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ABSTRACT 

IFI16 belongs to a protein family (HIN200) that contains a characteristic 

200-amino-acid protein domain with unknown function.  Members of this family 

were initially described as transcriptional regulators but IFI16 is also involved in 

other processes such as DNA repair and programmed cell death.  To gain further 

insights into the biochemical mechanisms underlying these functions we made 

bioinformatics predictions followed by biochemical validation.  We predicted and 

verified experimentally that the 200-amino-acid domain of IFI16 is structurally 

and functionally similar to replication protein A (RPA), a protein that removes 

secondary structure on single-stranded DNA during DNA replication and repair.  

In addition, I found that IFI16 can unwind double-stranded DNA and has an 

endonuclease activity.  This later unexpected discovery reveals a new function 

for IFI16.  Finally, I further discuss the implications of this discovery in regard to 

the current knowledge about the function of this protein as well as new directions 

of studies.  

 
 
Keywords:  IFI16; HIN200 family; Transcriptional regulation; DNA repair; 
Programmed cell death; 200-amino-acid domain; Replication Protein A; DNA 
unwinding activity;  Endonuclease activity 
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1: INTRODUCTION 

1.1 Introduction to the HIN200 protein family 

The HIN200 family refers to a group of genes that contain either a single 

or a tandem repeat encoding a characteristic domain of 200 amino acids that is 

also called HIN200.  The name of this family came from several features that 

were originally discovered among its members: first, these genes were found to 

be expressed in haematopoietic cells.  Second, they were transcriptionally 

activated following interferon treatment.  Interferons (IFN) are cytokines that 

induce cells to resist viral replication and regulate cell growth.  Third, all gene 

expressions were localized in the nucleus.  Lastly, the characteristic HIN200 

motif is 200 amino acids long (hence HIN200).  In recent years however, a 

number of studies have demonstrated that the characteristics of these proteins 

had broader functions.  For example, it was found that these proteins actually 

have a wider cellular distribution and subcellular localization than initially thought.  

Effectively, gene expressions of some members were also found in non-

haematopoietic tissues such as skin epithelial cells, gastrointestinal tract, 

urogenital tract and glands, and ducts of breast tissue (Gariglio et al. 2002).  

They can be regulated by a wide range of exogenous stimuli other than IFN, and 

their localizations are not restricted to the nucleus (Dawson et al. 1995; Flati et 

al. 2001).  Despite these new findings, the original family name has been 

maintained for this group of proteins.   
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The chromosomal localization of all HIN200 family members is very well 

conserved.  Currently, there are five murine members and four human members 

in the HIN200 family, and they are all located at the q21-23 region of 

chromosome 1 in both mouse and human genome (Briggs et al. 1994; Trapani et 

al. 1992; Landolfo et al. 1998).  Murine HIN200 proteins include p202a, p202b, 

p203, p204, and p205 that is also known as D3.  The human counterparts are 

IFI16 (Interferon-inducible protein 16), MNDA (Myeloid Nuclear Differentiation 

Antigen), AIM2 (Absent in Melanoma 2) and IFIX (Interferon-inducible protein X).   
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Figure 1-1. Domain structures of murine and human proteins of the HIN200 family. 

There are five murine members and four human members identified thus far for the HIN200 
family.  p202a and p202b are two nearly identical proteins with difference in only 8 amino acids, 
and are the only HIN200 members that lack an N-terminal PAAD domain in their sequences.  All 
members have at least one HIN200 domain of either A, B, or C subclasses.  The subclasses 
were distinguished based on their amino-acid sequence conservation.   

 
 

As shown in Figure 1-1, members in the HIN200 family not only contain at 

least one HIN200 domain, but most of them also contain a PAAD domain at their 

N-termini except for p202a and p202b.  PAAD was named after the protein 

families from which it was discovered, Pyrin, AIM, ASC [apoptosis-associated 
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speck-like protein containing a caspase recruitment domain (CARD)], and Death-

domain-like.  The PAAD domain represent the fourth branch of the death domain 

superfamily and is commonly found in proteins that are involved in inflammatory 

and apoptotic signalling pathways (Fairbrother et al. 2001; Pawłowski et al. 

2001).  In apoptosis, apoptotic proteins associate together via PAAD-PAAD 

interactions and consequently activate caspases, which drive the programmed 

cell death.  This has only been demonstrated in other apoptotic proteins but not 

yet in any HIN200 family members.  The HIN200 domains, which can also 

mediate protein-protein interactions (more detail in section 1.2.1), are divided into 

three subclasses based on their amino-acid sequence conservation: HIN200A, 

HIN200B, and HIN200C.  The sequence identity of the three HIN200 domain 

subclasses ranges from 24.4% to 45.8%; it has been suggested that the low 

sequence identity could impact on the secondary structure of the domains 

(Ludlow et al. 2005).   

The murine p202a and p202b are the only HIN200 members that do not 

possess a PAAD domain.  One functional study attempt has been made on this 

murine member in which knockout of p202a gene was achieved.  However, 

knockout mice displayed no distinct phenotype because it was found that p202b 

was up-regulated and compensated for the loss of p202a (Wang et al. 1999).   

Besides having a role in interferon biology, HIN200 proteins are commonly 

implicated in cell proliferation, differentiation, and cell cycle regulation.  The 

murine p202a and p204 are involved in the G1-S transition in cell cycle, and 
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resulted in arrest in G1 phase (Yan et al. 1999; Gariglio et al. 1998; Flati et al. 

2001).   

For the human members, IFI16 was first discovered from a cytotoxic T cell 

cDNA expression library (Trapani et al. 1992).  Other human family members 

(MNDA, AIM2, and IFIX) were discovered either by probing cells with specific 

antibodies, or by querying (BLAST) the human genome with homologous mouse 

genes (Goldberger et al. 1984; DeYoung et al. 1997; Ding et al. 2004).  

This thesis focuses on the human member IFI16, which is a very 

interesting member as it has been implicated in many aspects of cellular 

processes such as cell cycle regulation, transcriptional repression, apoptosis, 

tumor suppression, and DNA repair.   

 

1.2 Interferon-inducible protein 16 (IFI16) 

1.2.1 Domain organization of IFI16 

Three different IFI16 protein isoforms exist from alternative mRNA 

splicing:  IFI16a, IFI16b, and IFI16c, in the order of increasing length of their 

amino-acid sequence.  The sites of alternative splicing in the mRNA are located 

at the region corresponding to the spacer between the two HIN200 domains.  In 

the longest isoform IFI16c, the spacer region contains three copies of 

approximately 56 amino-acid repeat that are rich in serine, threonine, and proline 

(S/T/P).   Shorter isoforms IFI16b and IFI16a have one and two of these repeats 

spliced out respectively, as indicated in Figure 1-2.   IFI16b is the most abundant 
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among the three isotypic variants according to a quantitative western blot 

analysis (Johnstone et al. 1998).  The function of this region is unknown, but 

S/T/P-rich regions are often unstructured and it may therefore provide a flexible 

hinge for the protein (Ludlow et al. 2005). 

 

Figure 1-2. A closer look at the domain structure of IFI16. 

IFI16 has three alternatively spliced forms.  IFI16c is the longest isoform.  Dotted lines showed 
the spliced out regions for IFI16a and b.  Also shown in this figure are the positions of nuclear 
localization signals near the end of PAAD domain, MFHATVAT motif in the beginning of HIN200A 
and HIN200B, Rb-binding LXCXE motif, and CDK2 phosphorylation site TPKI.  The structure of 
HIN200A domain is solved and is shown on Figure 1-5. 

 

 

Although some IFI16 isoforms are shorter in length, the main features 

remain.  They contain two nuclear localization signals (NLS) that are found within 

the region between the PAAD and HIN200A domains.  IFI16 contains a mono-

partite NLS at the 128 amino-acid position and a bipartite NLS between amino-

acids 83 and 101 (Figure 1-2).  Mono-partite NLS consists of a short sequence of 

positively charged residues, usually lysines (K) or arginines (R).  Bi-partite NLS is 

two clusters of positively charged amino acids separated by a mutation-tolerant 



 

 7 

region of 10-12 amino acids.  Together, recognition of these signals mediates the 

nuclear import of IFI16.   

IFI16 consists of two HIN200 protein domains (HIN200A and HIN200B).  

Near the beginning of each HIN200 domains is the MFHATVAT (M) motif that is 

responsible for  the self-association of IFI16 (Koul et al. 1998).  Some studies 

also suggested that the M motif is necessary for direct interaction with p53 (Datta 

et al. 1996).  Another motif that is found in both HIN200 domains is the 

LFCF(R/H) motif in HIN200A or LXCXE motif in HIN200B, both of which are 

involved in binding retinoblastoma protein (pRb or Rb) and are referred as Rb 

binding (L) motifs (Xin et al. 2003).  Finally, the consensus amino-acid sequence 

TPKI, which served as a putative cyclin-dependent kinase 2 (CDK2) 

phosphorylation site (Landolfo et al. 1998), is found only in HIN200B.  The 

characterization of the CDK2 phosphorylation site in one domain but not the 

other indicates that there may be functional differences between HIN200A and 

HIN200B-containing proteins.   

Perhaps the most important feature within both HIN200 domains is the 

existence of two oligonucleotide/oligosaccharide binding (OB) fold (Albrecht et al. 

2005).  This structural motif comprises a five-stranded β-sheet of approximately 

100 amino acids that wraps to form a β-barrel, with an α-helix bridging the 3rd and 

4th β-strands of the barrel (Theobald et al. 2003).  This structure has been 

described as a closed or partly opened β-barrel with Greek-key motif in the 

SCOP (Structural Classification Of Proteins) database (Murzin et al. 1995).  As 
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hinted by its name, this fold allows binding to different nucleic acid structures.  It 

can also bind to oligosaccharides, proteins, and metal ions (Arcus 2002).   

1.2.2 Cell cycle regulation and transcriptional repression by IFI16 

IFI16 is involved in cell cycle regulation and it binds to cell cycle regulatory 

proteins p53, p21, Rb and E2F and regulates their transcriptional activities 

(Johnstone et al. 2000; Xin et al. 2003).  During cell cycle progression, 

transcription factor E2F is required to form a complex with another protein called 

DP1 to promote transcription of their target genes, which are necessary for the 

G1 to S transition (Figure 1-3).  Rb can repress the E2F/DP1 complex, but not 

when it is in its hyperphosphorylated state (ppRb).  This switch is controlled by 

cyclin/CDK2 which, when active, drives the phosphorylation of Rb and results in 

E2F/DP1 complex activation.  Cells respond to stimuli such as DNA damage by 

increasing expression of the CDK2 inhibitor p21 via a p53-dependent pathway, 

resulting in accumulation of hypophosphorylated Rb and a pause in cell cycle 

progression.  IFI16 has a positive effect on p21 transcription when it interacts 

with p53, supported by one study where knock-down of IFI16 in human 

fibroblasts suppressed p53-mediated transcription of p21 (Xin et al. 2004).  

Another study also suggested that IFI16 up-regulates p21 expression, down-

regulates cyclin expression, and stimulates cellular senescence (Zhang et al. 

2007).  On the other hand, IFI16 can also bind to hypophosphorylated Rb and 

E2F and this may promote inactivation of the E2F/DP1 complex.  In any case, 

the consequence is repression of E2F/DP1 target genes, which explains why 

IFI16 is a cell cycle regulator (Figure 1-3).  
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Figure 1-3. Schematic diagram of cell cycle regulation by IFI16. 

Cell cycle progression requires active E2F-DP1 complex for transcription of S phase genes.  This 
complex is repressed by hypo-phosphorylated Retinoblastoma protein (Rb).  Phosphorylation of 
Rb protein is controlled by Cyclin/CDK.  Interacting with these proteins by other proteins can 
affect cell fate.  p21 and p53 that are over-expressed in response to DNA damage can inhibit 
phosphorylation of Rb protein and causes cell cycle arrest in G1 phase.  IFI16 also halts cell 
cycle progression, which could be due to its direct interaction with p53, p21, and Rb proteins.  
This also indicates a possible link between IFI16 and DNA damage signalling.    

 
 

Besides having a role in cell cycle regulation, IFI16 is also involved in 

transcriptional regulation.  Figure 1-3 illustrates an example of how IFI16 

regulates transcription by binding to transcription factors.  In another example, 

IFI16 fused to the GAL4 DNA binding domain can function as a transcriptional 

repressor by blocking expression of a gene positioned up to 1 kb away from the 

GAL4 binding site (Johnstone et al. 1998).  Furthermore, IFI16 forms a stable 
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complex with a transcriptional activator SP1 at DNA element IR1 and represses 

activation of CMV DNA polymerase expression by SP1 (Luu et al. 1997).   

IFI16 is also a transcription factor by itself.  Its nuclear localization and its 

ability to bind DNA are typical features of transcriptional factors.  IFI16 is able to 

bind to guanine-rich sequence within promoters of p53 and c-Myc (a gene that 

promotes cell growth), and negatively affects their expression level (Egistelli et al. 

2009).  The fact that IFI16 is responsible for these cellular reactions also implies 

that defects in IFI16 may lead to genome instability and cause various diseases 

including cancer (Zhang et al. 2007).  For this reason, IFI16 is also known as a 

tumor suppressor.   

1.2.3 Role of IFI16 in autoimmune disease 

Autoimmune diseases such as systemic sclerosis (SSc) and systemic 

lupus erythematosis (SLE) are believed to be due to a loss of tolerance to 

nuclear antigens causing anti-nuclear antibody production followed by immune 

deregulation.  The most significant observation in SSc and SLE patients is the 

expression of a spectrum of IFN stimulated genes (Mondini et al. 2007).  

Consistent with IFN inducibility of IFI16, increased levels of IFI16 protein in 

human SLE patients are associated with the diseases (Choubey et al. 2008).  

One study used immunohistochemical analysis to evaluate the expression of 

IFI16 in skin biopsy specimens obtained from patients with SSc and SLE 

(Mondini et al. 2006).  It was found that expression of IFI16 was greatly 

increased in all layers of the epidermis of lesional skin from patients of both 

diseases and this contributes to higher anti-IFI16 IgG antibody levels compared 
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with normal controls.  In another study, high titer anti-IFI16 antibodies were 

detected in the sera of 28.7% (107 of 374) SLE patients but not in healthy 

controls (Seelig et al. 1994).   These studies provide evidence that IFI16 may be 

involved in the pathophysiologic mechanisms of SSc and SLE, but further 

experiments are required to establish whether altered expression of IFI16 is 

necessary or sufficient for initiation and pathogenesis of these autoimmune 

diseases.   

1.2.4 IFI16 is involved in DNA repair and apoptosis 

When human cells suffer DNA damage from environmental factors such 

as ultraviolet (UV) light or ionizing radiation (IR), one DNA repair mechanism is to 

form a multi-protein complex called BRCA1 Associated Surveillance Protein 

Complex (BASC) that has the ability to sense and repair damaged DNA.    The 

BASC complex contains numerous proteins involved in different DNA 

transactions such as recombination and DNA repair.  This protein complex is 

composed of the following proteins: BRCA1, ATM/ATR kinases, MLH1, MSH2, 

MSH6, Rad50, MRE11, NBS, and DNA helicase BLM, as shown by a mass 

spectrometry study (Wang et al. 2000), and together as a whole, BASC identifies 

and corrects damaged DNA molecules.  BRCA1 (Breast Cancer Associated 

Gene 1) is a large, multifunctional nuclear phosphoprotein of 1863 amino acids 

forming the central core of the BASC complex.  It was found that a breast cancer 

cell line HCC1937, which expresses a truncated form of BRCA1, failed to confer 

resistance to DNA damage-induced cell death but reintroduction of wildtype 

BRCA1 recovered it (Scully et al. 1999).  Interestingly, the N-terminus of IFI16 

http://en.wikipedia.org/wiki/UV
http://en.wikipedia.org/wiki/Radiation
http://en.wikipedia.org/wiki/DNA
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that contains the PAAD domain has been shown to physically interact with the 

501-801 amino-acid region of BRCA1 (Aglipay et al. 2003).  The same study also 

demonstrated that IFI16 failed to relocalize within the nucleoplasm in response to 

IR treatment when BRCA1 is mutated.   Reintroduction of wildtype BRCA1 

restored the nuclear relocalization of IFI16, suggesting that DNA repairing activity 

of BRCA1 may require IFI16 as an intermediate component.   

The direct interaction between IFI16 and BRCA1 through the PAAD 

domain is also important for p53-mediated apoptosis.  Co-expression of BRCA1 

and IFI16 in BRCA1(-)/p53(+) mouse embryonic fibroblasts (MEF) led to severe 

retardation of cell growth and loss of cell viability 36-48 days after IR treatment, 

whereas co-expression of BRCA1 and IFI16 lacking PAAD domain in the same 

MEFs resulted in resistance to growth retardation (Aglipay et al. 2003).    

Expression of IFI16 alone only slightly retarded cell growth and no apoptosis was 

detected, confirming that apoptosis under conditions of DNA damage requires 

cooperation between IFI16 and BRCA1.   

The findings that IFI16 is a functional component of BASC strongly 

support a role in DNA repair pathway and apoptosis.   Furthermore, each BASC 

member has the ability to recognize different abnormal DNA structures that could 

possibly be the result of DNA damage.  This evidence further supports a DNA-

damage sensing role in IFI16 suggested in Figure 1-3.   
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1.2.5 The PAAD domain of IFI16 is a novel ssDNA binding protein 

As mentioned previously, PAAD domains mediate the association of 

apoptotic proteins.  The PAAD domain of IFI16 directly interacts with BRCA1 

(Section 1.2.4).   In fact, the PAAD domain was originally thought to be 

exclusively a protein-protein interaction domain (Liepinsh et al. 2003; Hiller et al. 

