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I. INTRODUCTION 

A. Review of Related Literature 

IRBP is a large, single-subunit extracellular glycolipoprotein found 

in the interphotoreceptor matrix between the photoreceptor cells and retinal 

pigment epithelium cell layer (Fig.1). 9
• 

17 The protein is synthesized and 

secreted by the photoreceptor rods and cones, as well as pinealocytes, of all 

vertebrates.66 The molecular weight of human IRBP (1230 residues) is 

133,400 daltons. 49 This protein consists of four homologous segments of 

approximately 300 residues each. Each segment contains highly conserved 

hydrophobic domains among species.50 Ligands identified as bound to 

IRBP include retinoid isomers and fatty acids, and IRBP can also bind 

cholesterol, a-tocopherol and retinoic acid. 5° The ability of IRBP to bind 

various retinoid isomers, fatty acids and many other hydrophobic ligands 

suggests multiple functions in the retina. 

1. IRBP and the visual cycle 

In the vertebrate retina, the visual process ·is initiated by the 



Figure 1. The retina. A. The retina consists of a number of defined cell 

layers: the ganglion cell layer (GCL), the inn,er nuclear layer (INL), the outer 

nuclear lr-tyer (ONL), and the retinal pigment epithelial cell layer (RPEL). 

Specific cells that are present in the retina include the photoreceptor cells (P}, 

horizontal cells {H), Mueller cells (M}, bipolar cells (B), amacrine cells (A}, and 

ganglion cells (G). B. The rod photoreceptor cell can be divided into the 

nuclear region (N), the inner segment (IS}, and the outer segment regions (OS). 

C. The outer segments of the rod photoreceptor cell house over 1 000 disc-like 

structures. Each disc consists of a lipid bilayer whose integrity is maintained 

by proteins such as peripherin (per). The major integral membrane protein of 

the disc is rhodopsin. Phototransduction is initiated when a photon of light is 

absorbed by rhodopsin and causes it to be activated. Activated rhodopsin in 

tum activates transducin, which in tum stimulates cGMP phosphodiesterase 

(PDE). Activated cGMP phosphodiesterase then cleaves cGMP at the site of 

cGMP-gated cation channels and causes the channels to close. This results in 

hyperpolarization of the photoreceptor cell and initiates the signal that is 

ultimately sent to the bran. 

Modified after Wong, P. (1994) Apoptosis, retinitis pigmentosa, and 

degeneration. Biochem. Cell Bioi. 72, p: 490. 
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absorption of photoenergy by the chromophore, 11-cis retinal, of the 

visual pigment rhodopsin. Photic activated rhodopsin subsequently 

activates other proteins involved in the transduction cascade. 62
• 

72
"
74

• 

80 In photoreceptor cells, rhodopsin is photo-isomerized or "bleached" by 

light and is converted into opsin and all-trans retinal which is reduced to 

all-trans retinol. All-trans retinol is then transferred to retinal pigment 

epithelial cells through the interphotoreceptor matrix. 83
• 

90 In retinal 

pigment epithelial cells, all-trans retinol is esterified,42 isomerized to the 

11-cis configuration and oxidized to 11-cis retinal which is moved back to 

the neural retina for the regeneration of rhodopsin. 3
• 

6
• 

25
• 

63 In this cycle, 

IRBP may function as a vectorial intercellular shuttle of retinoids between 

photoreceptor cells and retinal pigment epithelial cells (Fig.2);2
• 

18
• 

44
• 
47

• 
72 

i.e., all-transre~nol is transported to retinal pigment epithelial cells and 11-

cis retinal is returned to photoreceptor cells. The concentration of 

retinal/retinol may be the driving force. 

2. IRBP and retinal development 

The gene for IRBP is transcriptionally and translationally distinct 

from genes for visual transduction proteins. Genes for proteins involved in 

visual transduction, such as rhodopsin, a-transducin and arrestin, are 

expressed during retinal outer segment formation, but IRBP is expressed 

during early retinal development before outer segment formation begins. 16
• 



Figure 2. Reaction of the mammalian visual or regeneration cycle. 

Horizontal lines separate cellular and extracellular compartments in the retina 

involved in retinoid metabolism. Most of the enzymatic reactions of the cycle 

occur in RPE, including the generation of 11-cis-retinol. The reactions shown 

below the double line occur within the photoreceptor cell. Retinoid-binding 

proteins found within the indicated compartments are shown on the left. 

Abbreviations: CRALBP, cellular retinaldehyde-binding protein; CRBP, cellular 

retinoid binding protein; at-,all-trans-; 11-,11-cis-; Rol, retinol; Ral, 

retinaldehyde; RE, retinyl ester; gN., sodium conductance; RPE, retinal pigment 

epithelium. Reactions shown are: 1, Photoisomerization; 2, All-trans-retinol 

dehydrogenase; 3, Lecithin:retinol acyltransferase (LRAT); 4, 

Isomerohydrolase;· 5, 11-cis-retinol Rol.dehydrogenase; 6, retinyl ester 

hydrolase; 7, regeneration of rhodopsin (non-enzymatic); 8, uptake of plasma 

retinol. 

Saari, J. C.(1994). Retinoids in Photosensitive Systems. In: The 

Retinoids: Biology, Chemistry, and Medicine, 2nd edition, P. 362. Raven 

Press, Ltd., New York. 
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32
• 

54
• 

80 In fetal bovine retina, the transcription rates of genes for opsin, a

transducin and arrestin are minimally detectable at 5.2 months gestation 

and thereafter increase throughout development. The accumulation of the 

mRNAs of genes for these visual transduction proteins occurs at the same 

time as the rod outer segment discs begin to elaborate. The coordinated 

accumulation of these messages suggests that these genes may share some 

common regulatory elements. 52 In contrast, the IRBP gene in fetal bovine 

retina at 5.2 months gestation is transcribed at a rate of about half of its 

adult level. 22
• 
54 In recent studies in this laboratory using developing mice, 

an accumulation of opsin mRNA was detected after postnatal day 1. In 

contrast, the accumulation of IRBP mRNA was detected on embryonic day 

11 and rapidly increased after birth (Fig. 3). 54 In these mice, IRBP (protein) 

was expressed in photoreceptor precursor cells before or during their last 

mitosis. However, opsin protein was expressed only in these cells after their 

mitosis. 54 Because the Visual process is not operational and an 

electroretinogram cannot be recorded in embryos that do not have opsin, 

the detection of significant levels of IRBP during this stage suggests a 

potential role of this protein in photoreceptor development. 

The importance of IRBP for photoreceptor development is also 

suggested from studies on Vitamin A-deficient but retinoic acid

supplemented rats. Vitamin A can be metabolized to all of the retinoids 



Figure 3. Densitometric comparison of mouse IRBP gene and opsin 

gene expression during development. The gene expression during 

development is presented as the relative mRNA level to that of adult 

expression. The percentage of adult expression is in logarithmical scale. E, 

embryonic day; P, postnatal day. 

Liou, G. I., Wang, M., and Matragoon, S. (1994). Timing of 

interphotoreceptor retinoid-binding protein (IRBP} gene expression and 

hypomethylation in developing mouse retina. Devel. Bioi. 164, p.352.· 
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involved in the visual process, as well as the retinoids utilized by other 

tissues. Retinoic acid can satisfy the metabolic requirements of most 

tissues for Vitamin A, but cannot be metabolically converted into the 

retinoids involved in vision. 38
•
39 These rats showed concomitant reductions 

in rhodopsin, IRBP, outer segment length and visual sensitivity before 

photoreceptor cell death. Although this damage could be repaired by retinol 

supplementation, the recovery of IRBP (to normal level by day 1) occurred 

more rapidly than that of rhodopsin (to 30% of normal level by day 1 and 

to 67% of normal level by day 7), visual sensitivity (starting to recover by 

day 1 and returning to normal response by day 14) and outer segment size 

(no recovery by day 1 and 65% of normal size by day 7). 38
• 

39 This work 

suggests that IRBP may be an important regulatory factor in the production 

of photoreceptor-specific proteins and the subsequent renewal of retinal 

structure during recovery from retinol deficiency. 

Studies of IRBP-null mice have also demonstrated the importance of 

IRBP for photoreceptor development and function. IRBP-null mice were 

generated in this laboratory through homologous recombination to disrupt 

the IRBP gene by replacing the promoter region and first exon with a 

neomycin resistance gene. Histological examination of the retinas of these 

mice as early as postnatal day 11 revealed photoreceptor cell loss in the 

outer nuclear layer and a reduction in outer segment length. Consistent 
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with these observations, electroretinographic (ERG) recordings on one-

month-old IRBP-null mice showed a marked loss of photic sensitivity, as 

reflected by the reduced ERG amplitude. 55 

The above information suggests that IRBP is important for retinal 

development. The possible roles of IRBP in retinal development include: 

that it may function in facilitating the diffusion of hydrophobic nutrients 

from retinal pigment epithelial cells to differentiating photoreceptor cells; 

that it may be an important regulatory factor in the expression of other 

visual transduction proteins; and/ or that it may play a critical role in 

retinal cell differentiation. 

3. Regulation of the IRBP gene 

The primary level of gene control 1s the regulation of gene 

transcription - the step from DNA to RNA. Transcription generates the 

mRNAs that carry the information for protein synthesis. Eukaryotic mRNA 

molecules are synthesized by RNA polymerase II, which makes an RNA 

copy of a DNA sequence. Transcription begins when an RNA polymerase 

molecule binds to a promoter sequence in the DNA double helix. After two 

strands of the DNA are separated locally to form an open complex, the 

polymerase then moves along the template strand, extending its growing 

RNA chain in the 5'-+3' direction by the stepwise addition of ribonucleotide 
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triphosphates until it reaches a stop signal. Polymerase II cannot initiate 

transcription on its own. It requires a set of proteins called general 

transcription factors, which must be assembled at the promoter before 

transcription can begin. This assembly process can be sped up or slowed 

down in response to regulatory signals. 1• 
14

• 
37 

The transcription of every gene is controlled by regulatory switching 

devices which consist of two fundamental types of components: (1) cis

regulatory element (short stretches of DNA of a defined sequence) and (2) 

trans-regulatory factors (gene regulatory proteins that recognize and bind 

to the cis- regulatory element). A eukaryotic gene control region consists of 

the promoter, where the general transcription factors and the RNA 

polymerase (which is responsible for synthesizing mRNA chains) assemble, 

plus all the regulatory' sequences to which gene regulatory proteins bind in 

order to control the rate of these assembly processes at the promoter. For 

most genes, the regulatory sequences are located in their upstream 

region. 14, 1s, 37, s7, 62, 76, 79 

The transcription of many genes 1s stimulated by the binding of 

specific proteins to sequences known as enhancers that may be situated 

some distance from the gene promoters. Enhancers have the property of 

operating over distances of kilobases away in either direction from the 

transcription start site and in either orientation. 33 A current model of gene 



10 

regulation involves synergistic interactions of regulatory factors that bind 

to regulatory elements at near and far distances from the transcription start 

site (Fig. 4). 1
•

14
•
37 The DNA between the promoter and enhancers loops out 

to allow the proteins bound to the enhancers to interact directly with RNA 

polymerase or one of the general transcription factors and therefore to affect 

gene transcription efficiency. This kind of "action-at-a distance" is the rule 

for gene regulating proteins in eukaryotic cells. 1 

The human IRBP gene has been located on chromosome 10.48 The 

structural gene for the human IRBP is compact, spanning less than 12 kb, 

and consists of 4 exons interrupted by 3 introns (Fig. 5).49
• 

50 The 

transcription start site (5' end of the gene, designated as + 1) is located at 

122 bp upstream of the translation initiation codon ATG. Sequence 

comparisons of the 2 Kb upstream region of IRBP genes of diverse species 

(human, mouse and bovine) revealed two homologous subregions: (1) a 

distal subregion between -1.5 kb and -1.2 kb (-1564 to -1244 in human 

IRBP gene) and (2) a proximal subregion within 300 bp (-278 in human 

IRBP gene) of the transcription start site (+ 1).51 A similar arrangement of 

sequence homologies has been identified for the opsin gene. 89 This 

arrangement of sequence homologies matches the above regulation model. 

Studies in transgenic mice have shed some light on the identification 

of transcription enhancers of the IRBP gene. 'In transgenic mice, the 



Figure 4. Gene activation at a distance. The DNA between the promoter 

and the enhancer loops out to allow the protein bound to the enhancer to 

interact directly with RNA polymerase or one of the general transcription 

factors and therefore to affect the gene transcription. 

Modified after Rosenthal, N. (1994). Regulation of gene expression. The 

New Engl. J. Med. 331, p.932. 
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Figure 5. Map of human IRBP gene and its mRNA. The exons are boxed. 

The quadruplicated modules (mRNA segments) are depicted as I-IV. WS, 

intervening sequences. 

Liou, G.L, Ma, D.P., Yang, Y. W., Geng, L., Zhu, C., and Baehr, W. 

