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ABSTRACT OF THE THESIS 

 

Interaction Between NF-κB RelB and Apoptotic Modulator Daxx 

 

by 

 

Jee-Sun Kim 

Master of Science in Chemistry 

University of California, San Diego, 2013 

Professor Gourisankar Ghosh, Chair

 

Two proteins important in transcriptional regulation and apoptotic modulation are 

RelB and Daxx. Previously, it was shown that Daxx induced apoptosis through 

interaction with RelB to silence Daxx transcriptional activity. The main focus of this 

study was to identify the binding domains required for such interaction and to purify the 

recombinant RelB:Daxx heterodimer from E.coli for x-ray crystallography analysis. The 

findings showed that Daxx DHBI (56-144) region interacts with RelB DD (277-391). 

This finding was confirmed through GST pulldown analysis with different fragments of 

Daxx and RelB. Some of the RelB DD mutants (I335F; I286M, I335F; and Y300F, I335F) 

which can enhance the binding ability of RelB DD were shown to abrupt the interaction 

with Daxx DHBI. Surprisingly, it was found that the strength of interaction with RelB 

RHR (1-400) and Daxx DHBI was not strong enough to be able to be purified as a single 
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peak complex via gel filtration. While Daxx and RelB are known to interact with each 

other to induce apoptosis, the binding affinity is not strong enough perhaps due to 

competition with other NF-κB factors binding to the open interface of RelB DD. In order 

to get a more stable Daxx:RelB complex, future studies can focus on the expression and 

purification of Daxx N-terminus (1-400) and RelB RHR (1-400) complex. Also, 

purification and crystallization of RelB DD mutants can give better understanding about 

the dimerization domain behavior and as well as their effect in binding to Daxx.  
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I. Introduction 

A. NF-κB Transcription Factors  

NF-κB transcription factors are B cell nuclear factors that have important 

functions in biology. They are involved in immune system, cell survival pathway, and 

inflammatory pathways (Sun et al., 2011). Twenty seven years ago, they were first 

discovered as nuclear proteins that specifically interact with the κ immunoglobulin 

enhancer to help immunoglobulin light chain genes be transcribed (Sen et al., 1986).  

Upon external stimuli such as TFN, IL-1, LPS, or T cell activators, the NF-κB 

pathway is activated. Other stimuli can also induce this pathway including UV exposure, 

viral infection, and growth factors. In resting cells, NF-κB is bound by IκB, which is an 

inhibitory protein of NF-κB. Upon exposure to the relevant inducer, NF-κB can be 

activated to regulate the transcription of certain genes within minutes (Baldwin, 1996). 

The cellular stimuli activate IKK (kappa B kinase) which in turn phosphorylates IκB as a 

signal for proteosomal degradation, which then releases NF-κB dimers inside the nucleus, 

thereby activating gene regulation and transcription.  

There are five main genes in NF-κB family (Figure 1): RelA (p65), RelB, c-Rel, 

p52 (processed from precursor protein p100), and p50 (processed from precursor protein 

p105). These five proteins share a Rel Homology Domain (RHD), which are the first 300 

amino acids from the N-terminal side that are important in forming body pattern and 

immune system in insect models (Baldwin, 1996).  

There are two main pathways in NF-κB signaling: the canonical and non-

canonical pathways (Figure 2). In the canonical pathway, upon degradation of IκB, NF-
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κB complex is released and translocated into the nucleus as dimmers. p50:RelA dimer is 

the most abundant dimer in this pathway(Hayden et al., 2008; Vallabhapurapu et al., 

2009). The main IKK trimeric complex responsible for phosphorylation of IκB is 

composed of IKKα and IKKβ, which are the catalytic subunits, and IKKγ, which is a 

regulatory unit also known as NF-κB essential modulator (NEMO) (Sun et al., 2008). 

p100 is inducibly processed into p52, which forms a complex with RelB in the non-

canonical pathway (Sun et al., 2011).  

Unlike other transcription factor binding domains, NF-κB has a very large DNA 

binding domain which makes contact with the RHD of NF-κB. Structural studies 

revealed that similar to the immunoglobulin factors, the RHD has two domains that are 

folded into. There is a high similarity of this overall structure of the RHD in NF-κB 

family with the DNA binding in each NF-κB member (Baldwin, 1996). The presence of 

dimerization domains allows the formation of homodimers or heterodimers of different 

NF-κB members (Figure 3).  

 

B. Dimerization Domain of RelB  

In particular, the rel oncogene shares strong homology with p60 and p65, as 

shown in Figure 4 (Ruben et al., 1992). RelB was first discovered in fibroblasts 

stimulated by serum. It has an important function in developing lymphoid organs 

(Moorthy et al., 2007). RelB has a tendency to form a heterodimer with p50 or p52 and 

bind to various κB sites as evidenced from the electrophoretic mobility shift assay result. 

RelB:p50 heterodimer is important as it serves as a strong transcription transactivator in 

vivo. By forming such heterodimer, RelB carries various roles in gene transcriptional 
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regulation (Ryseck et al., 1992). Since the discovery that RelB forms a heterodimer with 

p50, understanding the structural mechanism of RelB dimerization by elucidating its 

dimerization domain function has been an ongoing interest. In order to fully transactivate 

genes, both N- and C- termini of RelB are important (Figure 5; Figure 6). The extended 

N-terminus of RelB forms a leucine zipper-like motif which is crucial in activating 

transcription (Dobrzanski et al., 1993). The most important residue that is essential in 

RelB dimer formation is Y300. The dimerization domain surface of RelB is largely 

nonpolar which promotes the formation of hydrogen bonds. Through the intertwining 

mechanism, hydrogen bonds become more stabilized as an extra β sheet is created at the 

dimerization domain interface (Figure 7). The transiently stable RelB can be prevented 

from degradation, allowing it to dimerize with other NF-κB factors (Hung et al., 2005). It 

was also discovered that when there is a mutation in the dimerization domain of RelB, its 

structure completely changes because the mutation affects the dimerization domain 

ability of RelB dimers. In particular, mutations in two amino acid residues have a 

significant effect in changing RelB dimer formation. This implies that these two amino 

acid residues are important in RelB dimerization domain as their mutations have the 

ability to change the conformation. The presence of specific amino acids in RelB 

dimerization domain allow for selective dimerization with other NF-κB factors such as 

p50 and p52 (Vu et al., 2013).  

 

C. Daxx Interaction with RelB 

It was previously found that Daxx interacts with various anti-apoptotic genes 

regulated by NF-κB to repress their expression (Figure 8). Since NF-κB transcription 
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factors are related to cell survival, Daxx represses their expression by inhibiting human 

cIAP2 gene promoter transcriptional activation moderated by RelB. Electrophoretic 

mobility shift assays show that while RelB is bound to cIAP2 promoter target sites, Daxx 

interacts and binds to RelB. In daxx
-
/
-  

mouse embryos, the levels of protein and mRNA 

of murine c-IAP are high. In relB
-
/
-
 cells, however, c-IAP protein and mRNA levels are 

low. These data suggest that Daxx represses RelB-mediated transcription to sensitize it to 

apoptosis. This is done by repressing RelB through its association, although it does not 

prevent RelB from binding to the target sites. By recruiting other transcription-related 

factors such as DNA methyltransferases and/or histone deacetylases to RelB promoters, 

Daxx can cause reduction in transcription expression. Since RelB has various roles in cell, 

the effects of Daxx might be more complex, and it is possible that Daxx might interact 

with other transcription factor targets that can also result in the same effect in apoptosis 

sensitization (Croxton et al., 2006).  

