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ABSTRACT  

 

Development of in vivo high throughput protein-

protein interaction assay system using  

FRET technology 

 

Myung-Hwa Kim  

 

Department of Medical Science  

The Graduate School, Yonsei University  

 

(Directed by Professor Man-Wook Hur )  

 

In the era of massive sequence information of genetic materials and proteins, 

development of fast and reliable method of studying protein-protein interaction 

is absolutely necessary. We developed a novel method that can overcome the 

limitations of the existing analytical methods. The new method adopted two 

existing systems for rapid and easy study of protein-protein interaction. To 

reduce time in cloning, we adopted Gateway system and developed novel 
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destination vectors which contain YFP N-terminus (YN) or YFP C-terminus 

(YC) to visualize protein-protein interactions in vivo at high-speed using 

bimolecular fluorescence complementation (BiFC) technology.  

The newly developed method was used to investigate molecular interactions 

among the POZ domain regulatory proteins. We analyzed amino acids sequence 

homology and phylogenic relationship of virtually entire human POZ domain 

proteins. We selected one subgroup which includes APM-1, FBI-1, and KL10 

protein for protein-protein interaction study. Through BiFC assay, we 

demonstrated that APM-1 POZ domain and FBI-1 POZ domain could form 

homodimer and form heterodimer with each other, but KL10 POZ domain could 

form a homodimer and heterodimer with other POZ domains weekly. We could 

confirm the molecular interactions by mammalian two-hybrid assay except 

homodimerization and heterodimerization of KL10 POZ domain. Because 

mammalian two-hybrid assay is difficult to detect week protein interactions, 

GST pull-down assay was carried out and the assay showed the direct molecular 

interaction among APM-1 POZ domain, FBI-1 POZ domain and KL10 POZ 

domain. These data suggest that our new high speed protein-protein interaction 

assay system is highly sensitive and efficient assay method. It may be a one of 

the most powerful tool to study protein-protein interactions in vivo. 
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Key words: protein-protein interaction, BTB/POZ domain, FRET technology, 

BiFC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 - 4 - 

Development of in vivo high throughput protein-

protein interaction assay system using  

FRET technology 

 

Myung-Hwa Kim  

 

Department of Medical Science  

The Graduate School, Yonsei University  

 

(Directed by Professor Man-Wook Hur )  

 

I. INTRODUCTION  

 

1. Protein-Protein Interaction and Regulation of Cellular Function 

The organelles, cells, tissues and organisms are composed of an extensive 

network of cascade and feedback mechanisms based on protein-protein 

interactions. Through protein-protein interactions, fundamental biological 

processes such as cell growth, cell cycle, metabolic pathways and signal 

transduction are regulated. Comprehensive determination of all protein-protein 

interactions that can take place in an organism provides a framework for 
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understanding biology as an integrated system and it can potentially be 

exploited for drug discovery and therapeutic purposes. Thus, in order to perform 

‘biochemistry in the cell’ it is imperative to eluciadate the spatio-temporal 

distributions and functional states of the constituent molecules. Moreover, 

creation of a protein–protein interaction map of the cell would be of immense 

value to understanding the biology of the cell1.  

 

2. Conventional Methods of Studying Protein-Protein Interactions  

To study in vitro and in vivo protein-protein interactions, traditional methods 

such as affinity chromatography, coimmunoprecipitation, phage display, two-

hybrid assays, GST-fusion protein pull-down, and immunohistochemistry 

methods were used. These methods have advantages but they also have 

disadvantages to study protein-protein interactions.  

Protein affinity chromatography  is based on a covalent coupling of 

proteins to a matrix such as sepharose under controlled conditions and used to 

select ligand proteins that bind and are retained from an appropriate extract. 

Most proteins pass through such columns or are readily washed off under low-

salt conditions; proteins that are retained can then be eluted by high-salt 

solutions, cofactors, chaotropic solvents, or sodium dodecyl sulfate (SDS). It is 

sensitive method to know interaction partner. However, it requires very pure 
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protein for a successful protein affinity chromatography and any interacting 

protein that is detected might be binding to a contaminant in the preparation2. 

Moreover, failure to detect an interacting protein can result from inactivation of 

the protein during coupling and potential problem derives from the very 

sensitivity of the technique. Since it detects interactions that are so weak, 

independent criteria must be used to establish that the interaction is 

physiologically relevant. Detection of a false-positive signal can arise for a 

number of other reasons3,4. For example, the protein may bind the test protein 

because of charge interactions. The proteins may interact through a second 

protein that interacts with the test protein; although interesting in itself, the 

interaction may not be direct. Also, the proteins may interact with high 

specificity even though they never encounter one another in the cell2.  

Coimmunoprecipitation is a simple classical method of detecting protein-

protein interactions. Cell lysates are generated, antibody is added, the antigen is 

precipitated and washed, and bound proteins are eluted and analyzed. Although 

it has been used in literally thousands of experiments, immunoprecipitation has 

several difficulties. First, pure and specific antibodies are needed and it can be 

recognize natural form protein structures. Second, coimmunoprecipitating 

proteins can be interact indirectly, since they can be part of larger complexes. 

Third, the most difficulty is determining that the interaction takes place in the 
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cell and not as a consequence of cell lysis2. 

Phage display is a method using bacteriophage particles which are made to 

express either a peptide or protein of interest fused to a capsid or coat protein5. 

The advantage of this technology is that large phage libraries can be constructed 

(up to 109 to 1010 complexity) and the affinity purification step can be carried 

out at very high concentrations of phage6. The direct coupling of the fusion 

protein to its gene in a single phage allows the immediate availability of 

sequence5. But phage display method has the size limitation of protein sequence 

for polyvalent display, the requirement for proteins to be secreted from E. coli, 

and the use of a bacterial host which may preclude the correct folding or 

modification of some proteins. If an interaction is likely to be mediated by 

posttranslational modifications that occur only in eukaryotes, phage display is 

not likely to be useful. All phage-encoded proteins are fusion proteins, which 

may limit the activity or accessibility for binding of some proteins. In addition, 

since the bindings are detected in vitro, the same results may not be obtained 

from in vivo study2,7.  

Yeast and mammalian two-hybrid system is a genetic method that uses 

transcriptional activity as a measure of protein-protein interaction8-10. It relies on 

the modular nature of many site-specific transcriptional activators, which 

consist of a DNA-binding domain and a transcriptional activation domain11-13. It 
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can be used to detect interactions between candidate proteins whose genes are 

available by constructing the appropriate hybrids and testing for reporter gene 

activity14,15. Two hybrid system is generally performed in yeast and mammalian 

cells. Most significantly, the two-hybrid system can be used to screen libraries 

of activation domain hybrids to identify proteins that bind to a protein of 

interest. It is highly sensitive and detecting interactions that are not detected by 

other methods14,16, and complex molecular protein-protein interaction networks 

have been elucidated in yeast17, C.elegance18, drosphila melanogaster19 and 

human20. Nevertheless these advantages of two-hybrid system, it is limited to 

proteins that can be localized to the nucleus, which may prevent its use with 

certain extracellular proteins. Also proteins must be able to fold and exist stably 

in yeast cells and to retain activity as fusion proteins. The use of protein fusions 

also means that the site of interaction may be occluded by one of the 

transcription factor domains and interactions dependent on a posttranslational 

modification that does not occur in yeast cells will not be detected. Many 

proteins, including those not normally involved in transcription, will activate 

transcription when fused to a DNA-binding domain21 and this activation 

prevents a library screen from being performed. If a protein interacts 

simultaneously with multiple partners in a complex fashion, yeast two hybrid 

assay may not have a great value. In addition, many of protein-protein 
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interaction cannot be detected if the protein interaction doesn’t result in 

increased transcription of nutrient marker or reporter gene expression22,23. 