(1989) Human interstitial retinod-binding protein: Gene structure and primary 

sequence. J. Bioi. Chem. 264, p. 8201. 
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retina-specific transgene (CAT) expression or photoreceptor-specific 

transgene (~-gal) is conferred by a promoter within 200 bp upstream from 

the transcription start site, within the proximal homologous subregion.4
•
53 

While sequences within the proximal subregion of the IRBP gene are 

sufficient for photoreceptor-specific regulation, higher transgene activities 

have been demonstrated in mice that harbor longer upstream sequences, 

i.e., a 1.3 kb fragment from -1,311 to + 19.52 Analysis of the expression of 

a CAT reporter gene in RB cells transiently transfected with piRBP-CAT 

(unpublished result from this laboratory) revealed that the CAT activity 

directed by a longer upstream fragment (2 kb) was greater than that 

directed by a shorter upstream fra~ment (1.3 kb). This suggests that 

normal IRBP gene expression may be dependent on transcriptional 

enhancers located at further upstream regions. 

B. Hypothesis and Specific Aims 

Located within the 2 kb upstream region of the IRBP gene are two 

homologous subregions, a distal one and a proximal one, that are conserved 

among diverse mammalian species. Previous studies in transgenic mice 

have shown that, although tissue specific CAT expression is c·onferred by 

a short 156 bp IRBP gene promoter (which is within the proximal 
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homologous region), the expression in all transgenic lines is always weaker 

than that induced by a longer upstream fragment (which includes both 

proximal and a portion of the distal homologous regions). 51
"
53 The 

combination of the sequence homology arrangement and the research 

results fit well with the current model of gene regulation which involves 

synergistic interactions of trans-regulatory factors that bind to cis

regulatory elements at near and far distances. This suggests that normal 

expression of IRBP may require 5' flanking regions including both the 

proximal and distal homologous subregions. 

Based on the above information, we hypothesized that within the 

homologous subregion of the 5' flanking region of the IRBP gene, there is 

(are) regulatory element(s). The goal of this research project was to localize 

the regulatory element(s) in the distal homologous region of the IRBP gene 

and the specific aims were: 

· 1. to localize the possible regulatory element(s) area by 5' end 

nested deletion in the upstream region of the IRBP gene in transient 

transfection assays; 

2. to localize the position of the regulatory element(s) by further 

in vitro DNA/protein binding analysis; 

3. to identify the function of the regulatory element(s) by 

examining the effect of its (their) specific sequence mutations on reporter 
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gene activity; 

4. to characterize the regulatory capacity of the defmed element(s) 

by testing their function in reversed orientation. 
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II. EXPERIMENTAL DESIGN AND RATIONALE 

Based on previous studies in transgenic mice, 52 the sequence 

arrangement of the upstream region ofiRBP gene, 51 and the current gene 

regulation model, 1• 
14

' 
37

• 
71 regulatory element(s) may exist in the distal 

homologous subregion of the upstream region of the IRBP gene. 

To identify the regulatory element(s) of the IRBP gene, the first step 

is to narrow down the possible enhancer area (between -2.2kb and -1.2kb) 

by 5' end nested deletional analysis in IRBP gene-expressing, 

photoreceptor-derived RB cells. If the deletional analysis results showed 

enhancer activity in this area, the results would be followed by in vitro 

DNA/protein binding analysis to define the protein (transcription factor) 

binding site. Then, a functional analysis of the protein binding site would 

be conducted by determining the effect of mutations on reporter gene 

activity in RB cells. This specific DNA element would also be studied for its 

regulatory activity in both orientations. 
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A. To Localize the Possible Regulatory Element by 5' end Nested 

Deletion in the Upstream Region of the IRBP Gene in Transient 

Transfection Assays. 

Nested delet~on analysis appears to be an appropriate starting point 

in identifying regulatory sequences such as enhancer(s) in the upstream 

region of the IRBP gene. The regulatory activity can be localized by 

generating nested sets of deletion mutants that lack progressively larger 

sequences from the 5' end of the upstream region of the IRBP gene. The 

deletion that results in decreased gene activity would suggest that the 

enhancer is present in the deleted region. The following would be the major 

procedures of such a study. 

1. Different lengths of the 5' upstream region from the transcription 

initiation site of the IRBP gene are obtained using the PCR technique. This 

process can generate specific DNA fragments from a given DNA "template" 

by using DNA primers that can hybridize to a specific segment of the 

template in the presence of DNA polymerase. By using PCR primers that 

incorporate sequences for creation of a restriction site, PCR products can 

be cloned into th~ desired vector after digestion of the amplified DNA. 13
• 

84 

2. The PCR products which contain different lengths of the upstream 

region of the IRBP gene are inserted into the 5' upstream region of the CAT 
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reporter gene in an expression vector. 

3. The recombinant vectors are then introduced into RB cells. RB cells 

are used because they are highly transfectable and contain all the proteins 

needed for activation of the IRBP gene.27 

4. The transient expression of the reporter gene is then quantified. 

When a series of deletions are generated from the distal end of the 5'

flanking fragment toward the reporter gene, the reporter gene activities 

driven by these deletion constructs can be used to localize the area(s) that 

is (are) responsible for the regulatory function. 

B. To Localize the Regulatory Element(s) Further by in vitro DNA/ 

Protein Binding Analysis 

After the possible enhancer area is localized through deletional 

analysis, the protein binding sequences are identified by in vitro 

DNA/protein binding studies. The most direct information about DNA 

sequences bound by specific proteins comes from DNase protection or 

footprinting analysis. The basis of the DNase protection assay is the 

protection afforded by bound proteins of the phosphodiester backbone of 

DNA fromDNase-I-catalyzed hydrolysis. End-labeled, double-stranded DNA 

fragments are incubated with or without binding proteins. The fragments 
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are then partially digested with DNase. The degraded fragments are then 

electrophoresed on a denaturing DNA-sequencing gel, with subsequent 

visualization of the binding sites by autoradiography. The protected region 

appears as a gap or "footprint'' in a ladder of DNA fragments of various 

lengths. 

Our investigation was focused on the distal homologous subregion 
' ' 

upstream of the IRBP gene which contains possible regulatory element(s) 

The probes were designed based on the results of the above deletion 

studies. 

C. To Identify the Function of these Elements by Examining the 

Effect of Their Mutation on Reporter Gene Activity 

To define the function of the potential regulatory elements, as 

identified by the above DNA/protein binding analysis, mutational analysis 

on the protein binding .site was conducted. 

The enhancer sequences activate or enhance gene transcription by 

servirig as specific binding sites for gene regulatory proteins. If a particular 

nucleotide sequence is an enhancer that plays an important role in 

stimulating transcription, its destructive mutation should reduce its 

function. 



The following are the main steps of mutational analysis: 

1. Site-directed mutagenesis of the candidate elements 1s 

performed using recombinant PCR.34
• 

85 With mismatched PCR primers, a· 

desired mutation can be made in any part of a PCR fragment. 

2. The mutant upstream region of the IRBP gene is fused to the 

CAT reporter gene using cloning techniques. 

3. After the desired mutations are confirmed by sequencmg 

studies, the vectors are transfected into RB cells and the function of the 

mutant elements determined by CAT activity assay. 

D. To Characterize the Regulatory Ability of These Elements by 

Testing Their Function in Reversed Orientation 

One of the distinguishing properties of enhancers is that they can 

operate in either orientation. As part of the enhancer identification, the 

transcription-stimulating function of the specific candidate DNA fragments 

must occur in both orientations. 

The vector which contains the CAT reporter gene and the upstream 

region of the IRBP gene with the candidate enhancer elements in reversed 

orientation is constructed by cloning and confirmed by examining its 

restriction enzyme sites. The function of the specific DNA sequences in 
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reversed orientation is then compared with that of the DNA sequences in 

their original orientation. If a particular DNA element is an enhancer, 

orientation reversal should not affect its activity. 

E. To Study the Cell Specificity of the Regulatory Element(s) by 

Determining Their Function in Other Cell Lines 

To determine whether the identified regulatory element is 

photoreceptor-specific, the DNA fragment from the upstream region of the 

IRBP gene containing the putative enhancer would be fused to the CAT 

reporter gene with the SV40 promoter that can function in multiple cell 

lines. The recombinant construct would be transfected into non

photoreceptor derived cell lines, and its CAT activity was compared with 

that of pSV40 promoter-CAT (with promoter but without enhancer) and 

pCAT basic (without promoter or enhancer). 
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. 
III. MATERIALS AND METHODS 

A. Initial Localization of the Regulatory Element by Deletional 

Analysis 

Basically, nested deletions that lacked progressively larger sequences 

from the 5' end of upstream region of the IRBP gene were created by PCR. 

The resulting PCR fragments were then ligated into a vector that contains 

the CAT reporter gene. The recombinant constructs were transiently 

transfected into RB cells and the CAT activities of these constructs were 

measured. The procedure is described in the following steps. 

1. Construction ofplasmids containing CAT gene directed by the 5' 

nested deleted IRBP gene 

a. PCR 

PCR was used to generate nested sets of deletions that lacked 

progressively larger sequences from the 5' end of the upstream region of the 

IRBP gene. The template used was p2134 bp IRBP CAT which contains an 

upstream fragment of the IRBP gene (-2134 to +105) and the CAT reporter 
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gene (available in this laboratory, Fig. 6). This vector covers both proximal 

and distal homologous subregions of the upstream region ofthe IRBP gene. 

The distal subregion was the target area of our investigation. 

Four upper strand primers were used starting at different sites 

between -1581 and -1239 (-1581; -1511, -1362 and -1239, Table I). 

The positions of the above primers were chosen for proper PCR reactions. 

The first primer (beginning at -1581) produced a PCR product which covers 

the en tire distal homologous subregion. The second primer (from -1511) and 

the third primer (starting from -1362) produced PCR products with only a 

portion of the distal homologous subregion. The fourth primer (starting from 

-1239) produced a PCR product which contained no homologous subregion 

(Fig. 7). The Sphi enzyme recognition sequence was added to the 5' end of 

each primer because there is also a Sph I recognition sequence at position 

2252 in the multiple cloning site of the vector p2134bp IRBP CAT which 

was used for subsequent cloning to generate a CAT reporter gene vector. 

One lower strand primer was used starting at -850. There is a Pst I enzyme 

recognition site at -890 which was used for subsequent cloning .into the 

CAT reporter gene vector (Fig. 6). The primers were ordered from Integrated 

DNA Technologies (Coralville, IA). 

For each reaction, a 50 ul reaction mix was set up to include: 4 ul of 

dNTP (2 mM) (Life Technologies-Gibco BRL, Grand Island, NY), 1 ul of each 



Figure 6. An upstreamjragment of the IRBP gene (-2134 to +105) in 

pCAT basic vector. The pCAT-basic vector lacks a eukaryotfc promoter or· 

enhancer. Expression of CAT activity in cells transfected with this vector is 

dependent on insertion of a regulatory fragment upstream from the CAT gene. 

'.('wo dark bars indicate homologous regions. The fragment between the Sal I 

and Sac I restriction sites (81 bp) is from pBluscript II KS (from Sac I to Pst I is 

48 bp; from Pst I to Hind III is 16 bp; from Hind III to Sal I is 17 bp). 
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Table I. Oligonucleotides Used in PCR for Deletional Analysis 

Oligonucleotide 

upper strand 1 

upper strand 2 

upper strand 3 

upper strand 4 

· lower strand 

DNA sequences 

5'-ACATGCATGCATCCGGAGOTGTIGGCA-3' 

5'-ACATGCATGCGCATACGGTGGAGTGAT-3' 

5'-ACATGCATGCTIGTGGGTCTCAGCTGT-3' 

5'-ACATGCATGCGCTIGGGACAGCTCTCC-3 

3'-TCGGAAGTICTICGTCCTCAG-5' 

*Underlined sequences indicate introduced Sph I sites. 

Lower strand primer functions with each of the upper strand primers. 



Figure 7. Four PCR products used as the inserts of chimeric 

plasmids. The four PCR products contain partially deleted upstream region 

of the IRBP gene. The black bar indicates the distal homologous region. 
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primer (200 ngful), 1 ul of template (200 pg/ul), 0.2 ul of Pfu polymerase 

(10 U ful; Gibco BRL), 5 ul of 10 x Pfu buffer and 38.8 ul of deionized water. 

For accuracy reasons, a master solution (containing all reagents except 

primers) was made and divided into four aliquots. The primers were then 

added with a precalibrated (by the company) pipette. Reactions were 

performed using the following program for 30 cycles. 