Another study pointed out a fact that Daxx and RelB have strong binding to each 

other. Daxx directly interferes with RelB transcription by repressing its target genes such 

as: dapk1, dapk3, c-flip, and birc3 (ciap2). In daxx
-
/
- 
cells, methylation of these target 

promoters is significantly reduced, whereas reconstitution with Daxx causes DNA 

methylation to come back. DNA methyl transferase 1 (Dnmt1) is one example of 

methylation factor that is recruited by Daxx. As shown in Figure 37, Daxx can 

effectively convert RelB from transcription activator to repressor by recruiting DNA 

methyltransferase such as Dnmtases since Daxx itself does not have DNA binding 

domain while RelB has a Daxx-interacting domain motif (DID)  (Puto et al., 2007). This 

is a good example of epigenetic silencing that can have many implications in epigenetic-
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related drugs important in cancer. This also provides an example where Daxx serves its 

dual functions as a transcription repressor and apoptotic modulator in epigenetic 

regulation and transcriptional repression. 

 

D. Daxx as an Apoptotic Modulator 

Daxx (Death Doman Associated Protein) has been a protein of ongoing research 

interest because of its diverse interacting abilities with other transcription factors such as 

ETS1 (Li et al., 2000), p53 (Zhang et al., 2012). It is known as a Fas-binding protein 

involved in the activation of JNK pathway by modulating the induction of apoptosis 

(Yang et al., 1997). Death-inducing signaling complex (DISC) has various components 

that can induce apoptosis aided by the binding of various proteins such as Fas-associated 

death domain (FADD), TNF-receptor-associated death domain (TRADD), receptor-

interacting protein kinase 1 (RIP1) and death-associated protein (Daxx) that can 

recognize the death domain (DD) of death receptors inside the cell surface (Curtin et al., 

2003). In particular, Daxx has high expression throughout the body particularly in the 

thymus and testes. In normal cell state, Daxx mainly associates with other subnuclear 

factors inside a nucleus, as well as various proteins in cellular processes. Daxx has 

several domains that are structurally characterized: two amphipathic helices (PAHs) 

paired by N-terminal regions, a C-terminal region characterized by the rich presence of 

serine/proline/threonine, an acidic region, and a coiled-coil domain, as shown in Figure 9 

and Figure 10 (Salomoni et al., 2006). Due to its interesting role in biology, several X-

ray crystallography data have been found. For example, Daxx and Histone complex 

structure has been solved which showed that Daxx can specifically recognize H3.3 
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instead of H3.1 (Liu et al., 2012). In addition, Daxx SIM Phosphorylation was further 

elucidated due to its structural discovery in SUMO paralog-selective binding (Chang et 

al., 2011) since previously, the SUMO interacting motifs of Daxx have been structurally 

analyzed (Escobar-Cabrera et al., 2011). Daxx in a complex with a protein such as 

Rassf1C was discovered in NMR structure that shows how the helical bundles in Daxx 

make a cleft around their helices for binding (Escobar-Cabrera et al., 2010).  

 

E. Purpose of the Project 

The main goal of this project is to understand the domain organization 

requirement for the binding between Daxx and RelB. Since it was previously known that 

Daxx and RelB interact in vivo, the focus of this study is to replicate this result in vitro 

and to further identify the regions between Daxx and RelB that are sufficient and required 

for binding to occur. This study would enrich the previous finding by adding more 

information about in vitro behavior between Daxx and RelB, and this can potentially turn 

into a crystallization target if Daxx:RelB complex can be purified stably and clean. As a 

result of in vitro analysis and X-ray crystallography, the project’s focus is to identify 

which regions of Daxx and RelB are required for binding, and which regions are required 

for complex purification that can be potentially used for crystallization studies. 
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II. Material and Methods 

A. Preparation of E.coli Expression Plasmids 

All vectors used for cloning were commercially purchased from Novagen with the 

exception of some modifications.  

1. RelB Expression Plasmids 

Table 1 shows a list of primers used for sub-cloning RelB inserts into pET24d 

TEV vector. pET24d TEV vector is based on PET24d, but instead of thrombin cut-site, 

TEV protease cut-site was inserted, while keeping the His tag still intact. The murine 

RelB DD (227-391) gene was amplified by polymerase chain reaction (PCR) where it 

was then inserted into pET24d TEV vector using BamHI and HindIII as cut-sites. Table 

2 shows list of RelB DD mutant primers used to generate different RelB DD mutants. 

Site-directed mutagenesis was performed based on QuikChange protocol from Stratagene. 

RelB DD pET15b was used to generate single mutants and single mutants were used to 

generate double mutants.  

 

2. Daxx Expression Plasmids 

Table 1 shows list of primers used for sub-cloning Daxx inserts into several 

different vectors such as GST TEV, pET21d TEV, and pET11a. GST TEV vector is 

based on pET21a vector where the thrombin cut-site was replaced with a TEV cut-site 

and the GST tag was replaced with His tag. pET21d TEV vector is based on pET21d 

vector that has a TEV cut-site instead of a thrombin cut-site.  
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B. Expression and Purification of Recombinant Proteins 

1. Human N-Terminal GST-Daxx (1-400) pGEX and Murine RelB RHR (1-400) 

pET24d 

Each of the above plasmids was co-transformed into Rosetta E.coli cells. 2L of 

LB cell culture (Kanamycin: 35 μg/mL; Ampicillin: 100 μg/mL) was grown at 37 °C 

until the O.D.600 reached 0.35.  IPTG was added to 0.15 mM and the cells were grown at 

18 °C for overnight with vigorous shaking to induce protein expression. In order to purify 

the co-expressed protein, the cells were pelleted in a JLA 8.1 rotor at 3,000 xg for 15 

minutes at 4°C. The pellet was resuspended in 150 mL of lysis buffer (20 mM tris pH 7.5, 

200 mM NaCl, 10% glycerol, 5 mM imidazole, 5 mM βME, 0.5 mM PMSF, 0.01% 

ƩPIC). The cells were sonicated on ice at 90%, cycle 9 for 1 min with 1 min rest in 

between for a total number of three times. The cell lysate was centrifuged at 13,000 xg in 

a Sorvall SS-34 rotor for 50 min at 4°C and the resulting supernatant was filtered through 

a 0.8μm filter. The clarified lysate was loaded onto a Ni
++

 column (pre-equilibrated with 

lysis buffer) at 1 mL/min. The column was washed with wash buffer (20 mM Tris pH 7.5, 

200 mM NaCl, 10% glycerol, 25 mM Imidazole, 5 mM βME) until no more protein came 

off the column as measured by Bradford. Elution buffer (20 mM Tris pH 7.5, 200 mM 

NaCl, 10% glycerol, 250 mM Imidazole, 5 mM βME) was used to elute the protein from 

the column. 0.5 mM EDTA and 1 mM DTT were added to the fractions containing 

protein which were then bound to GST beads (pre-equilibrated with 20 mM tris pH 7.5, 

200 mM NaCl, 10% glycerol, 0.5 mM EDTA, 1 mM DTT) for 2 hours at 4 °C. The beads 

were then washed with 200 mL of the same buffer and the protein was eluted with 10 

mM glutathione pH 7.5 in the same buffer. All the samples were analyzed on a 10% 
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SDS-PAGE gel. Proteins were concentrated using Centricon 30kDa MWCO and stored at 

0.21 mg/ml concentration at -80 °C. 

