAA ACA 

GAA CAG TTA ATT TCT TCA GA 

 

CQDp331 Intein Oligo 5 GCT ATT GCT CAA TGG CAC GAT AGA GGT 

GAA CAA GAA GTT TTG GAA TAC GAA TTG 

GAA GAT GGT TCT GTT ATT AGA GCT AC 

 

CQDp332 Intein Oligo 6 GCG AAA ATT TCT TCA ATA GCC AAC AAT TGG 

TAA TCA GTA GTC AAG AAT CTG TGA TCA 

GAA GTA GCT CTA ATA ACA GAA CC 

 

CQDp333 Intein Oligo 7 GCT ATT GAA GAA ATT TTC GCT AGA CAA TTG 

GAT TTG TTG ACT TTG GAA AAC ATT AAG CAA 

ACT GAA GAA GCT TTG GAT AA 

CQDp334 Intein Oligo 8 CTT AAT AGT ACC AGC ATC CAA CAA TGG 

GAA TGG CAA TCT GTG GTT ATC CAA AGC TTC 

TTC AGT 

CQDp336 Intein Recomb P2 ggt cga cgg tat cga taa gct tga tat cga att ctc gag CTT 

AAT AGT ACC AGC ATC CA 

CQDp338 P1 Intein Library Primer ATT GGT TTG CCA CAA GAT CAC AAC TTC TTA 

TTG GCT AAC GGT GCT ATT GCT CAC GCT TCT 

CQDp339-P2 P2 Intein Library Primer ACC AAT TGG CAA TGG ACC GTA TTC AAC AGT 

CAA AAT TTC AGT ACC GAA AGA CAA ACA 

CQDp337-NNK Lariat intein Library GGT GCT ATT GCT CAC GCT TCT NNK NNK NNK 

NNK NNK NNK NNK TGT TTG TCT TTC GGT ACT 

GAA 
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 CHAPTER 4 

                                                        RESULTS 

Cloning Intein Gene into PR3N Prey Plasmid 

We successfully used a two-step PCR to combine and amplify eight overlap oligonucleotides. The 

first step involved annealing and extending the eight overlapping oligonucleotides, and the second 

step amplified the complete intein gene using two oligonucleotides, each having 39 base pair (bp) 

homology to the PR3N plasmid for gap repair cloning (Fig. 13A- B). The resulting PCR product 

was run on an agarose gel and was consistent with the intein gene (6640 bp) being synthesized 

(Fig. 13C). The intein PCR product was then used for gap repair (homologous recombination in 

the yeast strain W303) with the PR3N plasmid already digested with the restriction enzyme (Sfi-I) 

(Fig. 14A). The transformed cells were plated on selective media and several colonies were 

isolated for plasmid preparation (Fig. 14B). DNA sequencing on both strands confirmed that 

candidate #14 had successfully recombined the intein gene into the PR3N plasmid at the correct 

location.   
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 Figure 13. Two-step PCR to isolate intein. A) The synthetic intein gene was assembled from eight 

oligonucleotides by repeated cycles of primer extension followed by heat denaturation. B) The full-

length intein gene was amplified using primers that are specific to the ends of the intein gene and 

contain a 5’ overhang that is complementary to the PR3N plasmid. (C) The intein PCR  product 

was confirmed on an agarose gel and was consistent with the 483 bp size. 

                                                                                                                                                                                                                                                                                                                  

      

 

 

 

 

 

 

 

 

Figure 14. A) Schematic representation of gap repair by homologous recombination in yeast cells. Both 

digested PR3N backbone and the intein PCR product was co-transformed into yeast. Homologous 

sequences between the ends of intein and PR3N allow for homologous recombination. B) Plates 

showing the growth of the colonies after the gap repair. C) The final plasmid contains intein downstream 

of NubG and HA.  
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Confirming Intein Expression in Yeast 

Yeast carrying PR3N-intein were grown in selective media and protein extracts were prepared for 

Western blot analysis. Since the intein was tagged with the HA epitope, we used antibodies 

against HA to show that the intein was properly expressed and the protein was at the appropriate 

molecular weight (29 kDa) (Fig. 15). 

                                  

Figure 15. Western blot analysis showed that intein was expressed in yeast (lane 1). Lanes 2 and 

3 were positive controls. 