Mammalian two-hybrid assay has a major advantage over the yeast version in 

that one can study interactions between mammalian proteins that may not fold 

correctly in yeast or that require post-translational modification or external 

stimulation that are not present in yeast. But, it has difficulty to detect weak 

interactions.  

Immunohistochemistry is a method of detecting the presence and 

localization of specific proteins in cells or tissues by the use of labeled 

antibodies as specific reagents through antigen-antibody interactions that are 

visualized by a marker such as fluorescent dyes24,25, enzymes such as 

peroxidase26 and alkaline phosphatase27, radioactive element or colloidal gold 28. 

Since immunohistochemistry involves specific antigen-antibody reaction, it has 

advantage over traditionally used special and enzyme staining techniques that 

identify only a limited number of proteins, enzymes and tissue structures. 

Because of immunohistochemistry undergoes several sample preparation 

process, samples can be effected during these step. For example, during 

formalin-fixation or paraffin-embeding, it has suffered the effect of the 

formaldehyde fixation and may have been modified in its constitution or its 

conformation. Therefore, the conformation of antigen protein cannot be 
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considered intact and it present just localization of proteins29. 

GST pull-down assays can be detecte the interaction of probe protein and a 

target protein, which relies on the ability of glutathione agarose beads to 

precipitate GST pull-downs can be initiated prior to the availability of 

antibodies to the protein of interest, or when antibodies have been found to 

interfere with protein-protein interactions30. To use GST-fusion protein pull-

down for protein-protein interaction study, many steps required such as gene 

cloning, bacteria expression, purification, binding buffer condition optimization 

and to analyze interaction results, another methods are required such as SDS-

polyacrylamide gel electgrophoresis (PAGE), autoradiography and western 

blotting. Proteins expressed in bacteria may not have a native protein structure 

and it is not easy to express. The most difficult is the ability to synthesize the 

fusion protein without undue degradation and insolubility. Therefore, protein 

monitoring is requried during after purification and before use. Also, buffer 

condition is important in which the interactions will take place. The protein 

binding can be affected by used buffer2. 

 

3. New Strategy to Study Protein-Protein Interacation at High Speed 

Virtually, mapping all possible protein-protein interactions are using existing 

methods are actually impossible because of the following limitations as 
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described above, such as massive time required in cloning, lack of antibodies, 

contamination during lysis for assay, high cost and requirement of significant 

amount of biological materials. To overcome these technical limitations of 

existing methods, we designed and developed a novel high speed protein-

protein interaction assay method by adopting Gateway system and BiFC 

approach.  

Gateway system was adopted in order to subclone various assay constructs 

rapidly, conveniently and high-throughput construction of many genes without 

using restriction endonucleases and ligases. It uses the lambda recombination 

system to acilitate transfer of heterologous DNA sequences (flanked by 

modified att sites) between vectors31. Proteins Lambda recombination is 

catalyzed by a mixture of enzymes that bind to specific sequences (att sites), 

bring together the target sites, cleave them, and covalently attach the DNA. 

Recombination occurs following two pairs of strand exchanges and ligation of 

the DNAs in a novel form. The recombination proteins involved in the reaction 

differ depending upon whether lambda utilizes the lytic or lysogenic pathway. 

The lysogenic pathway is catalyzed by the bacteriophage λ integrase (Int) and E. 

colii integration host factor (IHF) proteins (BP clonase™ enzyme mix) while 

the lytic pathway is catalyzed by the bacteriophage λ Int and excisionase (Xis) 

proteins, and the E. coli integration host factor (IHF) protein (LR clonase™ 



 - 12 - 

enzyme mix)32,33. Two recombination reactions constitute the basis of the 

Gateway technology. BP reaction facilitates recombination of an attB substrate 

(attB-PCR product or a linearized attB expression clone) with an attP substrate 

(donor vector) to create an attL-containing entry clone (see diagram below). 

This reaction is catalyzed by BP clonase™ enzyme mix.  

 

LR reaction facilitates recombination of an attL substrate (entry clone) with 

an attR substrate (destination vector) to create an attB-containing expression 

clone (see diagram on the next page). This reaction is catalyzed by LR 

clonase™ enzyme mix.  

 

Through the Gateway system in cloning, we can achieve massive, rapid high 

throughput cloning without using restriction enzymes. Furthermore, entry 
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clones are powerful tool because it can be transferred to various destination 

vectors for protein expression and functional analysis while maintiaining 

orientation and reading frame (see diagram below). 

 

 

 

 

 

 

 

 

 

 

Fluorescence resonance energy transfer (FRET) thechnology was adopted 

to visualize protein-protein interactions in living cells. Until recently, molecular 

and cellular biologists have had to address the question of specific protein-

protein interactions using chemical cross-linking agents and antibodies. The 

techniques such as immunoprecipitation or affinity chromatography do not 

preserve the physiological conditions under which proteins may normally 
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interact in the cell. In addition, these approaches do not provide information on 

the spatial distribution of the interacting proteins. Immunocytochemical 

colocalization, while providing indirect evidence of the presence of two 

particular proteins within the same cellular compartment, fails to confirm 

wether the suspected components actually interact directly. FRET can be 

measured to address such questions of specificity in intact cells 34. Fluorescence 

microscopy is ideally suited to study protein-protein interactions because it 

generates contrast by exploiting the many manifestations of light emission: 

sensitivity, selectivity and modulation via reactions in the ground and excited 

electronic states. FRET is a nonradiative, dipole-dipole coupling process 

whereby energy from an excited donor fluorophore is transferred to an acceptor 

fluorophore in close proximity (typically within 10nm). Excitation of the donor 

will thus produce sensitized emission from the acceptor that ordinarily would 

not occur in the absence of FRET. If proteins are fused to genetically encoded 

GFP variant or chemically modified by covalent attachment of synthetic 

fluorophores with appropriate characteristics to allow visualization of donor-

acceptor interactions35,36, then the molecular interaction of the proteins in 

question can be inferred by FRET between the fluorophores. GFP was found to 

produce bright fluorescence when fused to other proteins and when expressed in 

a variety of cells and tissues from different species. This finding opened up the 
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possibility of following the distribution and dynamics of chimeric proteins in 

their physiological context, and consequently found broad application in the life 

sciences. Extensive mutagenesis gave rise to variants exhibiting different colors 

and improved brightness; enhanced blue (BFP), cyan (CFP), green (GFP), and 

yellow (YFP)37. 

 The BiFC approach is a sort of FRET technology, it based on the 

formation of a fluorescent complex by fragments of the blue (BFP), cyan (CFP), 

green (GFP), and yellow (YFP) fluorescent protein38. Since no extrinsic 

fluorophores or prosthetic groups are required for fluorescence, BiFC can be 

performed with minimal perturbation in virtually any cell that can be genetically 

modified to express the fusion proteins. In this study, two potential interacting 

proteins are fused to NH2-
 and COOH-terminal half-molecules of YFP, 

respectively. If the transfected proteins interact, YFP may be reconstituted38,39. 

The subsequent association of the fragments of the fluorescent protein stabilizes 

the complex and enables detection of weak and transient interactions. The BiFC 

approach enables determination of the subcellular sites of protein interactions 

under conditions that closely correspond to their normal cellular environment39. 

The high sensitivity of the BiFC assay and the low background fluorescence of 

cells enable analysis of protein interactions at concentrations approximating 

their normal levels of expression. BiFC analysis allows detection of interactions 
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involving only a subpopulation of a particular protein. This is significant since 

most proteins have multiple interaction partners, and it is likely that only a 

fraction of the proteins interact with a particular partner at any one time. The 

BiFC assay does not require structural information about the interaction 

interface and has proved to be applicable for the analysis of interactions 

involving a variety of proteins.  