CD 94°C 4' 

@ 55°C 2' 

@ ·72°C 2' 

® 92°C 1' 

® 55°C 2' ( back to ®, 29 more cycles) 

® 72°C 10' 

® 4°C 

Four different PCR products (741 bp, 671 bp, 522 bp and 399 bp; 

Fig. 7) were isolated from agarose gel with a QIAquick kit (QIAgene, 

Chatsworth, CA). 

b. Cloning 

Molecular cloning techniques were used to make new constructs 

which contained fragments of the different 5' upstream region of the IRBP 

gene fused to the CAT reporter gene. 

p2134 bp IRBP CAT was used (a total of 6597 bp) as the vector into 
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whiCh to clone the PCR products. This vector was digested with the 

enzymes Pstl and Sphl (Gibco BRL). For the cloning, a 50 ul reaction mix 

was set up to include (with 10 ul pipette precalibrated by the company): 5 

ul of DNA (1.77 ugful), 5 ul ofPCR buffer 2 (lOX, Gibco BRL), 2 ul of Sph 

I (10 U /ul) and 38 ul of deionized water. After digesting at 37° C for 1 hour, 

5 ul of PCR buffer 3 (Gibco, BRL), 2 ul of Pst I, and 43 ul of deionized water 

were added to the digestion solution. The' digestion was continued for 

another 1 hour. Following the digestion, DNA was extracted with phenol: 

chloroform (1:1) and precipitated with a 1/10 volume ofNaOAc (3M) and 2 

volumes of 100% alcohol at -80 °C for 2 hours. The digested DNA was 

examined by agarose gel electrophoresis. Three fragments (5345 bp, 464 

bp and 780 bp) were observed. A 5.3 kb fragment lacking the region 

between -2134 and -890 was isolated from the gel with QIAquick kit 

(QIAgene) and used to create a new vector. 

The isolated vector fragment was dephosphorylated with calf 

intestine alkaline phosphatase (ClAP, BIOLABS, Beverly, MA) to avoid self 

ligation. The reaction solution containing 2 ul of DNA ( 1.5 ugf ul), 5 ul of 

buffer, 0.5 ul of ClAP, and 43 J.tl of deionized water was incubated for 1 

hour at 37° ·c in a tightly capped tube. After stopping the reaction with 2 

ul ofEDTA (0.5M) and heating at 75° C for 10 min, the DNA was extracted, 

precipitated and isolated as described above. 
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Four PCR products of the different lengths listed above (Fig. 7) were 

digested with the same two enzymes used in digesting the vector ( Sph I and 

Pst I). The four digested PCR products (50 bp shorter than the undigested 

substrates) were isolated from the gels and used as inserts. 

The concentrations of digested and ClAP-treated vector ( 5345 bp) 

and each digested insert ( 691 bp, 621 bp, 4 72 bp and 349 bp) were 

measured by agarose ge~ electrophoresis along with molecular weight 

standards of a known concentration. The vector was mixed with each of the 

inserts respectively in the molar ratio of 3:1 (a total mass of 0.1 ug, the 

volumes of solutions containing 0.033 ug vector and 0.066 ug of each insert 

were calculated based on the measured concentrations). The 4 vector/ insert 

mixtures were co-precipitated with NaOAc (3M) and 100% alcohol and 

ligated with T4 DNA ligase (Gibco BRL). For each ligation reaction, the above 

0.1 ug of co-precipitated DNA w~s dissolved in 20 ul of solution including 

4 ul of 5 x ligase buffer, 0.2 ul of T4 DNA ligase (1 U/ul) and 16 ul of 

deionized water, and incubated at room temperature for 1 hour. In this 

way, different lengths of the upstream region were connected to the CAT 

reporter gene. 

The ab.ove ligation mixtures were used for transformation of 

competent E. coli (DH5a; Gibco BRL). 1 ul of the above ligation mixture was 

added to 50 ul of competent cells followed by heat shock at 37°C for 20 sec. 
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Mter incubation in 450 ul of LB medium (1% tryptone, 0.5% bacto yeast, 

1% NaCl and 1 mM NaOH) for 1 hour at 37°C with shaking at -225 rpm, 

the transformed E. coli were cultured at 37°C for 16 hours on LB plates 

containing ampicillin (100 ugfml). 

Individual colonies of recombinant cells were picked from each plate 

and cultured in 2 ml ofLB medium overnight at 37°C for minilysate plasmid 

DNA preparation. Plasmid DNA from a mini-preparation was purified with 

the Wizard Kit (Promega, Madison, MI) and was identified through digestion 

with the enzymes Pst I and Hind m (Gibco BRL). The Hind III recognition 

site is 56 bp upstream of the Sph I recognition site. 

After the correct clones were isolated and identified, the plasmid 

DNAs were amplified through a maxi-preparation procedure. Identified E. 

coli were inoculated into 250 ml of LB medium containing ampicillin (100 

ugf ul) and cultured for 16 hours at 37° C with shaking at -225 rpm. E. 

coli were lysed with 5 ml of lysis buffer (50 mM glucose, 10 mM EDTA, 25 

mM Tris-HCl, pH 8) for 5 min at room temperature, then treated with 12 

ml of 0.2 N NaOH/ 1% SDS on ice for 10 min, followed by the addition of 9 

ml of KAc (3M) and incubation on ice for 5 min. The plasmid DNA was 

precipitated with 0.5 volumes of isopropanol at room temperature for 10 

m1n. 

Maxi-prepared plasmids were purified by the CsCl method. Mter 
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dissolving in 3.5 ml ofTE buffer, the DNA was mixed with 3.5 g of CsCl 

and 0.4 ml ofEtBr (10 mgfml) and the mixture was centrifuged for 4 hours 

at 78,000 rpm in a NVT 90 rotor. The plasmid band was collected and 

extracted with isoamyl alcohol and precipitated with isopropanol. The 

concentration of each DNA construct was measured by absorption at 

260nm with a DU-7 spectrophotometer (Beckman). A solution containing 

50 ug/ml of double-stranded DNA has an absorbency of 1 at 260 nm, i.e., 

~60=1=50 ugfml of double-stranded DNA. 

The cloning processes described above were carried out based on the 

procedures in "Molecular Cloning". 75 All enzymes and chemical compounds 

were utilized according to the manufacturers' protocols. 

2. Cell Maintenance 

RB cells (WERI-RB1, ATCC, passage #146) were grown in suspension 

in a culture medium made up of RPMI 1640 with L-glutamine (enriched 

formulation with extensive applications for mammalian cells) and 

supplemented:with 10% fetal bovine serum (FBS}, 100 U /ml penicillin and 

100 ug/ml streptomycin at 37°C and under 5% C02 • 

3. Transient Transfection 

Cells used for transfection were centrifuged at 190 g for 5 min and 
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washed twice with Opti-mem reduced serum medium (Gibco BRL). During 

the second wash, an aliquot of cells suspended in Opti-Mem was counted. 

For each transfection, 3.3 x 106 RB cells were used. Transfections were 

carried out by the. modified method of Feigner et al, 26 which is described 

below. 

Each of four plasmids with different lengths of deletion and two 

controls were used for transfection (Fig. 8). The two control plasmids were: 

(1) pCAT basic containing the CAT reporter gene but lacking the promoter 

and enhancer (Promega) as a background control and (2) p2134bp IRBP

CAT as a positive activity control. For each transfection 16 ug DNA was 

used. In addition to the above constructs, 4 ug PCH 110 containing the 13-

galactosidase gene as a reporter gene (Promega) was co-transfected as the 

internal control for transfection efficiency. In this way, we could 

distinguish differences in the level of transcription from differences in the 

efficiency of transfection or in the preparation of extracts. 

DNA was transfected into the RB cells with the cationic liposome 

lipofectin (Gibco, BRL) which was used as the delivery vehicle for the 

plasmid DNA. Lipofectin is a 1 : 1liposome formulation of the cationic lipid 

N-( 1-(2 ,3-dioleoyloxy) propyl]-N ,N ,N-trimethylammonium chloride (DOTMA) 

and dioleoyl phosphatidylethanolamine (DOPE). Positively charged and 

neutral lipids form liposomes that can complex with nucleic acid. The 



Figure 8. Constructs used for ,deletional analysis .. DNA fragments 

containing a partially deleted upstream region of the IRBP gene were 

conjugated to the CAT basic vector. P2134 IRBP CAT and CAT basic are used 

as positive control and negative control, respectively. Black bars indicate the 

homologous subregion. 
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lipid-nucleic acid complex, when applied to cultured cells, facilitates the 

uptake of the nucleic acid into the cells. 10 ul of lipofectin ( 1 ugj 1 ul) was 

used for each transfection. 

The appropriate DNA construct and lipofectin were each diluted with 

0.5 ml Opti-Mem (Gibco, BRL), then mixed and added to the RB cells. RB 

cells mixed with the DNA /lipofectin complexes were plated in 35 mm wells. 

After ovemight incubation, 1 ml of culture medium with 20% FBS was 

added. The next day, the transfected cells were collected by centrifugation, 

resuspended in 2 mi. of normal culture medium and cultured for an 

additional 2 days before harvesting. 

4. CAT assay 

After transfection, the RB cells were collected by centrifugation for 5 

min at 1000 rpm in a Sorvall HB-4 rotor. Pelleted cells were resuspended 

in 60 ul of 0.25 M Tris-HCl, pH 8. Cells were lysed in this buffer by 3 

successive freeze/thaw cycles (freeze at -80 °C for 5 min, and thaw at 37 °C 

for 5 min). The amount of cell extract used for the CAT assay was adjusted 

to yield a comparable activity of the intemal standard pCH 110 ([!>-gal gene). 

The [!>-gal activity in a consistent volume of cell extract (20 ul) was 

measured, and the CAT assays were then performed with the quantity of 

extract that contained a defined amount of (!>-gal activity. 
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For determination of CAT enzyme activity, (14Cl chloramphenicol 

(DuPont, Boston, MA) and non-radioactive acetyl-coenzyme A (Promega) 

were used as substrates and the acetylated chloramphenicol (product) was 

separated from the unacetylated chloramphenicol by thin layer 

chromatography (TLC). 

Before assaying for CAT activity, 40 ul of cell extract was heated at 

65°C for 15 min (in a tightly capped tube) to inactivate any endogenous 

acetylase activity. In each CAT assay, a certain amount of cell extract (about 

25-40 ul, adjusted according to the [3-gal activity) was brought up to a 

volume of 40 ul with 0.25 M Tris-HCl, pH 8. The following assay 

components were then added: 2.2 ul of 1 M Tris- HCl, pH 8; 4 ul (0.2 uCi) 

(
14Cl chloramphenicol (57 mCi/mmol), 1.8 ul of non-radioactive acetyl

coenzyme A (40 mM) and 2 ul of deionized water. After incubating at 37°C 

for 16 hrs, the reaction mixture was extracted with 0.5 ml of ethyl acetate. 

The organic phase was air dried, resuspended in 20 ul of ethyl acetate and 

spotted onto a TLC plate. After chromatography in a sealed tank containing 

95 ml of chloroform and 5 m1 of methanol, the TLC plate on which the 

product was separated from the substrate was air dried and exposed to X

ray film (Kodak Scientific Imaging Film, X-OMAT, Eastman Kodak 

Company, Rochester, New York) for autoradiography. The film :was 

developed in 2 days and the densities of the substrate 
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([
14C]chloramphenicol) and the products (acetylated [14C]chloramphenicol) 

were then quantified with a densitometer (E-C Apparatus Corporation, St. 

Petersburg, FL). 

Chloramphenicol is acetylated at two sites (two hydroxyl groups) and 

these two forms migrate faster than the unmodified chloramphenicol 

substrate on the TLC plate. CAT activity was calculated as the percentage 

of acetylated chloramphenicol relative to total chloramphenicol (both 

acetylated and unac~tylated). Relative CAT activities are expressed as the 

percentage of product conversion of each construct with a 5' end upstream 

deletion relative to that of p2134 IRBP- CAT. All data are the average of 

three independent experiments (for each experiment, the 6 plasmids were 

separately transfected into RB cells and CAT activity assayed). 

B. Localization of the Regulatory Element by Further Footprinting 

Analysis 

After localizing the possible regulatory area, further DNA/protein 

binding analysis was performed by footprinting to define the specific protein 

binding sites on DNA. Studies focused on the distal homologous subregion 

of the upstream region of the IRBP gene thought to contain possible 

regulatory elements based on the results o~ the deletion analysis. 
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1. Preparation of Crude Nuclear Extract 

RB cells were used as the source for nuclear protein extraction. Cell 

maintenance was as described above (III, A, 2). The method used for 

preparation of crude nuclear extract was modified from that described by 

Dignam et al,23 and is described as follows. 

RB cells (1x109
) were harvested by centrifugation for 5 min at 1000 

rpm and 4°C in a'Sorvall HB-4 rotor. Pelleted cells were resuspended in 10 

volumes ofDulbecco's phosphate buffered saline (calcium- and magnesium

free, Gibco, BRL) and centrifuged again at 1000 rpm and 4° C for 5 min. 

To prepare the nuclei, cells were resuspended in 5 pellet volumes of 

0.3 M sucrose in buffer A [10 mM HEPES-KOH at pH 7.9, 10 mM KCl, 1.5 

mM MgC~, 0.1 mM EGTA, 0.5 mM DTT, 0.5 mM PMSF, and 2 ugfml each 

of antipain, leupeptin, and pepstatin A (Sigma, St. Louis. MO)]. Cells were 

lysed by 10 strokes with a B pestle (loose fitting) in a Dounce glass 

homogenizer and 1-2 strokes in the presence of gradually increasing 

Nonidet P 40 (starting from 0.02 up to 0.1 %) and the lysis efficiency was 

monitored with a microscope. The homogenate was then centrifuged at 

1200 x g for 10 min and the pelleted nuclei were washed twice in 0.3 M 

sucrose in buffer A without Nonidet P-40. 