 

Construct Peptide Library 

A lariat library consisted of seven random amino was generated using degenerate 

oligonucleotides (NNK7, where N represents any nucleotide (A, C, G, or T) and K represents G 

or T). Although no specific PCR product was observed using standard conditions, modifying 

various conditions (different annealing temperatures and different concentrations of DMSO and 
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MgCl2) showed that 3 mM MgCl2 gave a strong product matching the expected product size (129 

bp) (Fig. 16). NNK7 codons maximize amino acid diversity and minimize stop codons. NNK7 

encodes 20 amino acids and one stop codon (TAG). There is a 1/32 or 3.1% chance that the codon 

would be a stop codon at each NNK7. In contrast, an NNN7 library would have more stopping 

codons (64 total), three of which would be stop codons (TAA, TAG, TGA). Therefore, there is a 

3/64 or 4.7% chance the codon will be a stop codon for an NNN7 library [Barreto & Geyer, 

2014.]. 

                                             

Figure 16. An NNK7 library on an agarose gel shows the expected size of 129 bp. 

Generate Peptide Library in PR3N-Intein 

PR3N-intein has a tryptophan auxotrophic marker for selection in yeast. Protein expression is 

controlled by the constitutive CYC1 promoter. Intein is expressed as a fusion protein (HA-NubG-

intein). The lariat peptide library is created by inserting a PCR amplicon, which encodes the 

combinatorial peptide, between permuted PR3N-I C and PR3N-I N intein domains using 

homologous recombination (Fig. 17) PR3N-intein is digested with the restriction enzyme Nru-I, 
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which cuts between I C and I N domains to prepare it for insertion of the peptide library. The 

peptide library and linearized PR3N-intein was transformed into the yeast strain W303 to create a 

library of approximately 107  lariat peptides. Transformed cells were plated on selective media 

(Fig. 18). This was done many times at a small scale because large scale transformations did not 

work. After three days of growth, colonies were scrapped off the plates and stored as frozen 

stocks for future mating with a yeast strain carrying the DHB1-lhx1a bait plasmid (Fig. 19).  

Sixteen colonies were randomly selected for DNA sequencing of the peptide plasmid and 

Western blotting. Eleven produced normal peptides sequences (69%), two had insertion/deletion 

(12.5%) which lead to induce an early stopping condone within the intein, and three had stop 

codons (18.5%) (Table 2). Western blots were also performed for the sixteen candidates using 

antibodies against HA. Barreto & Geyer previously showed that each candidate can produce one 

or two bands. Those with only one band are unprocessed inactive inteins (the larger of the two 

bands). If a second and small band is observed, that represents the processed active intein [Barreto 

& Geyer, 2014]. Ten out of the 11 candidates with good peptide sequences expressed two bands 

at 32 kDa and 15 kDa (Fig. 20) we named the candidates by their numbers, #1, #2, #3, #4, #5, #6, 

#7, 8, #10, #11, #13,#14,#15,#16,#17,#20. One candidate did not process (#17). Candidates # 1, 

3,17 have a band right under the 32 kDa band which we think that the lariat peptide started to 

degrade. For candidates # 1 & 3 were partially degraded, but candidate # 17 was completely 

degraded. According to the sequence results we were able to estimate the total number of the 

peptide library candidates that can be expressed in the yeast by producing lariat. one had the lariat 

band only (#4), and four were not expressed (#6, 7, 11, 20). Our library approximately has 20 

million peptides. however, our random sequence showed that ~69% had correct sequence with on 

stop codon. Therefore, our final library has approximately 14 million different lariats (20 x 106x 
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Figure 18. Gap repair for linearized backbone and peptide library. A) Colonies were observed when cells 

were transformed with both the linearized backbone and the peptide library, but not with the backbone 

alone B). 

 

 

Figure 19. Serial dilutions for viability of frozen cells carrying the peptide library. The countable dilution 

was 10-5, which had 120 colonies.  
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Figure 20. Western blot analysis for expression of peptides. Antibodies against HA were used to detect the 

peptides. The unprocessed intein should be ~32 kDa, while processed inteins should have an extra band at 

~15 kDa representing the lariat peptide. 
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Table 2: 

Samples of peptide sequences from library.  