 

4. The BTB/POZ domain Class Regulatory Proteins  

The BTB domain (also known as the POZ domain) was originally 

identified as a conserved motif present in the Drosophila melanogaster bric-à-

brac, tramtrack and broad complex transcription regulators and in many pox 

virus zinc finger proteins40-43. The BTB/POZ domain is an evolutionarily 

conserved protein-protein interaction domain that is found at the N-terminus of 

many C2H2-type zinc finger transcription factors and in some actin binding 

proteins having a kelch motif41,44,45. A variety of functional roles have been 

identified for the domain, including transcription repression46,47, cytoskeleton 

regulation48-50, tetramerization and gating of ion channels51,52 and protein 

ubiquitination/degradation53-58. In most of these functional classes, the BTB 

domain acts as a protein-protein interaction module that is able to both self-

associate and interact with non-BTB proteins. In at least some of the BTB 
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transcription factors, BTB dimers are required for interaction with co-repressor 

peptides, and possibly for higher order self-association59-62. Heteromeric BTB-

BTB associations have been described between certain pairs of BTB domains 

from this family, including PLZF and Fanconi anemia zinc finger (FAZF)63, and 

between BCL6 and BCL6 associated zinc finger (BAZF)64. Heteromer 

formation in BTB transcription factors may be a mechanism for targeting these 

proteins to particular regulatory elements by combining different chain-

associated DNA binding domains in order to generate distinct DNA recognition 

specificities65, as seen in retinoic acid receptor/retinoid X receptor transcription 

factors66.  

In addition to the architectural roles resulting from BTB-BTB associations, 

many BTB domains in this family interact with non-BTB proteins, and this 

effect is central to their function in transcriptional regulation. For example, 

BCL6 is able to associate directly with nuclear co-repressor proteins such as 

nuclear co-repressor (NCoR), silencing mediator for retinoid and thyroid 

hormone receptors (SMRT) and mSin3a46,67-72. A 17 residue region of the SMRT 

co-repressor binds directly with the BCL6 BTB domain in a 2:2 stoichiometric 

ratio in a complex that requires a BCL6 BTB dimer46. Recently, BTB proteins 

have been identified in screens for interaction partners of the Cullin (Cul)3 

Skp1-Cullin-F-box (SCF)-like E3 ubiquitin ligase complex, with the BTB 
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domain mediating recruitment of the substrate recognition modules to the Cul3 

component of the SCF-like complex73-75. As there are 190 BTB proteins in the 

human database49, this discovery greatly expands the number of potential E3 

ubiquitin ligases that may recognize a specific substrate. 

Although POZ domain proteins were known to interact each other as 

described above, partnerships and functions of most of POZ domain proteins  

are unknown. In the evolutionary view, if two molecules have a similar 

sequences, they have possiblility to have a similar 3D structure and biological 

function because of similar physical and chemical properties. For these resonse, 

we made phylogenetic tree of POZ domain. Through phyrogenic tree, we could 

know evolutionary similarity of proteins and it can be used predition of 

interaction partnerships. To construct phylogenic tree, we collected human POZ 

domain sequences from Dr. Prive laboratory homepage and performed multiple 

alignment of amino acid sequences of POZ domains using ClustalW program76. 

Clustal series of programs are widely used in molecular biology for the multiple 

alignment of both nucleic acid and protein sequences and for proparing 

phylogenetic trees. Based on the multiple alignment results, we made a 

phylogenetic tree of POZ domains using neighbor-joining method77 to analyze 

similarity of POZ domains. Neighbor-Joining is a method for reconstructing 

phylognies from a set of distances between each pair of sequences by successive 
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clustering. It can reconstruct trees with additive edge lengths without making 

the assumption that the divergence of the sequences occurs at the same constant 

rate at all points in the tree. We selected highly homologous POZ domain 

subgroup (APM-1, FBI-1, and KL10) for validation of high speed FRET 

protein-protein interaction assay that we developed.  

APM-1 (affected by papollomavirus DNA intergration in ME 180 cells) gene 

has been identified as a potential candidate tumor suppressor candidate gene 

located on chromosome 18q2150. APM-1 is co-transcribed with the HPV68 E6 

and E7 genes and is present in the 39-cellular part of the ME180 viral–cellular 

fusion transcripts. APM-1 transcripts are detected in normal cervical 

keratinocytes, but not in the majority of cervical carcinoma cell lines analysed. 

In our findings, APM-1 is normally expressed brain, heart, liver, muscle, kidney, 

brown adipotissue, white adipotissue in FVB mouse (Unpublished data). The 

APM-1 gene caused a reduction of clonal cell growth of HeLa and CaSki 

tumour cells. These characteristics make APM-1, the first novel human gene 

identified in a HPV integration region, a likely candidate for the postulated 

tumour suppressor gene.  

 FBI-1 (factor that binds to the inducer of short transcripts of human 

immunodeficiency virus-1), which stands for POK erythroid myeloid ontogenic 

factor (also known as POKEMON, LRF, OCZF) was originally identified as a 
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protein that binds specifically to a HIV type 1 promoter element78. It stimulates 

Tat (transactivator of transcription) activity on the human immunodeficiency 

virus-1 long terminal repeat79 and it was subsequently cloned as a homologue of 

PLZF (promyelocytic leukemia zinc finger) that can physically interact with 

BCL680. FBI-1 is a ubiquitous transcription factor and related to adipogenesis 

through influencing the switch from cellular proliferaction to terminal 

differentiation. FBI-1 also and represses human ADH5/FDH gene expression by 

interacting with Sp1 zinc fingers85. FBI-1 is critical for oncogenic 

transformation of MEFs and is able to act as a proto-oncogene in cooperation 

with other classic oncogenes. LRF inactivation in mouse resulted in embryonic 

lethality due to severe anemia and profoundly impaired cellular differentiation 

in multiple tissues1. The Rat homologue was also identified as a key protein 

involved in osteoclast differentiation81. Since POZ domain protein family acts as 

substrate-specific adaptors of Cullin3-based E3 ubiquitin ligase complexes, they 

plays a role in substrate targeting of cullin-based E3 ligase complexes82. 

Therefore FBI-1 may be able to regulate targets or pathways through protein 

ubiquitination. Whereas >40 POK proteins have been identified in human, little 

is known about the "functional crosstalk" among these proteins.  

KL10 (also known as KLHL10) is a testis-specific gene encoding a protein 

containing a BTB/POZ domain and six kelch repeats, which mouse KL10 was 
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named kelch homolog 10 (KLHL10). KL10 displays high evolutionary 

conservation in mammals, as evidenced by 98.7% amino acid identity between 

mouse and human KLHL10. KLHL10 is exclusively expressed in the cytoplasm 

of elongating and elongated spermatids (steps 9-16). Whereas low-percentage 

male chimeras only produce C57BL/6J offspring, high-percentage chimeric and 

heterozygous males were completely infertile because of disrupted 

spermiogenesis characterized by asynchronous spermatid maturation, 

degeneration of late spermatids, sloughing of postmeiotic germ cells from the 

seminiferous epithelium, and marked reduction in the numbers of late 

spermatids. These data demonstrate that, both alleles of Klhl10 are required for 

male fertility and that haploinsufficiency caused by a mutation in one allele of 

Klhl10 prevents genetic transmission of both mutant and WT alleles83. KLHL10, 

like other BTB/kelch proteins, interacts with CUL3 to form a CUL3-based 

ubiquitin E3 ligase that functions specifically in the testis to mediate protein 

ubiquitination during spermiogenesis84. 