 

2.  Murine p50 RHR (37-363) pET11a 

The above plasmid was transformed in BL21 DE3 E.coli cells. 2L of LB cell 

culture (Ampicillin: 100 μg/mL) was grown in conditions similar to previously described 

except the cells were induced when O.D.600 reached 0.2 with 0.1 mM IPTG for overnight 

at room temperature (25 °C). Cells were treated in similar conditions as previously 

described except lysis buffer (low salt buffer) contained (20mM tris pH 7.5, 100 mM 

NaCl, 5% glycerol, 2 mM EDTA, 0.5 mM PMSF, 10 mM βME). After filtering the 

soluble lysate through a 0.8 μm filter, the lysate was loaded onto a FastFlow Q column in 

tandem with FastFlow SP column (with a 2:1 Q column:S column resin ratio). Once the 

lysate passed through, the Q column was disconnected while S column was washed with 

200 mL of low salt buffer. A gradient using 100 mL low salt buffer and 100 mL high salt 

buffer (low salt + 400 mM NaCl) was used to elute the protein and 2 mL fractions were 

collected using fraction collector. Peak fractions were checked by Bradford which were 

analyzed on 10% SDS-PAGE gel, pooled, concentrated to 5.18 mg/mL using Centricon 

MWCO 30kDa, and stored at -80 °C.  

 

3. Murine p50 DD (245-350) pET29b RBS 

The procedures for p50 DD expression and purification were similar to the 

expression and purification of p50 RHR. Peak fractions were analyzed on 15% SDS-
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PAGE gel, pooled, concentrated to 26.7 mg/mL using Centricon 10kDa MWCO and 

stored at -80 °C. 

 

4. Murine RelB RHR (1-400) pET24d TEV 

The plasmid was transformed in BL21 DE3 E.coli cells. 2L of LB cell culture 

(Kanamycin: 35 μg/mL) was grown until O.D.600 reached 0.3. The culture was induced 

with 0.1 mM IPTG at room temperature overnight. Protein purification procedure was 

similar to Human Daxx (1-400) pGEX, Murine RelB RHR (1-400) pET24D procedures 

until the Ni
++

 step. Buffers used were lysis buffer (1 M NaCl, 20 mM Tris pH 7.5, 5 mM 

Imidazole, 5 mM βME), wash buffer (same as lysis buffer except with 25 mM Imidazole), 

and elution buffer (same as lysis buffer except with 250 mM Imidazole).  1.5 mL 

fractions were eluted and analyzed through 12.5% SDS-PAGE gel. Fractions were pooled, 

concentrated to 4.78 mg/mL, and stored at -80 °C. 

 

5. Murine p50 RHR (37-363) pET11a/Murine RelB RHR(1-400) pET24d TEV 

Heterodimer Formation 

Purified p50 RHR and RelB RHR proteins were thawed and mixed in a 1:1.1 ratio 

of p50 RHR to RelB RHR in 8M urea. The protein was diluted to 0.36 mg/mL in buffer 

containing 20 mM tris pH 7.5, 250 mM NaCl, 10% glycerol, 0.5 mM EDTA and stirred 

for 20 min at 25 °C. Then the sample was dialyzed against 2L dialysis buffer (20 mM tris 

pH 7.5, 250 mM NaCl, 10% glycerol, 5mM βME, 0.5 mM PMSF) at 4 °C with stirring in 

a 10kDa MWCO dialysis bag. During the first three hours of dialysis, proteins in the 

dialysis tubing bag were mixed by manually inverting the bag every half an hour to 
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ensure efficient mixing of the proteins. Afterwards, old dialysis buffer was replaced with 

2 L fresh dialysis buffer and manually mixed every half an hour. After the second three 

hours passed, the old dialysis buffer was replaced by fresh 2L dialysis buffer. After the 

third three hours passed, old dialysis buffer was replaced with fresh 2L dialysis buffer for 

overnight dialysis. The next day, the old dialysis buffer was replaced with 2 L fresh 

dialysis buffer with lower salt concentration (20 mM tris pH7.5, 50 mM NaCl, 10% 

glycerol, 5 mM βME, 0.5 mM PMSF) for three hours. After three hours, the old buffer 

was replaced with fresh 2 L low salt dialysis buffer for additional three hours. Then 

proteins were loaded onto HiTrap S column (pre-equilibrated with low salt buffer) using 

a peristaltic pump. The column was washed 2 CV low salt buffer.  Using the salt gradient 

from low salt to high salt (low salt buffer + 500 mM NaCl), 1.5 mL fractions were 

collected and later analyzed on a 12.5% SDS-PAGE gel. The peak protein fractions were 

pooled, concentrated, to 2.76 mg/mL and stored at -80°C. 

 

6. RelB DD (277-391) pET15b 

The above plasmid was transformed into BL21 DE3 E.coli cells. 2L of LB cell 

culture (Ampicillin: 100 μg/mL) was grown until O.D.600 reached 0.5 and induced with 

0.1 mM IPTG for overnight at room temperature with vigorous shaking. Purification 

procedures were similar to Human Daxx (1-400) pGEX, Murine RelB RHR (1-400) 

pET24D purification procedures until the Ni
++

 step. The buffers used in purification were 

lysis buffer (250 mM NaCl, 20 mM Tris pH 7.5, 5mM Imidazole, 10% glycerol, 5mM 

βME, 0.5 mM PMSF), wash buffer (lysis buffer + 25 mM Imidazole), and elution buffer 

(lysis Buffer + 250 mM Imidazole). Ten 2 mL fractions were collected and concentrated 
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to 2 mL to run on the Superset 75 gel filtration column with gel filtration buffer (200 mM 

NaCl, 2 0mM tris pH 7.5, 10% glycerol, 1 mM DTT). Peak fractions from the SD75 step 

were analyzed on a 15% SDS-PAGE gel. Fractions containing protein were pooled, 

concentrated to 13.0 mg/mL, and stored at -80°C. 

 

7. RelB DD (277-391) pET15b Mutants 

Expression and purification of RelB DD Mutants (RelB DD N287D, RelB DD 

Y300A, RelB DD I335F, RelB DD I286M I335F, and RelB DD Y300F I335F) were 

performed similar to RelB DD expression and purification except the SD75 step was not 

performed. Samples were analyzed on a 15% SDS-PAGE gel, concentrated to similar 

concentration and stored at -80°C. 

 

8. Daxx DHB I (56-144, C58S) GST TEV 

The above plasmid was transformed in BL21 DE3 E.coli cells. 4L of LB cell 

culture (Ampicillin: 100 μg/mL) was grown until O.D.600 reached 0.5, then induced with 

1mM IPTG overnight at 16
o
C. The cell pellet was lyses in lysis buffer (20 mM MES pH 

6.5, 250 mM ammonium sulfate, 50 mM Imidazole, 1 mM DTT, 1 mM EDTA, 1 mM 

PMSF, 5% glycerol, 0.5% sarkosyl acid), and the lysate was loaded on a GST column 

(pre-equilibrated with lysis buffer) and washed with 10 CV wash buffer (lysis buffer 

without sarykosyl acid), and eluted with 10 mM glutathione (in lysis buffer) in 1.5 mL 

fractions. Fractions were pooled and concentrated to 5 mL to further purify on SD200 

size exclusion column using gel filtration buffer (200 mM MES pH 6.5, 250 mM 
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ammonium sulfate, 50 mM Imidazole, 5% glycerol). Peak protein fractions were pooled, 

concentrated to 2.14 mg/mL, and stored at -80°C. 