The nuclei were resuspended with the homogenizer (10 strokes, B 

pestle) in 2.5 pelleted nuclei volumes of buffer B (400 mM NaCl, 10 mM 
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HEPES-KCl at pH 7.9, 1.5 mM MgC12, 0.1 mM EGTA, 0.5 mM DIT, 5% 

glycerol, 0.5 mM PMSF, and 2 ug/ml each of antipain, leupeptin, and 

pepstatin A). The resuspended nuclei were rotated slowly (about 20 rpm) 

on a rotator for 30 min at 4°C followed by centrifugation for 60 min at 

100,000 x g. After dialyzing the supernatant twice (each for 30 min) against 

50 volumes ofbufferC (20 mM HEPES-KCl at pH 7.9, 75 mM NaCl, 0.1 mM 

EDTA, 0.5 mM DIT, 20% glycerol and 0.5 mM PMSF, and 2 ugfml each of 

antipain, leupeptin, and pepstatin A), the extract was cleared by 

centrifugation at 25,000 x g for 15 min, which removed precipitated 

material completely and partially removed lipid. An aliquot of the extract 

was taken for the measurement of protein concentration in the supernatant 

with the Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, CA). The 

supernatant was frozen in 50 ul aliquots _in liquid nitrogen and was used 

within 3 months. After 3 months, the binding efficiency of the protein in 

the nuclear extract was reduced and fresh nuclear extract was prepared. 

· 2. Preparation of Probes 

To study the footprinting of the distal homologous region of the IRBP 

gene, three overlapping probes were designed to cover the entire distal 

homologous region: -1672 to -1467, -1511 to -1301 and -1362 to -1150. 

These probes were prepared using PCR and cloning and were labeled with 
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(y-32 Pl ATP using T4 .polynucleotide kinase. 

a. PCR 

The three DNA fragments were obtained through PCR using p2134 

bp IRBP-CAT as the template. The primers used for PCR are listed in Table 

II. The unusual sequence composition (high G content) in the target region 

made amplification difficult. Therefore, a "hot start" technique was used 

and a Master Amp™ PCR Optimization Kit (Epicentre Technologies, Madison, 

MI) was tried for the optimization of individual template-primer pairs. 

The reaction was carried out in a 50 ul volume consisting of 0.5 ul of 

each primer (2 uM), 1 ul of template (200 pg/ul), 25 ul of optimized 

MasterAmp 2xPCR PreMix buffer, and 23 ul of deionized water. This 

reaction mixture was heated in a thermal cycler to 95°C, then 0.25 ul of 

Taq DNA polymerase was added and a program of 30 cycles was started: 

<D 95°C 5' 

@ 92°C 30" 

@ 50°C 30" 

@) 72°C 30" (back to@, 29 more cycles) 

® 72°C 7' 

® 4°C 

The PCR products were electrophoresed on a 2% agarose gel and the 

desired products were extracted from the gel using a QIAquick Gel 



Table H. Oligonucleotides Used i~ Footprinting Anctlysis 

Oligonucleotide DNA sequences 

Probe 1 

Upper strand -1672 5'-AGTGCATGCTCAGAACTG-3' 

Lower strand 3'-CAGTGAACTCGTAATGTG-5' -1467 

Probe 2 

Upper strand -1511 5'-GCATACGGTGGAGTGAT-3' 

Lower strand 3'-TGGAAGAGGTCGACGGAT -5' -1301 

Probe 3 

Upper strand -1362 5'-TTGTGGGTCTCAGCTGT-3' 

Lower strand 3'-GGTAGAGGTCTCCGTAAG-5' -1150 
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Extraction Kit (QlAgene., Chatsworth, CA) 

b. Cloning 

The resultant PCR products isolated above were amplified by cloning 

into apGEM®-Tvector (Promega) to obtain a high copy number. This vector 

contains a multiple cloning site (MCS; Fig 9) which allows for the r:elease of 

an insert by digestion with restriction enzymes. It also contains 3' terminal 

thymidine (T) overhangs at both ends of the insertion site. These overhangs 

greatly improve the efficiency of plasmid ligation with the PCR product 

which carries corresponding 5' terminal adenosine (A) overhangs. Fifty ng 

of vector and PCR product (insert)' were mixed at the ratio of 1 : 3 (based on 

the pmol ends) and ligated with T4 ligase. After transformation of the 

ligation mixture into competent E. coli, the bacteria were cultured on agar 

plates containing ~-gal and IPTG which was used as the indicator. White 

colonies rather than blue colonies were selected for further identification 

because insertion of the PCR product inactivat~s the gene coding for the 

enzyme ~-gal to prevent production of the blue color. The recombinant 

plasmids were further identified by examining the size of the DNA fragments 

after digestion with Pst I and Sph I. The plasmid DNA derived from the 

maxi-preparation was purified using the CsCl method. 



Figure 9. A PCR product in pGEM·T vector. pGEM-T vector contains 3' 

tenninal thymidine {T) overhangs at both ends of the insertion site. These 

overhangs improve the efficiency of plasmid ligation of the PCR product which 

contains the corresponding 5' tenninal adenosine (A) overhangs. The multiple 

cloning site of the vector allows for the release of the insert by digestion with 

restriction enzymes. 
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c. 32P End Labeling 

Each plasmid was digested with Sal I followed by calf intestine 

phosphatase treatment ·to dephosphorylate the 5' overhang of the probe. 

Dephosphorylated, linearized plasmid (3 ug; 3pmol ends) was labeled 

with 2 u1 of (y-32PJ ATP (0.05 uCiful; DuPont) using 1 ul of T4 

polynucleotide kinase (Promega) which labeled both ends. A single-end 32P 

labeled probe was generated by digesting the radio label off one end with Sph 

I and purifying the probe from a polyacrylamide gel (Fig.10). The 

radioactivity of the probes was measured using a TM Analytic Liquid 

Scintillation Counting System (Brandon, FL). In the above process, DNA 

digestion, ligation, competent cell transformation and purification of DNA· 

fragments and plasmid DNA were performed as described previously (III, 

A, 1, b). 

3. DNase I Footprinting Analysis 

In this analysis, a singly end-labeled DNA fragment was incubated 

with a protein fraction, which was either crude or purified, and then treated 

briefly with DNase I to create a nested set of labeled fragments. These sets 

of fragments were electrophoresed on a polyacrylamide gel and the protein 

binding sites wt:;re visualized by autoradiography. A protein which binds to 

a specific sequence· protects the underlying nucleotides from cleavage and 



Figure 10. Schematic of preparation ofthe single end-labeled probe. 

The chimeric vector containing the probe was linearized by digesting with Sal 

I followed by CIP treatment to dephosphorylate the 5' overhang of the probe. 

A single end 32 P labeled probe was released by digesting the label off one end 

with Sph I. Dark bar indicates probe fragment. 
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results in the appearance of a "gap" in the sequence ladder compared to the 

pattern of DNA banding of unbound, unprotected DNA. 

In each reaction, a 50 u1 reaction volume was set up consisting of 25 

u1 of binding buffer (50 mM Tris-HCl, 100 mM KCl, 12.5 mM MgC12, 1 mM 

EDTA, 20% glycerol and 1 mM DTT), 1.5 ul (22.5 fmol) of singly labeled 

probe, and varying amounts of protein and deionized water. One ul of 

purified protein Sp1 (1.0 fpuful, Promega), or 12.5 u1 of crude nuclear 

extract (4.5 ugful) from RB cells, together with 1. u1 of poly (dl:dC) (1 ugf 1 

ul; Promega) was used. For the negative control or blank, 5 u1 BSA ( 0.2 

ugful;· Bio-Rad) was used in place of the nuclear extract. The above 

mixtures were incubated on ice for 10 min. Then 50 u1 of room temperature 

Ca2+ fMg2+solution (SmM CaC12 and 10mM .MgC12) was added and 

incubated at room temperature for 1 min. The amount of DNAse I used was 

adjusted according to the amount of protein used in each reaction. RQ1 

RNase free DNase I (1 Uful; Promega) was diluted with cold Tris-HCl, pH 

8.0 (1 : 5 for samples containing nuclei extract; 1 : 20 for samples 

containing Sp1 and negative control samples) immediately before use. 

Based on the optimized condition, 1 U (5 ,ul of the 5-fold diluted solution) of 

DNase I was used for samples containing crude nuclei extract, 0.1 U (2 ,ul 

of 20-fold diluted solution) of DNase I was used for the samples containing 

Sp1 protein, and 0.015 U (0.3 ,ul of20-fold diluted solution) ofDNase I was 
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used for the negative control. DNase I was added to the binding mixture 

and incubated for 1 min. The reaction was terminated by adding 90 u1 of 

stop solution (200 mM Tris-HCl, 30 mM EDTA,.1% SDS, and 100 ugfml 

yeast RNA). The reaction mixture was subjected to 

phenol:chloroform:isoamyl alcohol (25 : 24 : 1, equilibrated with TBE75 

buffer and 0.5 M NaCl) extraction, 100% ethanol precipitation and 75% 

ethanol washing. The pellet was resuspended in 4 ul of loading solution 

[0.1M NaOH:formamide (1 : 2 vfv), 0.1% xylene cyanol, and 0.1% 

bromophenol blue], heated at 95°C for 2 min and quickly chilled on ice for 

at least 2 min. The digestion products were analyzed by electrophoresis on 

a 8% polyacrylamide sequencing gel with 7 M urea. An aliquot of the same 

end-labeled DNA fragment was subjected to the G sequencing reaction with 

a Maxim-Gilbert DNA Sequencing Kit (Sigma, St. Louis, MO). In the G 

reaction, guanines were methylated by dimethysulfate. The reaction should 

.. proceed to the extent that on average each DNA molecule has one modified 

base. The location of the modification is randomly distributed over the DNA 

molecule. The modified DNA was then cleaved by hot piperidine (90°C, 30 

min). Since random bases were modified, there was a mixture of labeled 

DNA fragments of different sizes terminating at a random G. The reaction 

mixture was loaded on the same gel as for the DNase I digestion reactions 

and used for sequence identification. Two experiments were performed with 
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the first probe and third probe. One experiment was performed with the 

second probe. 

C. Identification of the Regulatory Element by Mutational Analysis 

To define the function of the specific element identified by the above 

deletion and DNA/protein binding analyses, mutational analysis was 

conducted by changing the key nucleotides within the first G-rich motif on 

the distal homologous subregion (Fig. 11) and examining its effect on 

reporter gene expression. 

1. Site-directed Mutagenesis 

The mutations on the G-rich motif were designed based on the weight 

matrix scores (Table III). 12 These scores were derived by comparative 

sequence analysis of 274 G-rich motifs in unrelated transcriptional 

regulatory regions. These G-rich motifs were consistent with Sp1 protein

DNA binding data. Based on the assumptions that the motif is of fixed 

length, and that each nucleotide is independently recognized by a trans

acting mechanism, the weight matrix has been calculated from the 

frequency of each possible base at each position of the motif to define a 

matching score for any oligonucleotide of the corresponding length. 



Figure 11. Sequence of the distal homologous subregion of the IRBP 

gene. Underlined sequences are putative elements including 2 G-rich motif 

and 1 photoreceptor conserved element (PCE) . 



_
1594 

AAGGAGTGCA TTCATCCGGA GGTGTTGGCA GCATCCCAGC CCCACCCCAT TCTCATCGTA 
' T,TCCTCACGT AAGTAGGCCT CCACAACCGT CGTAGGGTCG GGGTGGGGTA AGAGTAGCAT 

G·rlch 

AATCAGGCTC ACTTCCATTG GCTGCATACG GTGGAGTGAT GTGACCATAT GTCACTTGAG 
TTAGTCCGAG TGAAGGTAAC CGACGTATGC CACCTCACTA CACTGGTATA CAGTGAACTC 

CATTACACAA ATCCTAATGA GCTAAAAATA TGTTTGTTTT AGCTAATTGA CCTCTTTGGC 
GTAATGTGTT TAGGATTACT CGATTTTTAT ACAAACAAAA TCGATTAACT GGAGAAACCG 

PCE? 