 

Note. Stop codons are indicated by asterisks (*). The yellow highlight indicates insertion/deletion 

which did not affect the peptide while has an effect on the intein both of the insertion and deletion 

leads to shift in the downstream frame and result in early stop codon within the intein, while the 

red highlight indicates early stop codon within the peptide. 

 

Mate Bait Strain with Peptide Library Strain 

The yeast strain NMY51 carrying the DHB1-lhx1a bait was grown on selective media in 

preparation for mating with the W303 strain carrying the peptide library (thawed from frozen 

stocks). The number of NMY51/DHB1-lhx1a cells were calculated using the conversion factor 

1OD = 1.1 x 107 CFU/ml. An OD of 0.9 for NMY51/lhx1a was used. Therefore, the number of 

Peptide # 

 

AA Sequence 

Peptide #1 

 

FLFSGYL TTTTTGTTTAGTGGTTATCTT 

Peptide #2 

 

FHRMRSF TTTCATAGGATGCGTAGTTTT 

Peptide #3 

 

FLCYYNY TTTCTTTGTTATTATAATTAT 

Peptide #4 

 

CLFSSFLV TGTTTATTTTCATCATTCTTGGTG 

Peptide #5 

 

WVVMDYY TGGGTTGTTATGGATTATTAT 

Peptide #6 

 

LFFGDAC TTATTTTTCGGTGATGCCTGTG 

Peptide #7 DRSGAT* 

 

GATAGGTCGGGGGCTACTTAG 

Peptide #8 

 

SLEFGLV AGTTTGGAGTTTGGTTTGGTT 

Peptide #10 

 

GISGFRS GGTATTTCGGGTTTTAGGTCT 

Peptide #11 

 

L*N**IT CTTTAGAATTAGTAGATTACG 

 

Peptide #13 

 

TLDFVDC ACTCTTGATTTTGTTGATTGT 

Peptide #14 

 

AQDVFIF GCGCAGGATGTTTTTATTTTT 

Peptide #15 

 

ISRRHWL ATTTCGCGTCGGCATTGGTTG 

Peptide #16 

 

AKYVNSF GCTAAGTATGTGAATAGTTTT 

Peptide #17 GRVGLG 

 

GGGGGGAGGGTGGGGCTCGG 

 

Peptide #20 FGKI*FV TTTGGTAAGATTTAGTTTGTT 
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NMY51/DHB1-lhx1a cells is 0.9 OD x 1.1 x 107 CFU/ml x 1000 μL = 9.9 x 109 cells/liter. The 

concentration of the W303/peptide library cells were previously calculated to be 1.2 x 107 cells/30 

ul. Hence (or 4 x 105 cells/ul). A bait to prey ratio of 20:1 was used for mating. Therefore, for 9.9 

x 109 bait cells/liter was used with 4.95 x 108 prey cells/liter. The mated cells were plated on rich 

media and serial tenfold dilutions were performed on selected media (fig. 21). Then the mated 

library (consisting of diploid cells) was scraped off the rich media plates and frozen for future 

interaction analysis.  

                  

Figure 21. Mated cells on rich media.   

Perform Yeast Two-Hybrid Interaction for Mated Diploid Library 

The previously frozen diploid library was used to determine the mating efficiency by plating 

serial dilutions on selective media. The Trp dropout plate had 69 colonies on the 10-4 dilution 

plate (this represents the haploid prey cells). The Leu dropout plate had 83 colonies on the 10-8 

dilution plate (this represents the haploid bait cells). The TrpLeu dropout plate had 63 colonies on 

the 10-3 dilution plate. Therefore, 6.3 x 104 total cells grew on TrpLeu dropout plates (this 

represents the successfully mated diploid cells). The number of prey cells present were calculated 

to be 6.9 x 105. The mating efficiency can be calculated by dividing the number of diploid cells 

by the number of haploid prey cells, which is 9% (6.3 x 104 / 6.9 x 105). Even though, we 

carefully calculated our matting equation to have bait to prey ratio is 20:1, we observed that there 
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was 8.3 x 109 bait cells and only 6.9 x 105 prey cells which means the bait to prey ratio is 1,000 to 

1, not 20 to1. Taken together, our efficient and the observant bait to prey ratio were not as 

expected because of that we used weak strain, NMY51. Other possibility is the lariat peptides 

were not stable blocked the report gene.  