2003; Liu et al. 2003; Pawłowski et al. 2001).  Recently, the novel ssDNA binding 

properties of IFI16-PAAD were established (Dalal K, M.Sc thesis, 2006).  It was 

found that IFI16-PAAD can bind to single-stranded nucleic acids, including RNA, 

and prefers guanine-rich DNA.  Also, IFI16-PAAD destabilizes dsDNA structure 

and its presence effectively lowered the melting temperature of dsDNA by 

approximately 10 °C.  On the other hand, the stability of IFI16-PAAD was greatly 

improved when bound to single-stranded DNA compared to double-stranded 

DNA, indicating a stable protein-ssDNA complex (Dalal K, M.Sc thesis, 2006).  

This nucleic acid binding property would imply a broader range of functions for 

the Death domain super-family in apoptosis and inflammation.  More specifically, 

a PAAD-DNA binding domain could imply functions in DNA 

repair/replication/recombination or transcriptional regulation for the full length 

protein. 

 

1.3 Replication protein A (RPA) 

Based on the above information, it is evident that IFI16 can bind to ssDNA 

via its PAAD domain.  As a transcriptional repressor, it can bind to dsDNA 

structures.  The region of dsDNA binding has been mapped to the HIN200 
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domain (Johnstone et al. 1998), which is not surprising because it contains two 

OB folds.  In fact, we will show in this study that the HIN200A domain of IFI16 

has similar function to Replication Protein A (RPA), a human single-stranded 

DNA binding protein (Yan et al. 2008; Albrecht et al. 2005).  Before the crystal 

structure of IFI16-HIN200A was available, our laboratory built a model for this 

protein domain by comparative modelling using the 3D jury method.  As a result, 

we identified the OB-fold-containing region of RPA (PDB: 1JMC) as the best 

template based on structural alignment (Pio, 2003, unpublished data).  In 

humans, RPA is commonly involved in DNA replication and recombination 

processes.  This section covers an overview of RPA structure and function. 

1.3.1 Structure of RPA 

 

Figure 1-4. Domain structure of RPA (Fanning et al. 2006). 

RPA is a heterotrimer composed of RPA70, RPA32, and RPA14.  Protein-binding domains are 
denoted by red bars; ssDNA binding domains A, B, C, and D are denoted by hatching.  Green 
box indicates the region of winged-helix-turn-helix motif.  Each OB fold is denoted by a blue box.  
Arrows indicate intersubunit associations.  The structure of RPA70AB (aa 181-422 of RPA70) is 
solved and is shown on Figure 1-5. 
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RPA is the most abundant single-stranded DNA binding protein (SSB) in 

humans (Seroussi et al. 1993).  It is a heterotrimeric protein that consists of three 

subunits: RPA70, RPA32 and RPA14, designated according to their molecular 

weights (Wold et al. 1988).  The domain organization of these subunits is shown 

in Figure 1-4.  RPA contains four ssDNA binding domains, three of which are 

found in RPA70 (A, B, and C) and one in RPA32 (D).  RPA70 therefore plays a 

major role in recognizing ssDNA (Bochkareva et al. 1998; Pfuetzner et al. 1997; 

Bochkareva et al. 2001).  Besides having ssDNA-binding domains, RPA also 

contains protein-binding domains.   The N-terminus of RPA70 (RPA70N) 

mediates interactions with a variety of replication proteins and transcription 

factors (Jacobs et al. 1999).  Furthermore, ssDNA binding domains RPA70A and 

B are also capable of protein binding, so is the winged-helix-turn-helix fold at the 

C-terminus of RPA32.  RPA14 associates with RPA70C and RPA32D to form the 

trimerization core, which links the three RPA subunits together and keeps RPA in 

its heterotrimeric form.  Detailed structural information of RPA is available as 

most of the RPA domains have been successfully crystallized. 

1.3.2 RPA contains OB folds 

The OB fold, consisting of a β-barrel with a Greek-key topology, is one of 

the most common structures in any single-stranded nucleic acid binding protein.  

In human RPA, there are six of these OB folds and they play an important role in 

DNA transactions (Kerr et al. 2003; de Laat et al. 1998; Henricksen et al. 1994; 

Wold 1997).  OB folds of RPA bind strongly to ssDNA with preference to 

guanine-rich sequence and their binding affinity to ssDNA shows a strong 
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dependence on the length of the oligonucleotides (Bochkareva et al. 2001).  

They can also recognize dsDNA and RNA but binding is weaker by 100-1000 

fold (Kim et al. 1994).  RPA displays different binding modes for interactions with 

DNA, and this is triggered by the oligomerization of its OB folds (Bochkareva et 

al. 2002).  Furthermore, RPA OB folds contribute to the destabilization of dsDNA 

during the initiation of DNA replication (Treuner et al. 1996).   Remodelling of OB-

fold was previously shown by swapping the OB fold in RPA from archaea 

(Robbins et al. 2005).  They showed that the OB folds when interchanged could 

still perform their functions, one of which is to wrap and stretch ssDNA.  In 

addition to human RPA, most OB-fold proteins contain a prevalent 3’-5’ ssDNA 

binding polarity: the 5’ end is oriented towards the C-terminus of the protein and 

the 3’ end extends towards the N-terminus (Theobald et al. 2003). 

1.3.3 Function of RPA 

In its stable complex form, RPA is known to be important for DNA 

processing pathways such as DNA replication, DNA recombination, DNA repair, 

transcription, translation, cold shock response and telomere maintenance  

although the role of RPA in DNA replication has been more extensively studied 

(Wold 1997).  RPA can bind tightly to ssDNA and protects it from nucleolytic 

damage, prevents hairpin formation, and blocks DNA re-annealing until the 

processing pathway step is successfully completed (Stenlund 2003).  OB folds 

play an important role during these processes because they can adopt different 

DNA-binding modes that can be switched from one to the other through self 

association, protein interactions or phosphorylation.  Beside ssDNA binding, RPA 
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also has DNA unwinding activity (Georgaki et al. 1992).  It was found that RPA 

can unwind up to at least 350 bp of DNA, and that the unwinding activity is 

independent of MgCl2 and ATP.  Thus, RPA could initiate DNA transactions by 

providing a proper substrate for DNA helicase, polymerase or primase for further 

DNA processing.  Indeed, it has been shown that RPA can physically interact 

with DNA helicase Bloom Syndrome protein (BLM) and stimulate its energy-

driven DNA unwinding activity (Brosh et al. 2000).  RPA has been suggested to 

bind damaged DNA and function in early stage of DNA repair (Hashimoto et al. 

2000; Coverley et al. 1992).  RPA was also shown to bind to negative regulatory 

sequences found upstream of a number of DNA repair and DNA metabolism 

genes (Singh et al. 1995).  Therefore, it is capable of regulating certain gene 

transcriptions as well. 

 

1.4 Similarities between IFI16 and RPA 

1.4.1 Structural similarities of IFI16-HIN200A and RPA70AB 

The major common feature between RPA and IFI16 is that they both 

contain OB folds.  As mentioned, the OB-fold region of RPA (RPA70AB) and the 

OB-fold region of IFI16 (IFI16-HIN200A) are also structurally similar according to 

comparative modeling (Section 1.3).  The similarity is more apparent upon 

comparison of the crystal structures of IFI16-HIN200A (PDB: 2OQ0) and 

RPA70AB (PDB: 1JMC).  The crystal structure of IFI16-HIN200A has a resolution 

of 2.0 Å.  RPA70AB was crystallized with an octadeoxycytosine oligonucleotide 
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and diffracted to 2.4 Å (Bochkarev et al. 1997) (Figure 1-5).  From the surface 

representations of both structures, IFI16-HIN200A appears to possess a DNA 

binding groove similar to that of RPA70AB.  The specific lysine residues in 

RPA70, namely K183, K259, K263, and K343 (highlighted in blue in Figure 1-5) 

were identified using mass spectrometric protein footprinting to determine the 

ssDNA contacts (Shell et al. 2005).  In the structure of IFI16-HIN200A, lysine 

side chains that may interact with ssDNA are exposed within the putative DNA 

binding groove and this may provide evidence of the groove being the site of 

DNA binding.  According to the protein structure comparison service SSM 

(secondary-structure matching) at European Bioinformatics Institute 

(http://www.ebi.ac.uk/msd-srv/ssm), authored by E. Krissinel and K. Henrick 

(Krissinel et al. 2004), the OB fold structures of IFI16-HIN200A and RPA70AB 

were superimposed with a root mean square deviation (RMSD) of 3.99 Å 

(Appendix C).  It is possible that a reorientation of the IFI16-HIN200A OB folds 

may occur to compensate for the weak structural conservation upon binding to 

ssDNA. 
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Figure 1-5. Crystal structures of RPA70AB and IFI16-HIN200A. 

Crystal structure of RPA70AB (left) in complex with poly(dC)8 (red) and IFI16-HIN200A (right), 
each containing two OB folds as indicated. A) Surface representation of the structures with lysine 
side chains highlighted in blue.  A potential DNA binding pocket was found in IFI16-HIN200A 
similar to the one on RPA70AB.  B) Left: Ribbon representation of RPA70AB showing lysines 
K343, K263, K259, and K183 that were known to directly interact DNA.  Right: lysine residues 
that may interact with ssDNA were also found around the potential DNA binding pocket in IFI16-
HIN200A.  Lysine residues were shown as stick representation.   

 
 

1.4.2 IFI16 and RPA are involved in similar DNA pathways and have similar 
binding partners 

IFI16 and RPA not only have structurally similar OB folds, but they also   

take part in similar processes such as DNA damage-induced cell cycle 

regulation, transcriptional repression, and DNA repair.  Furthermore, RPA has 
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also been implicated in autoimmune disease like IFI16.  A study showed that 

antibodies directed against RPA70 and RPA32 were found in SLE patients 

(Garcia-Lozano et al. 1996).  Although not much is known about RPA in 

autoimmune disease, this demonstrated once again that IFI16 and RPA are 

involved in similar pathways of DNA metabolism.   

RPA and IFI16 also share common interacting partners.  As a member of 

BASC complex, IFI16 is functionally associated with its components.  RPA can 

also physically interact with many of these individual BASC components, 

including p53, BLM, RFC and RAD50-MRE11-NBS1 (Fanning et al. 2006).   RPA 

directly interacts with PCNA, a potential BASC component, according to a 

combination of affinity chromatography and mass spectrometric analyses (Ohta 

et al. 2002; Wang et al. 2000).  RPA also directly interacts with the BLM, which is 

a DNA helicase, and enhances its unwinding activity (Brosh et al. 2000).  BLM 

belongs to the RecQ helicase family and it has been shown to be an early 

responder to DNA double-strand breaks (Karmakar et al. 2006).  It could 

therefore be an important part of the BASC for its unwinding function, which is 

critical in DNA transactions.   

 

1.5 An overview of objectives, rationale of my research, and 
results summary 

Although IFI16 has been implicated in cell cycle regulation, transcriptional 

repression, and DNA repairing pathways, its biochemical mechanism in these 

pathways has been elusive.  Since these are processes that involve interactions 
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with DNA, understanding OB fold property of IFI16 is crucial for elucidating IFI16 

function in these mechanisms.  In a recent study where a group of researchers 

tried to determine the DNA-sensing component in an inflammasome that triggers 

innate immunity, they specifically searched for proteins in the NCBI database that 

contain OB fold motifs and a death domain, which is commonly found in 

inflammatory proteins.  They found the cytosolic AIM2, another HIN200 family 

member, met these two criteria.  They discovered that the OB folds of AIM2 were 

able to sense potentially dangerous cytoplasmic DNA from viral infection.  AIM2 

can also form a multi-protein complex called the inflammasome with other 

inflammatory proteins to activate caspase-1, which cleaves pro-IL-1β to its active 

form and induce inflammation in 293T-caspase-1-ASC cell line.   AIM2 was 

confirmed to be a cytoplasmic DNA sensor that triggers activation of the innate 

immune system (Fernandes-Alnemri et al. 2009).  This finding is consistent with 

other studies published in Nature during the same period (Bürckstümmer et al. 

2009; Hornung et al. 2009). 

It is possible that the HIN200 family of proteins may constitute a new type 

of DNA sensor proteins involved in DNA repair and inflammation.  Like the AIM2 

study above, studying how the OB folds of IFI16 recognize nucleic acids will be 

key to understanding its function, although AIM2 is a cytosolic protein and IFI16 

is a nuclear protein.  We have evidence from comparative modelling that the OB-

fold containing HIN200A domain of IFI16 is structurally similar to the nuclear 

protein RPA.  Since RPA and IFI16 have been implicated in similar pathways and 

diseases and have common interacting partners (p53, BLM, RFC and RAD50-
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MRE11-NBS1), they may also be functionally similar.  However, the low 

sequence similarity between RPA and IFI16-HIN200A (less than 10%) make it 

difficult to infer a function with confidence to this domain since the OB-fold 

superfamily members are highly diverged, sharing little sequence conservation 

and perform a wide variety of functions (see Structural Classification of Proteins, 

http://scop.mrc-lmb.cam.ac.uk/scop) (Watson et al. 2005).  For this reason, a 

proposed RPA function of IFI16-HIN200A must be further verified experimentally. 

  My study was initiated to improve the understanding of the function of 

IFI16 and how it is involved in the cellular pathways, using RPA as the basis.  

Karen Yan and collaborators (Yan et al. 2008) initially hypothesized that the OB-

fold containing HIN200A of IFI16 had similar functional properties as the OB-fold 

of RPA.  We tested six RPA nucleic acid-binding characteristics on IFI16-

HIN200A, and our results indicated that IFI16-HIN200A possesses most of the 

ssDNA-binding and OB fold properties of RPA.  Specifically, IFI16-HIN200A 

binds to GC-rich ssDNA with higher affinity than to dsDNA, oligomerizes upon 

ssDNA binding, wraps and stretches ssDNA, and recognizes ssDNA in the same 

orientation as RPA but does not destabilizes dsDNA (Section 3.1).  Next, I 

demonstrated that IFI16-HIN200A unwinds dsDNA like RPA (Section 3.2).  To 

extend the investigation of RPA function in IFI16, I looked at the interaction of 

IFI16 and BLM, which is known to interact with RPA and increase its unwinding 

of dsDNA by RPA unwinding activity (Brosh et al. 2000).  This interaction 

between IFI16 and BLM was not detected (Section 3.4.1).  Interestingly, I found 

that IFI16 has DNA cleavage activity, a function that is not found in RPA (Section 

http://scop.mrc-lmb.cam.ac.uk/scop
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3.3).  These findings may provide new insights on the role of IFI16 in DNA 

damage/repair signalling pathways, transcriptional repression and apoptosis. 
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2: MATERIALS AND METHODS 

2.1 Gene cloning 

All clones were propagated in Escherichia coli DH5α, plasmids were 

purified with Qiagen miniprep kit, and nucleotide sequences were verified by 

Macrogen sequencing service in Korea before use. 

2.1.1 Cloning for gene expression 

Genes encoding IFI16 domains were previously generated as described 

(Dalal K, M.Sc Thesis, 2006;  Yan H,  M.Sc Thesis, 2007):  HIN200A (aa 194-

393), HIN200B (aa 557-767), 2HIN (aa 194-767) were PCR-amplified from the 

full-length IFI16c cDNA template (Uniprot accession number: Q16666) and 

cloned into pET100/D-TOPO vector (Invitrogen, CA).  The expression plasmid for 

the PAAD domain of IFI16 was generated by inserting the Human DNA 

fragments encoding for PAAD protein domains of IFI16 referred to as IFI16-1 (3–

88, CAI15085) into a pET28b vectors (Novagen).   

IFI16 gene used for full-length gene expression was purchased from 

PlasmID (ID#:HsCD00043079) and was cloned into yeast expression vector 

pYES2 (Appendix E) and mammalian expression vector pCEP4 (Appendix E).  

Primer pairs EXP_IFI16FL_F and pYES2_IFI16FL_R were used to amplified the 

IFI16 full-length gene for pYES2 and it was cloned downstream of the GAL1 

gene promoter between KpnI and XhoI sites of pYES2.  For cloning IFI16 full-

http://plasmid.med.harvard.edu/PLASMID/GetCloneDetail.do?cloneid=43079&species=Homo%20sapiens
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length gene into pCEP4, primer pairs EXP_IFI16FL_F and pCEP4_IFI16FL_R 

were used with restriction enzymes KpnI and BamHI (see Table 2-1 for primer 

sequences). 

2.1.2 Cloning for yeast two-hybrid 

MATCHMAKER Two-Hybrid system by Clontech was used, in which IFI16 

(PlasmID), BRCA1 (Addgene, Plasmid 12341), and BLM (plasmid pJK1 gifted by 

Ian D. Hickson) full-length genes were cloned into bait vector pAS2-1 and prey 

vector pACT2 (see section 2.11 for details in yeast two-hybrid method, Appendix 

E for plasmid maps).  To clone full-length IFI16 into both pAS2-1 and pACT2, 

primers Y2H_IFI16FL_F and Y2H_IFI16FL_R were used to amplify the gene and 

restriction enzymes SfiI and BamHI were used to clone it into both vectors.  