 

9. Daxx DHB II (178-389) GST TEV 

The expression and purification were performed similar to Daxx (56-144, C58S) 

GST TEV except the SD200 step was not performed. Peak fractions were analyzed on 10% 

SDS-PAGE gel, pooled, concentrated to 1.60 mg/mL, and stored at -80°C. 

 

10. Daxx (60-400) GST TEV 

The expression and purification were performed similar to Daxx (56-144, C58S) 

GST TEV except the SD200 step was not performed. Peak fractions were analyzed on 10% 

SDS-PAGE gel, pooled, concentrated to 0.68 mg/mL, and stored at -80°C. 

 

11. N-Terminal GST-Daxx (1-400) pGEX 

The expression and purification were performed similar to Daxx (56-144, C58S) 

GST TEV except the SD200 step was not performed. Peak fractions were analyzed on 10% 

SDS-PAGE gel, pooled, concentrated to 1.97 mg/mL, and stored at -80 °C. 

 

C. GST Pulldown Assay 

1. Daxx GST with RelB, p50, and RelB/p50 Heterodimer 

20 μg of Daxx GST protein and 10 μg RelB, p50, or RelB/p50 Heterodimer were 

added to 300 μl GST pulldown buffer (20mM tris pH 7.5, 150 mM NaCl, 1 mM DTT, 0.5% 

Triton X, 0.5 mM EDTA) in a 1.5ml microfuge tube and mixed at 25 °C for 30 min with 
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shaking. GST beads (pre-equilibrated with GST pulldown buffer) were added to the tubes 

(15 μl slurry to each tube) and the tubes were incubated for an additional 30 min at 25 °C 

with shaking. Samples were centrifuged at 10,000xg for 3 minutes in a microcentrifuge. 

The supernatant was aspirated off and the beads were washed with GST pulldown buffer 

five times. 5 μl of 4x SDS dye (240mM tris pH 6.8, 40% glycerol, 8% SDS, 0.04% 

bromophenol blue, 400 mM DTT) was added to each sample, and 15 μl of each sample 

was loaded on a 10% SDS-PAGE gel. 

 

D. Expression, Purification, and Analysis of His-Daxx:His-RelB 

Complex 

1. Co-Expression Check of RelB RHR (1-400) pET24d with Various Daxx (56-144, 

C58S)  Constructs 

The above plasmids were co-transformed in BL21 DE3 E.coli cells. 10 mL of LB 

cell cultures (Kanamycin: 35 μg/mL; Ampicilin: 100 μg/mL) were grown for each 

sample until O.D.600 reached 0.2. 1 mL of uninduced sample was saved while, for the 

remaining samples, 1 mM IPTG was added and the proteins were induced for 3 hours at 

37°C. 1 mL from each sample (both induced and uninduced) was taken and centrifuged at 

16,100 xg for 1 min at room temperature in a microcentrifuge. The supernatant was 

aspirated off and the pellet was resuspended in 200 μl lysis buffer (200mM NaCl, 20 mM 

tris pH 7.5) and sonicated using microsonicator on ice at 30%, cycle 3, for 15 seconds, 

for three times with 1 min rest. The samples were spun at 16,100 xg for 10 min at 4
o
C. 

The supernatant (soluble fraction) was transferred to new tubes while the pellet (insoluble 
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fraction) was resuspended in 200 μl lysis buffer. 50 μl of 4x SDS dye was added to both 

samples and 15 μl was loaded on a 15% SDS PAGE gel. To further optimize the co-

expression, similar procedures were performed similar to before except cells were 

induced with different IPTG concentrations at 16 °C overnight. Samples were analyzed 

on a 15% SDS-PAGE gel. 

 

2. Co-Expression and Purification of RelB RHR (1-400) pET24D, Daxx (56-144, 

C58S)  pET21d TEV 

Based on the expression check condition from above, each plasmid was 

transformed in BL21 DE3 E.coli cells. Cell cultures in 4L LB media (Kanamycin: 35 

μg/mL; Ampicillin: 100 μg/mL) were grown till O.D.600 reached 0.2 and induced with 1 

mM IPTG at 16 °C overnight. Protein purification steps were done in a similar manner as 

in Human Daxx (1-400) pGEX, Murine RelB RHR (1-400) pET24d purification 

procedures until the Ni
++

 step. Lysis buffer contained 20 mM tris pH 8.0, 1 M NaCl, 10% 

glycerol, 5 mM βME, 5 mM Imidazole, and 1% sarykosyl acid. Wash buffer contained 

lysis buffer without sarykosyl acid plus 25 mM Imidazole. Elution buffer contained lysis 

buffer without sarykosyl acid plus 250 mM Imidazole. Samples were analyzed on a 15% 

SDS-PAGE Gel. Peak fractions were pooled and concentrated to 1 mL to further purify 

on an SD200 gel filtration column. Gel filtration buffer (200 mM NaCl, 20 mM tris pH 

7.5, 10% glycerol, 1 mM DTT) was used to purify the complex. Peak fractions were 

analyzed on a 15% SDS-PAGE gel. 
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3. Western Blot Analysis 

The peak fractions from the SD200 gel filtration step were analyzed on a 15% 

SDS-PAGE gel which was then transferred to an immobilion membrane at 25 V for 1 

hour. The membrane was blocked with I-block for 1 hour at room temperature with 

shaking. His5-HRP conjugate primary antibody in I-Block (1:10,000) was added to the 

membrane and blotted for 1 hour at room temperature with shaking. The membrane was 

washed with TBS-T (25 mM tris pH 7.5, 140 mM NaCl, 0.1% Tween-20) buffer for three 

times for 10 min each time. Enhanced chemiluminescence reagents were added to the 

membrane for 2 minutes at room temperature. Then the membrane was developed using 

BioRad Western Developer.  
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III. Results 

A. The N-Terminal Region of Daxx and RHR of RelB Form a Complex 

in vitro. 