A pilot study was also carried out to determine the yeast two-hybrid interaction in diploid 

cells. The mated library was spread, 100μL/plate, on TrpLeuHisAde (4 mM 3-AT) plates and 

incubated for seven days. Out of 310 plates, 31 large colonies grew that resembled normal yeast 

colony morphology. However, 300 plates had “background” colonies that arose after one day 

(Fig. 22). These appeared to be dry/flaky and white compared to the normal and opaque color of 

normal yeast colonies. Under a compound microscope at 400X magnification, the background 

cells seemed to be filamentous yeast.  

The 33 normal colonies were plated again on new selective media to confirm their growth. 

Many, colonies number 1, 2, 4, 6, 7, 8,10,12,13,14,15,16, 17,18, 19, 2.1, 3.1, 5.1,6.1, 1W, 3W, 

3M,4M,5M,1R) grow immediately after 1 day, while others, colonies number 5,9,11,2W,4W, and 

2M, required 2 days to grow well (Fig. 23). One colony (5W) did not have repeated growth, and 

one colony (colony number 20) has the same appearance of the background. We think that we 

accidentally reinoculated the neighboring background colony. The 31 that repeated growth will 

use used to extract the peptide plasmid. Seven background colonies were also transferred to new 

selective media and all of them grew well after one day (Fig. 24). Western blots and DNA 

sequencing will be carried out for the normal 31 colonies as the next steps in the project.  

we sequence the 31 peptide candidates. 29 candidates (1, 2,4,7,8, 9,10,11,12, 

13,14,15,17,18,19, 20, 2.1, 3.1, 5.1, 6.1, 1W, 2W, 3W, 4W, 5W, 2M, 3M,4M, & 4M) have either 

insertion/deletion bp which result in early stop codon within the peptide or the peptide was not in 
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the sequence at all. Two peptide candidates (candidate number 5 & 1R) have good sequence 

(Table 3). Western blot was carried out for these two candidates, only 1R was expressed and 

produced the lariat peptide.  

Re-transformation was carried out to find which candidates can transform again. Of 31 

candidates 17 candidates (4,5,7,10,12,13,15,17,18,19,20,5.1,1W,4W,5M, and 1R) could re-

transform. After that, we performed Y2H screen for the 17 candidates. We found 12 candidates 

(4, 5,7, 10, 12, 13,15, 17, 18, 5.1, 1W, 5W, 3M, and 1R) were able to grow on TrpLeuHisAde (4 

mM 3-AT) plates, two candidates (19 and 4W) have weak growth, and one (18) did not grow 

[Fig. 25].  

According to the sequence result which revealed that two candidates (5 and 1R) have good 

sequence, we preformed the Y2H for these two candidates separated with positive and negative 

control. Y2H showed that both candidates (5 and 1R) interact with lhx1a [Fig. 26].  Western blot 

was performed for these two candidates. One candidate (5) was able process lariat in western blot 

[Fig. 27] 
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Figure 22.  Diploid cells were plated on selective media to determine yeast two-hybrid interaction. Red 

arrow pointed to the large colonies which resembled normal yeast colony morphology, while Yellow 

arrow pointed to the smaller colonies had dry/flaky abnormal morphology.  
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Figure 23. The 33 colonies from the initial selective media were regrown on new media to determine 

whether their growth can be repeated. A total of 31 colonies were able to regrow as normal yeast colony 

morphology, one colony looks like the background colony growth, one did not grow.  

 

 

                               

Figure 24. Selection plate showing the second screen for nonspecific yeast.   
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Figure 25. Y2H screen for 15 candidates that were able to retransform. Our positive control is LgT + p53, 

and the negative control is LgT + empty victor.  

 

            

Figure 26. Cytosolic Yeast 2 Hybrid assay. Determination of Lhx1a interact with peptide candidates (# 5 

and # 1R) using qualitative growth assay. Reaction 1, which is the positive control showed optimal 

growth, representing optimal interaction between the bait and the prey proteins of the yeast reporter strain. 