Y2H_BRCA1FL_F and pAS2-1_BRCA1FL_R (SfiI and SalI) were used in cloning 

BRCA1 full-length gene into pAS2-1 and primers Y2H_BRCA1FL_F and 

pACT2_BRCA1FL_R (SfiI and XhoI) for pACT2.  For cloning BLM, 

Y2H_BLMFL_F and pAS2-1_BLMFL_R (SfiI and PstI) were used for pAS2-1; 

Y2H_BLMFL_F and pACT2_BLMFL_R (SfiI and XhoI) were used for pACT2 (see 

Table 2-1 for primer sequences).   
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Table 2-1. Sequences of primers used for cloning 

Name of primers Nucleotide sequence (restriction sites underlined) 

Y2H_IFI16FL_F 5’-GACATGGGCCATGGAGGCCATGGGAAAAAAATACAAGAACATTG-3’ 

Y2H_IFI16FL_R 5’-CGCGGATCCGAAGAAAAAGTCTGGTGAAGTTTC-3’ 

Y2H_BRCA1FL_F 5’-GACATGGGCCATGGAGGCCATGGATTTATCTGCTCTTCGC-3’ 

pAS2-1_BRCA1FL_R 5’-ACGCGTCGACGTAGTGGCTGTGGGGGAT-3’ 

pACT2_BRCA1FL_R 5’-GCAACTCGAGGTAGTGGCTGTGGGGGAT-3’ 

Y2H_BLMFL_F 5’-GACATGGGCCATGGAGGCCATGGCTGCTGTTCCTCAA-3’ 

pAS2-1_BLMFL_R 5’-GCAACTGCAGTGAGAATGCATATGAAGGCTT-3’ 

pACT2_BLMFL_R 5’-GCAACTCGAGTGAGAATGCATATGAAGGCTT-3’ 

EXP_IFI16FL_F 5’-CGGGGTACCATGGGAAAAAAATACAAGAACATTG-3’ 

pYES2_IFI16FL_R 5’-GCAACTCGAGTCATCAGTGATGATGATGATGATGGAAGAAAAAGTCT 
GGTGAAGTTTC-3’ 

pCEP4_IFI16FL_R 5’-CGCGGATCCTCATCACATGTGATGATGATGATGATGGAAGAAAAAGT 
CTGGTGAAGTTTC-3’ 

 

2.2 Protein Expression 

2.2.1 Bacterial expression system 

Each protein domain was expressed as a His tag-fusion protein in 

Escherichia coli BL21(DE3) transformed with its respective construct.  Cell 

cultures were grown to 0.5 of O.D600 reading before 1 mM of IPTG was added to 

induce the protein expression.  Cell cultures were then kept shaking at 37 °C for 

additional 4 hours. Cells were pelleted down by centrifuging at 5000 rpm with 

F10 rotor (Beckman) at 4 °C for 20 minutes.  The pellets were resuspended with 

lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 1 mM imidazole, 500 µM PMSF, pH 

8.0) and cell lysis was done by sonication at approximately 20 Volts.  After 

sonication, cell lysate was subjected to centrifugation with a JA17 rotor 

(Beckman) at 31000 x g for 1 hour at 4 °C to remove cell debris and the 
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supernatant was filtered using 0.45 µm syringe filter before His-tag purification 

took place. 

2.2.2 Yeast expression system 

Yeast strain S288c (genotype: MATα SUC2 gal2 mal mel flo1 flo8-1 hap1 

ho bio1 bio6, provided by Gabriel Alfaro of Beh Lab) was used for full-length 

IFI16 gene expression.   Cells transformed with pYES2_IFI16 by PLATE 

transformation method (Section 2.10) were selected by -uracil SC medium 

(Appendix F) and were grown overnight at 30 °C with shaking.  To induce 

expression of IFI16 from the GAL1 promoter, overnight culture was transferred 

from glucose-containing medium to galactose-containing medium and adjusted to 

OD600 0.5.  Without glucose, the GAL1 promoter is not repressed and 

transcription of IFI16 is induced by continuous shaking at 30 °C for additional 8 

hours.  After induction, cells were centrifuged at 1500 x g for 15 minutes at 4 °C.  

Finally, cells were lysed by sonication in lysis buffer (50 mM NaH2PO4, 300 mM 

NaCl, 1 mM imidazole, 500 µM PMSF, pH 8.0) and IFI16 expression was 

detected by western blot (Section 2.8). 

2.2.3 Mammalian expression system 

Both Cos-7 and HEK293T cell lines were used for full-length IFI16 

expression trials.  They were maintained in T75 tissue culture flasks with 15 ml of 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 5% (v/v) Fetal 

Bovine Serum (FBS) at 37 °C under 5% CO2.  Once they were grown to 80-90% 

confluence, cells were detached from the flasks by incubation with 0.25% (1X) 
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trypsin for 2 minutes at 37 °C, diluted 10-fold with the addition of fresh media, 

and transferred to new plates.  Cells were passaged every 3 days until ready to 

be transfected.  

IFI16 full-length gene was cloned into mammalian expression vector 

pCEP4 (Invitrogen, Section 2.1.1).  Plasmid DNA transfection was carried out 

with Lipofectanime 2000 (Invitrogen according to product protocol.  Briefly, 2×105 

mammalian cells in 2 ml of growth medium (DMEM, 5% FBS) were plated into 6-

well plates one day before transfection.  At the time of transfection, cells were 90-

95% confluent.  DNA plasmids were complexed with lipofectamine 2000 as 

follows: For each well, 10 µl of lipofectamine 2000 was diluted in 250 µl DMEM 

without serum, and 4 µg of DNA plasmid in 250 µl of DMEM without serum was 

added to lipofectaminie and was mixed gently.  The mixture was allowed to 

incubate for 20 minutes at room temperature.  The 500 µl DNA/lipofectamine 

mixture was then added to each well containing cells and medium.  Plates were 

gently mixed and were incubated at 37 °C for 2-3 days prior to testing for 

expression of IFI16. 

 

2.3 Protein Purification 

2.3.1 Purificationof His-tagged proteins 

Proteins were purified according to the QIA-expressionist protocol 

(Qiagen) using gravity spin columns containing Ni-NTA agarose.  Targeted 

proteins from cell lysates that contain a his-tag were trapped into the beads while 
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the supernatant (see section 2.2.1) was passed through the columns.  Columns 

were then washed with lysis buffer containing 20 mM imidazole to remove protein 

contaminants that came from non-specific binding to the column.  Targeted 

proteins were eluted in the lysis buffer containing 250 mM imidazole and were 

then dialysed promptly in 50 mM Tris, 100 mM NaCl, pH 8.0.  A final 

concentration of approximately 15 mM of β-mercaptoethanol was added just 

before overnight dialysis to avoid protein aggregation.  After dialysis, all purified 

proteins were concentrated to 5-10 mg/ml using an Amicon Ultra centrifugation 

filter with a 3000 dalton molecular weight cut-off and then stored at -80 ºC. 

2.3.2 Ion-exchange chromatography 

Ion-exchange purification was performed with Mono S HR 5/5 column (GE 

Healthcare) attached to FPLC purification system ÄKTApurifier (GE Healthcare).  

IFI16-HIN200A recombinant protein has a theoretical pI value of 9.07 according 

to ExPASy ProtParam tool (Appendix B).  Mono S column was first equilibrated 

with five column volumes of 50 mM HEPES, pH 7.5, which was attached to pump 

A of FPLC purifier.     At pump B, it attached the buffer of 50 mM HEPES, 1M 

NaCl, pH 7.5.  During purification, IFI16-HIN200A was injected into the sample 

loop and was pushed into the Mono S column by 100% pump A buffer at a flow 

rate of 0.5 ml/min.  Elution of protein was done in the following gradient setting:  

0-100% pump B buffer in 100 minutes at 0.5 ml/min flow rate, 1 ml fraction size.  

IFI16-HIN200A was eluted out when the gradient at pump B was approximately 

25% (~250 mM NaCl).  Eluted fractions were immediately dialyzed overnight in 

50 mM Tris, 100 mM NaCl, 15 mM β-mercaptoethanol, pH 8.0 buffer.    
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2.3.3 Gel filtration 

Gel filtration column Superose 12 HR 10/30 (GE Healthcare) was used for 

IFI16-2HIN gel filtration with FPLC purification system ÄKTApurifier (GE 

Healthcare).  First, the column was equilibrated with five column volumes of 50 

mM Tris, 100 mM NaCl, 15 mM β-mercaptoethanol, pH 8.0 buffer.  Next, 1 ml of 

concentrated IFI16-2HIN (6-8 mg/ml) was injected into 1-ml sample loop and was 

slowly pushed into the column at a flow rate of 0.5 ml/min.   Fraction collection 

began after passage of the void volume (~7 ml); each fraction was 0.5 ml.   

 

2.4 UV cross-linking of HIN200A-DNA complexes 

IFI16-HIN200A (3.7 M) was incubated with ssDNAs A25, T25, GC- 5, and 

GC-3 (Table 2-2) as well as dsDNA (A-T)25 (A25 and T25 annealed together), and 

dsDNA (GC)5-3 (GC-5 and GC-3 annealed together)  at 1:1 DNA:protein molar 

ratio in 20 mM sodium cacodylate, pH 7.25.  Each reaction was placed on the lid 

of a 1.5 ml Eppendorf tube and exposed to 254 nm UV light at a distance of 20 

cm on a UV Stratalinker 2400 (Stratagene, CA) at 1000 J/min for 15 min.  Cross-

linked products were analysed on 15% SDS-PAGE and visualized by silver 

staining or western blotting with anti-his tag antibody (Section 2.8) to detect the 

his-tagged IFI16-HIN200A. For each gel, a calibration curve was plotted from the 

migration distance (Rf) of each low range molecular weight standard (Bio Rad), 

which was used to estimate the molecular weights of the protein monomer and 

protein-DNA complexes. 
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Table 2-2. Oligonucleotides used in UV cross-linking and tyrosine fluorescence quenching 

Name of oligos Nucleotide sequence 

T25 Poly(dT)25 

A25 Poly(dA)25 

GC-5 5’-GGAAGAAGGAAGTGGGATCAGGATCCGCTGGCTCC-3’ 

GC-3 5’-GGAGCCAGCGGATCCTGATCCCACTTCCTTCTTCC-3’ 

 

2.5 Chemical cross-linking of protein complexes 

IFI16-HIN200A (1.8 M) was incubated alone or with T25 at a DNA:protein 

molar ratio of 0.1:1 for 10 minutes at 20 °C in 400 l of 20 mM HEPES, pH 7.5.  

16 l of the chemical cross-linker, glutaraldehyde (25% initial concentration), was 

added and incubated for 2 minutes at 20˚C. The two reactions were then stopped 

by adding 20 l freshly-made quenching solution (2 M NaBH4 and 0.1 M NaOH) 

for 20 minutes at the same temperature.  Cross-linked species were precipitated 

by adding 18 l trichloroacetic acid (TCA, 78% initial concentration) and 

incubating on ice for 5 minutes.  The precipitant was pelleted by 10-minute 

centrifugation at 13,000 rpm at 4 °C and washed once with 600 l cold acetone 

followed by another centrifugation.  Air-dried pellet was resuspended in 20 l 

SDS-PAGE loading buffer and analysed on a 15% SDS-PAGE, together with 

IFI16-HIN200A without T25 and glutaraldehyde as the negative control.  The gel 

was visualized by silver staining. 

http://en.wikipedia.org/wiki/Trichloroacetic_acid
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2.6 Tyrosine fluorescence quenching assay 

Wildtype IFI16-HIN200A has six tyrosine residues that absorb light and their 

emission may be quenched by oligonucleotide binding.  To obtain the binding 

constants for different oligonucleotides A25, T25, GC-5, GC-3, dsDNA (A-T)25 and 

(GC)5-3 (Table 2-2), IFI16-HIN200A (3.7 µM) was titrated by each of them in 20 

mM sodium cacodylate, pH 7.25.  The DNA: protein molar ratio was increased 

from 0.01 to 0.1 at an increment of 0.01 and from 0.1 to 3.0 at an increment of 

0.1.  At each titration point, the sample was excited at 275 nm (λex of tyrosine) 

and the emission intensity at 304 nm (λem of tyrosine) was recorded and plotted 

against the corresponding oligonucleotide concentration.  Spectra of 

oligonucleotides alone were recorded under the same conditions as the negative 

control. 

The data were analyzed by curve fitting to a one-site (Y = BmaxX/(Kd+X)) or 

two-site (Y=Bmax1X/(Kd1+X) + Bmax2X/(Kd2+X)) binding model using Graphpad 

Prism 4.03 (Graphpad Software Inc.).  The parameters Bmax (maximal binding) 

and Kd (dissociation constant) were calculated from a non-linear regression fit. 

The statistical F test in Graphpad was used to determine the preferential binding 

models.  Scatchard plots were analyzed in the Graphpad software. 

 

2.7 Melting depression of dsDNA 

Double-stranded DNA (A-T)25 was diluted to a final concentration of 10 M 

in 100 l 20 mM sodium cacodylate, pH 7.25, containing 100 mM NaCl.  Its 
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absorbance at 260 nm (A260) was measured by the “Thermal” program on a Cary 

300 Bio UV-Visible spectrophotometer equipped with a temperature regulator 

from 20˚C to 90˚C in the absence and presence of IFI16-HIN200 at 1:1 

protein:DNA molar ratio.  Melting depression of dsDNA for IFI16-PAAD was 

measured in the same way, except that the reaction was carried out in 20 mM 

HEPES, pH 7.5, at a protein:DNA molar ratio of 2.5:1.  

 

2.8 Western blotting 

Transfer from SDS-PAGE gel to Hybond-ECL nitrocellulose membrane 

(Amersham Biosciences) was done in 1X transfer buffer (48 mM Tris base, 

0.04% SDS, 39 mM glycine, and 20% methanol) for 2 hours at 80 V in 4 °C.  

Membrane was incubated overnight with blocking solution (5% Bovine Lacto 

Transfer Technique Optimizer [BLOTTO], 0.1% Tween20).  The next day, 

membrane was washed two times with 1X TBS (50 mM Tris-HCl, 150 mM NaCl, 

0.1% Tween20, pH 7.5) for 2 minutes before 1-hour primary antibody incubation 

(refer to Table 2-3 for the amount and the choices of antibody used in different 

experiments).  Then, the membrane was washed three times with 5% BLOTTO, 

0.1% Tween20, 15 minutes each, followed by two 5-minute rinses with 1X TBS, 

0.1% Tween20.  The same washing procedure was performed after the 

membrane was incubated with HRP-conjugated secondary antibody at room 

temperature for 1 hour.  Finally, immunodetection on X-ray film was carried out 

using ECL Plus Western Blotting kit (GE Healthcare).   
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Table 2-3. Antibodies used in western blots 

 Primary antibody Secondary antibody 

Experiment Name ([ ]) Dilution Name ([ ]) Dilution 

UV cross-linking Mouse anti-his     
(0.2 mg/ml) 

1:20000 Goat anti-mouse-
HRP conjugated     
(0.4 mg/ml) 

1:4000 

Full-length IFI16 
expression 

Rabbit anti-
IFI16_PAAD           
(5 mg/ml) 

1:100,000 Goat ant-rabbit-
HRP conjugated          
(0.4 mg/ml) 

1:4000 

 

2.9 Fluorescence Resonance Energy Transfer (FRET) 

2.9.1 DNA compaction and extension 

FRET was used to measure the distance between two chromophores 

attached at both termini of a dsDNA with a 3’ overhang and to assess if 

increasing the amount of protein had an effect on DNA compaction and 

extension as was shown for RPA (Robbins et al. 2005).  In this system, a FRET 

18-58 dsDNA was used.  This nucleotide was obtained by annealing an 18-mer 

and 58-mer ssDNA oligonucleotide (Table 2-4) to yield a partial duplex consisting 

of an 18 bp dsDNA with a single-stranded poly(dT)40 tail at the 3’ end.  The 3’ 

end of 58-mer was labelled with the donor Cy3 analog Quasar 570 (λex=548 nm, 

λem=567 nm), while the 5’ end of 18-mer was labelled with the acceptor Cy5 

analog Quasar 670 (λex=648 nm, λem=667 nm) (Figure 2-1, A).  Equimolar 

concentrations of these two partially complementary oligonucleotides were 

annealed to form FRET 18-58 in annealing buffer (20 mM Tris, 400 mM NaCl, pH 

8.0) by heating up to 95 °C and cooling down to 25 °C at a rate of 1.67 °C/min. 

The energy transfer between donor and acceptor upon binding to IFI16-HIN200A 

was measured by exciting the FRET 18-58 (300 nM in 20 mM sodium 
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cacodylate, pH 7.25) at 548 nm and recording the emission intensity at 568 nm 

and 667 nm from 1:1 to 20:1 protein:DNA molar ratio. Spectra of ssDNA 18-mer 

and 58-mer under the same conditions were measured as the negative control.  

If the poly(dT)40 tail is being wrapped around the protein, the distance between 

the chromophores becomes shorter when more protein is added. If the 

oligonucleotide is stretched by the protein, the chromophores become farther 

away when more IFI16-HIN200A molecules bind to the DNA (Figure 2-1, B and 

C). 

 

Figure 2-1. DNA compaction and extension by IFI16-HIN200A (Yan et al. 2008). 

18-mer ssDNA, 5’-labelled with the acceptor Quasar670, is annealed to 58-mer that is 3’-labelled 
with donor Quasar570.  The resulting DNA duplex has a poly(dT)40 tail, which may be wrapped 
and stretched by IFI16-HIN200A.  B) During wrapping, the FRET distance between donor and 
acceptor should become closer and the FRET increases.  C) If stretching occurs, the distance 
between chromophores increases and the efficiency of fluorescence transfer is diminished. 
 

 

5’ 

3’ 
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Table 2-4. Oligonucleotides used in FRET assays 

Name of Oligos Nucleotide sequence 

18-mer 5’- QUASAR670-GCCTCGCTGCCGTCGCCA -3’ 

58-mer 5’- TGGCGACGGCAGCGAGGC-(T)40-QUASAR570-3’ 

 

2.9.2 DNA polarity assay 

DNA polarity assay was used to determine the orientation of ssDNA upon 

binding to IFI16-HIN200A.  Orientation could be either 5’->3’ (5’ end directs to the 

N-terminus of the protein and 3’ end extends towards the C-terminus) or 3’->5’ 

(vice versa).  To do this, FRET was measured between FRET acceptor Quasar 

670 at 5’ end of an 18-mer ssDNA and FRET donor DyLight549 maleimide 

(Pierce) that was labelled on cysteine residue of proteins (Figure 2-2).  IFI16-

HIN200A has three cysteine residues and they are all located in the C-terminal 

OB-fold.  The FRET measured corresponds to the distance between 5’ end of 

ssDNA and C-terminus of protein.  This was eventually compared to FRET 

between the same piece of ssDNA and a mutant IFI16-HIN200A, which had C-

terminal cysteines mutated to serines and had a new cysteine introduced at the 

N-terminus (Section 2.9.3).   The FRET experiment was performed by titrating 

the labelled protein (0.767 M) with the 18-mer ssDNA from 1:1 to 12:1 

DNA:protein molar ratio and the emission spectra were recorded from 

wavelength 540 nm to 700 nm.  Energy transfer between the protein and 18-mer 

were approximated using equations E=IA/(IA+IDA) and E=1-(IDA/ID).  The difference 

in FRET could suggest the orientation of ssDNA binding of IFI16-HIN200A (see 

Figure 2-2 for detail). 
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Figure 2-2. DNA polarity assay. 

