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Abstract

The Eyal gene is important for mammalian organogenesis, and mutations in the human 

EYA1 results in Branchio-Oto-Renal (BOR) syndrome. This syndrome is autosomal 

dominant and causes combinations of branchial, otic, and renal anomalies. All Eya gene 

products contain an extremely conserved 271 amino acid C-terminus that is essential in 

protein-protein interaction. Recently, it was found that during mouse development, the 

expression of certain Six genes relied on the function of Eyal, and that Eyal interacts 

with relevant Six proteins through its C-terminal domain. These results provided insight 

into the molecular and developmental basis for organ defects occurring in BOR

syndrome. Previous studies also suggested that there are direct and indirect interactions 

with Eyal and other proteins. Several candidate Eyal-interacting proteins have been

recently isolated using yeast two-hybrid screens in P-X. Xu’s lab (McLaughlin Research

Institute, Great Falls, Montana). Since the yeast two-hybrid screen is a sensitive system 

for protein-protein interaction, I sought to test the interaction by assaying five mutations

in the Eyal domain on protein-protein interactions in yeast cells. I demonstrated 

preliminary evidence that four proteins specifically interact with Eyal. Further studies 

will be performed to test my findings.
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Introduction

Protein generation occurs via transcribing DNA into messenger RNA, which in 

turn is translated into amino acids that are the building blocks of proteins. The synthesis 

of proteins is regulated by proteins and other elements that attach onto DNA at special 

sites and direct or stop transcription (Tjian, 1995). This process is known as gene 

regulation, and errors in this process may cause disease (Tjian, 1995). It is important, 

therefore, to study the molecular basis of these processes in order to obtain drugs that will 

either block genes from being overly expressed or cause them to be expressed even more, 

as well as to understand the process itself (Tjian, 1995). The first step in understanding 

how a gene is regulated is to study the molecular effects of protein-protein interactions 

that are believed to be involved in gene expression.

The Eyal gene in mice is homologous to the eyes absent (eya) gene in Drosophila 

melanogaster, a gene required at the early stages of development of the compound eye 

(Bonini et al., 1993). To date, four Eya genes have been found, and all are important 

regulators of mammalian organogenesis (Duncan et al., 1997; Xu et al., 1997a; and Xu et 

al., 1999). All the Eya gene products have a divergent N-terminal transactivation domain 

(Xu et al., 1997b), along with an highly conserved 271 amino acid C-terminal Eya region 

known as the Eya domain (Xu et al., 1997a). This C-terminal domain has been found to 

be involved in protein-protein interactions with the gene products of Sine Oculis (So) and 

Dachshund (Dac) (Pignoni et al., 1997; Chen et al., 1997). In fact, Eya and So have been 

found to work together to direct the production of ectopic Drosophila eyes (Chen et al., 

1997). Pignoni et al. (1997) also found eya to be epistatic to the so gene in Drosophila.
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The syndromes, Branchi-Oto-Renal (BOR) and Branchio-Oto (BO) are a result of 

mutations in the human EYA1 gene (Abdelhak et al., 1997a). These disorders are 

autosomal dominant, and they are typified by branchio, otic, and renal anomalies with 

variability in severity (Abdelhak et al., 1997a). Five missense mutations which cause 

single amino acid substitutions have been found within the Eya domain region (Abdelhak 

et al., 1997b, Kumar et al., 1998, Azuma et al., 2000).

Xu et al. (1999) created a null Eyal allele carrying a neo cassette that replaces the 

majority of the conserved Eya domain region, and found that animals containing the null 

allele lack a thymus, ears, and kidneys due to defective embryonic induction in these 

tissues. Xu et al. (1999) also found that in the induction of these tissues, expression of 

certain Six genes, homologous to the Drosophila so, relied on the function of Eyal. This 

finding supported the idea that Six is up regulated by Eya in mammalian organogenesis, 

much like the hierarchy in Drosophila eye development (Buller et al., 2001). Recently, 

Buller et al. (2001) showed that Eyal physically interacts with the relevant Six proteins 

through its Eya domain. Buller et al. (2001) provided insight into the molecular and 

developmental basis for organ defects related to the BOR syndrome by showing that four 

specific mutations in the Eya domain prohibited the interaction of Eyal with Sixl or 

Six2. Previous studies suggested that there are direct and indirect interactions between 

Eyal and Six and that Eyal also interacts with other proteins (Buller et al., 2001).