Since Puto et al. have shown than Daxx and RelB interact with each other in vivo 

to achieve transcriptional repression, the first focus of the study was to see if this happens 

in vitro as well. In order to achieve this goal, the N-terminal region of Daxx (1-400), a 

generous gift from Lorena Puto, was co-expressed with RelB RHR (1-400) in Rosetta 

E.coli competent cells. Since RelB RHR is in His-tag containing vector (pET 24d) while 

Daxx N-terminus is in GST tag containing vector (pGEX), the purification of the co-

expressed protein was performed by first using Ni
++

 resin followed by GST resin. Figure 

11 shows that there was excess RelB RHR when the co-expressed protein was purified 

through the Ni
++

 column. This is because Daxx N-terminus was mostly in the insoluble 

fraction while more RelB RHR was in the soluble fraction. GST-tagged Daxx N-terminus 

band on SDS-PAGE gel had three different bands in close proximity, and it is observed 

that the middle band remained mostly insoluble. The interaction, however, became 1:1 

ratio after passing through the GST column. Figure 12 shows that most of RelB RHR 

came out in the flow through and wash. The first wash had more RelB RHR while second 

wash had almost no protein. Daxx, in the elution fractions, had multiple bands like in 

Figure 11. This suggests that the three bands from Figure 11 were not products of 

degradation, but non-specific bands since, after passing through GST resin, the number of 

bands near Daxx decreased from three to two. The fact that RelB RHR still was eluted 

together with N-terminal GST-tagged Daxx suggests that the interaction between these 
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two N-terminal regions of Daxx and RelB is strong. Since RelB RHR has no affinity to 

GST resin, yet after passing the co-expressed protein to GST resin, RelB RHR was eluted 

with Daxx N-terminus. This means that these two proteins have strong affinity to each 

other in vitro as well. The last wash fraction shows that there was barely any unwashed 

protein left. Yet, once 10 mM glutathione was added, more protein complex came off. 

This confirms that the protein elution fractions were as a result of binding and not as a 

result of insufficient washing of the GST resin. Finally, after the elution fractions from 

Figure 12 were concentrated, two prominent bands showed up on SDS-PAGE gel 

analysis in Figure 13. The concentrated complex shows that, while Daxx had some 

degradation products under its size, RelB RHR is more stable than Daxx N-terminus. Yet 

the presence of the intense bands corresponding to Daxx:RelB N-terminus confirms that 

the Daxx:RelB N-terminus complex can be expressed and purified successfully in vitro.  

 

B. p50 RHR and RelB RHR Can Be Denatured and Refolded to form 

p50:RelB. 

In order to form p50:RelB RHR complex, Moorthy et al. have already devised 

protocols that involve denaturing and refolding of the individually purified p50 RHR and 

RelB RHR proteins. Figure 14 shows the purification of p50 RHR. Around 200 mM 

NaCl, p50 RHR was eluted. Although some protein was observed in the flow through, 

this was probably due to the fact that p50 RHR has a low pI, so using a buffer with lower 

pH would have helped make the proteins more positively charged, thus increasing 

binding affinity to the S column. Figure 15 shows p50 DD purification, which was 
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cleaner than the p50 RHR purification. This was probably because of the fact that a wider 

gradient was used, thus allowing more fractions to be collected which would have helped 

with the overall protein purity. Concentrated p50 DD shows that the purification was very 

successful. Figure 16 shows RelB RHR purification samples. The insoluble sample had a 

majority of the protein, while the flow through fraction had little protein. This suggests 

that denaturing the protein would have increased the yield since RelB RHR has strong 

affinity to Ni
++

. Concentrated protein shows clean protein. After RelB RHR and p50 

RHR were individually purified, they were denatured in the presence of 8 M urea and 

then slowly refolded to native state by dialyzing against urea-free buffer. This slow 

dialysis was very important to ensure that the complex did not precipitate. Also, during 

the process of denaturing, the proteins had to be in a fairly dilute condition (0.36 mg/mL) 

which was important because if the concentration was too high, the proteins might not 

have enough free space to move around and form a heterodimer. No precipitated protein 

was observed during this process which suggests that the complex formation was very 

stable. After the complex was made, it was diluted to low salt buffer to bind HiTrap S 

column for further purification. Figure 17 shows that when p50 RHR and RelB RHR 

heterodimer was made and purified over HiTrap S column, the affinity and binding to S 

column was very strong, which allows purification of highly pure heterodimer with 1:1 

protein ratio.   

 

C. Daxx N-Terminus Interacts Specifically with RelB RHR and RelB 

DD.  
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Figure 23 shows purification of Daxx N-terminus. Although the yield was greater 

than that of DHB II, there were more degradation products in this preparation than other 

Daxx constructs. Since the purpose of this protein was for GST pulldown, having a 

prominent band at a correct size was sufficient to proceed to the next step. GST pulldown 

was performed because Daxx has a GST tag while RelB and p50 do not have GST tags. 

Based on GST pulldown analysis, Figure 25 shows that Daxx N-terminus has a strong 

binding affinity to RelB RHR, but not to p50 RHR. Although Figure 25 does not show 

the binding of RelB DD to Daxx N-terminus, future studies will hope to prove that under 

denaturing conditions with RelB DD, binding does occur with Daxx N-terminus. GST 

controls, which are the combination of GST protein and other variable proteins, show that 

there was no non-specific binding to GST protein (Figure 30). The most remarkable 

finding is that p50:RelB RHR heterodimer did not bind to Daxx N-terminus when the 

p50:RelB RHR pre-formed heterodimer was added. This means that when the pre-formed 

p50:RelB RHR complex was added, Daxx could not disrupt this binding because the 

binding between p50:RelB RHR had already been formed prior to the addition of Daxx. 

Since the p50:RelB RHR complex was made through denaturing the proteins in 8M urea 

and slowly refolding, the complex is thought to be tight and strong. However, when RelB 

RHR and p50 RHR were separately added to Daxx N-terminus, the binding of RelB RHR 

and Daxx N-terminus reappeared (Figure 26; Figure 28). This means that Daxx has 

affinity for binding to RelB in native state, but p50 can compete out with this binding. 

This also hints to the fact that in normal resting state, most cells have p50:RelB RHR 

heterodimer complex that triggers the survival pathway of NF-κB. But under cellular 

stress and apoptotic signal, Daxx competes out this binding of RelB:p50 by binding to 
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RelB before p50 can bind, triggering DNA methylation as RelB has DNA binding 

domain to induce cell death in association with Dnmt (DNA methyl transferase). Figure 

29 shows that although previously Daxx N-terminus did not seem to bind to RelB DD, 

under denaturing condition with 3M urea, RelB DD was more opened up which allowed 

for better binding to Daxx N-terminus. 

 

D. Daxx DHBI + II Interacts Specifically with RelB RHR and RelB DD. 

Figure 22 shows the purification of Daxx 60-400 which was similar to that of 

DHB II. Figure 25 shows that Daxx 60-400, which is nearly identical to Daxx DHB I and 

DHB II, did bind strongly to RelB RHR as Daxx N-terminus does. p50 RHR, however, 

did not bind to any part of Daxx N-terminus while RelB DD binding was not significant. 

In all the pulldown experiments, GST controls were performed to ensure that there was 

no non-specific bonding of RelB and p50 to GST protein (Figure 30). Since Daxx (60-

400) included both Daxx DHBI and Daxx DHBII, even though it was previously shown 

that Daxx DHBII did not interact with RelB, because of the presence of Daxx DHBI in 

Daxx 60-400, the binding to RelB still occurred as expected. 

 

E. The N-Terminus DHBI Domain of Daxx is Sufficient in Mediating 

the Interaction with RelB RHR and RelB DD. 

In order to fine tune the domain requirement for binding, Daxx DHBI was tested 

for its binding affinity to RelB and p50. Figure 24 shows Daxx DHBI bound to RelB 

RHR very strongly and slightly to RelB DD, but not to p50 RHR (Figure 32). Figure 27 
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shows that Daxx DHBI bound very strongly to RelB RHR even when p50 DD was trying 

to compete out the binding. As previously seen in Daxx N-terminus, the pre-formed 

p50:RelB RHR complex did not bind with Daxx DHBI while RelB RHR itself did bind 

very strongly with Daxx DHBI (Figure 28). This means that Daxx DHBI is important 

and sufficient for binding to RelB RHR in the same way as Daxx N-terminus bound to 

RelB. Finally, Figure 29 shows that under native versus denaturing conditions, the 

binding of Daxx DHBI and RelB DD was more enhanced in the denaturing condition  

than the native condition (Figure 31).  