The orientation of ssDNA when bound to IFI16-HIN200A was determined by comparing FRET 
between wildtype IFI16-HIN200A and ssDNA to that between mutant IFI16-HIN200A and ssDNA.  
Wildtype IFI16-HIN200A had cysteines at its C-terminus while mutant IFI16-HIN200A contained 
an N-terminal cysteine, where FRET donor (Dylight549 maleimide) was located.   If energy 
transfer was greater in mutant than wildtype, it indicated the distance between N-terminus of 
protein and 5’end of ssDNA is shorter, and the orientation of ssDNA would be 5’->3’.  If energy 
transfer was greater in wildtype than mutant, orientation of ssDNA would be 3’->5’.     

 

2.9.3 Site-directed mutagenesis for DNA polarity assay 

Mutant IFI16-HIN200A plasmid was constructed using QuickChange® II 

Site-Directed Mutagenesis Kit (Stratagene, USA).  Three rounds of mutageneses 

were required.  The first round involved two mutations to change cysteines to 

serines at the C-terminus:  C351S and C356S.  In the second round, C366S 

mutation was done on the product from first round, yielding a triple mutant, IFI16-

HIN200AC351/356/366S.  Finally in the third round, a glutamine in the N-terminus was 
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mutated to a cysteine, and the construct IFI16-HIN200AQ238C+C351/356/366S was 

generated.  The corresponding forward and reverse primer sequences are 

summarized in Table 2-5.  In each mutagensis, mutant strands were PCR-

amplified and the parental stands were digested by DpnI (Stratagene, USA) at 

37 °C for 1.5 hours.   The mutant plasmid was transformed into Escherichia coli 

DH5α by electroporation.  The mutant sequences were verified by sequencing 

(Macrogen, Korea).  All mutants were expressed in Escherichia coli BL21(DE3) 

as described (Sectoin 2.2.1). 

Table 2-5. Mutagenic primers for mutant IFI16-HIN200A and their sequences 

Name of primers Nucleotide sequence 

IFI16-HIN_C351/356S_F 5’-GGACAGGACAATCTCACAATATCCCCTCTGAAGAAGGAG-3’ 

IFI16-HIN_C351/356S_R 5’-CTCCTTCTTCAGAGGGGATATTGTGAGATTGTCCTGTCC-3’ 

IFI16-HIN_C366S_F 5’-GATAAGCTCCAACTTTTCTCCTTTCGACTTAGAAAAAAGAACC-3’ 

IFI16-HIN_C366S_R 5’-GGTTCTTTTTTCTAAGTCGAAAGGAGAAAAGTTGGAGCTTATC-3’ 

IFI16-HIN_Q238C_F 5’-CATGCTACAGTGGCTACACAGACATGCTTCTTCCATGTGAAGG-3’ 

IFI16-HIN_Q238C_R 5’-CCTTCACATGGAAGAAGCATGTCTGTGTAGCCACTGTAGCATG-3’ 

 

 

2.10  PLATE transformation 

In a microcentrifuge tube, 10 µl of 10 mg/ml sonicated salmon sperm DNA 

(Stratagene, #201190) was first boiled at 100 °C for 5 minutes and immediately 

chilled on ice for at least 2 minutes to ensure the DNA had become single-

stranded.  1.5 µg of each DNA plasmid to be transformed was then added to the 

salmon sperm DNA and mixed well, followed by addition of 500 µl of a standard 

yeast transformation solution PLATE (40% PEG3350 (w/v), 100 mM lithium 
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acetate, 10 mM Tris, pH 7.5, 0.4 mM EDTA).  With an autoclaved toothpick, 

yeast cells that were grown on SC medium or a specific drop-out medium agar 

plate (Appendix F) were transferred to the PLATE mixture and mixed well.    

Mixture was allowed to incubate at 30 °C for 15 minutes and then was heat-

shocked at 42 °C for another 15 minutes.  After that, it was chilled in ice for 2 

minutes, followed by 30 °C incubation for 1 - 2 overnight.  Cells were then 

collected by centrifugation at 5000 rpm for 1 minute.  Supernatant was aspirated, 

resuspended gently with 100 µl of ddH2O and spreaded onto solid media that 

selects for the plasmid.  Transformed yeast cells were re-streaked onto a new 

selective plate before ready to use.   

 

2.11  Yeast two-hybrid 

Yeast strain pJ69-4A (genotype: MATa trp1-901 leu2-3,112 ura3-52 his3-

200 gal4Δ gal80Δ LYS::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ) was used for 

yeast two-hybrid experiment.  Bait vector (pAS2-1) cloned with one protein 

(IFI16, BRCA1, or BLM) and prey vector (pACT2) cloned with another protein 

were introduced into pJ69-4A by two rounds of PLATE transformations.  

Successful transformants were selected in -leu, -trp SC agar plates, as pAS2-1, 

which carried a TRP1 gene, and pACT2, which carried a LEU2 gene, would 

enable the transformed yeast to survive in   -leu, -trp media.  In addition, pAS2-1 

generates a fusion of the GAL4 DNA binding domain (DBD) and the bait ; pACT2 

generates a fusion of the GAL4 Activation Domain (AD) and the prey.  Direct 

interaction between the two proteins would drive the expression of reporter 
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genes HIS3 or ADE2, with ADE2 being more stringent.  Here, to investigate the 

direct interaction between two proteins, yeast carrying the two plasmids were 

streaked onto  -leu, -trp, -ade SC agar plate and were checked for growth.  

Positive control for this experiment was a pair of proteins that were known to 

have direct interaction with each other: SNF1 and SNF2 (provided by Gabriel 

Alfaro of Beh Lab).    

 

2.12  Radioactive labelling DNA with 32P 

2.12.1  5’ end labelling – kinase assay 

Oligonucleotides were 5'-32P-labeled with [ 32-P]ATP by forward labelling 

reaction. A 25 µl-reaction containing 15 µl of 100 µM DNA of interest, 1 µl of T4 

Polynucleotide kinase (Invitrogen), 5 µl of forward reaction buffer (provided by 

kit), 2.5 µl of  10 mCi/ml [ 32-P]ATP (Perkin-Elmer) and 1.5 µl of ddH2O was 

incubated in 37 °C for 1 hour.  The reaction was inactivated by 20-min incubation 

at 65 °C, and 90% unincorporated [ 32-P]ATP was removed by ethanol 

precipitation of the oligonucleotides.  DNA oligos were purified by gel purification 

method using a 15% TBE gel with 6 M urea was used.  After gel extraction of the 

DNA, another round of ethanol precipitation was performed to isolate the [ 32-

P]ATP-labelled DNA oligos.  Purified DNA oligos were resuspended in 1X TE 

buffer.   
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2.12.2  3’ end labelling  

3’ labelled oligonucleotides were prepared by adding [α32-P] cordycepin 

(3’deoxyadenosine) 5’triphosphate to the 3’ end of the oligonucleotide with 

terminal transferase.  A 25 µl-reaction containing 7.5 µl  of 100 µM DNA of 

interest, 1 µl  of terminal transferase (New England BioLab), 2.5 µl  of 2.5 mM 

CoCl2, 2.5 µl  of NEB buffer 4 (provided with kit), 2.5 µl of Labelled [α32-P] 

cordycepin, and 9 µl of ddH2O was incubated in 37 °C for 1 hour.  Radio-labelled 

oligonucleotides were purified as described (section 2.12.1).  

  

2.13  Determination of labelled oligo concentration 

Concentrations for the labelled oligonucleotides were determined by UV 

spectrometer.  The standard conversion factor according to Invitrogen was used: 

1 absorbance unit at wavelength 260 nm equals to 33 µg/ml of ssDNA.   

 

2.14  DNA unwinding assay 

DNA substrates used in unwinding assay were generated by annealing 

radioactive oligonucleotides to ΦX174 virion DNA (New England Biolabs) in 1:1 

molar ratio. Annealing was carried out by mixing ΦX174 virion DNA with the 

respective oligonucleotide (final concentration 200 nM) in TBE buffer (89 mM 

Tris, 89 mM boric acid, 2 mM EDTA, pH 8.4) containing 50 mM NaCl and 20 mM 

MgCl2. In a PCR machine, the annealing mixture was first incubated at 95 °C for 

5 mins and was programmed to slowly cool down to 22 °C at a rate of 
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approximately 0.6 °C/min.  Four DNA substrates were used in the unwinding 

assays:  1) 30-mer, A DNA substrate with a 30-bp double stranded region.  2) 

Bubble, with the same double stranded region as 30-mer except there is a 6bp 

bubble incorporated in the middle.  3) 5’T, prepared by annealing a 45-base 

oligo, which consists of the same DNA sequence as 30-mer with a poly(dT)15 at 

its 5’ end,  to ΦX174 virion DNA.  4) 3’T, prepared by annealing a 45-base oligo, 

which consists of the same DNA sequence as 30-mer with a poly(dT)15 at its 3’ 

end, to ΦX174 virion DNA. (see Figure 2-3 and Table 2-6)   

Unwinding of all DNA substrates were carried out in a final volume of 20 μl 

containing 20 mM Tris-HCl (pH 7.5), 4% (w/v) sucrose, 8 mM dithiothreitol (dTT), 

80 μg/ml bovine serum albumin (BSA), 5 nM of DNA substrate and one of the 

four IFI16 protein domains: PAAD, HIN200A, HIN200B, or 2HIN.   For each 

domain, a range of concentrations obtained by 2-fold serial dilution were tested, 

starting from a protein concentration of 50 μM or as indicated.  Incubation was for 

60 minutes at 37 °C unless otherwise mentioned.  Reactions were stopped using 

a final concentration of 1% SDS.  After addition of loading dye, samples were 

electrophoresed in 8 - 12% non-denaturing acrylamide gel containing 20% 

glycerol at a constant 25 mAmp/gel for 2-3 hours or until dye front is 2/3 from the 

bottom of the gel.  The running buffer used for electrophoresis was Tris-Glycine 

pH 8.8 prepared by mixing 3 g Tris and 14.4 g Glycine in 1 L of MilliQ water.  

Finally, the gel was autoradiographed using Typhoon Imager and quantified 

using ImageQuant software. 
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Figure 2-3. DNA substrates used in unwinding assay.  

Four partial duplexes generated by annealing different oligonucleotides to ΦX174:  A) a 30 nt 
oligonucleotide with sequence complementary to a 30-base region of ΦX174 (named 30-mer).    
B) a 30 nt oligonucleotide with exactly the same sequence as 30-mer except for 6 bases in the 
middle, creating a 6 nt bubble after it was annealed to ΦX174 (named Bubble).  C) a 45-nt long 
oligonucleotide consisting of a 15-nt long poly(dT) tail at the 5’ end of the strand followed by 30-
mer sequence (named 5’T).  D) a 45-nt long oligonucleotide similar to 5’T except the 15-nt long 
poly(dT) tail is at the 3’ end of the strand instead (named 3’T).   

 

Table 2-6. Oligonucleotides used in DNA unwinding assay 

Name of oligos Nucleotide sequence 

30-mer 5’-AAGTAAGAGCTTCTCGAGCTGCGCAAGGAT-3’ 

Bubble 5’-AAGCGATAAAACTACATGAGTTGGATACGC-3’ 

5’T 5’-TTTTTTTTTTTTTTTAAGTAAGAGCTTCTCGAGCTGCGCAAGGAT-3’ 

3’T 5’-AAGTAAGAGCTTCTCGAGCTGCGCAAGGATTTTTTTTTTTTTTTT-3’ 
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2.15  DNA cleavage assay 

Reaction samples for cleavage assay were prepared in exactly the same 

way as for unwinding assay except the DNA oligos were not annealed to ΦX174 

virion DNA.  Cleavages of all DNA oligos (Table 2-7) were carried out in a final 

volume of 20 μl in the same reaction buffer as unwinding assay.  Incubation was 

for 60 minutes at 37 °C unless otherwise mentioned.  Reactions were stopped 

with 20 μl of urea loading dye (8 M Urea, 2 mM Tris, pH 7.5, 20 mM EDTA, 1.68 

mg/ml bromophenol blue, xylene cyanol) and heat inactivated at 95 °C for at 

least 5 minutes followed by a quick transfer to ice incubation for 2 minutes.  

Samples were electrophoresed using 20% gel containing 6 M urea and 20% 

glycerol at a constant 20 Watts/gel (equivalent to approximately 750 V) for 25 - 

30 minutes.  High urea concentration and high voltage electrophoresis were used 

to ensure all DNA molecules are completely denatured and free of secondary 

structure.  The gel was autoradiographed as described previously and quantified 

using ImageQuant software.   

Table 2-7. Oligonucleotides used in DNA cleavage assay 

Name of oligos Nucleotide sequence 

30-mer
A 5’-AAGTAAGAGCTTCTCGAGCTGCGCAAGGAT-3’ 

5’T
A 5’-TTTTTTTTTTTTTTTAAGTAAGAGCTTCTCGAGCTGCGCAAGGAT-3’ 

T70
A Poly(dT)70 

GC-5
B 5’-GGAAGAAGGAAGTGGGATCAGGATCCGCTGGCTCC-3’ 

GC-3
B 5’-GGAGCCAGCGGATCCTGATCCCACTTCCTTCTTCC-3’ 

A
 both 5’ and 3’ end labelled oligos were tested 

B
 only 5’ end labelled oligos were tested 
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3: RESULTS 

3.1 The first HIN200 domain of IFI16 has similar DNA binding 
properties as RPA 

 

This section 3.1 is composed of results from the following publication: 

Yan H, Dalal K, Hon BK, Youkharibache P, Lau D, Pio F. (2008)  RPA 
nucleic acid-binding properties of IFI16-HIN200. Biochim Biophys Acta 
1784(7-8):1087-1097. 

 

Note regarding to authors contribution:  HY produced the IFI16-HIN200 
construct and optimized the stability condition for the purified protein.  DL 
assisted in secondary and tertiary structure analysis for IFI16-HIN200.  HY 
performed all UV cross-linking experiments and tyrosine fluorescence 
quenching experiments while BKH repeated the experiments for reproducibility 
and standard deviation data.  KD contributed to all EMSA experiments.  BKH 
performed multiple site-directed mutageneses to produce the mutant protein 
required for DNA polarity assay and assisted in collecting data for DNA melting 
experiments.  HY and KD collected data for FRET assay that showed IFI16-
HIN200 can wrap and stretch ssDNA.  HY and BKH collected FRET data for 
DNA polarity assay.  PY contributed to the comparative modelling of IFI16-
HIN200 using a 3D jury method (Ginalski et al. 2003).   FP contributed to the 
development of hypothesis, experimental design, and writing of the manuscript 
assisted by mainly HY, and KD. 

  

 

3.1.1 IFI16-HIN200A binds to single-stranded nucleic acid 

IFI16-HIN200A (residues 194-393) recombinant protein of approximately 

27 kDa was expressed and purified as described (Section 2.1.1 and 2.3.1).  To 

demonstrate IFI16-HIN200A interaction with ssDNA, UV cross-linking 
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experiments were performed with the following oligonucleotides:  A25, T25, GC-5, 

and GC-3 (Section 2.4).  The molecular weights of A25 and T25 were 

approximately 7 – 8 kDa while GC-5 and GC-3 were between 10 – 11 kDa.  

IFI16-HIN200A and oligonucleotide were cross-linked together after UV 

treatment and the covalently linked complex was isolated by 15% SDS-PAGE.  

After silver staining the gel, protein monomer (M), dimer (D), and protein-ssDNA 

complex (C) were identified (Figure 3-1).  The cross-linking of IFI16-HIN200A 

with A25 and T25 (Figure 3-1, A) showed a complex band at the position that 

agreed with the experimental weight of one IFI16-HIN200A monomer plus one 

A25 or T25 molecule (Table 3-1).  This band was not observed when either 

oligonucleotides was excluded.  IFI16-HIN200A interaction with dsDNA was also 

investigated by cross-linking with annealed (A-T)25.  A complex band was also 

detected but the molecular weight was not different from the complex found for 

cross-linking with ssDNA.   The same result was found for GC-5 and GC-3 and 

their double-stranded form (Figure 3-1, C).  Furthermore, immunoblotting with an 

antibody against the his-tag on IFI16-HIN200A after UV cross-linking showed the 

presence of IFI16-HIN200A protein in the protein-nucleic acid complexes (Figure 

3-1, B and D).   
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Figure 3-1. Protein(IFI16-HIN200A)-ssDNA complex was detected after UV cross-linking 
(Yan et al. 2008).  

IFI16-HIN200A and various ssDNA formed complex after 15 minutes of UV treatment in 20 mM 
sodium cacodylate, pH 7.25.  A) SDS-PAGE of HIN200A with poly(dA)25, poly(dT)25, or double-
stranded (A-T)25 showed complex band (C) at the molecular weight that correspond well to the 
sum of the molecular weights of the monomeric protein (M) and a ssDNA oligo.  This complex 
band was not observed when ssDNA oligo was excluded from the reaction.  Dimeric HIN200A (D) 
was found in all lanes.  B)  Immunoblotting of the SDS-PAGE gel with anti-his tag antibodies 
confirmed that the complex band contained IFI16-HIN200A.  C) and D) By the same approach, 
IFI16-HIN200A also binds to GC-rich ssDNA and dsDNA oligos (GC5, GC3, (GC)5-3).  On the 
right of all figures are the molecular markers in kDa. 