The aim of my work was to identify other proteins that possibly interact with 

Eyal during early development. Although my work is an initial study, I hypothesized 

that I would find potential proteins that do interact with Eyal. A cDNA library was 

generated from embryonic day 11.5 mouse embryos using a yeast two-hybrid system.
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Several candidate proteins that interact with Eyal in yeast cells were identified, and I 

tested whether the five missense Eyal domain mutations have an effect on the interaction 

in yeast cells. These studies may provide information about the interactions between 

Eyal and the other proteins, and the molecular effects of the BOR mutations on the 

protein-protein interactions.

Materials and Methods

I used the MATCHMAKER Gal4 two-hybrid system III (Clontech) for the yeast 

interaction studies. First, a strain of yeast (AHI 09) obtained from Clontech was streaked 

onto a YPD plate consisting of 20 g/L of Difco peptone, 10 g/L yeast extract, and 18 g/L 

of agar. The yeast were allowed significant time to grow (2-4 days at 30°C). The 

colonies that grew on this plate were viable for 2-4 weeks. The stock of yeast was stored 

in 15-30% glycerol at -70°C.

Preparation of Yeast Competent Cells

I picked 4-6 single colonies from the YPD plate and used them to inoculate 50 

mL of the YPD (same as the plate but with no agar) medium containing approximately 50 

pg/L ampicillin (YPDA). I shook the mixture at 30°C and 250 rpm for 16-20 hours, and 

then transferred the yeast culture to 300 mL of YPDA (approximately 300 pL) medium 

and shook them again at 30°C for 3-5 hours at 250 rpm or until an OD600 of 0.2-0.3 was 

achieved. The yeast were then spun down in two separate autoclaved tubes for five 

minutes at 1,500 rpm and room temperature. I poured off the supernatant and 

resuspended the yeast in approximately 100 mL of autoclaved milli q water. I then spun 

them again at room temperature for five minutes at 1,500 rpm and drained the
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supernatant. The yeast were then redissolved in the appropriate amount of IX TE/LiAc. 

This solution was freshly prepared from lOx TE and lOx LiAc stock solutions that had

been diluted in sterile water.

Transformation of Yeast Competent Cells

I prepared PEG/LiAc solution (40% PEG 4000, IX TE buffer, and IX LiAc). I 

then added 0.1 pg of the previously prepared "bait" (Eyal wild type or mutated domain 

region fused to the GAL4 DNA-binding domain of pGBT9) and the "prey" (proteins 

being tested fused to the GAL4 activation domain of pGAD424) to as many 1.5 mL 

micro centrifuge tubes as appropriate. I added 100 pg of herring testes carrier DNA that

was obtained from Clontech and 100 pL of the yeast competent cells to the tubes, and

mixed them well by gentle vortexing. I added 600 pL of the sterile PEG/LiAc solution

and then vortexed it. The mixtures were then incubated at 30°C for 30 minutes while

being shaken at 200 rpm.

After this incubation period, 70 pL of 100% dimethyl sulfoxide (DMSO) stock 

solution were added to each tube, and they were mixed by gentle inversion. I then heat 

shocked the yeast by placing them in a water bath at 42°C for 15 minutes. I then placed 

them on ice for two minutes. The tubes were spun at 10000 rpm in a micro centrifuge for 

approximately five seconds to pellet the yeast. Finally, I aspirated the supernatant and 

resuspended the yeast in 100 pL of lx TE.

Plating the Transformation Mixture

The 100 pL of yeast resuspended in 1 x TE was spread aseptically to SD three 

minus (lacking His, Leu, Trp) medium plates. I prepared SD medium by using 6.7 g/L 

Difco yeast nitrogen base without amino acids and 15g/L of agar to 800 ml of H2O and
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autoclaved it. After it was autoclaved, I added 100 mL of sterile 10X Dropout solution 

that was stored at 4°C and 100 mL of sterile 20% stock solution of dextrose. The plates 

were incubated for four days at 30°C.