Although POZ domain proteins were shown to interact each other in a few 

cases, interactions among most of POZ domain proteins, their partnerships and 

their functions are unknown. To understand protein-protein interactions, 

especially analysis and understanding of interactions among POZ domains are 

very important to study biological fuctions which carried out by POZ domain 
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proteins. In this study, we designed and constructed novel destination vectors 

for convenient high-throughput cloning and protein-protein interaction among 

POZ domain phyloginetic tree of human POZ domains. Based on phyrogenetic 

tree, we built, we selected one subgroup contain FBI-1 and examined molecular 

interactions among APM-1, FBI-1 and KL10 POZ domains by new high-speed 

protein-protein interaction assay system.  
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II. MATERIALS AND METHODS  
 
1. Construction of plasmid vectors  

The DNA fragment which includes nuclear localization signal (NLS: a.a 

PPKKRKV) at N-terminal, reading frame A (Invitorgen), attR sites, flag tag (a.a 

YPYDVPDYA), YFP N-terminus (YN, a.a.155-238) fragment are inserted into 

pcDNA 3 (Invitrogen) using XhoI/ApaI. We named this particular plasmid as 

DEST-YN. For construction of DEST-YC, the fragment which have nuclear 

localization signal at N-terminal, reading frame A (Invitorgen), attR sites, YFP 

C-terminus (YC, a.a 1-154) fragment, HA tag (a.a DYFLDDDK) at C-terminal 

was inserted into pcDNA 3 (Invitrogen) using HindIII/XbaI. YN and YC 

cDNAs were kindly provided by Dr. Kerppola (University of Michigan, USA). 

To create mammalian expression clones, BP reaction and LR reaction of 

Gateway system were performed according to manufacturer using BP clonaseTM 

Enzyme Mix II and LR clonaseTM Enzyme Mix II (Invitrogen). Through BP and 

LR recombination, APM-1 POZ (a.a 124), FBI-1 POZ (a.a 129) and KL10 POZ 

(a.a 134) expression clones are created. Oligonucleotide sequences used for 

preparation of POZ domain expression plasmids were listed in Table 1. These 

plasmids were used to investigate and visualize homodimerization and 

heterodimerization among POZ domains of APM-1, FBI-1, KL10.  

For mammalian two-hyrid assay, expression plasmids for the Gal4-fused 
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APM-1 POZ (EcoRI/BamHI (a.a 124)), FBI-1 POZ (a.a 129) and KL10 POZ 

(EcoRV/BamHI (a.a 134)) and VP16- fused APM-1 POZ (EcoRI/NheI (a.a 

124)), FBI-1 POZ (a.a 129) and KL10 POZ (BamHI/NheI (a.a 134)) domain 

were cloned into a pCMX-Gal4 (Sadowski and Ptashne, 1989) or pCMX-VP16 

fusion expression plasmid. pCMX-Gal4 FBI-1 POZ and pCMX-VP16 FBI-1 

POZ were reported elsewhere85. Used oligonucleotide sequences for cloning are 

listed in Table 2. 

GST APM-1 POZ (BamHI / SalI) and GST KL10 POZ (BamHI / SalI) were 

cloned into pGEX4T1 (Amersham Biosciences, Piscataway, NJ, USA) 

expression vectors. pGEX4T3- FBI-1POZ plasmids were reported elsewhere85. 

All plasmid constructs were verified by sequencing and oligonucleotide 

sequences used in amplification of cDNA and cloning are listed in Table 2. 

 In this study, we used mouse homologus genes of human APM-1, FBI-1, 

KL10 POZ domain (APM-1 homolog POZ, LRF (leukemia/lymphoma-related 

factor (ortholog of human FBI-1) POZ and KLHL10 (kelch homolog 10) POZ 

domain) to investigate interactions among POZ domains. APM-1 POZ and 

APM-1 homolog POZ domain have 98.5% homology (Amino acids of human 

APM-1 (GenBankTM number AK045522) and mouse APM-1 homolog protein 

(GenBankTM number Y14591) were alignmented by MacVector 7.2 ClustalW 

alignment program (Accelrys, San Diego, CA, USA). Perfect match between 
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FBI-1 POZ domain and LRF POZ domain was reported previous paper85. Also, 

KL10 POZ and KLHL10 POZ have just 3 different amino acids (similarity is 

98.5%)83. 
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Table 1. Oligonucleotide sequences used for preparation of POZ domain 

expression clone plasmids 

Name of Oligonucleotide Oligoncleotied sequence 

mAPM-1 POZ domain expression clone sense 5’GGGACAAGTTTGTACAAAAAAGCAGGCTCTGA

CAATGACATTGATGAG 3’ 

                              antisense 5’GGGGACCACTTTGTACAAGAAAGCTGGGTCGC

CTCCGGGCTCCATGAT 3’ 

LRF POZ domain expression clone   sense 5’GGGGACAAGTTTGTACAAAAAAGCAGGCTCTG

CCGGCGGCGTGGACGGC 3’ 

                              antisense 5’GGGGACCACTTTGTACAAGAAAGCTGGGTCCT

GCCGGTCCAGGAG 3’ 

KLHL10 POZ domain expression clone sense 5’GGGGACAAGTTTGTACAAAAAAGCAGGCTCTG

AGAGCACCGC 3’ 

                              antisense 5’GGGGACCACTTTGTACAAGAAAGCTGGGTCAC

ACAGCTCCGACTTGAG 3’ 
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Table 2. Oligonucleotide sequences used for preparation of Gal4-fused, 

VP16-fused and GST-fused POZ 

 Name of Oligonucleotide  Oligoncleotied sequence 

GAL4  mAPM-1 POZ domain  sense 5’GGATCGAATTCGCCAATGACATTGATGAGCTG 3’ 

antisense  5’GATCGGATCCTAGGGCTCCGGGCTCCATGAT 3’  

VP16 APM-1 homolog POZ  sense 5’GATCGGATCCGCCAATGACATTGATGAG 3’  

antisense 5’GATCGATAGCTAGGCCTCCGGGCTCCATGAT 3’  

GAL4 KLHL10 POZ sense 5’GATCGATATCGAGAGCACCGCTGCCTCC 3’  

antisense 5’GATCGGATCCTAGACACAGCTCCGACTTGAG 3’  

VP16 KLHL10 POZ sense 5’GATCGGATCCGAGAGAGCACCGCTGCCTCC 3’ 

antisense 5’GATCGCTAGCTAGACACAGCTCCGACTTGAG 3’ 

pGEX4T1 mAPM-1 POZ domain sense 5’GATCGGATCCACCATGGCCAATGACATTGATGAGCTG 3’ 

antisense GATCGTCGACGCCTCCGGGCTCCATGATCTC 3’ 

pGEX4T1 KLHL10 POZ domain sense GATCGGATCCACCATGGAGATGGAGAGCACCGCTGCC 3’ 

antisense 5’GATCGTCGACACACAGCTCCGACTTGAGGAA 3’ 
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2. Selection of entry colne and expression clone 