 

To further confirm that the complex bands observed were correct, a more 

accuate method of molecular weight (MW) determination, Log MW vs Rf plot, 

was used.  For each gel, a calibration curve was generated by plotting the 

molecular weights (MW) of each band from the protein ladder, ran 

simultaneously with the sample, against their relative mobility value (Rf).   IFI16-

HIN200A has a theoretical MW of 27.3 kDa but in all SDS-PAGE gels, the 

monomer ran slower than its expected mobility and resulted in a higher 
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experimental MW than the theoretical.   Table 3-1 summarizes all molecular 

weights calculated, with each being the average of results from at least 3 gels.  In 

all cases, experimental MW of protein-DNA complex agreed well with their 

theoretical MW.   

Table 3-1. Experimental molecular weights of IFI16-HIN200A, DNA, and protein-nucleic acid 
complex from SDS-PAGE (Yan et al. 2008) 

DNA 
Protein 

monomer 
Protein-DNA 
complex T

a
 

Protein-DNA 
complex E

b
 

Difference between protein 
complex and monomer 

 Molecular Weight (kDa) 

A25 7.8 31.2 ± 1.0 39.0 ± 1.0 39.5 ± 1.3 8.3 ± 2.3 

T25 7.5 31.6 ± 1.2 39.1 ± 1.2 39.6 ± 1.3 8.0 ± 2.5 

(A-T)25 15.3 30.1 ± 2.3 
37.9 ± 2.3 or 
37.6 ± 2.3

c
 

40.7 ± 0.9 10.6 ± 3.2 

GC-5 10.9 31.1 ± 1.2 42.0 ± 1.2 41.4 ± 1.3 10.3 ± 2.5 

GC-3 10.6 31.2 ± 1.4 41.8 ± 1.4 41.2 ± 1.0 10.0 ± 2.4 

(GC)5-3 21.5 30.7 ± 2.1 
41.6 ± 2.1 or 
41.3 ± 2.1

d
 

41.7 ± 1.1 11.0 ± 3.2 

a
 Theoretical molecular weight of protein-DNA complex, the sum of protein monomer and actual molecular 

weight of DNA 
b
 Experimental molecular weight of protein-DNA complex, based on position of the complex band 

c,d
 Theoretical molecular weight assuming protein binds only to single-stranded DNA 

 

An Electrophoretic mobility shift assay (EMSA) was also performed with all 

oligonucleotides.  With each radio-labelled oligonucleotide, the addition of IFI16-

HIN200A resulted in a slower radio-probe migration in native gel.  This indicated 

that the oligonucleotides formed complexes with the protein, changing its mobility 

shift (data not shown).   In addition, the same assay was used to investigate 

HIN200A interaction with RNA.  A 43-mer RNA library was electrophoresed with 

IFI16-HIN200A at various protein concentrations (Figure 3-2).  Radio-labelled 

probe mobility was shifted as IFI16-HIN200A concentration increased, signifying 
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a protein-RNA complex formation.  Together with the UV cross-linking data, 

these data demonstrate that IFI16-HIN200A has single stranded nucleic-acid 

binding properties. 

 

Figure 3-2. IFI16-HIN200A also binds RNA (Yan et al. 2008). 

Various IFI16-HIN200A concentrations (106 µM – 0.21 µM) were assayed with constant 360 nM 
of radio-labelled 43-mer RNA library in 20 mM sodium cacodylate, pH 7.25 at room temperature 
for 10 minutes.  At high protein concentration, IFI16-HIN200A formed complex with RNA, shown 
by slow migrating band at the top of the 6% native gel (C).  As protein concentration decreased, 
the mobility of RNA was shifted to the free-probe position (F), which was verified in the negative 
control lane (▲) containing only RNA and no IFI16-HIN200A.   

 

3.1.2 IFI16-HIN200A has higher binding affinity for GC-rich ssDNA than 
dsDNA 

Next, we examined whether there was a preference for IFI16-HIN200A in 

the type of DNA it binds to.  Here, we used tyrosine fluorescence quenching 

assays to determine the ssDNA binding property and affinities for IFI16-HIN200A 

on different types and lengths of oligonucleotides, including single-stranded and 

double-stranded form of T25, A25, and GC-rich 35-mers.  In this assay, the 
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intrinsic tyrosine fluorescence of IFI16-HIN200A at its maximum emission 

wavelength 304 nm (λem = 304 nm) was progressively quenched as more 

oligonucleotides were added into the reaction to allow interaction with the protein.  

The percentage of tyrosine fluorescence quenched was plotted against the 

concentration of each oligonucleotide and the dissociation constants (Kd) of the 

bindings were estimated by the software GraphPad Prism (Section 2.6).  All of 

the Bmax values obtained by fitting the fluorescence quenching data to one-site or 

two-site binding equations are around 100%, even though no constraints were 

imposed during the non-linear regression, indicating that the intrinsic tyrosine 

fluorescence was completely quenched over the titration range (Table 3-2).  The 

relative affinity ranking for all oligonucleotides tested from the highest to the 

lowest was GC-5 > GC-3 > (A-T)25 > T25 > GC 5-3 > A25.  For A25 and T25 ssDNA 

sequences (Table 3-2), one-site binding was the best model (Kd1~ 10-6 M), while 

two-site binding was preferred for the dsDNA (A-T)25 (Kd2~ 10-7) but the affinity 

was slightly higher for the dsDNA than the ssDNA.  On the contrary, for GC-rich 

DNA sequences we observed opposite results: ssDNA binding data agreed 

better to a two-site binding model, while dsDNA preferred one-site binding.  Both 

Kd’s obtained by the two-site binding models of GC-rich ssDNA showed a large 

difference in binding affinity: Kd1~ 10-6 M, for both ssDNA and dsDNA, and Kd2~ 

10-8-10-9 M, for the GC-rich ssDNA only. This result indicated that the binding 

affinity of IFI16-HIN200A to ssDNA is 103 times higher compared to dsDNA.  For 

the six different DNA sequences tested, we found that GC-5 and GC-3 have the 

highest binding affinity to IFI16-HIN200A, which may indicate that this protein 
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domain has a binding preference to GC-rich ssDNA sequences.  These data 

suggest that IFI16-HIN200A has different binding modes that are sequence 

dependent as shown for RPA (Blackwell et al. 1994; Wold 1997; Kim et al. 1994). 

 

Figure 3-3. IFI16-HIN200A has a higher binding preference to GC-rich DNA (Yan et al. 
2008). 

IFI16-HIN200A (3.7 µM) tyrosines were titrated by T25 (A), A25 (B), dsDNA (A-T)25 (C), GC-5 (D), 
GC-3 (E) and dsDNA (GC)5-3 (F) from DNA:protein molar ratio 0.1 to 3.0 in 20 mM sodium 
cacodylate, pH 7.25. The percentage of tyrosine fluorescence quenched at 304 nm was plotted 
against DNA concentration (µM) to estimate the binding affinity of IFI16-HIN200 to different DNA 
sequences. The inset is the Scatchard plot that indicates the preferential binding mode for each 
DNA sequence. 
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Table 3-2. Dissociation constants (Kd) and Bmax values for IFI16-HIN200A in tyrosine 
fluorescence quenching (Yan et al. 2008) 

ssDNA or dsDNA DNA Kd1 (x10
-6

M) Bmax1 (%) Kd2 (x10
-6

M) Bmax2 (%) 

ssDNA T25 1.331 ± 0.047 109.5 ± 1.4 -- -- 

ssDNA A25 2.523 ± 0.208 117.9 ± 4.2 -- -- 

dsDNA (A-T)25 1.616 ± 0.320 96.2 ± 7.3 0.101 ± 0.160 9.4 ± 8.8 

ssDNA GC-5 1.485 ± 0.098 108.9 ± 1.5 0.003 ± 0.023 4.4 ± 1.5 

ssDNA GC-3 1.856 ± 0.172 102.9 ± 2.3 0.028 ± 0.022 12.5 ± 2.4 

dsDNA (GC)5-3 1.338 ± 0.072 111.3 ± 2.1 -- -- 

Note: refer to Table 2-2, Section 2.4 for nucleotide sequences 

 

3.1.3 IFI16-HIN200A oligomerizes, compacts and extends ssDNA after 
binding 

IFI16-HIN200A appeared to have more than one DNA binding mode 

according to tyrosine fluorescence quenching result.  In RPA, different DNA 

binding modes are triggered by oligomerization of OB folds.  To examine if 

ssDNA binding also triggers oligomerization of IFI16-HIN200A, chemical cross-

linking was performed.  The protein was incubated with the chemical cross-linker 

glutaraldehyde, which only cross-links lysines, to probe protein-protein 

interaction.  In this assay the cross-linking was performed in the absence and 

presence of T25.  Samples were loaded on SDS-PAGE and analyzed by silver-

staining the gel.  Without T25, faint bands for IFI16-HIN200A oligomers were 

observed.  The intensity of these bands was greatly enhanced by the addition of 

T25 at 0.1:1 DNA:protein molar ratio (Figure 3-4).  The molecular weight of these 

bands correspond to the monomer, dimer, trimer, and tetramer of IFI16-

HIN200A.  Therefore, IFI16-HIN200A oligomerizes and this is enhanced upon 

DNA binding.  
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Figure 3-4. IFI16-HIN200A forms different oligomers upon DNA binding (Yan et al. 2008). 

IFI16-HIN200A was cross-linked by glutaraldehyde in 20 mM HEPES, pH 7.5, with or without T25.  
On the silver-stained 15% SDS-PAGE, lane 1: protein + glutaraldehyde; lane 2: protein + 
glutaraldehyde in the presence of T25 at a DNA:protein molar ratio of 0.1:1.  Each band 
corresponds to different oligomers: monomer, dimer, trimer and tetramer, as indicated.  Left 
arrows: molecular weight standards (kDa).  

 

Next, FRET was used to determine if IFI16-HIN200A possesses DNA 

compaction and extension abilities as other OB-fold proteins (Robbins et al. 

2005).  Double-stranded DNA, named FRET 18-58 (Section 2.9.1), was titrated 

by IFI16-HIN200A from 1:1 to 20:1 protein:DNA molar ratio and the emissions of 

the donor (Quasar570 at wavelength 567 nm) and the acceptor (Quarsar670 at 

wavelength 667 nm) were measured when excited at wavelength 548 nm 

(excitation wavelength of Quasar570).  The plot of FRET efficiency versus 

protein:DNA molar ratio showed a progressive decrease in the emission of the 
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donor and increase in the emission of the acceptor from 0 to 10 protein:DNA 

molar ratio (Figure 3-5).  This indicated the fluorophores were brought closer 

together (higher energy transfer) with respect to increasing IFI16-HIN200A 

concentration until protein:DNA molar ratio reached 10:1.  Conversely, above 

10:1 protein:DNA molar ratio, the FRET efficiency began to decrease, showing 

that the fluorophores were more distant from each other (Figure 3-5).  These 

results may suggest that the poly(dT)40 tail first wraps around IFI16-HIN200A 

molecules and becomes more extended when more protein was added. 

 

Figure 3-5. IFI16-HIN200A can compact and extend ssDNA (Yan et al, 2008). 

FRET measurements were performed in 20 mM sodium cacodylate, pH 7.25, at a constant      
300 nM of the partial duplex FRET oligonucleotide in response to increasing HIN200A 
concentration.  Maximum emission of donor Quasar 570 (564 nm) and acceptor Quasar 670 (670 
nm) were plotted against the molar ratio of IFI16-HIN200A:dsDNA.  FRET energy transfer is 
indicated by decrease in donor emission while acceptor emission is increased. 
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3.1.4 IFI16-HIN200A does not destabilize dsDNA 

An important property of OB fold proteins is the ability to destabilize 

dsDNA (Treuner et al. 1996).  If IFI16-HIN200A destabilizes dsDNA, the DNA 

melting point should be lower than that without the protein.  For the (A-T)25 

oligonucleotide the melting point of 51 ± 2 °C (n = 3) remained unchanged with 

and without the protein (Figure 3-6).   These data suggest a slight stabilization of 

the dsDNA by IFI16-HIN200 but remain at the sensitivity threshold of the melting 

depression assay (3 °C).  This observation was different from what was found in 

RPA and IFI16-PAAD (Figure 3-7), which was previously determined to lower the 

melting temperature of the double-stranded (A-T)25 by approximately 10 °C 

(Section 1.2.5). 

 

Figure 3-6. IFI16-HIN200A does not destabilize dsDNA (Yan et al. 2008). 

Melting point depression of 10 μM dsDNA (A-T)25 in 20 mM sodium cacodylate and 100 mM 
NaCl, pH 7.25.  The Tm was around 51.7 °C without protein (▲) and remain unchanged upon the 
addition of protein at 1:1 protein:DNA molar ratio (○). The Tm was obtained from 3 independent 
experiments. 
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Figure 3-7. Double-stranded DNA destabilization by IFI16-PAAD (Dalal K, M.Sc thesis, 2006 
with permission). 

Melting point depression of dsDNA with IFI16-PAAD in 20 mM HEPES, pH 7.5.  A260 of 10 μM 
dsDNA in presence or absence of 25 μM IFI16-PAAD was monitored as temperature was 
gradually increased from 20 °C to 100 °C.  The dsDNA alone (●) has a melting point of ~65 °C 
but is lowered by 10 °C in presence of IFI16-PAAD (○). 

 

3.1.5 ssDNA-binding polarity of IFI16-HIN200A 

To investigate if IFI16-HIN200A binds ssDNA in the same orientation as 

RPA, a polarity assay using FRET was carried out (Section 2.9.2 and Figure 2-

2).  In this experiment, the DyLight549-labeled wildtype and mutant IFI16-

HIN200A were titrated by Quasar670-labelled 18-mer ssDNA (Table 2-4) from 

1:1 to 12:1 DNA:protein molar ratio, respectively.  This assay was repeated 4 

times on both wildtype and mutant constructs.  The FRET efficiency, calculated 

based on one of the 4 independent FRET experiments using wildtype and mutant 

IFI16-HIN200A, was plotted against the corresponding molar ratio (Figure 3-8).  

From the curve, it can be clearly seen that there was more energy transfer 

between the wildtype protein and DNA than the mutant, indicating that the 
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labelled 5’ end of DNA is closer to the C-terminal OB fold.  This binding 

orientation was the same as the prevalent 3’-5’ binding polarity of RPA with 

ssDNA as well as most other OB fold proteins (Theobald et al. 2003). 

 

 

Figure 3-8. IFI16-HIN200A binds the 18-mer ssDNA in 3’-5’ orientation (Yan et al. 2008). 

The energy transfer between wildtype IFI16-HIN200A and the 18-mer ssDNA (●) was greater 
than the energy transfer between the mutant IFI16-HIN200A and the 18-mer ssDNA (○).  FRET 
efficiency was plotted versus the DNA:protein molar ratio, where HIN200A concentration was 
fixed at 0.767 μM.  At each titration point, the energy transfer between wildtype protein and DNA 
is higher than that between mutant protein and DNA.  This indicates a 3’-5’ orientation of ssDNA 
when bound to IFI16-HIN200A.   
 

In summary, the first HIN200 domain of IFI16 was determined to have 

similar nucleic acid binding properties as the eukaryotic ssDNA-binding protein 

RPA without dsDNA destabilizing properties.   
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3.2 IFI16 unwinds DNA 

3.2.1 IFI16-HIN200A has DNA unwinding activity 

RPA has the ability to unwind DNA (Georgaki et al. 1992).  To determine if 

IFI16-HIN200A can also unwind DNA like RPA, I developed a DNA unwinding 

assay.  In this assay, a 30-nt long oligonucleotide with a sequence that was 

completely complementary to ΦX174 was radiolabelled with 32P and hybridized 

to single-stranded ΦX174 virion DNA as described (Section 2.14).  Different 

concentrations of IFI16-HIN200A (refer to appendix A for purity of protein) were 

tested for their ability to separate the radiolabelled oligonucleotide from ΦX174.  

Samples were electrophoresed in native conditions and autoradiography 

indicated the unwinding of 30-nt oligonucleotide from ΦX174 virion DNA was 

found only when IFI16-HIN200A was present. (Figure 3-9).  When hybridized to 

ΦX174 virion DNA, migration of the probe was much slower than its free-state.  

Increasing IFI16-HIN200A concentration from 0 to 80 µM decreased the amount 

of bound-state probe from maximum to none.  In addition, the probe unwound 

from ΦX174 virion DNA appeared to have a second mobility shift and this 

observation will be discussed in more detail in section 3.3.  IFI16-HIN200A 

unwinding activity was visible to a protein concentration of approximately 2.5 µM 

(Figure 3-9, lane 3).   
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Figure 3-9. IFI16-HIN200A unwinds ΦX174 partial duplex. 

ΦX174 partial duplexes (5 nM) were incubated with 2-fold increasing concentrations of IFI16-
HIN200A (domain highlighted in red) in 20 mM Tris-HCl, 4% sucrose, 8 mM dTT, 80 μg/ml BSA, 
and 2 mM MgCl2, pH 7.5, at 37 °C for 1 hour.  Reactions were electrophoresed on 10% native 
gels containing 20% glycerol and visualized by autoradiography.  Lane 1: positive unwinding 
control, heat-denatured ΦX174 partial duplex.  Lane 2: empty.  Lane 3: negative protein control, 
ΦX174 partial duplex without IFI16-HIN200A protein.  The radioactive bands migrate to the top of 
the gel, indicating the DNA was not unwound.  Lane 4-10: as IFI16-HIN200A concentration was 
increased by serial 2-fold increments from 1.25-80 μM, the radioactive 30-mer probe shifted to 
the bottom of the gel indicating its dissociation from ΦX174 by unwinding.  The position of the 
probe does not correspond to the position of the unwinding control (lane 1), suggesting an 
additional modification to the probe. 