 

F. Daxx DHBII Does Not Interact with RelB. 

The purified Daxx DHBII was used for GST pulldown analysis. Figure 21 shows 

that while the yield was not satisfactory, protein purity was relatively clean and 

acceptable for GST pulldown analysis. Unlike Daxx N-terminus or Daxx DHBI, Daxx 

DHBII did not interact with any RelB or p50 construct (Figure 24) like those of its GST 

controls (Figure 30). This is interesting because even though it was found that the N-

terminal region of Daxx and Daxx DBHI had strong interaction with RelB RHR, Daxx 

DHBII was completely different. The fact that Daxx DHBII behaved in a very different 

way for binding to RelB than Daxx DHBI hints that Daxx DHBI, and not Daxx DBHII, is 

sufficient for binding to RelB. 

 

G. Daxx DHBI Binds Differently to RelB DD Defective Mutants 
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Since it was found that the smallest domain organization for binding between 

Daxx and RelB was Daxx DHBI and RelB DD, further pulldown analysis with RelB DD 

was performed. First, Figure 18 shows the purification of RelB DD, which came out 

soluble and pure. Even though there was a small band slightly above RelB DD (13kDa), 

after gel filtration, only RelB DD was left. Finally, Figure 19 shows purification of 

different RelB DD mutants. Most of the proteins were highly soluble, yet a lot came out 

in flow through. This is possibly due to the fact that RelB DD mutants change the 

dimerization domain interface of RelB DD which might have affected their affinity to the 

Ni
++

 resin.  Finally, Figure 32 shows changes in binding differences between RelB DD 

WT and RelB DD mutants to Daxx DHBI. In particular, RelB DD N287D enhanced the 

binding to Daxx DHBI while RelB DD Y300A had similar level of binding affinity to 

Daxx DHBI as RelB DD WT. Other mutants such as RelB DD I335F, RelB DD I286M, 

I335F, and RelB DD Y300F, I335F, however, had no binding to Daxx DHBI. These 

mutants, which did not bind to Daxx DHBI, are mutants that were generated to resemble 

p50 dimerization domain interface, which is known to have the strongest dimer affinity in 

NF-κB. Since these mutants were encouraged to have stronger dimer domain interaction, 

they would form tighter homodimers than the wild-type, resulting in less affinity to Daxx 

DHBI binding. The fact that mutants in RelB DD changed the binding affinity with Daxx 

DHBI hints that RelB DD has specific affinity to Daxx DHBI, although one mutant 

(RelB DD N287D) seemed to increase the binding significantly. But this is probably 

because RelB DD N287 is not participating in the core dimerization interface site. In 

order to better understand the relationship between RelB DD dimer structure and binding 

to Daxx DHBI, mutant RelB DD needs to be expressed, purified, and crystallized. 
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H.  Daxx:RelB Complex is Weak.  

Having shown that Daxx DHBI binds specifically to RelB RHR and RelB DD, the 

complex purification of Daxx:RelB was performed. It was surprising, however, that Daxx 

DHBI and RelB DD co-expressed complex was unstable as the proteins kept precipitating 

during the purification process. Daxx DHBI and RelB RHR, however, was more stable 

than that of RelB DD, as the co-expression of RelB RHR and Daxx DHBI in His-tagged 

vectors were successful. Based on the result from Figure 33, it was found that Daxx 

DHBI in His-tagged or non-tagged vector co-expressed with RelB RHR in His-tagged 

vector had the highest expression. But the expression was mostly in the insoluble sample. 

For that reason, more variations with IPTG induction level and temperature change were 

performed to better optimize protein expression (Figure 34). Based on the result, it was 

found that Daxx DHBI in His-tag co-expressed with RelB RHR in His-tag had the best 

expression. Figure 35 shows that the co-expressed proteins can be purified by passing 

through Ni
++

 column. However, Figure 36 shows that when the proteins from Ni
++

 

column were further separated through the size exclusion chromatography, the interaction 

was dismantled, and only the individual proteins at different sizes were eluted. Figure 37 

confirms this finding by showing that there was only one band that was recognized by 

His antibody which corresponded to RelB while Daxx was picked up in later fractions 

where the size did not correspond to the theoretical complex size with RelB.  
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IV. Discussion 

A. Daxx DHBI is Sufficient for Binding to RelB DD.  

This study provides two important insights into the mechanism of Daxx:RelB 

complex function. First, Daxx:RelB formation is independent of NF-κB since RelB:p50 

heterodimer does not interact with Daxx N-terminus whereas free RelB RHR does. This 

suggests that the interaction between Daxx and RelB is not dependent on the dimerization 

of RelB with other NF-κB factors such as p50 or p52. This also provides insights about 

the binding mechanism of the Daxx:RelB complex. The inability of the RelB:p50 

heterodimer to bind Daxx suggests that perhaps the domain interface of RelB is directly 

involved in Daxx binding.  Since the dimer interaction site is occupied in the RelB:p50 

heterodimer, Daxx cannot contact RelB. But when each protein RelB RHR and p50 RHR 

is added to Daxx, a specific Daxx:RelB complex is formed. The fact that RelB DD 

binding is diminished when p50 DD is added, compared to RelB DD alone added to 

Daxx, suggests that Daxx and p50 compete for an overlapping binding site in RelB. This 

notion is further supported by Daxx’s interaction with RelB dimerization mutants.  Our 

laboratory has generated several RelB mutants that show altered dimerization with itself 

or with p50 and p52. Five of these mutants are used in this study: RelB DD N287D; 

Y300A; I335F; I286M, I335F; and Y300F, I335F.  The last three mutants bind poorly to 

Daxx. These residues are critical for RelB heterodimer formation. RelB N287D is highly 

defective in heterodimer formation but shows enhanced binding to Daxx. Since both p50 

and p52 contain an Asp at the homologous position, an Asp-Asp pair is detrimental to 

RelB:p50/p52 dimerization. However, Asp mutant may make contact with Daxx further 
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suggesting a role of the dimer interface in Daxx binding. In all, these results suggest that 

RelB is at the center of two diverse physiological functions: one in association with its 

well known NF-κB partners and the other role is in association with Daxx. Interestingly, 

NF-κB-dependent activity is pre-dominantly related to cell survival where Daxx 

associated activity of RelB is linked to cell death.   

 

B. Daxx:RelB might be  a Part of a Multi-Protein Complex 

Although GST Pulldown assay confirmed interaction between Daxx DHBI and 

RelB DD, the Daxx DHBI:RelB RHR complex was not able to be purified as a single 

complex by size-exclusion chromatography. This suggests a specific but weak interaction 

between these two proteins. Even though it was already shown that Daxx and RelB RHR 

have a higher binding affinity where the complex can be purified, because it is shown that 

Daxx DHB II does not play any role in binding capability with RelB RHR, the 

experiment focused more on purifying Daxx DHB I with RelB RHR instead of the entire 

Daxx N-terminus. Since Daxx DHBI:RelB DD complex was much weaker than that of 

Daxx DHBI:RelB RHR, RHR of RelB was used to form a complex with Daxx DHBI. 