Because the donor vector and the destination vectors contain a toxic ccdB 

gene which inhibit growth in some bacteria strain such as DH5  and TOP10 , a 

competent E. coli DB3.1™ (Invitrogen, Carlsbad, CA, USA) was used for 

preparation of donor vector and destination vectors. After BP reaction, total 

reactant was transformated using E. coli DB3.1. After transformation, the cell 

solution was diluted with LB medium incubated at 37°C for 1hr. And then, it 

was spreaded on the LB agar plates containing 50 µg/ml of kanamycin (Km) 

and incubated for 16 hrs at 37°C. After BP reaction, entry clones were selected 

by growth test using LB agar broth containing 50 µg/ml of Km and LB agar 

plate containing 170 µl/ml of Cm. Colonies were selected for LR reaction which 

growed only in Km plate. For construction of the destination vectors, LR 

reaction was carried out as described above except transformed cells were 

spread onto the LB broth containing 50 µg/ml of ampicillin (Amp) and the LB 

plate containing 170 µl/ml of Cm. After LR reaction, expression clones do not 

have a ccdB gene, E. coli DH5α competent cells was used to transformation 

according to the supplier’s instruction. Expression clones were selected by 

growth test was performed as described above except using LB agar broth 

containing 50 µg/ml of Amp and LB agar plate containing 170 µl/ml of Cm. All 

plasmid constructs were verified by sequencing. 
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3. Analysis of amino acid sequences homology of human BTB/POZ domain 

proteins 

POZ domain amino acid sequences were obtained from Dr. Prive’s BTB 

domain database (http://xtal.uhnres.utoronto.ca/prive/btb.html) and multiple 

aligned by MacVector 7.2 ClustalW alignment program (Accelrys, San Diego, 

CA, USA). The multiple alignment results were used to construct phylogenetic 

tree form based on distances between each pair of sequences by successive 

clustering. Divergence of each base pair or evolutionary distance from multiple 

alignment results were calculated and made phyrogenic tree using Neighbor-

Joining method. Evolutionary distances were calculated by uncorrected p-

distance. 
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4. Cell culture and imaging of fluorescence in living cells 

African green monkey kidney cells (CV-1) and human kidney cells (293A) 

were maintained in Dulbecco's Modified Eagle medium (DMEM) supplemented 

with 10% fetal bovine serum (FBS) and antibiotics at 37°C in 5% CO2. Cells 

were co-transfected with a total of 1.2 µg of YN and YC fusion protein 

expression plasmids DNA (0.6 µg of POZ-YC plasmid, 0.6 µg of POZ-YN 

plasmid) using Lipofectamine PlusTM reagent (Invitrogen, Carlsbad, CA, USA). 

After 24 hrs, medium was removed and washed with OPTI-MEM (Inviatrogen). 

Fluorescence (YFP) and DIC images were collected by Carl Zwiss LSD 510 

confocal microscope (Carl Zwiss, Deutschland, Germany).  
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5. Mammalian two-hybrid reporter assays 

African green monkey kidney cells (CV-1) and human kidney cells (293A) 

were grown in Dulbecco's Modified Eagle's medium (DMEM) supplemented 

with 10% fetal bovine serum, 100 units/ml of streptomycin, and 100 units/ml of 

penicillin (Invitrogen, Carlsbad, CA, USA). The cells were inoculated to 6-well 

tissue culture plates, at a density of 1x 105 cells/well in 2 ml of DMEM. After 

the cells had grown for 24 hrs, they were transiently transfected with the Gal4 

fused POZ domains expression plasmid (0.4㎍), the VP16 fused  POZ domains 

plasmid (0.4㎍), pG5 luciferase reporter plasmind (0.2㎍) and -Galreporter 

plasmid (0.2㎍), using Lipofectamine Plus TM reagent (Invitrogen) in OPTI-

MEM (Invitrogen), according to the manufacturer's recommendations. After 3 

hrs, the cells were supplied with fresh, complete DMEM, and allowed to grow 

for additional 24 hrs. The cells were then harvested and lysed in 100 µl of 1x 

reporter lysis buffer (Promega, Madison, WI, USA), vortexed for 1 min, 

incubated for 15min in ice, and then centrifuged at 12,000 rpm for 15 min at 

4°C. The luciferase reporter assays were performed with 5 µl of cell extracts, 

using 50 µl of luciferase assay reagent (Promega) on a luminometer (Microplate 

Luminometer LB 96V, EG&G Berthold, CA, USA). Luciferase activities were 

normalized to β-galactosidase activity. The assays were repeated at least three 

times. 
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6. In vitro protein-protein interaction assay 

pGEX4T1 APM-1 POZ, pGEX4T3 FBI-1 POZ, and pGEX4T1 KLHL-10 

POZ expression plasmids were prepared as described in plasmid section of 

material and methods. The plasmids were transformed into E.coli BL21 (DE 3). 

To prepare recombinant GST-fusion proteins, E.coli BL21 was induced to 

express the proteins (incubation for 4 hrs with 0.5 mM isopropyl-1-thio-β-D-

galactopyranoside at 37°C). The cells are harvested by centrifugation. The 

harvested cell were resuspended in HEMG buffer (40 mM HEPES (pH7.9), 100 

mM KCl, 0.2 mM EDTA, 5 mM MgCl2, 0.1% Nonidet P-40, 10% Glycerol, 1.5 

mM dithioreitol and 1 tablet/50 ml of a protease inhibitor mixture (Roche, 

Mannheim, Germany)) and lysised by sonication (cycle: 0.5, amplitude: 50% 

(Dr. Hielscher GmbH /UP 400s, Teltow, Germany)) 4 times. Sonicated lysates 

were centrifuged at 13,000 rpm at 4°C for 15 min and save the supernatant. The 

supernatants were applied to glutathione-agarose 4B bead affinity column 

(Peptron, Daejeon, Korea) and flow-through was re-applied 2 times to the 

glutathione-agarose 4B column. Agarose-bound GST or GST fusion protein was 

washed 5 times with cold HEMG buffer, collected by centrifugation at 3,000 

rpm at 4°C for 1 min. And then, agarose-bound GST protein was incubated with 

[35S] methionine-labeled POZ domains in HEMG buffer overnight at 4°C with 

shaking. The [35S] methionine-labeled POZ domains were prepared using the 
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TNT Quick-coupled Transcripton/Translation System. After the agarose-protein 

complex was washed five times with 1 ml of cold HEMG buffer, the bound 

proteins were resolved by 15% SDS-PAGE. The gels were dried (Hoefer 

Scientific Instruments, San Fransisco, CA, USA) and exposed to X-ray film on 

image-intensifying screen (Kodak, Pochester, NY, USA). 
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7. Western blot assays 

Transfected cells were harvested after 24 hrs , washed twice with cold 1x 

PBS and collected by centrifuge (Eppendorf 5415R, Hamburg, Germany) at 

2,000 rpm for 1 min at 4°C. After removing the` supernatant, 100㎕of 1x PBS 

(1 mM PMSF, 0.2 mM EDTA) was added. The whole cell lysates obtained by 

sonication (cycle: 0.3, amplitude: 50% (Dr. Hielscher GmbH /UP 400s, Teltow, 

Germany)) for 15 sec. The lysates were separated on a 15% SDS-

polyacrylamide gel and transferred to a Immun-BlotTM PVDF Membrane (Bio-

Rad Laboratories, Hercules, CA, USA). The membranes were blocked  in 

TBST buffer (20 mM Tris (pH7.6), 137 mM NaCl, and 0.05% Tween 20) 

containing 5% nonfat dry milk for 1 hr at room temperature and then incubated 

overnight at 4°C in 0.5% nonfat dry milk containing anti-HA antibody (Santa 

Cruz Biotechnology Inc, Santa Cruz, CA, USA (1:1000)) or anti-Flag antibody 

(Sigma, Saint Louis, Missouri, USA (1:5000)). The membrane was washed 4 

times with TBST buffer at room temperature with shaking and incubated with 

horseradish peroxidase-conjugated anti-mouse secondary antibody (Santa Cruz 

Biotechnology Inc (1:2000)). After 1 hr, the blot was washed 6 times with 

TBST buffer at room temperature with shaking and developed with ECL 

reagents (Amersham Biosciences). ECL reaction was detected using RAS-3000 

(Fujifilm, Valhalla, NY, USA). 
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III. RESULTS  

 

1. Development of novel destination plasmid vectors 

After Human genome project, there is an increasing requirement about rapid 

cloning and protein-protein interaction study in intact cells to study function of 

genes. Because of limitations of existing methods, rapid study of massive 

protein-protein interactions in vivo is practically impossible. We developed new 

method to study large amount of protein-protein interactions. Our new method 

is based on Gateway system and FRET technology. It is suitable for high speed 

direct protein-protein interaction study in living cells. 