 

As previously mentioned, IFI16-PAAD has the ability to bind different 

types of ssDNA as well as to destabilize dsDNA (Section 1.2.5, Figure 3-7).  It is 

therefore interesting to see whether IFI16-PAAD, having these properties, can 

also unwind duplex DNA.  DNA unwinding assay was performed on IFI16-PAAD 

and surprisingly, it appeared to have no unwinding effect on the DNA substrate 
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since there was no increase in radioactivity for the free probe observed along 

with increasing IFI16-PAAD concentration (Figure 3-10).  The free probes 

observed in every lane (Figure 3-10, lower part of lane 1-8) resulted from 

incomplete annealing during the hybridization step.  IFI16-PAAD was confirmed 

to have no unwinding activity even at a protein concentration up to 200 µM.   

 

 

Figure 3-10. IFI16-PAAD has no DNA unwinding activity. 

DNA unwinding assay for IFI16-PAAD (domain highlighted in red) was performed as described in 
materials and methods (Section 2.14).  Lane 1: positive unwinding control, heat-denatured 
ΦX174 partial duplex.  Lane 2: empty.  Lane 3: negative protein control, ΦX174 partial duplex 
without IFI16-PAAD protein.  DNA substrate is not unwound but excess free probes that did not 
get annealed can be seen.  Lane 4-10: IFI16-PAAD from 3.1-200 µM obtained by 2-fold serial 
dilutions did not dissociate more free probe from ΦX174, since the amount of 30-mer free probe 
is the same from lane 4-10 as in lane 3.   
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IFI16-HIN200A but not IFI16-PAAD has DNA unwinding activity.  This 

could be due to the lack of OB fold in the PAAD domain, which is composed of 

mainly α-helix structures.  To determine if this is the justification, I looked at 

another OB-fold domain in IFI16 which differs from HIN200A, and that is the 

second HIN200 domain (HIN200B).  Successful unwinding of 30-nt 

oligonucleotide from ΦX174 was clearly observed within the IFI16-HIN200B 

concentration range of 0 µM to 50 µM (Figure 3-11).  It was believed that the 

secondary shift in mobility of unwound probe was also present but it was not 

shown as obviously as in the unwinding of IFI16-HIN200A.  This might be due to 

poor quality in band separation which in turn depends on the quality of the native 

PAGE used, and deviation between different gel preparations was difficult to 

avoid.  Another experiment at higher gel concentration should be run on samples 

that contain the 30 nt free probe with increasing concentration of the protein 

IFI16-HIN200B. 
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Figure 3-11. HIN200B of IFI16 unwinds ΦX174 partial duplex. 

DNA unwinding assay for IFI16-HIN200B (domain highlighted in red) was performed as described 
in materials and methods (Section 2.14).  Lane 1: positive unwinding control, heat-denatured 
ΦX174 partial duplex.  Lane 2: negative protein control, ΦX174 partial duplex without IFI16-
HIN200B protein.  Lane 3-8: Increasing IFI16-HIN200B concentration from 1.56-50 µM obtained 
by 2-fold serial dilutions slowly shifted the radioactivity from the top to the bottom of the gel, 
indicating an unwinding activity by IFI16-HIN200B.   

 

Finally, the construct containing both HIN200A and HIN200B domains 

(2HIN) was tested.  Over-expression of IFI16-2HIN (194-767 aa, 65.6 kDa) 

followed by his-tag purification yielded multiple over-expressed products, and gel 

filtration was used to isolate the products corresponding to the correct molecular 

weight of IFI16-2HIN (Appendix A).   Purified IFI16-2HIN was examined in DNA 

unwinding assay and interestingly, IFI16-2HIN showed no DNA unwinding 

activity (Figure 3-12).  These data show that the unwinding activity of the 
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individual HIN200 protein is inhibited.  This inhibition maybe alleviated in certain 

cellular conditions via other proteins and/or factors that may bind to the protein 

leading to a conformational switch of the protein from an inactive to an active 

state. 

 

Figure 3-12. DNA unwinding activity was inhibited in IFI16-2HIN, which contains both 
HIN200A and HIN200B. 

IFI16-2HIN (highlighted in red) contains both HIN200A and HIN200B.  While each domain 
individually has DNA unwinding activity, IFI16-2HIN did not unwind the ΦX174 partial duplex 
substrate.  Lane 1: positive unwinding control, heat-denatured ΦX174 partial duplex. Lane 2: 
negative protein control, ΦX174 partial duplex without IFI16-2HIN protein.  Lane 3-8: 2-fold 
increasing concentrations of IFI16-2HIN from 1.125-36 µM did not result in increasing 
radioactivity at the free probe position compared to the negative protein control (lane 2).  This 
indicates the DNA unwinding activity was inhibited.  
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To summarize, IFI16-PAAD does not have DNA unwinding activity while 

both OB-fold domains IFI16-HIN200A and IFI16-HIN200B can unwind DNA.  

However, this activity was inhibited for constructs that contained both HIN200 

domains. 

3.2.2 DNA unwinding activity of IFI16-HIN200A is ATP independent and 
requires divalent cation Mg2+  

In normal conditions, DNA helicase requires the presence of both MgCl2 

and ATP to unwind DNA however, RPA can unwind DNA without ATP and 

magnesium (Treuner et al. 1996; Georgaki et al. 1992).  DNA unwinding activity 

of IFI16-HIN200A did not require ATP as ATP was not included in the reactions.  

To find out whether the DNA unwinding activity requires magnesium ion, 

unwinding assays with IFI16-HIN200A were carried out in several different 

conditions:  1) absence of both Mg2+ and EDTA, 2) presence of Mg2+ without 

EDTA, 3) presence of EDTA without Mg2+, and 4) both Mg2+ and EDTA were 

included in the reactions.  Clear unwinding activity was observed in condition 2 

only (Figure 3-13).  In conditions 1, 3, and 4, 30-nt oligonucleotides were 

detected in their bound-state after 1 hour incubation at 37 °C although the 

intensity of free-state oligonucleotides was slightly stronger than the negative 

control.  Nevertheless, removal of Mg2+ by either excluding it from reactions or 

chelating it with EDTA altered the IFI16-HIN200A unwinding activity.  Therefore, 

DNA unwinding activity of IFI16-HIN200A is ATP independent and requires at 

least Mg2+ or any divalent cation, but other cations remain to be tested.   



 

 65 

 

Figure 3-13. IFI16-HIN200A requires magnesium to unwind DNA. 

Unwinding assay of IFI16-HIN200A (50 μM) was performed with 5 nM of ΦX174 partial duplex in 
20 mM Tris-HCl, 4% sucrose, 8 mM dTT, 80 μg/ml BSA (pH 7.5) with or without 2 mM of MgCl2, 
and was incubated at 37 °C for 1 hour before analysis.  IFI16-HIN200A unwinds ΦX174 partial 

duplex in the presence of MgCl2.  Without magnesium, IFI16-HIN200A did not unwind the DNA.  
When 5 mM EDTA was added to chelate the magnesium ions in the buffer, DNA unwinding 
activity was also diminished.  This indicates that DNA unwinding by IFI16-HIN200A was specific 
to the presence of magnesium ion in the buffer.   

 

3.2.3 Temperature dependence of IFI16-HIN200A unwinding activity  

Enzymatic reactions generally operate at an optimal temperature.  To 

confirm that the DNA unwinding activity observed is the result of enzymatic 

reaction of IFI16-HIN200A and to determine the temperature at which maximum 

activity is observed, unwinding assays were performed at different temperatures.  

The DNA unwinding activity of IFI16-HIN200A was performed at 4 °C, 25 °C, and 

37 °C.  At 4 °C, the unwinding measured was minimal (Figure 3-14).  More 

unwinding was detected when assay was done at 25 °C.  DNA unwinding was 
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greatly enhanced at 37 °C compared to lower temperatures, indicating that 37 °C 

was the optimal temperature out of the conditions tested.  

 

 

Figure 3-14. DNA unwinding of IFI16-HIN200A is temperature sensitve. 

DNA unwinding of IFI16-HIN200A was performed as previously described (Section 2.14) at three 
different temperatures: 4 °C, 25 °C, and 37 °C.   Bands were quantified using Typhoon imager 
and ImageQuant software.  The percentage of DNA unwinding activity was determined by the 
equation: (radioactivity of free probe)/ (total radioactivity) × 100 for each reaction and was plotted 
against the concentration of IFI16-HIN200A in µM.  DNA unwinding was optimal at 37 °C.   Each 
data point on the graph was an average of values obtained from three independent experiments 

 

3.2.4 A ssDNA segment on the probe does not enhance IFI16-HIN200A 
unwinding effect 

IFI16-HIN200A has a preference to bind ssDNA over dsDNA by 

approximately 100 fold (Table 3-2).  Here I examined whether a ssDNA region on 

the probe that was not completely complementary to and does not hybridize with 

the ΦX174 single-stranded plasmid can promote IFI16-HIN200A unwinding 

0

20

40

60

80

100

0 20 40 60

D
N

A
 u

n
w

in
d

in
g

 a
c

ti
v
it

y
 (

%
)

IFI16-HIN200A (µM)

4°C

25°C

37°C



 

 67 

activity.  The 30-nt oligonucleotide used in DNA unwinding assay had a 

sequence that was completely complementary to ΦX174 and ssDNA region of 

the hybridized substrate was available only from ΦX174, which should be full of 

supercoils and hairpins.  I designed three more oligonucleotides that possessed 

a ssDNA region within the duplex region.  The first oligonucleotide, called bubble, 

generated a ssDNA region in the middle (Figure 2-3, B).  The other two 

oligonucleotides have a single-stranded poly(dT)15 at the 5’ end, and at the 3’ 

end of the duplex (ie. 5’ and 3’ flap sequence named 5’T and 3’T respectively, 

Figure 2-3, C and D) (see Table 2-6 for their sequences).    Using these oligos for 

the unwinding assay, it was found that IFI16-HIN200A was able to unwind all of 

the different DNA substrates with no measurable differences at the level of 

unwinding compared to the original DNA substrate with the 30-nt oligonucleotide 

(Figure 3-15).  This finding suggested that a 3’ or 5’ overhang ssDNA end or 

bubble on the probe does not enhance DNA unwinding activity by IFI16-HIN200A 

in the complementary region of the probe to ΦX174.  
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Figure 3-15. IFI16-HIN200A unwinds bubble, 5’T and 3’T like 30-mer. 

Unwinding assays for all ΦX174 partial duplexes (5 nM) were performed as described in 
materials and method (Section 2.14).  A) 30-mer probe was unwound from ΦX174 by increasing 
IFI16-HIN200A concentration from 1.56-50 µM obtained by 2-fold serial dilutions.  Other DNA 
substrates B) bubble, C) 5’T, and D) 3’T were not fully complementary to ΦX174 as shown in the 
cartoon picture at the top left-hand side of each figures.  IFI16-HIN200A was able to unwind all of 
them.  In terms of the concentration required to completely unwind the ssDNA probe from ΦX174, 
there were no significant difference between different DNA substrates.  Therefore, the ssDNA 
region on the probes did not enhance DNA unwinding activity.    

 

Taken together, IFI16-HIN200A has DNA unwinding activity, like RPA.  

However, RPA unwinds DNA such that it does not require Mg2+ during the 

process but IFI16 unwinding activity seemed to be affected tremendously by the 
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absence of Mg2+.  Temperature was also a factor as the activity was the most 

evident at 37 °C compared to lower temperatures 4 °C and 25 °C.   

 

3.3 IFI16 has endonuclease activity on ssDNA 

3.3.1 IFI16-HIN200A cleaves ssDNA 

The mobility of free-probe in the DNA unwinding assay was different from 

expected after it was unwound from ΦX174 by IFI16-HIN200A (Figure 3-9).  Two 

reasons might account for the altered migration of DNA into the gel: 1) The 

unwound DNA has a different secondary structure which differs in the charge and 

the overall shape of the molecule causing a difference in migration, or 2) The 

DNA molecule is cut or modified, causing a change in its charge, shape, or 

molecular weight.  To determine which explanation is correct, an assay was done 

where increasing concentrations of IFI16-HIN200A were incubated with the 5’-

32P-labelled 30-mer oligonucleotide alone without ΦX174.  Reactions were 

incubated at 37 °C for 1 hour, as for the DNA unwinding assay, and then urea 

loading buffer was added to denature both protein and DNA.  All reactions were 

boiled at 95 °C for 5 minutes prior to gel electrophoresis.  Without protein, the 

ssDNA probe remained 30 nt in length according to 10 bp DNA ladder.  However, 

the increased IFI16-HIN200A concentration reduced probe length to below 10 nt 

(Figure 3-16).  Since the assay was carried out in denaturing conditions, DNA 

strands were all linearized and therefore, the mobility shift that was still 

observable was not due to formation or deformation of intramolecular secondary 

structures.    According to the 10 bp DNA ladder, IFI16-HIN200A reduced the 
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molecular weight or the length of the 30-mer ssDNA oligonucleotide, suggesting 

that it has ssDNA cleavage activity.   

 

 

Figure 3-16. IFI16-HIN200A cleaves DNA. 

5’ end labelled 30-mer (5 nM) were incubated with various IFI16-HIN200A concentrations in 20 
mM Tris-HCl, 4% sucrose, 8 mM dTT, 80 μg/ml BSA, and 2 mM MgCl2, pH 7.5, at 37 °C for 1 
hour.  Reactions were analyzed in a 20% denaturing polyacrylamide gel that contains 20% 
glycerol.  A heat-denatured 10 bp ladder was used as the ssDNA length standard.  Lane 1:  30-
mer probe without IFI16-HIN200A protein, probe remained uncleaved.  Lane 2-7: Increasing 
IFI16-HIN200A concentration from 1.56-50 µM obtained by 2-fold serial dilutions progressively 
shortened the 30-mer probe to ~10 nt first and to smaller fragments at higher IFI16-HIN200A 
concentrations.  
  

3.3.2 Non-sequence specific endonuclease activity of IFI16-HIN200A 

According to Figure 3-16, the 30-mer ssDNA was cleaved such that a 

product of approximately 10 nt was first produced and eventually became less 

than 10 nt in length at high concentration of IFI16-HIN200A.  This two-stage 

cleavage suggests there are site preferences within the ssDNA that are 

susceptible to cleavage by IFI16-HIN200A.   It also suggests that the cleavage 
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was not a 5’-> 3’ exonuclease activity because the DNA is 5’-32P-labelled.  

However, it is still possible that the cleavage took place within the phosphate 

backbone of ssDNA, or at the 3’end of the ssDNA.  To distinguish between these 

possibilities, I carried out cleavage assay with both 5’ end-labelled 

oligonucleotides and 3’ end-labelled oligonucleotides: 30-mer ssDNA, 5’T (an 

oligonucleotide consisting the same sequence as 30-mer with an addition of 15 

thymine bases at its 5’ end), T70, a 70 nt long poly(dT), and GC-rich 

oligonucleotides called GC-5 and GC-3 (Section 2.15, Table 2-7).  These oligos 

differ in the base composition and length, which may account for the different 

patterns of cleavage by IFI16-HIN200A.   

First, the 30-mer oligonucleotide was 3’ end-radiolabelled and the same 

cleavage assay was repeated.  Similar to the case of 5’ end-labelled 30-mer, two 

products were produced from nucleic-acid cleavage.  This was against the 

explanation of 3’-> 5’ exonuclease activity.  Furthermore, the intermediate 

cleaved product was approximately 15 nt, slightly longer than the one observed 

for 5’ end-labelled oligonucleotide (Figure 3-17).  Based on this gel alone, it was 

difficult to determine the site preference to DNA cleavage.  However, I have 

demonstrated that IFI16-HIN200A does not have either 5’-> 3’ or 3’->5’ 

exonuclease activity on ssDNA, and this strongly indicated that the ssDNA 

cleavage was an endonuclease activity.   
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Figure 3-17. Endonuclease activity of IFI16-HIN200A. 

Cleavage assay was carried out with IFI16-HIN200A as described previously (Section 2.15) using 
3’ end labelled 30-mer ssDNA to identify the site of cleavage on the ssDNA.  Lane 1:  30-mer 
probe without IFI16-HIN200A protein, probe remained uncleaved.  Lane 2-6: Similar to what was 
observed for 5’end labelled 30-mer ssDNA, two-step cleaved products was obtained as IFI16-
HIN200A concentration was increased by serial 2-fold increments from 1.56-25 μM.  The 
molecular weight of the intermediate products detected here is slightly higher than the 5’end-
labelled intermediate products, suggesting that secondary structure on the probe may influence 
cleavage by IFI16-HIN200A.  Since the 3’ and 5’ end-labelled 30-mer ssDNA produce cleaved 
fragments of intermediate size during cleavage, we can make the conclusion that IFI16-HIN200A 
has endonuclease activity 
 

 

Next, the cleavage pattern on 5’T, T70, and GC-rich oligonucleotides by 

IFI16-HIN200A were investigated to help identify the position of cleavage on 

ssDNA.  Cleavage of the 5’-labelled 5’T produced an intermediate fragment that 

was 10 nt long whereas cleavage of the 3-’labelled 5’T, produced an intermediate 

fragment of approximately 15 nt and 30 nt (Figure 3-18).  The extra 30 nt product 

observed only in 3’-labelled 5’T was interesting.  Since 5’T was 45 nt long and 

has a poly(dT)15 at its 5’ end, this suggested that cleavage activity of IFI16-

HIN200A has a higher preference at thymine bases.   In addition, cleavage on 
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both 5’-labelled and 3’-labelled T70 showed no intermediate bands produced.  

The products were one-sized, slightly less than 10 nt long (Figure 3-19).  These 

data indicated that IFI16-HIN200A cleavage activity was not specific for a 

particular DNA sequence, but had preference either on thymine bases or any 

polynucleotides without secondary structure.   