CTTCATAAAG CAGTTGGTAA ACATCCTCAG ATAATGATTT CCAAAGAGCA GATTGTGGGT 
GAAGTATTTC GTCAACCATT TGTAGGAGTC TATTACTAAA GGTTTCTCGT CTAACACCCA 

CTCAGCTGTG CAGAGAAAGC CCACGTCCCT GAGACCACCT TCTCCAGCTG CCTACTGAGG 
GAGTCGACAC GTCTCTTTCG GGTGCAGGGA CTCTGGTGGA AGAGGTCGAC GGATGACTCC 

CACACAGGGG CGCCTGCCTG CTGCCCGCTC AGCCAAGGCG GTGTTGCTGG AGCCAGCTTG_
1235 

GTGTGTCCCC GCGGACGGAC GACGGGCGAG TCGGTTCCGC CACAACGACC TCGGTCGAAC ' 
G-rich 



Table IlL Base Frequency and Weight Matrix ofGC-hox 

The GC-box or G-rich motif was originally defined as the sequence motif that is 

recognized by the transcription factor Spl. The base frequency and weight matrix of the 

GC-box in this table was derived by comparative sequence analysis of the G-rich motift in 

unrelated transcriptional regulatory regions of 274 genes. These G-rich motift were 

consistent with Spl protein-DNA binding evidence. Based on the assumptions that the motif 

is of fixed length, and that each nucleotide is independently recognized by trans-acting 

mechanism, the weight matrix ( ..oil.A) has been calculated from the frequency (A.)· of each 

possible base at each position of the motif to thereby define a matching score for any 

oligonucleotide of the corresponding length. The general score is calculated by summing 

individual numbers under each of the 14 core nucleotides of the G-rich region. The 

optimized cut-ojfvalue is -4.9. The higher the value, the more likely the motif will be bound 

bySpl. 



Table III. Base Frequency and Weight Matrix of GC-box 

-6 -5 -4 -3 -2 -I 0 2 3 4 5 6 7 

""' A 102 97 50 67 0 2 54 46 I 79 23 0 20 40 
c 40 31 6 I 0 0 170 I 3 0 17 166 86 24 
G 50 112 154 206 274 272 0 224 222 I 'it 192 35 52 109 
T 82 34 64 0 0 0 50 3 48 24 42 73 116 101 

""'""' A 0.00 0.00 -0.52 -0.39 -4.07 -3.42 -1.05 -1.09 -3.57 -0.03 '1.35 -3.98 -1.56 -0.72 
c -0.95 -1.12 -2.26 -3.25 -3.80 -4.2 0.00 -3.67 -3.05 -3.52 -1.90 0.00 -0.42 -1.45 
G -1.16 -0.38 0.00 0.00 0.00 0.00 -4.58 0.00 0.00 0.00 0.00 -1.83 -1.09 -0.27 
T -0.01 -1.00 -0.15 -3.75 -3.93 -4.02 -0.98 -3.34 -0.69 -1.14 -0.83 -0.56 -0.00 -0.00 

A A G G G G c G G G G c T T 
T G T A T A T A T T c G 

A A 

Optimized cut-offvalue: -4.90 

Bucher, P. (1989) J. Mol. Bioi. 214, p. 569. 
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1\vo kinds of mutations, destructive mutations (changing the 

nucleotide to decrease the G-rich score) and constructive m1J.tations 

(changing the nucleotides to optimize the G-rich score), were made. This 

site-directed mutagenesis on the G-rich motif was carried out through 

recombinant PCR (Fig. 12).77
•
85 This strategy includes the following 

procedures. 

a. Design of Primers Which Contain Desired Mutations 

The destructive primer was designed by replacing the 2 Gs that flank 

the central T with 2 Ts: 

-1563 -1539 

primer with mutation : ----------------------AA--AA-------------------

wild type upper strand: CATCCCAGCCCCACCCCATTCTCAT 

wild type lower strand: GTAGGGTCGGGGTGGGGTAAGAGTA 

primer with mutation: -----------------------TT --TT -----------------------

The constructive mutation was made by replacing the A in the central 

sequence with a G and the 5th (to the right) A with T: 



-1563 
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-1539 

primer with mutation : ----------------------------G--------T -------------

wild type upper strand: CATCCCAGCCCCACCCCATTCTCAT 

wild type lower strand: GTAGGGTCGGGGTGGGGTAAGAGTA 

primer with mutation: ----------------------------C--------A---------------

b. Recombinant PCR 

Each recombinant PCR includes two primary PCR, an extension 

reaction and one secondary PCR reaction (Fig.12). 

·The two primary PCR reactions were performed separately, using the 

PCR conditions described in the deletion analysis. The template used was 

p2134bp IRBP-CAT. All the primers used for recombinant PCR are listed in 

Table IV. "Inside" primers were the above primers with mutations. 

"Outside" right (lower strand primer) consisted of -850 to -871 on IRBP gene 

(40 bp downstream of Pst I recognition site -890); "Outside" left (upper 

strand) primer was from 2218 to 2237 on pCAT vector ( 40 bp upstream of 

Pst I site at 2258). Two primary PCR products that overlap in sequence and 

contain the same mutation were purified from the agarose gel with the 

QIAquick Kit. 

These PCR products with overlaps were mixed in the ratio of 1 : 1. 

After denaturation and reannealing, heteroduplexes that had the recessed 



Figure 12. Schematic of" recombinant PCR. Two separate PCR products 

with overlapping sequence were combined into one longer product. The two 

overlapping primers ("inside" primers) are shown containing mismatched 

bases to the target sequence. 

Higuchi, R. (1990) Recombinant PCR. In: PCR Protocols: A Guide to 

Method and Applications, p. 178. Academic Press. Inc. New York 
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Table IV. Oligonucleotides Used in PCRfor Mutational Analysis 

Oligonucleotide 

"Inside" Primers 

Destructive Mutation: 

primer with mutation : 
wild type upper strand: 
wild type lower strand: 
primer with mutation: 

Constructive Mutation: 

primer with mutation : 
wild type upper strand: 
wild type lower strand: 
primer with mutation: 

"Outside" Primers 

DNA sequences 

-1563 -1539 
----------------------AA--AA--------------------
CATCCCAGCCCCACCCCATTCTCAT 
GTAGGGTCGGGGTGGGGTAAGAGTA 

-----------------------TT--TT-----------------------

-1563 ~1539 

------------------------G---------T-----------------
CATCCCAGCCCCACCCCATTCTCAT 
GTAGGGTCGGGGTGGGGTAAGAGTA 
--------------------------C---------A-----------------

for Destructive and Constructive Mutations: 

upper strand (on pCAT vector): 

lower strand (on IRBP gene): 

2218 2237 
ACAGCTATGACCATGATTAC 

-870 -850 
TCGGAAGTTCTTCGTCCTCAG 
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3' ends were extended by DNA polymerase to produce a fragment that was 

the sum of the two overlapping products. The 50 ul of extension reaction 

mixture contained 1 ul of each of the two primary PCR products (200 ng/ ul] 

, 4 ul of dNTP (2mM), 0.2 ul of pfu (10 U/ul), 5 ul of lOx buffer and 

deionized water. The following program was used for the extension reaction: 

(j) 

@ 

@ 

5' 

5' 

5' 

The product from the extension reaction was subsequently re

amplified by a secondary PCR reaction. With only the two "outside" 

primers, the full length or secondary PCR product was produced. The 

secondary PCR was performed by simply adding the two "outside" primers 

to the above extension reaction mixture and continuing with the following 

program: 

(j) 95°C 5' 

@ 55°C 2' 

@ 72°C 3' 

@ 95°C 1' 

® 55°C 2' (back to® , 29 more cycles) 

® 72°C 10' 
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2. Construction of Mutant piRBP-CAT Plasmids 

The above PCR products were cloned into the p2134 bp IRBP-CAT 

vector to prepare the mutant p2134-IRBP-CAT. The above PCR products 

and the p2134bp IRBP- CAT (as the vector) were both digested with Pst I 

and ligated with the ligase as described in the previous section (III, A, 1, b). 

The desired mutations were. confirmed by DNA sequendng (Molecular 

Biology Core Facility, Medical College of Georgia, Augusta, GA). 

"3. CAT Assay 

The effects of the above mutations on CAT reporter gene expression 

were again analyzed by assay of CAT activity. Cell maintenance and 

transient transfection were conducted as described before (III, A, 2, 3). 

Destructive and constructive mutant p2134bp IRBP- CAT plasmids and two 

controls were used for transfection. The two control plasmids were: ( 1) pCAT 

basic containing CAT reporter gene but lacking a promoter or enhancer as 

a background control and (2) p2134bp IRBP-CAT as a positive activity 

control. 

CAT assay procedures were essentially as described previously (III, 

A, 4) with the following modification. After transfection, the RB cells were 

collected, washed twice with PBS (Ca 2• and Mg2• free) and resuspended in 

125 ul of 1 x reporter lysis buffer. Cells were lysed in this buffer by 
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incubation at room temperature for 15 min followed by vortexing. In each 

CAT assay, varying amounts of cell extract (about 70-100 ul, adjusted. 

according to the [3-gal activity of each sample) were brought up to a volume 

of 100 ul with 1x lysis buffer. The following assay components were then 

added: 6 ul of[14CJ chloramphenicol (0.05 uCiful), 5 ul of non-radioactive n

butyryl-coenzyme A (5 mgfml) and 14 ul of deionized water. This protocol 

results in the production of butylated chloramphenicol. 

Relative CAT activities are expressed as the percentage of product 

conversion of each construct compared to that of p2134bp IRBP-CAT. All 

· data are the average ofth~ee independent experiments (for each experiment, 

each plasmid was separately transfected into RB cells and CAT activity 

assayed). 

D. Enhancer Characterization by Orientation Analysis 

To test the effect of the orientation of the putative regulatory elements 

in the distal homologous region on reporter gene activity, a construct 

containing the particular fragment with reversed orientation was made and 

its CAT activity was compared with that of p2134bp IRBP-CAT. 

In the p2134bp IRBP-CAT, the two Psti restriction sites on each side 

of the distal homologous region (-890 and the site 48 bp upstream to the 
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-2134) were used to reverse its orientation (Fig. 6). This plasmid was 

cloned by Pst I digestion, religation and identification. The new construct 

with the distal homologous region in the opposite orientation was amplified 

and assayed for CAT activity. 

E. Cell Specificity Study of the Regulatory Element 

The putative regulation element in the distal homologous region was 

further studied for its activity in non-photorecepter-derived cells. In this 

study, two cell lines that do not express IRBP were used: Hela cells (human 

epithelial carcinoma, cervix; ATCC) and K562 cells (human myelogenous 

leukemia cell line; ATCC). The distal homologous region was fused to the 

pSV40 promoter-CAT vector (Promega, Fig. 13) that contains the CAT 

reporter gene and the SV 40 promoter known to function in multiple cell 

lines. The recombinant construct was transfected into the Hela cells and the 

K562 cells, and its CAT activity was compared with that ofpSV40 Promoter 

CAT(with promoter but without enhancer). pCAT basic (without promoter 

or enhancer) was used as a background control. 

1. Construction of the Recombinant Plasmid 

p2134 IRBP CAT and pSV40 Promoter CAT vectors were digested 



Figure 13. An upstreamfraflment of the IRBP gene (-2134 to -890) in 

peAT-promoter vector. The distal homologous subregion of the IRBP gene 

containing the G-rich motif was conjugated to the CAT reporter vector with 

SV40 promoter. The black bar indicates distal homologous subregion and the 

star indicates the G-rich motif. 



pCA~Promoter 
Vector 

(4506bp) 

AUG 642 EcoR 1 855 

4 ' -1564 -1244 
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Pstl 
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with Pst I. The fragment containing the enhancer from p2134 IRBP CAT was 

isolated and conjugated to the linearized pSV40 Promoter CAT vectors (Fig 

13). The successful recombined construct was examined by restriction 

enzyme (Pst I) digestion. 

2. Cell Maintenance 

Adherent Hela cells were grown in a culture medium made up of 

Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal 

bovine serum and 100U/ml of penicillin and streptomycin at 37°C and 

under 5% C02 • K562 cells were grown in suspension in the same medium 

and with the same conditions used for RB cells. 

3. Transient Transfection 

For Hela cells, one day before the transfection, 2x10 5 Hela cells were 

seeded on the 60 mm plate in 2 ml of the growth media and were incubated 

until .60-80% confluent. For each experiment, three plasmids including 

piRBP-SV40 promoter-CAT, pSV40 promoter-CAT and pCAT basic were 

. 
transfected into the cell. For each transfection, 10 ug plasmid DNA was co-

transfected with 2.4 ug pCH110. DNA was diluted in 1.5 ml Opti-mem and 

mixed with 1.5 Opti-mem containing 20 uglipofectin. Hela cells in 60mm 

dishes were washed twice with serum-free medium before adding the 3-
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ml DNA-lipofectin complex in Opti-mem. Mter 3 hours incubation at 37°C 

under 5% C02, 3 ml of DMEM with 10% FBS was added and incubation 

continued. 15 

For K562 cell transfection, the three constructs used were the same 

as used in the Hela cells. For each transfection, 4.5 ug plasmid DNA was 

co-transfected with 1.5 ug pCHllO. DNA was diluted in 0.5 ml Opti-men 

and mixed with 0.5 Opti-men containing 10 ul of DMRIE-C reagent 

(cationic lipid DMRIE formulated with c:holesterol, Life Technologies, 

Rockville, MD). K562 cells were washed twice with serum-free medium and 

2.5 x 106 cells in 200 ul Opti-men were added into each well containing 

DNA and DMRIE. After incubation for 4 hours at 37°C under 5% C02 , 1.5 

ml of culture medium containing 20% FBS was added and incubation 

continued. 