Gateway system was adopted for massive and high-throughoutput cloning 

and created novel destination vectors to visualization of direct protein-protein 

interactions (Fig. 1). It uses in vitro sequence specific recombination using 

integrase-exocisionase and site specific attachment (att) system of 

bacteriophage and gives higher efficiency of cloning genes of interest. 

 Bimolecular fluorescence complementation (BiFC) technique was used for 

visualization of protein–protein interactions in living cells. Complementation of 

YN and YC by specific interaction exerts fluorescence at specific wavelength 

and makes it possible to visualize molecular interactions in living cells. Because 

of many of POZ domain proteins are involved in transcriptional regulations, we 

inserted nuclear localization signal in destination vectors. To enable BiFC 
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analysis in aminal cells, we created novel destination vectors which have YN 

(DEST-YN) or YC (DEST-YC) fragment. They enable protein interaction 

studies in transiently or stably transformed cells. 
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Figure 1. The structure of novel destination plasmid vectors constructed 

for rapid cloning and visualization of direct protein-protein interaction in 

living cells. (A) YN (YFP N-terminus fragment, a.a 1-154) destination vector. 

(B) YC (YFP C-terminus fragment, a.a 155-238) destination plasmid vector. 

DEST-YN and DEST-YC are commonly have nuclear localization signal, attR 

sites, readingframe A (which include ccdB gene and chlormaphenicol resistant 

gene (Invitrogen)). DEST-YN and DEST-YC have a flag or HA tagging 

respectively for detection of expression in mammalian cells and apply to the 

other interaction study methods    
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2. Analysis of amino acids sequences homology of the human BTB/POZ 

domains and phylogenetic tree 

The POZ domain is highly conserved protein-protein interaction motif found 

many regulatory proteins that play important role in various cellular functions. 

The POZ domain proteins are strongly involved in many critical cellular 

processes by interact with various molecules. The domain has been shown to 

form homeric and heteromeric associations with other POZ domains. Therefore, 

interactions among POZ domain proteins may be important in cellular processes 

and elucidation of the protein-protein interaction network among the POZ 

domains can be crucial in understanding biological function of the POZ domain. 

Because the POZ domain is known to very conserved evolutionary and similar 

among species, we analyzed the homology of virtually entire human POZ 

domains using ClustalW program of Macvector 7.2 and built phylogenetic tree. 

Since multiple alignment results are present just homology of amino acid, we 

construct phylogenetic tree to see general pattern of conserved amino acid 

sequences. As a result, human POZ domains were classified into 31 subgroups. 

Although biological functions of most POZ domains are unknown, we could 

infer possibility of interactions within POZ domain subgroup through several 

known POZ domain . For example, PLZF and Fanconi anemia zinc finger 

(FAZF) are classified as one subgroup, they are known to interact by POZ 
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domain65. BCL6 and BCL6 associated zinc finger (BAZF) also classified one 

subgroup. Through analysis of entire POZ domain protein structure, we could 

know that if they are included same subgrouop, they have considerable 

possibility to have a similar structure by same motif. According to these 

findings, we selected highly homologous POZ domains (APM-1, and KL10) 

subgroup compared with FBI-1 for validation of high speed FRET protein-

protein interaction assay that we developed.   
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Figure 2. Phylogenic tree analysis of the entire human POZ domain-class 

proteins. BTB/POZ polypeptides were classified into 31 subgroups. The POZ 

domain of FBI-1 shows highly similar sequences with the POZ domains of 

APM-1 and KL10, 79% and 51%, respectively.  
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3. Alignment of amino acid sequences of the POZ-domains of APM-1,  

FBI-1 and KL10 

We selected one subgroup that contained APM-1 POZ, FBI-1 POZ and KL10 

POZ domain and analyzed the structural features based on their amino acid 

sequences. All of them commonly have the POZ domains at their N-terminus. 

FBI-1 and APM-1 have very similar 4 zinc fingers, but KL10 has six kelch 

motif (Fig. 2A). Through multiple alignment, we could find evolutionary well 

conserved amino acids easily (Fig. 2B). Amino acid sequence similarity 

between FBI-1 POZ and APM-1 POZ was 79%, and that of FBI-1 POZ and 

KL10 POZ was 51% similarity. Based on phyrogenic homology of the POZ 

domain amino acid sequences, molecular interactions among the POZ domains 

were highly likely and we investigated the protein-protein interaction among 

three POZ-domains. 

These POZ domains were prepared as expression clones using Gateway 

system and our novel destination vectors to investigate interactions among these 

POZ domains by newly developed high-speed assay system to study molecular 

interactions. 
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Figure 3. Amino acid sequence alignment of FBI-1, APM-1 and KL10. (A) 

Structures of FBI-1, APM-1, and KL10. All with the POZ domain at their N-

terminal. FBI-1 and APM-1 have very similar 4 zinc-fingers (85%, unpublished 

data), but KL10 has six kelch motives. (B) Amino acid sequence alignment of 

FBI-1, APM-1, and KL10 POZ domain amino acid sequences. Amino acids of 

FBI-1, APM-1 and KL10 POZ domains are conserved by 48%. Asterisks 

indicate position at which 100% identity among all of the sequences is observed. 

Dots indicate positions at which the amino acids are functionally similar.  
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4. Visualization of molecular protein-protein interactions among BTB/POZ 

domains in living cells 

Our new assay system was tested to investigate interactions among POZ 

domain regulatory proteins. Mammalian expression vectors to study direct 

protein interaction in living cells were prepared using our novel destination 

vectors and Gateway system. CV-1 and 293A cells were cotransfected with 

each plasmids (POZ-YN: 0.6 µg POZ-YC: 0.6 µg) to study homodimerization 

and heterodimerization of POZ domains. APM-1 and FBI-1 interacted as 

homodimer and heterodimer by interacting with each other, but homodimeric 

and heterodimeric interaction abilities of KL10 were observed very weekly (Fig. 

4). To know fluorescence intensity from interaction can be effected by the kind 

of fused YFP fragment, POZ domains were tested by chainging of fused YFP 

fragment. Consequently, the effect of fused YFP fragment looks like didn’t 

cause a significant intensity changes.  

DEST-YN and DEST-YC were used as a negative control and Jun-YN and 

Fos-YC were used as a positive control. To demonstrate DEST-YN and DEST–

YC were expressed as protein in the same cells even though they were not exert 

any fluorescence. and they did not exert fluorescences just because there were 

no specific interactions, Western blotting was performed using flag antibody 

(for DEST-YN) and HA antibody (for DEST-YC) (Fig. 5). As a result, we could 

verify the results obtained by our new high speed protein-protien interaction 
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assay system were not a false-negative results and our new method is sensitive 

of new assay system.  
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Figure 4. Visualizations of POZ domain protein-protein interactions in 

living cells using BiFC analysis. (A) African green monkey kidney CV-1 cells 

were transfected with the plasmids as indicated (0.6 g each) (B) Human 

kidney 293A cells were also transiently transfected and analyzed for protein 

protein interaction. After 24 hrs, cells were analyzed by confocal microscope 

(Carl Zeiss LSD 510). The APM-1 POZ domain and the FBI-1 POZ domain 

formed homodimer and they formed heterodimer with each other, but the KL10 

POZ domain formed a homo-dimer and hetero-dimer with other POZ domains 

very weekly. 
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Figure 5. Western blotting analysis of DEST-YN and DEST-YC expression 

by transient transfection in CV-1 cells. (A) African green monkey kidney 

CV-1 cells were transfected with the DEST-YN plasmid (5 µg) After 24 hrs, 

cells lysates were prepared by sonication and used for western blotting assay. 