 

 

Figure 3-18. Cleavage assay of IFI16-HIN200A on 5’end and 3’end-labelled 5'T 
oligonucleotide. 

IFI16-HIN200A was assayed as previously described (Section 2.15) to cleave another longer 
oligonucleotide, 5’T (Table 2-7).  Reactions were incubated at 37 °C for 1 hour.  Lane 1 and 6: 
5’T probe without IFI16-HIN200A protein.  Lane 2-5: As IFI16-HIN200A concentration was 2-fold 
increased from 3.1-25 µM, a cleaved product of ~10 nt from 5’end-labelled 5’T was first observed 
until complete cleavage into lower molecular weight species.  Lane 7-10: For 3’end-labelled 5’T, 
another product of approximately 30 nt long was also produced, indicating the probe were 
occasionally protected from endonuclease activity of IFI16-HIN200A possibly due to secondary 
structures on the probe.  Secondary structures of 5’end-labelled 5’T and 3’end-labelled 5’T 
predicted by mfold are shown schematically on the sides (left = 5’-labelled, right = 3’-labelled, see 
Appendix D for detail). 
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Figure 3-19. Cleavage assay of IFI16-HIN200A on 5’end and 3’end-labelled T70. 

Cleavage activity of IFI16-HIN200A on 5 nM poly(dT)70 was performed as described in materials 
and methods (Section 2.15).   Lane 1 and 6: T70 probe without IFI16-HIN200A protein.  Lane 2-5 
and 7-10: Intermediate products were not produced by cleavage for both 5’end-labelled and 
3’end-labelled poly(dT)70.  This suggests that the cleaved products of two different size obtained 
with other oligonucleotides (Figures 3-16 to 3-18) are due to the secondary structure of the 
ssDNA that partially protect ssDNA from cleavage.  Poly(dT)70 does not contain secondary 
structure. 
 
 

Finally, 5’-labelled GC-5 and GC-3 were investigated.  GC-5, which 

contained very little thymine content, was also cleaved by IFI16-HIN200A in the 

same manner as that of T70, that is, products less than 10 nt long were generated 

with intermediate products of slightly longer than 10 nt (Figure 3-20, left).  

Interestingly, cleavage of GC-3 showed a distinctive pattern.  The cleaved 

product of GC-3 remained at approximately 20 nt in length even at high IFI16-

HIN200A concentrations and smaller fragments were present at the highest 

concentration of 25 µM of IFI16-HIN200A (Figure 3-20, right).  GC-5 and GC-3 

were both rich in GC content but they may have different secondary structure, 
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which may account for the difference in cleavage pattern.  Based on their 

secondary structures (Appendix D) predicted from a web server called mfold 

(Zuker 2003), the GC-3 oligonucleotide contains a bulky hairpin structure that 

spans 16 nt at the beginning of 5’ end.  These data strongly indicate that IFI16-

HIN200A cleaves DNA preferably at linearized regions and less efficiently at 

regions with secondary structures.   

 

Figure 3-20. Cleavage on GC-5, GC-3 by IFI16-HIN200A showed different pattern of cleaved 
product. 

Cleavage activity of IFI16-HIN200A on 5 nM GC-5 and GC-3 was performed as previously 
described (Section 2.15).  Both GC-5 and GC-3 oligonucleotides were 5’end-labelled with 

32
P.  

Lane 1: GC-5 probe without IFI16-HIN200A protein.  Lane 2-5: Increasing IFI16-HIN200A 
concentration from 1.56-25 µM obtained by 2-fold serial dilutions quickly resulted in cleaved 
product of 10 nt or less (left).  Lane 6: GC-5 probe without IFI16-HIN200A protein. Lane 7-10: In 
the assay of GC-3, cleaved product remained at around 20 nt long even at higher IFI16-HIN200A 
concentration until 25 µM where shorter products were observed.  Secondary structures of GC-5 
and GC-3 predicted by mfold are shown schematically on the sides (left = GC-5, right = GC-3, 
see Appendix D for details).  GC-3 can form a bulky hairpin at the beginning of its 5’end, which 
may explain how GC-3 was protected from IFI16-HIN200A endonuclease activity. 
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3.3.3 The DNA endonuclease activity of IFI16-HIN200A is Mg2+ and 
temperature dependent but ATP independent 

It was found that DNA unwinding activity of IFI16-HIN200A required Mg2+ 

and was ATP independent.  To determine whether the same is true for its DNA 

cleavage activity, I repeated the same experiment with cleavage assay.  The 30-

mer oligonucleotides that were found to be cleaved after 1 hour incubation at    

37 °C in the presence of IFI16-HIN200A and 2 mM MgCl2 were not cleaved when 

MgCl2 was excluded or when 5 mM EDTA was added to the system (Figure 

3-21).  The cleavage activity observed was caused by IFI16-HIN200A, as there 

was no mobility shift for 30-nt oligonucleotide after 1 hour incubation in the 

absence of the protein.  Therefore, IFI16-HIN200A required magnesium as a 

cofactor for its endonuclease activity to take place on ssDNA. 



 

 77 

 

Figure 3-21. Endonuclease activity of IFI16-HIN200A is magnesium dependent. 

5 nM 30-mer oligonucleotide probe (Table 2-7) was incubated with 50 µM of IFI16-HIN200A in 20 
mM Tris-HCl, 4% sucrose, 8 mM dTT, 80 μg/ml BSA, pH 7.5 with or without 2 mM MgCl2.  IFI16-
HIN200A cleaved the ssDNA only when the reaction had been incubated at 37 °C and contained 
2 mM MgCl2.  Addition of EDTA, which chelated the magnesium ions, inhibited the endonuclease 
activity.  Without protein, 30-mer ssDNA probe remained the same length before and after 1 hr 
incubation at 37 °C even in the presence of magnesium, showing that the ssDNA was not 
degraded by itself and the reaction magnesium dependent 

 

To determine if the endonuclease activity of IFI16-HIN200A was 

temperature sensitive, cleavage assay on 30-mer was performed as before at 4 

°C, 25 °C, and 37 °C.  At 4 °C, slight cleavage activity of IFI16-HIN200A was 

observable although it was a lot slower compared to 25 °C (Figure 3-22).  

Although the activity at 25 °C was quite high, the optimal temperature for IFI16-

HIN200A endonuclease activity among the temperature tested was still 37 °C.    

In summary, IFI16-HIN200A has endonuclease activity on ssDNA.  The 

activity seemed to be non-sequence specific but has a preference to linearized 
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region of ssDNA.  Similar to its unwinding activity, the endonuclease activity of 

IFI16-HIN200A required magnesium and was highest at 37 °C compared to 4 °C 

and 25 °C. 
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Figure 3-22. Temperature effect on IFI16-HIN200A cleavage activity. 

DNA cleavage assay of IFI16-HIN200A was performed as previously described (Section 2.15) at 
three different temperatures: 4 °C, 25 °C, and 37 °C (Top).   The percentage of DNA 
endonuclease activity was determined by the equation: (radioactivity of free probe)/ (total 
radioactivity) × 100 for each reaction and was plotted against the concentration of IFI16-HIN200A 
in µM (Bottom).  Like DNA unwinding activity of IFI16-HIN200A, endonuclease activity was 
optimal at 37 °C.   Each data point on the graph is an average of values obtained from three 
independent experiments 
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3.4 Studies on full-length IFI16 

3.4.1 Yeast 2-hybrid indicates no interaction between IFI16 and BLM 

As mentioned in the introduction, RPA physically interacts with BLM and 

stimulates its DNA unwinding activity (Brosh et al. 2000).  If IFI16 functions like 

RPA, it might also have interaction with BLM.  In addition, both IFI16 and BLM 

are parts of the DNA repairing multi-protein complex BASC (Wang et al. 2000; 

Aglipay et al. 2003), Section 1.2.4).  To investigate the interaction between full-

length IFI16 and BLM, in vivo yeast 2-hybrid (Y2H) method was performed as 

described (Section 2.11).  Briefly, the full-length sequences of IFI16 and BLM 

were cloned into both bait (pAS2-1) and prey (pACT2) vectors in frame to their 

respective fusion proteins DBD (DNA binding domain) and AD (Activation 

domain).  In addition, full-length BRCA1 which has been shown to interact IFI16 

(Aglipay et al. 2003) was also cloned into both Y2H vectors to serve as a control.  

These vectors were introduced into yeast strain pJ69-4A by two rounds of 

PLATE transformation (Section 2.10).     

 My results showed that yeast transformed with DBD-BLM and AD-IFI16 

were able to grow on -leu, -trp, -ade media, indicating the expression of reporter 

genes (Figure 3-23, top H).  However, yeast transformed with DBD-BLM and 

empty AD also grew (Figure 3-23, top F) suggesting that the earlier observation 

might be a false positive due to direct interaction between BLM and AD instead 

of IFI16.  Therefore, a reciprocal experiment was done with DBD-IFI16 and AD-

BLM.  My result indicated no yeast growth on -leu, -trp, -ade media (Figure 3-23, 

bottom) implying that there was no interaction between IFI16 and BLM.  
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However, this experiment is inconclusive since one of the positive controls, 

interaction between BRCA1 and IFI16, showed negative result (Figure 3-23, I) 
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Figure 3-23. Yeast 2-hybrid showed no direct interaction between IFI16 and BLM. 

Yeasts were transformed as indicated (right table) and were streaked onto synthetic complete 
(SC) media lacking leucine, tryptophan, and adenine (-leu, -trp, -ade).  Plates were incubated in 
30 °C for 2 days before observation.  Top:  full-length IFI16 gene was fused to activiation domain 
in prey vector whereas BLM and BRCA1 were fused to DNA binding domain of bait vectors.  
Transformant containing IFI16 and BLM vectors (H) grew but it was a false positive since 
transformant of BLM and empty prey vector grew.  Bottom:  full-length IFI16 now fused to DBD 
BRCA1 and BLM fused to activation domain.  No false positives were observed however, 
transformant containing both IFI16 and BLM did not grow either.  Therefore, IFI16 does not 
interact directly to BLM.  + control, SNF1:SNF2 provided by Gabriel Alfaro from Beh Lab. 
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3.4.2 IFI16 full-length protein can be over-expressed in HEK293T cells 

Expression of full-length IFI16 has been tested by Karen Yan, a previous 

lab member.  Specifically, she attempted to express the C isoform of IFI16, the 

longest IFI16 isoform, using baculovirus system (Yan H, M.Sc Thesis, 2007).  

She found IFI16c was expressed after the first amplification in the soluble 

fraction.  However, the expression level decreased during the second 

amplification and no protein could be detected in either supernatant or pellet.  It 

was believed to be due to instability of the protein.  Here, I attempted to express 

the B isoform of IFI16 with yeast, Cos-7, and HEK293T cell expression system.  

IFI16b is shorter in gene length, smaller in molecular weight (83 kDa compared 

to 92 kDa), is the most abundant isoform in the cell (Johnstone et al. 1998).  

Yeast, Cos-7, and HEK293T cells were transformed or transfected with the 

expression plasmid containing full-length IFI16 gene (Section 2.1.1) as described 

(Section 2.2.2 and 2.2.3).  Cells without the expression plasmid served as 

negative control for IFI16 expression, which was detected by western blotting 

with polyclonal anti-IFI16-PAAD antibody.  It was found that over-expression of 

full-length IFI16 was successful in HEK293T cells (Figure 3-24).  IFI16b gene in 

pCEP4 was constructed to encode a C-terminal 6×his tag.  Purification of full-

length IFI16b gene product will be carried out in the future.  Having a full-length 

IFI16 protein should benefit tremendously in further characterization of this 

protein.   
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Figure 3-24. Full-length IFI16 expression by different expression systems. 

In western blot analyses, Baculovirus expression of IFI16c in T.ni insect cells (taken from Karen 
Yan’s Thesis) was detected using anti-His antibody.  Molecular weight of IFI16c is approximately 
92 kDa indicated by red arrow.  IFI16 detection in Yeast and mammalian expressions of IFI16b 
was done with anti-IFI16_PAAD antibody.  IFI16 was not expressed in yeast strain S288C or 
mammalian Cos-7.  Overexpression of IFI16b was detected in HEK293T.  Molecular weight of 
IFI16b is approximately 83 kDa indicated by yellow arrow.  For baculovirus, Cos-7, and 
HEK293T, U = untransfected, I = transfected.  For yeast, U = uninduced, I = induced. 
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4: DISCUSSION 

4.1 IFI16-HIN200 is an RPA-like ssDNA binding protein with 
unwinding and endonuclease activity  

Finding a structural match for a target protein within the Protein Data Bank 

(PDB) does not always provide a reliable prediction of the protein’s function, but 

may predict structure and suggest possible functional clues (Watson et al. 2005).  

IFI16 and RPA were not only found to have matching OB folds, but they also take 

part in the same type of cellular pathways: they are both nuclear proteins that 

interact with nucleic acids, and are involved in cell cycle regulation, 

transcriptional repression, autoimmune diseases, and DNA repair.   Studying the 

DNA-interacting OB-fold domain of IFI16, in comparison with that of RPA should 

provide insights to its involvement in these processes.  In this thesis, I verified 

that the HIN200A domain of IFI16 shares many functional properties with the OB 

fold of RPA but with some distinctions.   

The EMSA experiments showed that IFI16-HIN200A binds ssDNA, dsDNA 

and RNA.  We also found that GC-5 and GC-3 (single-stranded oligonucleotides 

with high GC content) have the highest binding affinity to IFI16-HIN200A, which 

may indicate that IFI16-HIN200A has a binding preference to GC-rich ssDNA.  

This is consistent with previous studies showing that the full-length IFI16 has a 

binding preference to GC-rich dsDNA (Luu et al. 1997) and RPA to G-quadruplex 

(Salas et al. 2006). 
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The ratio of ssDNA/dsDNA binding affinity for IFI16-HIN200A, determined 

from the fluorescence quenching assay, was 102~103 for the GC rich 

oligonucleotides but not AT rich oligonucleotides.  This ratio is similar to 

eukaryotic RPA (102-103).  For other SSBs it has been reported to be at least 106 

for gp32, 108 for E.coli SSB (Gasior et al. 2001; Mou et al. 2003; Wold 1997).  

This result was further confirmed by UV cross-linking that detected protein-

ssDNA complexes, but never protein-dsDNA complexes, demonstrating further 

the binding preference of IFI16-HIN200 for ssDNA.  

We also showed by melting experiments that IFI16-HIN200A does not 

destabilize dsDNA since none of the oligo tested lowered the melting 

temperature.  This result is not surprising, since OB-fold proteins have been 

shown to have various behaviours upon interactions with DNA.  One hypothesis 

is that dsDNA destabilization by SSBs is kinetically regulated (Pant et al. 2003).  

Since in our experimental setting we can only perform steady-state 

measurements such intermediate kinetic species cannot be dissected at that 

stage.  Further studies are needed on the full-length protein and other domains of 

IFI16. 

Moreover, we have demonstrated through chemical cross-linking and UV 

cross-linking experiments that IFI16-HIN200A is able to form different oligomers 

(dimer, trimer and tetramer) in the presence of ssDNA. This property has been 

shown for the ssDNA-binding OB folds from Sulfolobus solfataricus and RPA 

(Blackwell et al. 1994; Bochkarev et al. 2004; Lavrik et al. 1999). This 

oligomerization behaviour can further explain the different binding sites observed 
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in fluorescence quenching assay. These data are also consistent with the crystal 

structure of the first HIN200 domain of IFI16 (PDB: 2OQ0) which shows that this 

domain forms homotetramer consisting of 8 OB folds.  

Finally, the ssDNA compaction and extension property shown for the OB 

folds of archaea RPA (Robbins et al. 2005) and the prevalent 3’->5’ DNA binding 

polarity observed from 11 of 13 solved OB fold protein co-crystal structures 

(Theobald et al. 2003) were also seen in IFI16 assuming that the ssDNA is 

positioned the same way as the OB folds of RPA (PDB:1JMC) in the x-ray 

structure of IFI16-HIN200A (Figure 1-5).  The ssDNA recognition by IFI16-

HIN200A should imply a reorientation of the two OB folds of one monomer since 

the structure of the protein-ssDNA of RPA (PDB: 1JMC) does not superimpose 

with a low root mean square deviation (RMSD) onto the structure of one of the 

monomer of IFI16-HIN200 (result not shown).  This is not surprising since such a 

reorientation of OB fold is necessary for RPA when binding to ssDNA 

(Bochkareva et al. 2001).   

After we confirmed that IFI16-HIN200 has RPA-like ssDNA binding 

properties, I investigated whether they have similar molecular functions as well.  I 

specifically examined whether IFI16-HIN200A can unwind dsDNA since RPA has 

been found to have DNA unwinding activity (Georgaki et al. 1992).  Consistent 

with RPA, IFI16-HIN200A was found to unwind partial duplex DNA, shown by the 

adapted DNA unwinding assay.  This activity did not require ATP, but was strictly 

dependent on the presence of the divalent ion magnesium.  This strongly 

indicates that magnesium is required as a cofactor for IFI16-HIN200 to carry out 
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its DNA unwinding function.  Furthermore, DNA unwinding by IFI16-HIN200A is 

temperature sensitive.  Among the temperatures tested, the optimal temperature 

for the activity is at 37 °C, which is the normal human body temperature.          

RPA directly interacts with helicase BLM and the unwinding activity of 

RPA is important for BLM to unwind longer DNA substrates (Brosh et al. 2000).  

BLM is also one of the components in the multi-protein BASC complex, which 

contains IFI16 as well (Section 1.2.4).  For this reason, direct interaction between 

IFI16 and BLM was investigated to determine if IFI16 is RPA-like in this aspect 

and also to verify if IFI16 and BLM have the potential to interact directly with each 

other within the BASC complex.  The yeast two-hybrid method showed that IFI16 

and BLM did not interact between each other.  A surprising finding for IFI16-

HIN200A from the DNA unwinding assay was the ssDNA cleavage activity, which 

was verified by the DNA cleavage assay.  It is also a property that is not found in 

RPA.  DNA cleavage of IFI16-HIN200A was ATP independent and magnesium 

dependent.  With 5’-radiolabelled and 3’-radiolabelled ssDNA, I concluded the 

activity resembled an endonuclease behaviour and that it cleaves linearized 

ssDNA better than those with secondary structure.  However, the exact position 

of cleavage could not be determined.   