4. CAT Activity Assay 

Cells were harvested 72 hours after transfection and the enzyme 

extract was made using the Reporter Lysis Buffer, according to the 

manufacturer's instructions. CAT activity was performed as before (III,C,3). 
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F. Statistical Analysis 

CAT activity was calculated as the percentage of acetylated or 

butylated chloramphenicol relative to total chloramphenicol (both acetylated 

and unacetylated) . 

. Relative CAT activity was calculated as the percentage of product 

converted by each construct to that of the control construct. 

Three independent experiments were performed for each of the 

deletional analysis, mutational analysis and orientation analysis. For the 

cell specificity study, four imd five experiments were performed for the Hela 

cell line and for the K562 cell line, respectively. The means and standard 

deviation (S.D.) were determined. 

All the CAT assay data were studied for statistical significance with 

a Kruskal-Wallis test (Biostatistics, Medical College of Georgia, Augusta, 

GA) which can be used for small sample sizes that do not follow the normal 

distribution. 
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IV. RESULTS 

A. Localization of the Regulatory Element by Deletional Analysis 

A current model of gene regulation, the sequence arrangement of the 

2 kb upstream region of IRBP genes, and previous studies in this 

laboratory suggest .that normal IRBP gene expression may be dependent on 

regulatory element(s) located within a further upstream region (I, A, 3). To 

identify possible regulatory elements, such as enhancers, nested deletional 

analysis was conducted on the upstream region of the IRBP gene. 

Different lengths of the 5' region upstream from the transcription initiation 

site of the IRBP gene were fused to the 5' upstream region of the CAT 

reporter gene. These recombinant vectors were then introduced into RB 

cells and their transient expressions were quantified as the conversion rate 

of [14 C] chloramphenicol to its 1-acetylated and 3-acetylated forms. The 

level of CAT expression driven by these constructs was compared to that of 

p2134 IRBP-CAT and their relative activities were expressed as the 

percentage of the product converted relative to that of p2134 IRBP-CAT 

(Fig. 14). The data were analyzed for statistical significance (Biostatistics, 



Figure 14. Deletiona.l analysis of the distal homologous subregion of 

the IRBP gene in RB cells. A. Sequence of the distal homologous 

subregion. Underlined sequences are putative elements for the indicated 

factors. B. Constructs of JRBP-CAT plasmids. The conserved regions are in 

bold lines. C. CAT activities in one representative experiment. The conversion 

of ref chloramphenicol (Cm) to the 1-acetylated (Cm-1-Ac) and 3-acetylated 

forms (Cm-3-Ac) was detected by autoradiography. D. Relative CAT activity 

analysis (means and standard deviations for 3 independent experiments). 

Relative CAT activities are expressed as the percentage of product converted 

relative to that of p2134 IRBP-CAT. The percentage of product converted by 

the pCAT basic construct relative to the p2134-IRBP-CAT construct is used as 

the background control. Cells were co-transfected with pCH 11 0 for 

transfection efficiency determination. 
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MCG). 

The results showed that: (1) among the four piRBP-CAT constructs 

differing in the length of the 5'-flanking sequence upstream of the CAT 

coding sequence, CAT expression of the construct with the 1581 bp 

upstream region of the IRBP gene is the greatest; (2) CAT expression is 

lowest in the construct with the 1239 bp upstream region of the IRBP gene; 

(3) the CAT activity of the p 1581 IRBP CAT construct is significantly greater 

than that of the p1239 IRBP-CAT construct (p < 0.001); (4) the CAT activity. 

of the pl239 IRBP-CAT construct is reduced - 75% compared to that of 

the p2134 IRBP-CAT construct (p < 0.001). Although the CAT activity of 

the p 1581 IRBP-CAT construct is greater than that of the p2134 IRBP-CAT 

construct, this difference is not statistically significant (p > 0.05). Since the 

p1581 IRBP-CAT construct covers the whole distal homologous subregion 

and the p1239 IRBP-CAT construct is devoid of the distal homologous 

subregion, the difference between the CAT activities of the two constructs 

suggests that between 1581 bp and 1239 bp upstream of the transcription 
' 

start site (or within the distal homologous region), there may be positive 

regulatory element(s). 
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B. Further Localization of the Regulatory Element by Footprinting 

Analysis 

Analysis of the expression of the CAT reporter gene in RB cells 

transiently transfected with various piRBP-CAT constructs suggests that 

the distal homologous region of the IRBP gene may harbor a positive 

regulatory element (IV, A). To analyze the sites of the DNA-protein 

interaction within this region, in vitro DNase I footprinting analysis was 

conducted. Three overlapping probes were designed to cover the entire 

distal· homologous region: -1672 to ~1467, -1511 to -1301 and -1362 to-

1150. These probes were prepared using PCR and cloning techniques and 

were labeled with (y-32 Pl ATP. 

Particular nucleotide sequences or cis-regulatory elements, each 

typically less than 20 bp in length, function as fundamental components of 

genetic switches by serving as recognition sites for the binding of specific 

gene regulatory proteins. One of these element is GGGCGG ( or G-rich 

region, or GC box) to which the binding of the protein Sp 1 is believed to play 

an important role in stimulating.gene transcription. 1• 
8

• 
10

• 
19

·
21

• 
33

• 
35

• 
43

• 
81 The 

sequence between -1531 bp and -1239 bp contains 2 highly conserved G

rich regions: the first one is located around -1556 to -1547 

(CGGGGTGGGG); and the second one is located around -1260 to -1251 
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(AAGGCGGTGT). These were the candidates for the cis- regulatory 

elements. 

Two sources of protein were used in footprinting: one was the nuclear 

extract from the IRBP-expressing RB cells and the other was purified Sp 1. 

When the frrst probe ( -1672 to -1467) was incubated with nuclear extract 

from RB cells, it was observed that the bands between -1574 to -1512 were 

fainter compared to those in the control and blank lanes and this region 

was considered protected from DNase I. The pattern obtained with Sp1 

was similar except that the footprint extended only from -1566 to -1538 

(Fig. 15). Compared to the sequence lane, the region protected in the 

footprint consists of a stretch of Gs and is identified as the first G-rich 

region in the distal homologous region mentioned before. This result 

suggests that the G-rich region in the distal homologous region can be 

bound by a nuclear factor present in the RB cells, and that the G-rich 

region may be a Sp1 binding site. No other DNase I protection area was 

observed when the other two probes were incubated with the nuclear 

proteins (data not shown), suggesting that no protein binding was detected 

on other areas of the distal homologous subregion. 
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C. Identification of the Regulatory Element by Mutational Analysis 

The result of the deletional analysis suggests that there may be at 

least one enhancer in the distal homologous region of the IRBP region (IV, 

A). Footprinting analysis shows that there is a DNase I protection area 

around the G-rich region within the distal_ homologous region (IV, B). 

To identify whether this G-rich protected region is responsible for the 

enhancer activity, mutational analysis was used to determine the effect of 

mutations of the G-rich region on reporter gene activity. Destructive and 

constructive mutations were made by changing core nucleotides of the G

rich sequence based on the weight matrix score (Table III) 12
. The score was 

calculated by summing individual numbers under each of 14 core 

nucleotides of the G-rich region. The individual number was calculated from 

the frequency for each possible base at each position of the motif. The 

optimized cut-off value is -4.9 which was derived from comparative 

sequence analysis of 274 G-rich motifs in unrelated transcriptional 

regulatory elements. 12 The higher the value, the more likely the motif will 

be bound by Spl. 

:In the destructive mutation, the core sequence of the G-rich motif 

was changed from GGGGTGGGG to GGTTI"'TGG which dramatically 

lowered the score (from-2.25 to -14.68). In the constructive mutation, the 
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core sequence was changed from GGGGTGGGG T to GGGGCGGGGA which 

optimized the score (from -2.25 to -0.27). These site-directed mutations in 

the G-rich sequence were made by recombinant PCR using mismatched 

PCR primers. The mutant upstream region of the IRBP gene was then fused 

to the CAT reporter gene and was transiently transfected into the RB cells 

for CAT activity assay. The relative CAT activity of each mutant construct 

was expressed as the percentage of product converted relative to that of 

the p2134 IRBP-CAT construct (Fig.16). The data were analyzed for 

statistical significance (Biostatistics, MCG). It was observed. that in the 

destructive construct, the mutation of the four key nucleotides from G to 

T reduced the CAT activity to 55% of that of the p2134 IRBP-CAT construct 

(p < 0.001). This result suggests that the first G-rich region in the distal 

homologous region of the IRBP gene has a positive regulatory function, 

since a 45% decrease in the CAT activity of the destructive construct was 

caused by disruption of the G-rich motif. In the constructive construct, 

mutation of the center T to C and the right fifth T to A increased the CAT 

activity about 20% compared to that of the p2134 IRBP-CAT construct, but 

the difference is not statistically significant (p>0.05). 



Figure 15. DNase I footprinting analysis of the distal homologous 

subregion of the IRBP gene. A 205-bp upstream fragment (-1672 to -1467) 

of the IRBP gene was labeled at its 3' end, incubated with Sp1 or nuclear 

extract (NE) from RB cells, and treated with DNase L Sequences protected 

from DNase digestion are indicated by boxes. G, Maxim-Gilbert G sequencing 

reaction; BK, blank, DNase digestion pattern of the DNA incubated without 

Sp 1 orNE; Sp 1, incubated with 1 ug Sp 1; NE, incubated with 55 ug of nuclear 

extract from RB cells. 
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Figure 16. Functional analysis of the G-rich motif in the distal 

homologous subregion of the IRBP gene in the RB cells. A. Relative 

CAT activity analysis (means and standard deviations for 3 independent 

experiments). Relative CAT activity is expressed as the percentage of product 

converted relative to that of the wild type p 21341RBP-CAT construct. The 

percentage of product converted by the pCAT basic vector relative to that of 

the wild type p2134 IRBP-CAT construct is used as the background control. 

B. CAT activities in one representative experiment. The conversion of f4C] 

chloramphenicol (Cm} to the 1-butyrylated (Cm-1-Bu) and 3-butyrylated forms 

(Cm-3-Bu) was detected by autoradiography. Cells were co-transfected with 

pCH11 0 for transfection efficiency determination. 
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D. Characterization of the Regulatory Element by Orientation 

Analysis 

Enhancers not only have the property of operating over a distance of 

kilo bases away from the transcription start site but also have the ability to 

function in either orientation. To confirm the enhancer ability of the distal 

homologous region of the IRBP gene, the effect of changing the orientation 

of the G-rich sequence on the CAT reporter gene expression was conducted. 

The Pst I fragment containing the distal homologous region was excised 

from p2134 IRBP-CAT (Fig. 6) andre-conjugated back. The construct with 

the distal homologous region in the reversed orientation was used for 

transfection and CAT assay and its activity was compared with that of the 

p2134IRBP-CATconstruct (Fig. 16). The data were analyzed for statistical 

significance (Biostatistics, MCG). Although the CAT activity of the 

construct with the distal homologous region in the reversed orientation is 

-5% lower than that of the construct with the distal homologous region in 

the original orientation, no statistically significant difference was observed 

(p > 0.05). This result indicates that the distal homologous region functions 

equally in both orientations. 
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E. Cell Specificity Study of the Regulatory Element 

Based on the previous results, the first G-rich region in the distal 

homologous region is considered to be a positive regulatory element (IV, 

A,B,C,D). It is known that the G-rich motif may be recognized by the 

transcription factor Sp1 or its family members. The G-rich sequence and 

its binding protein Sp1 are known to regulate expression of variety of 

housekeeping genes; their role in directing tissue-specific regulation of gene 

expression has also recently been explored. 87 To determine whether the 

fragment containing the identified enhancer element is specific to RB cells, 

the function of this fragment was tested in non-photo receptor derived cell 

lines. This fragment was fused to the pCAT-promoter vector that consists 

of the CAT reporter gene and the SV 40 promoter which is known to function 

in multiple cell lines. The recombinant construct piRBP-SV40 promoter

CAT was transiently transfected into non-IRBP expressing Hela cells and 

K562 cells and their CAT activities were compared to that of pSV40 

promoter-CAT without enhancer. Four experiments on Hela cell and five 

experiments on K562 cell line were performed and the results are 

summarized in Fig. 17 and Fig. 18. In both Hela cells and K562 cells, CAT 

activity of the piRBP-SV40 promoter-CAT containing IRBP regulatory 

element is about 30% higher than that of the pSV40 promoter-CAT without 



Figure 17. Functional analysis of the distal homologous region of the 

IRBP gene in Hela cells. A. Relative CAT activity analysis (means and 

standard deviations for 4 independent experiments). Relative CAT activity is 

expressed as the percentage of product conversion of pSV40 promoter-CAT 

with IRBP fragment relative to that of pSV40 promoter-CAT without IRBP 

fragment. The percentage of product conversion of pCAT basic vector 

relative to· thdt of pSV40 promoter-CAT without IRBP fragment is used as 

the background control. B. CAT activities in 4 experiments. The conversion 

of rCJ chloramphenicol (Cm) to 1-acetylatedform (Cm-1-Ac) and 3-acetylated 

form (Cm-3-Ac) was detected by autoradiography. Cells were co-transfected 

with pCHllO for transfectiop. efficiency determination. 
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Figure 18. Functional analysis of the distal homologous region of 

the IRBP gene in K562 cells. A. Relative CAT activity analysis (means and 

standard deviations for 5 independent experiments). Relative CAT activity is 

expressed as the percentage of product conversion of pSV40 promoter-CAT 

with IRBP fragment relative to that of pSV40 promoter-CAT without IRBP 

fragment. The percentage of product ~pnversion ofpCAT basic vector relative 

to that of pSV40 promoter-CAT without IRBP fragment is used as the 

background control. B. CAT activities in 5 experiments. The conversion of 

rcJ chloramphenicol (Cm) to 1-acetylatedform (Cm-1-Ac) and 3-acetylated 

form (Cm-3-Ac) was detected by autoradiography. Cells were co-transfected 

with pCH11 0 for transfection efficiency determination. 
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the IRBP fragment. However, this difference is not statistically significant 

(p>O.OS). This result suggests that the fragment containing th~ element in 

the distal homologous region of the IRBP gene may not function to any great 

extent in non-photoreceptor cells. 
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V. DISCUSSION 

IRBP is a retinoid and fatty acid-binding glycoprotein synthesized by 

the photoreceptor rods and cones and secreted into the interphotoreceptor 

matrix between the photoreceptor and pigment epithelium cells. This 

protein may function as the interphotoreceptor shuttle of retinoids in the 

visual cycle as suggested by evidence obtained from analyses in vitro.63 

This protein may also be involved in photoreceptor development, as 

suggested by studies both in Vitamin A deficient rats and in IRBP-null mice. 