DEST-YN was detected by flag antibody. (B) DEST-YC plasmids was also 

trnasfected to CV-1 cell, sonicated and used for western blotting assay. DEST-

YC detected by HA antibody. Untrnasfected CV-1 cell and trnasfected with 

pcDNA3. were used as control. 
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5. Mammalian two-hybrid assay 

To investigate whether the POZ domain interaction data obtained by our 

newly developed method comply with other assay method, mammalian two-

hybrid assay was performed. 

GAL4- and VP16- fused APM-1, FBI-1, KL10 were prepared, and 

cotransfected into CV-1 cells and 293A cells. As a result, APM-1 POZ and FBI-

1 POZ interact as homodimer and heterodimer with each other, but the KL10 

POZ didn’t form a homodimer and heterodimer with other POZ domains. In 

result, homodimerization and heterodimerization of APM-1 and FBI-1 have a in 

accordance with previous results using our new assay system but in case of 

KL10 POZ we were not able to show the formation of homodimer and 

heterodimer, it looks like did not form a homodimer and heterodimer. This may 

be due to the low sensitivity of the mammalian two-hybrid assay methods 

compared with our newly developed method. Because of mammalian two 

hybrid assay has disadvantages such ad difficulty in detection of week 

interactions, perturbation during preparation of reporter activity analysis, and it 

doesn’t reflect direct interactions, we performed in vitro protein-protein 

interaction study.  
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Figure 6. Mammalian two-hybrid assays. (A) CV-1 cells were cotransfected 

with various plasmids as indicated (o.4 µg of GAL4 fused POZ domain, o.4 µg 

of VP16 fused POZ domain, 0.2 µg of pG5 luciferase reporter plasmid and 0.2 

µg of β-galactosidase plasmid were transiently transfected using Lipofectamine 

PlusTM reagent, according to the manufacturer's recommendations. (B) 293A 

cells were also transiently transfected as described above. Trnasfected cells 

were lysised using reporter lysis buffer (Promega), and measured the reporter 

gene activity. 
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6. In vitro protein-protein binding assay 

To investigate direct interactions of POZ domains, especially 

homodimerization and heterodimerization of KL10 POZ domain, GST pull-

down assay was performed. GST and GST POZ domains and [35S] methionine 

labeled POZ domains were prepared. GST was used as a negative control. GST 

and POZ domains didn’t bind each other, however, APM-1 POZ formed 

homodimer and interact with FBI-1 POZ domain and KL10 POZ domain. FBI-1 

and KL10 POZ also formed homodimer and heterodimer by interact with other 

POZ domains. Through pull-down assay results, we could verify that our new 

method has considerable sensitivity, and the results obtained from the BiFC 

analysis were not false-positive results. 
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Figure 7. In vitro protein-protein binding assay. (A) Input of [35S] 

methionine labeled POZ domains. The [35S] methionine-labeled POZ domains 

were prepared using the TNT Quick-coupled Transcripton/Translation System. 

VP16 POZ domain plasmids were used as a template. (B) Recombinant GST, 

GST APM-1, GST FBI-1 POZ and GST KL10 POZ were incubated with the in 

vitro syntheisized [35S] methionine labeled POZ domains. 

 

 

 



 - 51 - 

IV. DISCUSSION  

  

The molecular mechanisms underlying biological processes can be 

understood by investigating the network of protein-protein interactions involved. 

The cell-type specific and signaling-dependent functions of these proteins are 

often determined by their interaction partners in a particular cell. As interactions 

with different partners can occur in different subcellular locations, 

determination of the location of a protein complex containing can provide 

insight into that its functional roles and regulation. Analysis of protein 

interactions in individual cells can provide information about differences in 

cellular processes between different members of the population.  

Classical biochemical assay methods are not suitable to study protein-protein 

interaction in living cell because of their several disadvantages such as 

requirement of antibody, purified protein contamination during lysis for assay. 

Studies in intact cells avoid the changes in protein interactions that can occur 

upon lysis of the cell and mixing of the contents of different cellular 

compartments. 

For these reasons, we developed novel high speed in vivo protein-protein 

interaction assay system. Newly developed assay system adopted Gateway 

system and BiFC. In order to perform rapid and convenient construction of 
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many different types of eukaryotic and prokaryotic expression vectors and 

clones without using restriction endonucleases and ligases, Gateway cloning 

technology was adopted. The system uses site-specific recombination instead of 

the conventional method of restriction enzymes and ligases. The power of this 

system is that a gene can be subcloned into one or more various vectors in a 

simple, and rapidly at a time by in vitro recombination reaction. In these 

reactions, a high percentage (>95%)86 of the E.coli coloies produced contain the 

desired clone. The high percentage of success is facilitated by killing effect for 

E.coli of the toxic gene, ccdB, remaining in unreacted vectors, such as pDONR 

and pDEST. By adopting the Gateway system, we could achieve rapid, high-

throughoutput cloning for cloning of APM-1 POZ domain, FBI-1 POZ domain 

and KL10 POZ domain. 

Newly developed system also adopted BiFC to visualize protein-protein 

interactions in the living cell without changes of physical condition. The BiFC 

approach is based on the formation of a fluorescent complex when two 

fragments of a fluorescent protein are brought together by an interaction 

between proteins fused to the fragments. This approach enables visualization of 

the subcellular locations of specific protein interactions in the normal cellular 

environment. The powerful advantage is that it can be used for the analysis of 

interactions between many types of proteins and does not require information 
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about the structures of the interaction partners. It can be performed using a 

standard epifluorescence microscope, and does not require staining of the cells 

with exogenous fluorophores or dyes. Therefore, it is very useful for study in 

unknown protein-protein interaction in living cell. For these reasons, we 

adopted BiFC by design and construction of novel destination vectors. In this 

study we used reconstruction of YFP fragments to study protein-protin 

interaction and our novels YN destination vectors have a YFP N-termius (a.a 1-

154), and YC destination vectors have a YFP C-terminus (a.a 155-238). 

In this study, we used newly developed method to study protein-protein 

interactions among the POZ domain proteins. POZ domains are well 

evolutionary conserved protein interaction motif, but the phyrogenetic tree of 

the entire human POZ domain was not reported. To investigate amino acids 

homology of the POZ domains, virtually entire POZ domain amino acid 

sequences were collected from Dr. Prive’s homepage. The amino acid 

sequences were alignmented and pyrogenetic tree was constructed. By 

constructing the phyrogenetic tree, we could analyze the smimilarities of POZ 

domain, human POZ domains were divided into 31 subgroups. We generated 

that the POZ-domains in a subgroup they are very likely to interact. Newly 

developed system was used to investigate interactions among the POZ domains 

subgroup that includes APM-1, FBI-1, KL10 POZ domain was selected to study 
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interaction partnerships among the POZ domains using our new assay system. 