Thus, while it is still possible that Daxx N-terminus and RelB RHR complex might be 

easier to purify and form a complex, more attention was paid to Daxx DHB I to better 

elucidate the binding behavior of Daxx to RelB in this study.  

The difference between GST pulldown result and size exclusion chromatography 

result is possibly due to the weak binding affinity of the Daxx:RelB complex. Complexes 

with KD value as high as 10 μM can survive gel filtration suggesting that the affinity of 
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the complex is lower than 10 μM.  GST pull down assay can detect binding for 

complexes with even lower affinity, in the range of mM, and since the proteins are 

concentrated on the beads, binding can be observed. Thus the interaction between Daxx 

DHB I and RelB RHR was good enough to be analyzed via GST pulldown assay, but not 

via gel filtration method.  This prevented the complex from being isolated for structural 

studies. This raises an interesting question which is how these two proteins with such 

weak binding remain as a complex in vivo. One possibility is that they interact strongly 

upon specific modification and/or when they are part of a larger protein complex in vivo. 

Since Daxx interacts with Dnmt (DNA methyl transferase), chromatin medicating 

complex might be involved to strengthen the interaction between Daxx and RelB, which 

is a subject of future studies. In addition, understanding the dimerization domain behavior 

of other RelB mutants can add more insight about the dimerization mechanism of RelB 

and their effect on interaction with Daxx. 
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V. Conclusion 

The main purpose of this study was to elucidate the domain organization of Daxx and 

RelB that are essential and sufficient for binding to each other in vitro. This goal was 

based on a previous finding that Daxx and RelB interact strongly in vivo. In order to 

achieve this purpose, molecular cloning on different domains of Daxx and RelB were 

performed. Based on a previous finding that Daxx N-terminus is composed of two main 

helical bundles (named as DHBI and DHBII), Daxx N-terminus, Daxx DHBI, and Daxx 

DHBII were tested for binding affinity using GST pulldown with RelB and p50. The 

most important finding was that when RelB:p50 RHR pre-formed complex is added to 

Daxx N-terminus, there is no binding, but when RelB and p50 are added separately to 

Daxx N-terminus, Daxx N-terminus specifically binds to RelB. This means that Daxx N-

terminus has strong preference to bind to RelB RHR, but when the dimerization domain 

interface is occupied, the binding disappears. Therefore, it makes sense that Daxx binds 

to RelB DD as well. Finally it was found out that Daxx DHBI and RelB DD are required 

for binding to each other, but this complex was not feasible to be purified for complex 

analysis. When Daxx DHBI and RelB RHR were purified through Ni
++

, the purification 

was successful until it reached gel filtration step where the complex dissociated. This 

means that while Daxx DHBI and RelB RHR interact, the interaction is not strong 

enough since it cannot survive after gel filtration step. This also means that because RelB 

interacts with p50 or other NF-κB members, the binding affinity between RelB and Daxx 

is not very strong unless in physiological conditions, external apoptotic stimuli induce 

tighter binding so that RelB can bind to DNA for Daxx to methylate. But since this study 



29 
 

 
 

 

was done in vitro, it was not possible to understand the cellular mechanism of this 

binding between Daxx:RelB although this weak binding behavior can be linked to 

biological significance based on the binding specificity. Future studies of this project can 

include further elucidating the binding interaction of Daxx:RelB that is feasible for 

crystallization analysis as well as understanding the structural mechanisms of different 

RelB DD mutants that can explain how changes in dimerization domain structure can 

influence the ability of RelB DD in binding to important proteins like Daxx. 
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Appendix 
 

 
Figure 1: NF-κB Signaling Pathways. The two main singling pathways are canonical and 

non-canonical. In canonical pathway, IκB is degraded by ubiquitin degradation, releasing 

RelA:p50 heterodimers inside the nucleus. In non-canonical pathway, p100 serves as 

IκBγ whichis degradedby ubiquitin degradation while the rest of p100 is processed into 

p52 that can form a heterodimer with RelB. 
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Figure 2: Domain Organization of NF-κB Protein and IκB Protein Family Members. 

There are five main NF-κB protein members and five IκB members. RelA/p65, RelB, and 

c-Rel have transactivation domain (TAD) while p105 and p100 have Ankyrin repeat 

domain (ARD) like IκB members (Wang, 2011).  
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Figure 3: Fifteen Possible Dimers of Multiple NF-κB Dimers. Many different 

combinations of NF-κB dimmers can form. The main heterodimers are RelA:p50 and 

RelB:p52. RelA:p50 is prominent in canonical pathway while RelB:p52 is a characteristic 

of p100 processing, which involves non-canonical pathway (Hoffmann, 2012). 
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Figure 4: Primary Amino Acid Sequences for Different Murine NF-κB Protein Domains. 

Five NF-κB members have similar sequence homology that make up different sheets in 

dimerization domain. These amino acids are important in creating dimerization domain 

interface of NF-κB (Huang et al., 2005). 
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Figure 5: Tertiary Structure of Murine NF-κB Dimerization Domain Proteins. Orange is 

for RelB DD while Green is for p50 DD. Both dimmers have an open interface which 

allows for binding of other proteins. p50 DD has tighter binding than RelB DD (Huang et 

al., 2005). 
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Figure 6: Tertiary Structure of RelB Dimers and RelB:p50 Heterodimer. When RelB:p50 

heterodimer is crystallized, different amino acids make different contacts with each other, 

showing that these are key amino acids that make up the dimerization domain interaction 

(Vu et al., 2013).  
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Figure 7: Subunit Interactions of Different NF-κB Dimers and Mutants. When some of 

the key amino acids of RelB are mutated, the dimerization domain interface is changed, 

showing that the key amino acids in dimerization domain have the ability to disrupt the 

domain interface (Vu et al., 2013).  
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Figure 8: TNF Receptor Pathway and Interaction with Daxx. Daxx is a death-domain 

associated protein involved in Fas-binding pathway. By triggering JNK pathway, it 

induces mitochondrial outer-membrane permeabilization (MOMP) response inside the 

cells upon external apoptotic stimuli (Baker et al., 1998). 
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Figure 9: Domain Organization of Daxx Based on Sequence Predictions. The Daxx N-

terminus is highly structured which contains DHB I (Daxx helical bundle) and II, while 

the C-Terminal is highly disordered (Escobar-Cabrera et al., 2010).  
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Figure 10: Modular Organization of Daxx Based on Sequence Predictions. The sequence 

conservation of N-terminal region of Daxx is high while the disorder consensus for C-

Terminal region is high (Escobar-Cabrera et al., 2010). 
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Figure 11 : Purification of Co-Expressed Human Daxx (1-400) pGEX, Murine RelB 

RHR (1-400) pET24D. 2L LB culture was grown for the cell expressed in Rosetta strain 

which was later purified via Ni
++ 

Column and analyzed on 10% SDS PAGE Gel. 
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Figure 12: Purification of co-expressed Daxx (1-400) pGEX, RelB RHR (1-400) 

pET24D. The protein from Figure 11 is further purified by passing through GST colun 

which is then analyzed on 10% SDS PAGE Gel. 
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Figure 13: Co-expressed Daxx1-400pGEX, RelB RHR (1-400) pET24D. After purifying 

the complex through Ni
++

 and GST column, the proteins were concentrated and analyzed 

on 12.5% SDS PAGE Gel.  
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Figure 14: Purification of Murine p50 RHR (37-363) pET11A. Plasmid was expressed in 

BL21DE3. 2L culture was grown and purified via FastFlowSP Column using NaCl 

Gradient. Samples are analyzed on 10% SDS PAGE Gel. 
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Figure 15: Purification of Murine p50 DD (245-350) pET29B RBS. The plasmid was 

expressed in BL21DE3. 2L LB media was grown which was then purified using 

FastFlowSP column using NaCl gradient. Samples are analyzed on 15% SDS PAGE Gel. 