Analysis of Colony Lift Filter Assay for /3-galactosidase

I placed a VWR grade 410 filter onto an SD three minus plate and used sterile 

pipette tips to transfer three colonies (at the most) that had grown from each of the plates 

onto the filters on the SD three minus plates. These plates were then allowed to incubate 

for 2-4 days at 30°C.

The MATCHMAKER GAL 4Yeast Two-Hybrid System III is an advanced GAL 

4 based two-hybrid system. It works as a transcriptional assay based on a bait and prey 

system. The bait gene, Eyal, is expressed as a fusion to the GAL 4 DNA-binding 

domain, which in turn is attached to the GAL 4 operon. The prey gene, or candidate 

gene, is expressed as a fusion to the GAL 4 activation domain. If interaction occurs 

between the bait and the prey, the DNA-binding domain and the activation domain are 

brought close to each other. The interaction allows transcription of four reporter genes 

that code for the amino acids, leucine, tryptophan, histidine, and adenine. Any yeast 

colony, therefore, that grows on the three minus plates (lacking His, Leu, Trp) proves 

interaction between the bait and prey protein has occurred.

After the incubation period, I tested the yeast for protein-protein interaction by 

pre-soaking a VWR grade 410 filter in a Z buffer/X-gal solution. I prepared Z buffer/X- 

gal solution for each filter by mixing 1.5 mL of sterile Z buffer (16.1 g/L Na2HPO4 7H2O, 

5.5 g/L NaH2PO4H2O, 0.75 g/L KC1, 0.246 g/L MgSO47H2O) with 4.05 pL p- 

mercaptoethanol and 25 pL X-gal stock solution (20 mg/mL). I removed the filter
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(which now had yeast growing on it) from the incubated plate and submerged it in liquid 

nitrogen very carefully for approximately 10 seconds. After it was completely frozen, I 

allowed it to thaw at room temperature. I then placed it face up on the pre-soaked filter.

This filter was then incubated at 30°C for 4 hours.

The colony lift filter assay for P-galactosidase provides a way to ensure 

interaction has occurred and a method of quantifying this interaction. The GAL 4 operon 

contains a gene that codes for lacZ. Interactions between the bait and prey proteins 

would result in lacZ production. The X-gal that the filter was soaked in would react with 

lacZ to produce a blue color. The more lacZ, the stronger the color, indicating a higher

level of interaction.

Results

Before being tested with the five mutated domains of Eyal, the proteins that were 

isolated from the cDNA library screen were tested for interaction with the Eyal wild type 

domain using the yeast two-hybrid system. Table 1 lists the results of these tests. A plus 

sign designates interaction between Eyal and the protein. Two pluses denote a strong 

interaction, while one plus denotes a weaker interaction. As Table 1 shows, all the 

proteins tested with the Eyal wild type domain interacted with it at least to some degree. 

These interactions confirm the results of the cDNA library screen. The results of proteins 

67-91 and 73 are pending. Knowing that the proteins do interact with the wild type 

domain, I then tested for interaction between the proteins and the mutated domain.

Five mutations in the Eyal domain that cause BOR syndrome were tested for 

interaction with the proteins that were isolated from the cDNA library screen and then
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confirmed by the yeast two-hybrid system. The mutations are a glutamic acid to a lysine 

at amino acid 330 (E330K), a glycine to a serine at 393 (G393S), a serine to a proline at 

454 (S454P), a leucine to an arginine at 472 (L472R), and an arginine to a glycine at 514 

(R514G).

Table 2 lists the results of these tests. As with Table 1, two pluses denote strong 

interaction, while one plus denotes a weaker interaction. In addition, a negative sign 

indicates no interaction. Most of the proteins yielded variable results with some 

interaction with certain mutations and no interaction with others. The DNA from protein 

58-30 hybridized with all of the mutated domains. The DNA from proteins 19-14, 19-5,

51- 7, and 52-25 did not hybridize at all with the mutated domains. The results of several 

of the interactions with the candidate proteins to the mutated domains are still pending.

My results suggest that of the many proteins tested, four (19-14, 19-5, 51-7, and

52- 25) specifically interact with Eyal. These proteins have been shown to interact with 

the wild type Eya domain quite strongly (Table 1), but any mutation in this domain 

completely prevents these interactions (Table 2). Apparently, these four proteins show a 

high specificity for the Eya domain. Therefore, any disturbance to this highly conserved 

domain completely disrupts the four proteins interactions with the domain.