We could see direct molecular interactions among APM-1, FBI-1 and KL10 

POZ domains in living cell. Mammalian two hybrid assay was performed to 

confirm interactions among POZ domains. Except KL10, other POZ domains 

interact to form homodimer and heterodimer.  Mammalian two-hybrid assay 

system detect protein-protein interactions by the transcriptional activation of 

reporter gene. If protein-protein interaction are not strong enough to activate 

reporter genes, their interactions are difficult to detect molecular interaction. 

Therefore, we carried out GST pull-down assay to study direct protein-protein 

interaction. The POZ domains were able to interact with each other or by itself, 

and they could form a homodimer or heterodimer. Based on the results of 

mammalian two-hybrid assay and GST pull-down assay, we could confirm that 

is very sensitive and efficient in detecting weak protein-protein interaction. 

sensitivity of our newly developed high-speed assay system.  

To study protein-protein interaction by our newly developed assay system, 

just 3 steps were required. First, PCR product or target gene containing att site 

was prepared. Second, the BP and LR reaction were carried out with pDONR,  

DEST-YN and DEST-YC plasmid in a single tube. Thrid, transient transfection 

was carried out and after 24 hrs, the interactions could be observed using 

fluorescence or confocal microscope.  
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Our new assay system can be applied to study post-translational 

modifications of proteins. Phosphorylation, ubiqitination, sumolyation,  

glycosylation and sulphation as well as many other modifications are extremely 

important for protein function as they can determine activity, stability, 

localization and turnover. The major advantage of our newly developed assay 

system is that protein-protein interaction study can be done in 7 days from gene 

cloning to interaction study the most our newly developed assay system. Our 

new method may be one of powerful tool to investigate interactions quickly 

among a variety of structurally diverse proteins in many different cell types and 

organisms. Our assay system will be useful for massive protein-protein 

interaction study.  
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V. CONCLUSION   

 

In this study, we developed a high speed in vivo protein-protein interaction 

assay system by Gateway system and BiFC. BiFC is based on the formation of a 

fluorescent complex by fragments of the yellow fluorescent protein (YFP) 

brought together by the association of two interaction partners fused to the 

fragments. It enables visualization of the subcellular sites of protein interactions 

under conditions that closely reflect the normal physiological environment. 

Gateway system uses bacteriophage lambda site-specific recombination system. 

It is a rapid and highly efficient methods for cloning of target DNA without 

restriction enzymes and ligases. This method was used to investigate molecular 

interactions among closely related POZ domain regulatory proteins. We 

analyzed phylogenetic homology of the entire known human POZ domain 

proteins based on amino acid sequences. Based on phyrogenetic tree, we 

selected one subgroup that includes APM-1, FBI-1, and KL10 protein for 

protein-protein interaction study. APM-1 POZ domain and FBI-1 POZ domain 

formed homodimer and formed heterodimer each other, but KL10 weakly 

formed a homodimer and heterodimer with other POZ domains. Interactions of 

POZ domain were confirmed by mammalian two-hybrid assays and GST fusion 

protein pull-down assays. Taken together, our new method can be used as a 
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powerful tool for detection of sensitive protein-protein interaction that can’t be 

easily detected by mammalian two hybrid assay system or other conventional 

assay methods. 
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ABSTRACT (in KOREAN)  

 

FRET FRET FRET FRET 테크놀로지를테크놀로지를테크놀로지를테크놀로지를    이용한이용한이용한이용한    생체내생체내생체내생체내    고속고속고속고속    단백질단백질단백질단백질----

단백질단백질단백질단백질    상상상상호작용호작용호작용호작용    분석시스템의분석시스템의분석시스템의분석시스템의    개발개발개발개발    

 

(지도교수 허 만 욱) 

 

연세대학교연세대학교연세대학교연세대학교    대학원대학원대학원대학원    의과학과의과학과의과학과의과학과        

    

김김김김    명명명명    화화화화    

 

 

세포의 각종 생명현상들은 복잡한 단백질-단백질 상호작용 

네트워크로 이루어져 있다. 단백질간의 상호작용 및 상호작용의 세포 

안에서의 기능 규명은 게놈 프로젝트, 프로테옴 기술의 발달에 따라 

엄청나게 쏟아지고 있는 단백질 정보로부터 의-약학적 응용기술, 

신약개발에 필수적이므로 단백질간 상호작용을 빠르게 규명하는 

기술이 절대적으로 필요하다. 하지만 기존의 검색 방법으로는 대량의 

단백질-단백질 상호작용 조사가 사실상 불가능하므로 본인은 다수의 

단백질간 상호작용을 빠르게 연구하는 것이 가능한 새로운 방법을 

개발하였다. 새로운 방법은 Gateway 시스템과 FRET 테크놀로지를 
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채택하였다. Gateway 시스템의 람다 파지의 서열 특이적 재조합 

반응을 이용하여 제한효소를 사용하지 않고도 더욱 빠르고 더 높은 

효율로 동시에 많은 목적 유전자들의 클로닝이 가능하도록 하였고, 

FRET 테크놀로지의 두 개의 상호 작용하는 단백질들이 생체 내에서 

접근하여 상호작용이 일어나는 경우 에너지 전도로 인하여 새로운 

파장의 형광을 발광(發光)하는 현상을 관찰함으로써 고속으로 생 

세포`내에서 단백질간의 상호작용을 검색할 수 있는 시스템이다.  

본 연구에서는 POZ-도메인 단백질에 의한 세포 기능 조절을 

이해하기 위하여, 새롭게 개발된 시스템을 이용하여 POZ-도메인 

단백질간의 상호작용이 고속으로 분석가능한지를 조사하였다.  

방법을 개발하여 이용하였다. 먼저 Prive 박사의 BTB 도메인 

데이터베이스에서 사람의 POZ 도메인 아미노산 서열을 수집한 다음, 

아미노산 서열의 상동성 결과를 바탕으로 계통수를 작성하였고 이를 

바탕으로 FBI-1 과 가장 높은 상동성을 갖는 APM-1 과 KL10 을 

선택하였다. 이들 POZ 도메인간의 상호작용을 새로운 시스템을 

이용하여 조사한 결과 APM-1 POZ 도메인과 FBI-1 POZ 도메인은 

homodimer 및 서로 결합하여 heterodimer 를 잘 이루나 KL10 POZ 의 

경우 약한 homodimerization 과  AMP-1 POZ, FBI-1 POZ 와 약하게 

heterodimer 를 이루는 것이 관찰되었다. 이들 POZ 단백질간의 

상호작용을 기존의 mammalian two hybrid assay 를 이용하여 조사한 

결과 APM-1 과 FBI-1 의 경우 새로운 상호작용 검색 시스템에서 

얻어진 것과 동일한 결과를 보였으나 KL10 POZ domain 의 

homodimerization 과 다른 POZ-도메인 단백질들과의 
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heterodimerization 을 관찰할 수 없었다. Mammalian two-hybrid 

assay 는 약한 상호작용의 경우 reporter 유전자가 충분히 활성화 

되지 못하여 상호작용이 없는 것처럼 보이는 단점이 있으므로 GST 

pull-down assay 를 수행하여 in vitro 에서 직접적인 POZ-도메인간의 

상호작용을 조사하였다.  

그 결과 APM-1 POZ-도메인, FBI-1 POZ-도메인, KL10 POZ-도메인 

모두 세포 내에서 homodimerization 및 heterodimerization 을 이룸을 

증명할 수 있었다. Mammalian two-hybrid assay system 과 GST pull-

down assay 에서 얻어진 결과를 바탕으로 새로운 고속의 단백질-

단백질 상호작용 검색 시스템이 매우 약한 상호작용까지 감지해낼 수 

있는 민감한 방법임을 증명할 수 있었다. 
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