The concentrated protein shows that protein purification is highly successful. 
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Figure 16: Purification of Murine RelB RHR (1-400) pET24D TEV. Plasmid was 

expressed in BL21DE3 and purified via Ni
++

 Column which is then analyzed on 12.5% 

SDS PAGE Gel. 
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Figure 17: Purification of Murine p50 RHR (37-363) pET11A:Murine RelB RHR(1-400) 

pET24D TEV Heterodimer. The purified proteins were denatured, refolded, and re-

purified once they formed a complex through HiTrapS column using NaCl gradient. They 

are now analyzed on 12.5% SDS PAGE Gel.  
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Figure 18: Purification of RelB DD (277-391) pET15B.The plasmid was expressed in 

BL21DE3 cell. The protein was purified via Ni
++ 

column and SD75 gel filtration column, 

which is analyzed on 15% SDS PAGE Gel.  
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Figure 19: Purification of RelB DD (277-391) pET15B Mutants. The plasmid was 

expressed in BL21DE3 cell and purified using Ni++ which is analyzed on 15% SDS 

PAGE Gel. Mutant 1: RelBDD N287D, Mutant2: RelBDD Y300A, Mutant3: RelBDD 

I335F, Mutant4: RelBDD I286M I335F, and Mutant5: RelBDD Y300F I335F. 
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Figure 20: Protein Purification of Daxx (56-144, C58S) GST TEV. The plasmid was 

expressed in BL21DE3 cell, purified via GST column followed by SD200 gel filtration 

column, and analyzed on 10% SDS PAGE Gel.  
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Figure 21: Protein Purification of Daxx (178-389) GST TEV. The plasmid was 

expressed in BL21DE3 cell, purified via GST column, and analyzed on 10% SDS PAGE 

Gel.  
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Figure 22: Purification of Daxx (60-400) GST TEV. The plasmid was expressed in 

BL21DE3 cell, purified via GST column, and analyzed on 10% SDS PAGE Gel. 
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Figure 23: Purification of Daxx (1-400) pGEX. The plasmid was expressed in BL21DE3 

cell, purified over GST column, and analyzed on 10% SDS PAGE Gel. 
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Figure 24: GST Pulldown Assay of Daxx DHBI and Daxx DHBII GST with RelB, p50, 

and RelB:p50 Heterodimer. The pulldown results are analyzed on 12.5% SDS PAGE Gel.  
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Figure 25:  GST Pulldown Assay of Daxx DHBI+II and GST-tagged Daxx N-terminus 

with RelB, p50, and RelB:p50 Heterodimer. The pulldown results are analyzed on 12.5% 

SDS PAGE Gel.  
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Figure 26: GST Pulldown Assay of Daxx N-terminus GST with RelB, p50, and 

RelB:p50 Heterodimer.The pulldown results are analyzed on 12.% SDS PAGE Gel.  
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Figure 27: GST Pulldown Assay of Daxx DHBI GST with RelB, p50, and RelB:p50 

Heterodimer. The pulldown results are analyzed on 12.5% SDS PAGE Gel. 
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Figure 28: GST Pulldown Assay of Daxx DHBI and GST-tagged Daxx N-terminus with 

RelB, p50, and RelB:p50 Heterodimer. The pulldown results are analyzed on 10% SDS 

PAGE Gel.  
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Figure 29: GST Pulldown Assay of Daxx DHBI and GST-tagged Daxx N-terminus with 

RelBDD and p50 DD. The pulldown results are analyzed on 16% SDS PAGE Gel. 
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Figure 30: GST Pulldown Assay of GST Controls with RelB, p50, and RelB:p50. The 

pulldown results are analyzed on 12% SDS PAGE Gel. 
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Figure 31: GST Pulldown Assay of Daxx GST with RelB DD (277-391) Based on 

Temperature Variation. The pulldown results are analyzed on 15% SDS PAGE Gel. 
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Figure 32: GST Pulldown Assay of Daxx GST with RelB DD (277-391) Mutants. The 

pulldown results are analyzed on 15% SDS PAGE Gel. 
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Figure 33: Expression Check for Co-Expressed RelB RHR (1-400) pET24D, Daxx (56-

144, C58S) in Different DAXX Constructs. The plasmids were transformed in BL21DE3 

cell and were induced at OD 0.5 with 1.0 mM IPTG. 1: RelB RHR (1-400) pET24D, 

axx(56-144, C58S) GST TEV, 2: RelB RHR (1-400) pET24D, Daxx (56-144, C58S) 

pET24D TEV, and 3: RelB RHR (1-400) pET24D, Daxx (56-144, C58S) pET 11A.  
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Figure 34: Expression Check for Co-Expressed RelB RHR (1-400) pET24D, Daxx (56-

144, C58S) in Different Daxx Constructs. Plasmids were transformed in BL21DE3 cell, 

grown till OD reached 0.5, and induced with different concentrations of IPTG (0.1, 0.5, 

and 1.0 mM) for 16 °C overnight. 2: RelB RHR (1-400) pET24D, Daxx (56-144, C58S) 

pET24D TEV, 3: RelB RHR (1-400) pET24D, Daxx (56-144, C58S) pET 11A.  
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Figure 35:  Protein Purification of Co-Expressed RelB RHR (1-400) pET24D:Daxx (56-

144, C58S) pET24D TEV. The plasmids were transformed in BL21DE3 cell, purified via 

Ni
++

 column, and analyzed on 15% SDS PAGE Gel. 
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Figure 36: Protein Purification of Co-Expressed RelB RHR (1-400) pET24D:Daxx(56-

144, C58S) pET24D TEV. The purified proteins from Figure 35 were further purified 

using SD200 gel filtration which are then analyzed on 15% SDS PAGE Gel. 
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Figure 37: Protein Purification of Co-Expressed RelB RHR (1-400) pET24D:Daxx (56-

144, C58S) pET24D TEV. The purified proteins from Figure 36 were further analyzed 

using Western Blot (αHis) since both Daxx DHBI and RelB RHR are in His-tag 

containing vectors. The results are analyzed on 15% SDS PAGE Gel. 
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Figure 38: Daxx and RelB Interaction Diagram. Daxx binds to RelB to turn off 

transcription of DNA by binding to RelB which can bind to DNMT (DNA 

methyltransferase) (Puto et al., 2007).  
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Table 1: List of Primers Used for RelB and Daxx Sub-Cloning in  Polymerase Chain 

Reaction.  
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Table 2: List of Primers Used for RelB Dimerization Domain Mutagensis in  Polymerase 

Chain Reaction.  
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