Reaction 2 is a negative control including LgT and the empty vector as the bait and the prey proteins, 

respectively. LgT should not show any interaction with the empty vector, resulting in abolished growth of 

the yeast reporter gene. Reaction 3 uses Lhx1a (WT) bait that should not interact with the empty vector 

prey proteins, leading to no growth of the yeast reporter strain. Expected no growth of the yeast reporter 

strain was observed. Reaction 4 showed that lhx1a (WT) was used as the bait and the peptide candidate 

number five was used as prey which resulting in growth. In reaction 5, we used lhx1a (WT) as a bait and 

peptide candidate number 1R was used as prey which result in optimal growth. Both reaction number four 

and five suggesting that peptide numbers five and one R are interacted with lhx1a. 
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Figure 27. Western blot analysis for expression of peptide candidates # 5 and 1R. Antibodies against HA 

were used to detect the peptides. The unprocessed intein should be ~32 kDa, while processed inteins 

(peptide) should have an extra band at ~15 kDa representing the lariat peptide 
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Table 3: 

Sequences of candidate peptides. 

  

Peptide # 

 

AA Sequence 

Peptide #1 Y**SFVL TACTAATAATCTTTTGTTTTAT 

 

Peptide #2 FY**SFVL TTCTACTAATAATCTTTTGTTTTAT 

 

Peptide #R1 TNNLLFY ACTAATAATCTTTTGTTTTAT 

 

Peptide #4 ######## NO PEPTIDE  

 

Peptide#5 SCFDDNW TCTTGTTTTGATGATAATTGG 

 

Peptide#7 FY**SFVL TTCTACTAATAATCTTTTGTTTTAT 

 

Peptide#8 ######## NO PEPTIDE 

 

Peptide#9 Y*SVVS TGTTACTAGTCTGTTGTGTCAG 

 

Peptide#10 ######## NO PEPTIDE 

 

Peptide#11 FY**SFVL TTCTACTAATAATCTTTTGTTTTAT 

 

Peptide#12 ######## NO PEPTIDE 

 

Peptide#13 ######## NO PEPTIDE 

 

Peptide#14 ######## NO PEPTIDE 

 

Peptide#15 FY**SFVL TTCTACTAATAATCTTTTGTTTTAT 

 

Peptide#17 FY**SFVL TTCTACTAATAATCTTTTGTTTTAT 

 

Peptide# 18 FY**SFVL TTCTACTAATAATCTTTTGTTTTAT 

 

Peptide# 19 ######## NO PEPTIDE 

 

Peptide# 20 CY*SVVS TGTTACTAGTCTGTTGTGTCAG 

 

Peptide# 2.1 ######## NO PEPTIDE 

 

Peptide# 3.1 ######## NO PEPTIDE 

 

Peptide# 5.1 ######## NO PEPTIDE 
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Peptide# 6.1 ######## NO PEPTIDE 

 

Peptide# 1W FY**SFVL TTCTACTAATAATCTTTTGTTTTAT 

 

Peptide# 2W CY*SVVS TGTTACTAGTCTGTTGTGTCAG 

 

Peptide# 3W FY**SFVL TTCTACTAATAATCTTTTGTTTTAT 

 

Peptide# 4W CY*SVVS TGTTACTAGTCTGTTGTGTCAG 

 

Peptide# 5W FY**SFVL TTCTACTAATAATCTTTTGTTTTAT 

 

Peptide# 2M YD*D*VL TACGACTGAGATTAGGTCTTGG 

 

Peptide# 3M FY**SFVL TTCTACTAATAATCTTTTGTTTTAT 

 

Peptide# 4M FY**SFVL TTCTACTAATAATCTTTTGTTTTAT 

Peptide# 5M ####### NO PEPTIDE 

Note. Stop codons are indicated by asterisks (*). The red highlight indicates early stop codon 

within the peptides. 
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CHAPTER 5 

 

                                                       DISCUSSION 

Lhx1 is a transcription activator that turns on target genes during development. Lhx1 is one 

of the earliest genes to be expressed in the kidney stem cells. Elegant studies have shown that 

Lhx1 is needed for embryonic and adult kidney development [Fujii, 1994]. Activating or 

inhibiting Lhx1 induced kidney malformation either by inducing ectopic kidney tissue or an 

absence of some kidney tissue [Carroll et al., 1999]. In the zebrafish lhx1a plays important roles 

in kidney development and kidney regeneration. lhx1a is expressed in kidney stem cells during 

kidney damage. Therefore, zebrafish can produce new nephrons and repair damaged ones [Diep et 

al, 2011]. Full-length lhx1a is inactive. However, studies have shown that deleting the LIM 

domain results in its lhx1a activation and dimerization [Agulinick et al., 1996; Denio et al., 2015]. 