38,39,55 

Only limited information is available conceming the regulation of 

genes expressed in photoreceptor cells. In an effort to study transcriptional 

control of the IRBP gene, regulatory elements that are necessary for the 

retina-specific transgene expression (promoter) have been localized by 

previous studies in two laboratories.5
• 

53 While sequences within 200 bp 

upstream from the transcription start site are sufficient for photoreceptor

specific regulation, higher transgene activities are observed in mice that 

harbor longer upstream sequences. Sequence comparisons of the 2 kb 

upstream region of the IRBP genes of diverse species revealed two 

homologous regions: a proximal subregion within 300 bp of the 
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transcription start site; and a distal homologous subregion between -1.5 kb 

and -1.2 kb. We reasoned that additional, possibly far-upstream, elements 

located within the distal homologous subregion might be important for IRBP 

gene regulation. 

To identify the regulatory element in the distal homologous subregion, 

several approaches were used. First, the possible regulatory area was 

initially localized by 5' end nested deletions in the upstream region of the 

IRBP gene with transient transfection assays (III, A; N, A). Second, the 

sequence of the regulatory element was defmed by in vitro DNA/protein 

binding analysis (III, B; IV, B). Third, function of this element was 

demonstrated by examining the effect of its mutation on reporter gene 

activity (III, C; IV, C). Fourth, the regulatory quality of this element was 

characterized by testing its function in reversed orientation (III, D; IV, D). 

A. Initial Localization of the Regulatory Element by Deletional 

Analysis 

Identification of the regulatory element was initiated with nested 

deletional analysis using transient transfection in RB cells. Different lengths 

of 5' upstream regions of the IRBP gene were inserted into the CAT reporter 

vector. The recombinant constructs were introduced into the RB cells, and 



78 

the transient expression of the CAT gene was quantified. When a series of 

deletions were made from the far end of the 5' flanking region 'toward the 

transcription start site, the relative CAT activities driven by these deletional 

constructs were used to localize the possible regulatory area. Among four 

deletional constructs (Fig. 14), the CAT activity of the p1581 IRBP-CAT 

construct with the entire distal homologous subregion is the greatest; and 

the p1239 IRBP-CAT construct lacking the distal homologous subregion is 

the lowest. The difference between these two constructs is statistically 

significant (p < 0.001). Compared with the p2134 IRBP-CAT construct, the 

CAT activity of the p1239 IRBP-CAT construct is reduced by -75% (p< 

0.00 1). These results indicate that: (1) transient transfection ofRB cells with 

reporter gene constructs allows for the functional assessment of the 

upstream region of the IRBP gene; and (2) within the distal homologous 

subregion, there may be a positive regulatory element(s), although the exact 

sequence cannot be identified. Although there is a difference of CAT activity 

between the p2134 IRBP-CAT and p1581 IRBP-CAT, the difference is not 

statistically significant. However, a biologically significant difference 

between the two constructs cannot be excluded. 

In this study, the transient transfection system allowed regulatory 

elements to be studied by deletional analysis. Transient expression systems 

have played a major role in defining cis-acting elements, although there is 
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an alternative way to do so using transgenic mice. The major reason that 

transient transfection was chosen to dissect the distal homologous region 

rather than transgenic mice is that in transient transfection, the transfected 

DNA exists in an "active" conformation which favors widespread expression. 

On the other hand, in transgenic mice, the DNA may not be integrated in 

a transcriptionally active site.67
• 

68
• 

78 DNA in some special forms of 

chromatin appear to be inaccessible to activator protein. If the transfected 

DNA is integrated in a location with such chromatin structures, the gene 

cannot be expressed normally. Thesy repressive chromatin features may 

occur in transgenic animals but cannot occur in transfected DNA in a 

monomorphic cell line. 

B. Further Localization of the Regulatory Element by Footprinting 

Analysis 

Deletional analysis suggested that the distal homologous subregion of 

the IRBP gene may harbor enhancer(s) (IV, A). Within this area, two highly 

conserved putative G-rich regions (Spl related protein binding sites) 12 and 

one putative photoreceptor-conserVed element (PCE)40 which might be 

candidate enhancers were observed. To further define the sequences which 

may be the transcription factor binding sites, footprinting analysis was 
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conducted with three overlapping probes that cover the entire distal 

homologous subregion. When the first probe (-1672 to
1
-1467) was incubated 

with nuclear extract from RB cells, an area of DNase protection was 

observed between -157 4 to -1512. When the same probe was incubated with 

the purified Sp1 protein, ·the same pattem of footprint was observed except 

that the footprint extended only between -1566 to -1538 to cover the first 

G-rich region (the core sequence is CGGGTGGGG) in the distal homologous 

region. These results suggest that fue.first G-rich region can be recognized 

and bound by Sp 1. 

Sp1 protein was originally identified as a ubiquitously expressed 

protein that binds to the hexanucleotide consensus GC box (GGGCGG). 

More recently, Sp 1 has also been found to bind GT motifs (GGGTGG), 88 such 

as those found in SV 4087 or T cell receptor genes. 41 The explanation as to 

why the nuclear extract isolated from RB '"ells is bound to the G-rich region 

in an extended manner may be that in the RB cells the Sp1 may combine 

with other Sp1 family members and/or other nuclear proteins to form a 

protein complex. In footprinting, this protein complex confers more 

extended protection on the G-rich region than purified Sp1 alone does. 

We anticipated observing a number of DNase I protection regions 

including both G-rich motifs and the PCE. However, except for the first G

rich motif, no other footprint was observed in the distal homologous region. 
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This result may be explained by the following possibilities. (1) According to 

the G-rich weight matrix score (Table. III), the optimized cut-off value for 

Spl binding is -4.9 which is related to about 88% chance of Spl binding. 11 

The score of the first G-rich is -2.25 which is considered a good Spl binding 

site (more than an 88% chance to be bound by Spl). The second "G-rich" 

region has a score of -4.93 which is out of the optimal range and has less 

chance to be bound by Spl. Since the second G-rich region appears not to 

be a favored binding site for Spl, it is not surprising that ·oNase I 

protection was only observed in the first G-rich region and not in the second 

G-rich region. (2) Although footprinting analyses were conducted with all 

three probes, the probes were studied with 32P labeled on one strand only. 

If each of the strands was labeled for footprinting assay, it is possible that 

other protein binding sites might have been observed. (3) There may be 

other transcription factor binding sites in the distal homologous region in 

addition to the first G-rich region, but their protein binding affinities are not 

great enough to form a visible footprint. (4) Since the DNA/protein binding 

analysis was performed in vitro, the possibility that other elements in the 

distal homologous region may also be nuclear protein binding sites in vivo 

cannot be excluded. 



82 

C. Identification of the Regulatory Element by Mutational Analysis 

Although footprinting analysis has shown that the first G-rich motif 

is the nuclear protein/ Sp1 binding site, _the result cannot determine whether 

this G-rich protein binding site is responsible for the enhancer activity of the 

IRBP gene. Deletional analysis may be useful to localize the possible 

enhancer area. However, it cannot precisely locate the appropriate 

sequence. Indeed, deletion of the first G-rich motif in the nested deletional 

analysis does not abolish the enhancer activity of the distal homologous 

region. Besides, the deletion per se may affect the function of elements that 

are very close to the deleted fragment. To identify the positive regulatory 

ability of the first G-rich region, a functional analysis of the effect of 

mutations of its core nucleotides on reporter gene activity was performed. 

In the destructive mutation, changing the four nucleotides in the core 

sequence from GGGGTGGGG to GGTTTTTGG, which lowered the matrix 

score from -2.25 to -14.68, reduced the CAT activity about 45% (p<0.001). 

In the constructive mutation, although changing the core sequence from 

GGGGTGGGGT (GT-box) to GGGGCGGGGA (GC-box) increased the CAT 

activity about 20%, the difference was not statistically significant (p= 0.12). 

These results suggest that: 1) the first G-rich motif in the distal homologous 

region is the functional element necessary for the full expression of the 
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reporter gene; and 2) the center Tor C variation may not be critical for Sp 1 

protein binding. 

What might be the reasons behind the functional results with these 

mutations? It has been established that Sp1 belongs to the zinc fmger 

family, a group of DNA binding proteins that. usually contain tandem 

repeats of the 30-residue zinc finger motif, with each motif containing the 

sequence pattern Cys-~ 0, 4-Cys-X12-His-X3_5-His (X represents any amino 

acid). 43 The two cysteines and two histidines coordinate a central zinc ion 

and hold this secondary structure together to forll:J.. a compact finger-like 

domain. The three fingers of the Sp 1 protein make a set of hydrogen bonds 

with the guanines (G) on the G-rich strand of the consensus binding site 

(Fig. 19)65 and the fourth glutamine-rich domain activates transcription.20
• 

59 In the destructive mutant, the G-rich motif is mutated from 

GGGGTGGGG to GG'ITTTTGG. Since the structure ofT is different from that -- -- ' 

of G, the mutation of 4 Gs to 4 Ts may have partially disrupted the structure 

required for Spl binding. Because the activation domain of Spl cannot 

function normally without ideal contacts of the DNA binding domains with 

the G-rich motif, the regulatory activity of the G-rich region might therefore 

have been reduced. 

Reduction, rather than elimination, ofCATactivitywas observed with 

the destructive mutation of the G-rich motif. There may be several reasons 



Figure 19. Sketch summarizing base contacts in the Spl related zinc 

finger-DNA complex. The DNA is presented as a cylindrical projection, and 

the arrows indicate contacts in the major groove. The base contacts involve the 

guanine-rich strand of the binding site. 

Pabo, C .0., Sauer, R. T. (1992) Transcription factors: structural families . 

and principles of DNA recognition. Ann. Rev. Biochem. 61, p. 1072. 
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for this result. (1) Although the element responsible for the enhancer 

activity is mutated, the promoter of the gene still functions normally. (2) In 

this mutation, only the four center nucleotides in the G-rich motif were 

changed which resulted in an -45% reduction in CAT gene activity. It is 

possible that other nucleotides flanking the center sequences are also 

necessary for the enhancer function. Thus, Sp 1 may make extended contact 

with the G-rich motif (Fig. 19), such that changing the four nucleotides only 

partially disrupted the interaction b~tween the protein and the DNA. (3) 

There may be other regulatory element(s) within the distal homologous 

subregion. The 75% reduction of CAT activity observed when the entire 

distal homologous subregion was deleted (fig. 13), versus the small reduction 

when the first G-rich region was deleted, strongly supports this possibility. 

The failure to detect footprints in two out of three probes cannot exclude this 

possibility, particularly since only singly end-labeled probes were used. 

D. . Characterization of the Regulatory Element by Orientation 

Analysis. 

Enhancer elements are defined as sequences with the ability to 

enhance transcriptional.:'lctivity in either orientation. 1 To characterize the 

enhancer ability of the Q:rich region, the effect of its orientation on reporter 
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gene activity was studied. The result showed that there is no significant 

difference between the CAT activities of constructs with the· distal 

homologous region in the original or reversed orientation (p = 0 .1208). This 

indicates that the G-rich sequence and any other regulatory element in the 

distal homologous region can function in either orientation. As a matter of 

fact, the G-rich motif in the distal homologous subregion of the IRBP gene 

is organized in a way such that the GGGGTGGGG is in the lower strand, and 

the CCCCACCCC is in the upper strand. The G-rich motif in such an 

arrangement is considered an inverted Sp1-binding site.7 The orientation 

change of the native G-rich region merely restored its original orientation. 