Discussion

Buller et al. (2001) suggested that Eyal interacts with proteins other than ones 

from the Six family during development. No work has yet been done, however, to show 

if other proteins that interact with Eyal exist. My study was an initial examination of 

proteins identified as possibilities for interaction with Eyal.
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My results show that four proteins (19-14, 19-5, 51-7, and 52-25) may 

specifically interact with Eyal during mouse development. Based on these results, I can 

accept my hypothesis, and conclude that I have found proteins that do interact with Eyal 

as Buller et al. (2001) expected. It is important, however, to point out that this is an 

initial study done in vitro, and much work remains to further investigate that these

interactions are real and do occur in vivo.

One possibility may be in situ hybridization studies. Using radioactive probes 

that are specific for the RNA of each protein, researchers could determine the location of 

the proteins. In this process, an embryo is dehydrated, fixed, and sectioned onto slides. 

The probes are added and eventually exposed to film. The location of each protein can 

be determined by observing the slides and then seeing if any radioactivity is present. 

These studies will be extremely helpful in determining the location of these candidate 

proteins. Obviously, if any of these proteins exist only in areas of the embryo where 

Eyal is not present, they cannot really interact with Eyal.

Other studies will be used to determine expression of these candidate proteins. 

These studies include co immunoprecipitation and colocalization that will determine if the 

proteins are expressed at the same time and in the same area. A final approach will be 

enhancement studies. The studies will be performed by crossing mice carrying mutations 

for the relevant proteins and then testing to see if the effects of the mutations are 

enhanced in their offspring.

In conclusion, as expected, four proteins are potential candidates for interaction 

with Eyal in vitro. More than likely, these proteins also interact with Eyal during early 

development in mice. In order to prove that they do interact, several studies must be
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performed. These studies, together with this initial study, will provide information about 

the interactions between Eyal and the other proteins, and the molecular effects of the 

BOR mutations on the protein-protein interactions.
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Table 1. Relative amounts of interaction among candidate proteins and Eyal wild 
type domain.

Candidate Proteins Wild Type* Candidate Proteins Wild Type*
8-3 + + 52-28 + +
8-4 + + 58-30 + +
10-11 + + 64-59 + +
19-14 + + 64-27 + +
19-15 + + 65-39 + +
20-20 + + 67-91 N/A
20-22 + + 69-79 + +
22-4 + 71-81 +
30-35 + + 72-18 + +
30-44 + + 72-19 + +
31-5 + + 73 N/A
31-6 + + 74-12 + +
34-10 + + 74-18 + +
48-44 + + 75-27 + +
51-7 + + 75-30 + +
52-25 + +
*The amount of interaction between the Eyal domain and the candidate proteins is based 
on a plus/minus scale.
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Table 2. Relative amounts of interaction among candidate proteins and five Eyal 
domain mutations.

Candidate Proteins E330K* G393S* S454P* L472R* R514G*
8-3 N/A N/A N/A N/A N/A
8-4 N/A N/A N/A N/A N/A
10-11 N/A N/A N/A N/A N/A
19-14 - - - - -
19-15 - - - - -
20-20 +/- - - + + -
20-22 N/A N/A N/A N/A N/A
22-4 +/- + - - + +
30-35 N/A N/A N/A N/A N/A
30-44 N/A N/A N/A N/A N/A
31-5 +/- + + - - + +
31-6 +/- + + - - + +
34-10 +/- + - - + +
48-44 - + - - + +
51-7 - - - - -
52-25 - - - - -
52-28 - + + - - + +
58-30 + + + + + + + + + +
64-59 +/- + - - + +
64-27 + + + + - - + +
65-39 + + - +/- + + + +
67-91 N/A N/A N/A N/A N/A
69-79 - + + - - + +
71-81 N/A N/A N/A N/A N/A
72-18 + + + + - - + +
72-19 +/- + + - - + +
73 N/A N/A N/A N/A N/A
74-12 - + + - - -
74-18 - +/- - + + -
75-27 +/- + + - - + +
75-30 +/- + + +/- - + +
*The amount of interaction between the Eyal domain and the candidate proteins is based 
on a plus/minus scale.
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