LIM domain interaction with Ldb1 also activates Lhx1. Hence, LIM has an inhibitory effect on 

lhx1a activity and dimerization [Agulinick et al., 1996; Denio et al., 2015]. 

Therefore, understanding the effect of activating lhx1a in kidney stem cells could lead to 

designing regenerative therapies for kidney diseases and other developmental disorders. The goal 

of this thesis is to perform a genetic screen to identify peptides that bind to lhx1a using the yeast 

two-hybrid system (Fig.12). Such candidate peptides will then be screened again (in future 

projects) to identify the ones that may disrupt the hypothesized lhx1a intramolecular interaction 

(e.g., the inhibitory effect of the LIM domain on the whole protein), and thus may enhance lhx1a 

dimerization and activation. In the long term, we hope to identify peptides that bind to lhx1a and 

inhibit the function of the LIM domain, causing lhx1a to dimerize and become active (Fig. 27).   

By using an intein that can produce lariat peptides, we were able to construct 

combinatorial libraries of lariat peptides and screen for any interaction between the lariat peptide 



56 

library and lhx1a. We used cyto-Y2H system to screen for the interaction [Fig 28]. We found two 

peptides with good sequence able to interact with the lhx1a.  However, only one candidate was 

able to process lariat in western blot. This candidate will be used to study its effect on lhx1a 

activities and dimerization in the future [Fig.29].   

 

              
 

Figure 28. Overview of the genetic screen to identify peptides that bind to lhx1a using Y2H. First, we 

construct the intein gene using eight oligonucleotides. Then we create the peptide library and use it for 

intein gap repair. Next, we mate the bait DHB1-lhx1a with Prey PR3N-intein-peptide library on the 

selective media. We perform pilot screen and we screened for an interaction. Finally, the candidates that 

have shown an interaction in the first screen underwent validation, second screen, to select which one has 

a strong interaction.   
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Figure 29. Hypothesis for lhx1a can be activated by peptides. Previous studies have shown that full-length 

(wild-type) lhx1a is an inactive transcription activator. However, deleting the LIM domain caused lhx1a to 

become an active activator. It is likely that the LIM domain acts as an inhibitor of lhx1a activity. It was also 

shown that deleting the LIM domain enhanced lhx1a dimerization. Therefore, it may be possible to identify 

peptides that bind to lhx1a and inhibit the LIM domain’s repressive function, thereby activating lhx1a 

activity.  



58 

            

Figure 30. Schematic depiction of peptide that might block LIM domain and activate lhx1a.  

Further Direction 

Using the combinatorial genetic library technique provided us with several peptides that 

could activate lhx1a in kidney stem cells. Peptides that interacted with lhx1a can be screened for 

their effect on the lhx1a activity. The cyto-Y2H system can be used to determine which peptide 

can enhance or inhibit lhx1a dimerization. Full-length lhx1a can be used as both bait and prey, 

which dimerize weakly and this could be suppressed with 3-AT to show no dimerization. A 

peptide could be expressed in these cells and if it enhances dimerization, then cells would grow 

on selective media. Conversely, lhx1a-delta.LIM can be used as a bait with full-length lhx1a as 

the prey. This combination has high dimerization activity. A peptide expressed in these cells that 

inhibits dimerization would prevent cell growth on selective media. Peptides from these screens 

that either enhance or inhibit lhx1a dimerization can then be tested in zebrafish embryos kidney 

phenotypes. Synthetic mRNA for the peptides could be made and injected into one-cell embryos. 
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Then the expression of lhx1a-responsive genes can be determined by in situ hybridization. 

Expression of these genes would increase if a peptide enhanced lhx1a dimerization/activity or 

decrease if a peptide inhibited lhx1a dimerization/activity. Also, peptides that inhibit lhx1a 

activity may cause a reduction in kidney stem cells an defective kidney function (evidenced by 

edema). Peptides enhancing lhx1a activity may cause an expansion of kidney stem cells and lead 

to an enlarged kidney. These peptides could further be tested in an adult kidney regeneration 

assay to determine whether they promote regeneration after injury [Fig. 30].  
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