Based on a series of deletional analyses (IV, A), DNA/protein binding 

analyses (IV, B), mutational analyses (IV, C) and orientation analysis (IV, D), 

a functional region necessary for high level expression of the IRBP gene in 

photoreceptor-derived RB cells is identified in the distal homologous 

subregion. This enhancer contains a functional G-rich motif that likely 

binds an Sp1-like protein between residues -1566 and -1538. Disruption of 

the core nucleotide sequence by mutating four key residues of this motif 

reduced the reporter gene activity by - 45%. In addition, this enhancer 

seems to function in either orientation. 

Although Sp1 sites have been considered constitutive promoter 

elements, a growing body of evidence indi~ates that they are involved in 
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higher level regulation of transcription. 20
• 

31
• 
76 The functional G-rich region 

identified is located about 1.5 kb upstream of the transcription start site. 

How might this element enhance gene transcription activity? It was 

previously observed that a distantly located site functions in synergy with 

the promoter proximally to strongly activate transcription in vivo. This 

synergism is likely due to the translocation of Sp1 to the promoter by DNA 

looping. It was demonstrated that Sp1 initially forms a tetramer and 

subsequently assembles multiple tetramers stacked in register at the DNA 

loop juncture. 59 

The results of the above studies, together with previous work, suggest 

a model for human IRBP gene regulation. This includes: 1) a proximal 

regulatory region that acts as a minimal promoter and determines 

photoreceptor-specificity; and 2) a distal regulatory region that acts as an 

enhancer to increase the level of expression. 

E. Cell Specificity Study of the Regulatory Element 

Some enhancers drive their associated gehes in many types of cells, 

whereas others, active in only a limited variety of cells, maintain a tissue

specific pattem of gene expression. 65 G-rich sequence and its binding protein 

Sp1 was originally reported to regulate the housekeeping genes, but recent 
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observations indicate that they may be important for the cell type-specific 

regulation of gene expression. 88 

To determine whether the identified enhancer is specific only in RB 

cell, the fragment containing the G-rich region was studied in other two non

photoreceptor-derived cell lines: Hela cells and K562 cells. In both cell lines, 

adding the DNA fragment from the distal homologous region containing the 

G-rich motif (IRBP enhancer) to the CAT reporter vector with SV40 promoter 

did not increase the CAT activity significantly. 

What are the possible explanations for these results? (1) To date, 

besides Sp1, thre~ distinctSp1-relatedproteins, designated as Sp2, Sp3 and 

Sp4, have been described and partly characterized. 19
•
28

"
30

•
56 As with Sp1, all 

three proteins share highly conserved DNA binding domains with three zinc 

fingers; they nevertheless show substantial differences in the fourth 

transactivation domain identified previous for Sp 1. 20 Like Sp 1, all three are 

expressed in a ubiquitous manner, although at clearly different levels from 

one tissue to another. Although all the family members recognize the GT and 

GC box, they might direct divergent regulatory effects on gene expression. 

In fact, although Sp1 was clearly shown to activate GC or GT box, Sp3 was 

shown to repress transcription or repress Sp1-mediated transcription.4
• 

29 

It is possible that the ratio of Sp3 to Sp1 in Hela or K562 cells is higher 

than that in RB cells. As the consequence of the competition between the 
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Spl and Sp3 for the Spl- related binding site, GT box may function as the 

enhancer in RB cells; but may not be as active in other cells. (2) When the 

DNA fragment containing the identified IRBP enhancer was inserted in the 

CAT reporter vector with the SV40 promoter, not only the G-rich motif, but 

also the nearby sequence was introduced into the recombinant construct. 

We cannot exclude the possibility that besides the G-rich motif, there may 

be some other potential elements which could confer their function in other 
• 

cells. These potential elements could be recognized by some transcription 

factor(s) that does not exist in the RB cells but might be in Hela or K562 

cells. The interaction between the potential elements and the unknown 

proteins may overcome the enhancer activity conferred by the G-rich motif 

and its binding protein Spl, and therefore decrease CAT activity. (3) The 

overall regulation of the transcription level of a gene in a specific cell line 

may be the results of the interactions among transcription factors, among 

cis-elements, and between the transcriptio_n factors and cis-elements. For 

example, it is possible that there are interactions among cis-elements in the 

distal and proximal homologous regions of the IRBP gene. These interactions 

are required for the enhancer activity and are absent when the proximal 

homologous region is replaced with the SV40 promoter. This complicated 

and sophisticated multi-diversion cross-talking process requires further 

exploration. 



90 

F. The Significance of Studies on the Regulation of the IRBP Gene 

and Future Directions 

The unique localization of IRBP to the sub-retinal space, its early and 

persistent expression during development and in adulthood, and the early

onset histological abnormalities in IRBP-null mice all strongly suggest that 

this protein is important for normal retinal function and development. 

Although IRBP is considered to be involved in many biological processes, 

especially in photoreceptor development, its exact function remains 

unknown. Studies of IRBP gene regulation may help to explore the role of 

this protein and the results of this study identifying a regulatory element in 

the IRBP gene may help in the following future studies. 

1. Studies of IRBP gene functions 

An important way to study specific gene functions is gene disruption 

in the mouse. This could be used to study the multiple functions of the 

IRBP gene. The widely used strategy for gene disruption involves deletion of 

part or all of the target gene together with concomitant insertion of a drug 

selection cassette (such as a neomycin resistance gene) to create definitive 

null alleles. By comparing the phenotypes of null mice with those of wild 

type mice, the specific function of the IRBP can be determined. By 
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examining the difference between null mice and the wild type mice during 

retinal development, the importance of IRBP in retinal development can be 

explored. However, transcription of the neomycin resistance gene sometimes 

interferes with expression of other genes located near the intended target 

and therefore may confound the interpretation of phenotypes from alleles 

designed to be simple knockouts. Moreover, disruption of the chromatin 

configuration by these combined insertion/ deletion manipulations could also 

cause varied effects.64 For the IRBP gene, a major unknown has been 

which genes are neighbors and what might be the frequency and severity of 

possible neighborhood phenotypic effects in the IRBP-knockout mice. One 

of the solutions to neighborhood uncertainty is to use a strategy which 

provides for simultaneous introduction of subtle mutations together with 

the elimination of all selection cassettes (such as the neomycin resistance 

gene). 31 An important issue here is the sequences which should be mutated. 

The sequences must play a critical role in the function of the gene. 

·Obviously, the identified regulatory element in the distal homologous region 

may be considered as a candidate for mutagenesis in future studies of 

multiple functions of IRBP in transgenic mice. 

2. Studies of the regulatory mechanism of the IRBP gene 

Early accumulation of IRBP mRNA was detected on embryonic day 
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11 and then rapidly increased around the perinatal stage (Fig. 3). Thus, 

IRBP may be important for retinal dtevelopment. What might be responsible 

for the stimulation of the IRBP transcription at this early stage? Since 

transcription of every gene is regulated by cis-regulatory elements and 

related trans-regulatory factors, it is possible that the identified regulatory 

element (G-rich motif) in the distal homologous subregion may play an 

important role in early expression of the IRBP gene. Based on the identified 

cis-regulatory element, further studies to identify trans-regulatory factors 

can be performed. Transcription factors in the RB cells that bind to the G

rich motif in the distal homologous region can be isolated with a method for 

affinity purification of sequence-specific DNA binding proteins.36 Since the 

G-rich region functions as an enhancer presumably through Sp 1-like protein 

binding, any factors that affect Spl-like protein levels and/or activities, 

such as cAMP, growth factors, cytokines, or other transcription proteins 

may potentially affect IRBP gene expression through the G-rich element. 

Because the IRBP gene may be important for retinal development, and Spl 

is likely related to IRBP expression, identification of the signals that 

modify Spl may help identify the factors which are related to retinal 

development. 
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3. Studies of some retinal diseases 

Vision impairment is one of the primary health problems in the world. 

Statistics, released by Research to Prevent Blindness, Inc. (New York), reveal 

that one in every three Americans is affected by some form of eye disease, 

that 90 million individuals suffer from potentially blinding eye diseases, and 

that seven million suffer directly from visual loss caused by retinal 

degeneration. 86 Retinal photoreceptors degenerate from inherited conditions 

such as retinitis pigmentosa or as a result of light damage or normal aging. 

It has been reported that IRBP levels are low in patients with retinitis 

pigmentosa.t'· 17
• 
67

• 
70 Recently, mutations have been identified in the IRBP 

allele of some patients with retinitis pigmentosa.60 The biological 

significance of one of the mutations has been demonstrated in: an in vitro 

analysis, in which the all-trans-retinol binding ability of IRBP was 

diminished by this mutation. 45
•

46 It is well established that, in addition to 

mutations in the coding region of the genes, mutations in the regulatory 

elements of genes are involved in various human diseases. 7• 
24

• 
61 

While the molecular defects that lead to most retinal degeneration are 

still unknown, it is possible that some of these degenerative conditions are 

related to mutations in the regulatory element of genes. It is also possible 

that some degenerative conditions in the retina are related to mutations in 

the regulatory element (such as the G-rich motif) of the IRBP gene. 
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Identification of the regulatory element(s) in the distal homologous region 

may help in the study of defects in the human retina. By using a probe 

with sequences near the G-rich motif and performing Southern blot 

analyses,71 one could detect potential deletional mutations in the distal 

regulatory element of the IRBP gene in patients with retinal disease. A 

deletional mutant restriction fragment is shorter than that of wild type, and 

a different mobility during electrophoresis can be detected after hybridization 

with a labeled probe. Potential point mutations in the G-rich motif involved 

in retinal disease can also be detected with single stranded conformational 

polymorphisms (SSCP). The SSCP method is based on the principle that 

single-stranded DNA, in a nondenaturing condition, has a folded structure 

that is determined by intramolecular interactions. A DNA molecule 

containing a mutation will have a different secondary structure than the 

wild type, resulting in a different mobility during electrophoresis than that 

of the wild type. 58 

It is possible, therefore, that studies of IRBP gene regulation may 

contribute to our understanding of some retinal diseases. Further 

understanding of these diseases is necessary .in order to develop new 

management and treatment protocols for patients with these diseases. 
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VI. SUMMARY 

IRBP is a retinoid and fatty-acid-binding protein synthesized in the 

photoreceptor cells and secreted into the interphotoreceptor matrix. The 

regulation of IRBP gene expression is crucial for the function of the IRBP 

gene during the visual cycle and retinal development. 

Previous work in this laboratory and others, using transgenic mice, 

has identified the regulatory region of the IRBP gene that is necessary for 

photoreceptor-specific transgene expression. Although a sequence within 

200 bp in the proximal homologous region is sufficient for photoreceptor

specific regulation, higher transgene activities are observed in mice 

harboring longer upstream sequences. A sequence comparison of 2 kb of 

the upstream region of the IRBP gene in diverse species revealed two 

homologous subregions: a proximal subregion within 300 bp of the 

transcriptional start site and a distal subregion between -1564 and -1244. 

We hypothesize that additional, possibly far-upstream elements located 

within the distal homologous subregion, may be important for IRBP gene 

regulation. 

To test our hypothesis, 5' end nested deletional analysis .m the 
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upstream region of the IRBP gene was conducted in transient transfection 

assays using a CAT reporter gene to initially localize the possible cis

elements. Deletional analysis was followed by in vitro DNA/protein binding 

analysis to define transcription factor binding sites. Site-directed 

mutagenesis studies were then performed on the identified protein binding 

site to examine the function of the element. The effect of the orientation of 

the element on the gene expression was examined to characterize the 

enhancer activity of the defined element. In addition, the identified element 

was studied in non-photoreceptor cell lines to deterine its cell specificity. 

The results of deletional analysis showed that CAT activity from the 

construct lacking the distal homologous subregion is -75% lower than that 

containing the entire distal. homologous region. The result of footprinting 

analysis indicated a putative Spl binding site around the G-rieb motif in 

the distal homologous subregion, which also could be bound by nuclear 

extract from RB cells. Mutational analysis by changing four key nucleotides 

of the G-rieb motif reduced reporter gene activity by - 45%. Changing the 

orientation of the distal homologous region did not affect reporter gene 

activity. This region may not function significantly in non-photoreceptor

derived cell lines. 

Our results suggest that there is a regulatory cis-element in the 

distal homologous subregion which is highly conserved in diverse species. 
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This element contains a: functional G-rich motif which is a likely Spl 

binding site and can function in either orientation. While the regulatory 

elements within the proximal homologous subregion are necessary for 

photoreceptor-specific IRBP gene expression, the identified G-rich 

regulatory element may be responsible for normal IRBP gene expression 

within the photoreceptors. 
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