Taken together, IFI16-HIN200 has most of the RPA properties in nucleic-

acid binding and unwinding except for dsDNA destabilization and ssDNA 

cleavage activity.  However, since IFI16-PAAD has the ability to destabilize 

dsDNA, the full-length IFI16 therefore has all of the RPA properties.  It is 

worthwhile to note that other members of the HIN200 family do not share the 
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RPA-like properties of IFI16-HIN200A (Table 4-1).  Effectively, IFI16 is the only 

member of the family that is involved in DNA damage signalling, DNA repair, and 

apoptosis (Aglipay et al. 2003) suggesting  RPA properties along with unwinding 

and endonuclease activity could be important for IFI16 to function in these 

processes.   

Table 4-1. Summary of DNA-interacting properties of IFI16, MNDA, and RPA  

 IFI16-
PAAD

A
 

IFI16-
HIN200A 

MNDA-
PAAD

B
 

MNDA-
HIN200

B
 

RPA 

Bind ssDNA, 
dsDNA, 
RNA 

ssDNA, 
dsDNA, 
RNA 

ssDNA, 
dsDNA, 
RNA 

ssDNA, 
dsDNA  

ssDNA, 
dsDNA, 
RNA 

ssDNA/dsDNA ratio 10
1
~10

2
 10

2
~10

3
 ~1 ~1 10

2
~10

3
 

Nucleotide types 
preference 

G,C G,C None None G,C 

Binding mode 2 2 1 1 >2 

Oligomerize Yes Yes Yes Yes Yes 

Compact/extend ssDNA Compact  Compact 
extend  

No Compact 
extend 

Compact 
extend  

Destabilize dsDNA Yes No Yes Yes Yes 

Unwind partial duplex 
DNA 

No* Yes No* No* Yes 

 

Cleave ssDNA N/A Yes N/A N/A N/A 
A
 taken from M.Sc thesis of Kush Dalal with permission 

B
 taken from M.Sc thesis of Desmond Lau with permission 

* experiments on domains other than IFI16-HIN200 that were done by me 

 

4.2 DNA unwinding and endonuclease activities: new functions 
to IFI16 

The DNA unwinding and cleavage activity of IFI16 is novel and has never 

been cited in the primary literature.  In this study, my data suggested that the 

cleavage activity of IFI16 was an endonuclease activity that cuts phosphodiester 
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bonds within sugar backbone of ssDNA.  I have also taken into consideration the 

possibility of it being the result of DNA glycosidic cleavage but that was later 

ruled out.   DNA glycosylase activity removes nitrogenous bases while leaving 

the sugar phosphate backbone intact.  If IFI16-HIN200A has DNA glycosylase 

activity, the cleavage assay result should be the same for any ssDNA when it is 

5’-radiolabelled compared to when it is 3’-radiolabelled.  This was not true for the 

case of the 5’T oligonucleotide.  Therefore, endonuclease activity is the most 

plausible explanation regarding to the mechanism of cleavage.  In addition, it was 

found that IFI16-HIN200A cleaved preferably on linearized DNA and less 

efficiently at regions with secondary structures.  This may be an indication that 

IFI16 exerts DNA unwinding activity to remove secondary structure prior to DNA 

endonuclease activity on the linearized DNA.   

One point to note is that the IFI16-HIN200A protein used in the unwinding 

assay was not the most pure as it was only his-tag purified.  While the activity 

observed might have been a result of contamination, IFI16-PAAD (which was 

also his-tag purified) did not show any signs of DNA unwinding.  Since the same 

cell line was used to over-express both recombinant proteins, this may further 

support the notion that the unwinding activity was specific to HIN200 domain.  In 

the cleavage assay, IFI16-HIN200A was further purified by cation exchange 

chromatography and DNA cleavage was still detected.  It is very unlikely that the 

activity is the result of endonucleases of E.coli because all E.coli endonucleases 

(I - VII) require different cofactors and process different substrates.  They should 

also be separated from IFI16-HIN200A by cation exchange chromatography as 
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their pI values are not very close to the 9.07 pI value of IFI16-HIN200A 

(Appendix B).   

In the protein data bank, there is one class of protein like IFI16 that also 

possesses OB-fold, binds DNA, and cleaves DNA.  This protein is called 

Staphylococcal nuclease (SNase), also known as Micrococcal nuclease 

(MNase).  This enzyme is the extracellular nuclease of Staphylococcus aureus 

that relies on active site residues Glu43, Arg35, and Arg87 for its nuclease 

activity (Isono et al. 2000).  It is a non-sequence specific endo-exonuclease that 

digests single-stranded and double-stranded nucleic acids (Alexander et al. 

1961), but is more active on single-stranded substrates.  Cleavage of DNA or 

RNA occurs preferentially at AT or AU-rich regions yielding mononucleotides and 

oligonucleotides with terminal 3'-phosphates.  The enzyme activity is strictly 

dependent on divalent ion Ca2+ (Heins et al. 1967).  These properties are very 

similar to those found for IFI16-HIN200A.   

On the other hand, the endonuclease activity of IFI16-HIN200A was quite 

different from that of SNases.    According to a kinetic study, SNase 

endonuclease activity was measured to have a kcat value of 7.65 × 102 s-1 and 

kcat/Km of 1.66 × 107 M-1s-1 (Meiss et al. 1998).  These high values of kinetic 

parameters correlate to high enzyme efficiency: the higher the kcat (turnover 

number), the shorter time it is required for one enzyme molecule to convert one 

substrate molecule to product; the higher the kcat/Km for an enzyme, the higher its 

enzyme efficiency.  IFI16 seems to behave in the opposite way, where high 

concentration of protein (μM range) was required to cleave low amount of ssDNA 
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(nM range), suggesting a low turnover number for its activity.  In this study, only 

magnesium was tested as a cofactor.  Since SNase strictly requires calcium as 

cofactor (Aqvist et al. 1989), it is possible that replacing magnesium with calcium 

as cofactor may enhance enzyme efficiency of IFI16-HIN200A.  Furthermore, 

activity found in vitro may not always be the same as it is in vivo.  Further 

experiments will be needed to obtain reliable kinetic parameters for the optimal 

endonuclease activity IFI16-HIN200A.   

 

4.3 IFI16 in transcriptional repression and apoptosis 

In general, transcriptional repression can be achieved in several ways.  It 

could be accomplished by transcriptional repressors, which bind either directly to 

the target gene or indirectly by interacting with other DNA-binding proteins to 

inhibit gene expression.  Transcriptional repressors can also inhibit gene 

expression by blocking the interaction of the transcriptional activator with other 

components of the transcription machinery, or preventing the activator from 

binding to the targeted gene.  Moreover, chromatin structure plays a fundamental 

role in regulation of gene expression (Felsenfeld et al. 2003).  DNA methylation, 

on the other hand, can induce a change in chromatin conformation and interferes 

with transcription by directly blocking transcription activators from binding to the 

gene (Varriale et al. 2010; Ashraf et al. 1998).  While it has been shown that 

large GC-rich regions of DNA within the chromatin tend to contain more genes 

and are characterized by a more expanded chromatin configuration (Bernardi 

2007; Saccone et al. 2002), the finding of IFI16 having higher affinity to GC-rich 
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DNA may suggest a method for transcriptional repression similar to DNA 

methylation at the chromosomal level.   

Transcriptional repression of IFI16 has been studied by many groups of 

researchers (Johnstone et al. 1998; Egistelli et al. 2009; Courey et al. 2001).  

Specifically, Trapani JA and collaborators have determined that the individual 

HIN200 domains of IFI16 can actively repress transcription when fused to the 

GAL4 DNA binding domain and assayed for repression activity using the GAL4-

tk-CAT and tk-CAT reporter plasmids.  However, expression of the construct 

containing both HIN200A and HIN200B fused to the GAL4 DNA binding domain 

did not result in transcriptional repression (Johnstone et al. 1998).  This 

observation could not be explained at that time.  Interestingly in my study, I have 

found that the individual IFI16-HIN200 domains, but not the 2HIN, can unwind 

and cleave DNA, consistent to previous observations.  This suggests that IFI16’s 

transcriptional repression function may require DNA unwinding or endonuclease 

activity from the individual HIN200 domain.  This raises the question: how does 

transcription be regulated via DNA unwinding or endonuclease activities?  An 

example of this could be found in the transcriptional regulation of the oncogene 

c-Myc, a gene that promotes cell growth.  Within the promoter region of c-Myc is 

a nuclease- hypersensitive element referred as the Nuclease Hypersensitive 

Element (NHEIII1) site.   This site is characterized by a purine-rich top strand and 

a pyrimidine-rich bottom strand (Figure 4-1, A).  This feature allows the formation 

of G-quadruplex at the top strand and i-motif at the bottom strand, which is how 

c-Myc transcription is inhibited (Figure 4-1, B).  The formation of G-quadruplex is 
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induced by negative supercoiling (Brooks et al. 2009).  C-Myc transcription is 

activated by a protein called NM23-H2, which can bind to the purine-rich and 

pyrimidine-rich regions in the NHEIII1 site and alters the structure of G-

quadruplex and i-motif (Brooks et al. 2009).  This regulation by NM23-H2 

involves DNA cleavage activity as well (Postel 1999).  Interestingly, a recent 

study demonstrated that IFI16 and NM23-H2 can simultaneously bind to c-Myc 

promoter element (Egistelli et al. 2009).  Another study showed that IFI16 can 

down-regulate c-Myc mediated telomerase reverse transcriptase transcription 

(Song et al. 2010).  These studies suggests that IFI16 may directly repress c-Myc 

transcription.  IFI16 may unwind and cleave DNA within the NHEIII1 site of c-Myc, 

induce negative supercoiling and open up the strands.  Furthermore, the ability of 

IFI16 to compact and extend ssDNA may enhance G-quadruplex formation and 

maintain c-Myc repression.  IFI16 promotes cell cycle arrest (Section 1.2.2), and 

it would make sense that it can repress transcription of c-Myc, which mediates 

cell growth. 
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Figure 4-1. Transcriptional regulation of c-Myc (Brooks et al. 2009). 

A) Nucleotide sequence of NHEIII1 site within the c-Myc promoter.  Purine-rich sequence on the 
top strand allows formation of G-quadruplex structure and pyrimdine-rich sequence on the bottom 
strand favours i-motif formation.  B) Regulation of c-Myc transcription at the NHEIII1 site.  It can 
be activated by binding of transcriptional activators such as SP1 at the site.  Transcription is 
turned off when G-quadruplex or i-motif formed within the NHEIII1 site.   

   

Repressing transcription via unwinding and endonuclease activity of IFI16 

will need to be further verified along with how it is regulated.  The DNA 

interacting sites in HIN200 domains could be hindered in the form of 2HIN.  Full-

length IFI16 that also contains 2HIN may require a mechanism to induce a 

conformational change that exposes its DNA binding sites for its function, and 

this could be achieved by binding of the PAAD domain to other proteins.  
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Nonetheless, IFI16 contains different isoforms of different length that occur in the 

spacer region between the two HIN200 domains.  These different isoforms when 

produced in the cell may have different functions in regards to unwinding and 

nuclease activity and this may contribute to the regulation of transcriptional 

repression.   

OB fold-containing micrococcal nuclease has been shown to initiate 

apoptotic DNA fragmentation (Yin et al. 1997), which is one of the best known 

biochemical hallmarks of programmed cell death besides chromatin 

condensation.  The discovery of endonuclease activity in IFI16-HIN200A is very 

intriguing because it may suggest that IFI16 may act as an apoptotic 

endonuclease for degrading chromosomal DNA.  There are two levels of DNA 

fragmentation (Di Filippo et al. 2009);  one level breaks DNA into high molecular 

weight (HMW) fragments that range from 50 to 300 kb in length and the second 

level is further degradation of HMW fragments to low molecular weight (LMW) 

oligonucleosome-sized fragments.  As discussed, GC-rich regions in chromatin 

are more expanded and therefore, IFI16 may initiate HMW fragmentation by 

attacking these regions since it has a preference to interact with GC-rich DNA 

according to this study.  The ability of IFI16 to cleave DNA into small fragments 

was shown in this thesis and suggests that it has a role in LMW fragmentation.  

This may explain how IFI16 induced p53-mediated apoptosis in MEF cells 

(Aglipay et al. 2003).  It is interesting to see in the same study that expression of 

2HIN (IFI16ΔN) lacking endonuclease activity failed to induce apoptosis in p53(+) 



 

 97 

MEF cells.  Nonetheless, DNA fragmentation by IFI16 will need to be established 

in vivo to confirm its biological relevance.  
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5: CONCLUSION AND FUTURE DIRECTIONS 

In this study, the OB-fold domain of IFI16 was characterized to enhance 

our understanding of how IFI16 interacts with nucleic acids, which may shed light 

on determining how IFI16 is involved in transcriptional repression, DNA repair 

and apoptosis.  IFI16 was originally hypothesized to have similar structure and 

function as the OB-fold domain of RPA.  Indeed, it was found that they both have 

similar DNA binding properties; the ability to bind ssDNA, dsDNA and RNA, the 

binding preference to GC-rich ssDNA, the binding modes to different DNA 

sequences, oligomerization upon ssDNA binding, the directionality or the 

orientation of the bound DNA, and the ability to unwind DNA.  IFI16-HIN200A 

does not destabilize dsDNA like RPA.  Interestingly, the PAAD domain of IFI16 

has the ability to destabilize dsDNA.  In the full-length IFI16, this destabilization 

domain may compensate for the lack of function in the HIN200.    

The DNA unwinding activity of IFI16-HIN200A was confirmed when it 

successfully unwound the ΦX174 partial duplex DNA.  This activity requires 

magnesium as a cofactor for IFI16-HIN200A, and it is ATP independent, unlike 

DNA helicases.  The activity was the highest at 37 °C compared to 4 °C and     

25 °C.  Furthermore, DNA unwinding activity was only found in OB-fold 

containing HIN200A and HIN200B of IFI16 but not the PAAD domain.  RPA, 

which contains OB fold, also has the ability to unwind DNA. 
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The major contribution of this thesis is the discovery of DNA cleavage 

activity in IFI16-HIN200A.  This new function makes IFI16 distinct from RPA.  I 

have shown that IFI16-HIN200A cuts possibly within the sugar-phosphate 

backbone of DNA and concluded it has an endonuclease activity.  It is 

magnesium dependent and temperature sensitive.  IFI16-HIN200A has a 

preference to cut linearized ssDNA over those with secondary structures.  The 

activity seemed to be length independent because it can cut longer 

oligonucleotides up to 70-nt in length.   

To explain these results on a biological level, I proposed the possible 

importance of unwinding and cleavage activities in transcriptional repression, 

DNA repair and apoptosis.  It has been shown that knocking out IFI16 in human 

cells effectively suppresses transcriptional repression and DNA repair (Aglipay et 

al. 2003; Johnstone et al. 1998).  The putative role of c-Myc transcriptional 

repression by IFI16 is interesting to study further.  Future experiments could be 

focused on investigating the ability of IFI16 to induce supercoiling within NHEIII1 

site of c-Myc promoter, and the ability to stabilize G-quadruplex structures.  In 

DNA repair, IFI16 may first bind to sites of DNA damage guided by BASC 

complex, unwinds dsDNA, and cleaves damaged DNA.  I have also proposed 

that IFI16 may be involved in DNA fragmentation due to its endonuclease 

activity.  It will be worthwhile to show in the future that IFI16 is able to cut 

chromosomal DNA as well.  Apoptotic DNA fragmentation is a crucial biological 

event to ensure minimal impact to neighbouring tissues in vivo. Malfunctions in 

apoptosis seem to be directly linked to cancer, autoimmunity and other diseases 
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caused by genomic instability.  It is therefore no surprise that multiple pathways 

exist to ensure complete DNA degradation during apoptosis, and IFI16 could be 

one of these alternative methods.  While these aspects require further work, this 

study opens up a new area of exploration in the role of IFI16 in these processes. 

Finally, I have successfully over-expressed full-length IFI16 in human 

embryonic kidney cells HEK293T.  This will be a very useful tool for in vivo 

assays and can be utilized to probe the effect of IFI16 in transcriptional 

repression, DNA repair, and apoptosis.   
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APPENDICES 

Appendix A: Proteins used in DNA unwinding and DNA cleavage 
assay  

A)  Purification of IFI16-HIN200A.  IFI16-HIN200A that was used for DNA unwinding assay was 
His-tag purified (lane 1).  In later part of the research, IFI16-HIN200A was further purified by 
cation exchange purification (lane 3, B12 of right) (right: elution of IFI16-HIN200A by NaCl 
concentration gradient).  Lane 2 is the flowthrough of cation exchange column.  B) IFI16-2HIN 
that was used in DNA unwinding assay was originally his-tag purified but it was not pure (lane H).  
Gel filtration was performed to purify the 65.6 kDa protein.  Proteins eluted out from the gel 
filtration column were collected in fractions (Upper) and fractions A7 to B9 were subjected to 
SDS-PAGE (Lower).   Fraction A10 was used in DNA unwinding assay for IFI16-2HIN. 
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Appendix B: ProtParam of IFI16-HIN200A 
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Appendix C: Structural Alignment of RPA70AB (PDB: 1JMC) and 
IFI16-HIN200A (PDB:2OQ0) by EBI-SSM 
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Appendix D: Secondary structure prediction on oligonucleotides 
using mfold 

 

5’end-radiolabelled 30-mer: 
 
Sequence: *5’-AAGTAAGAGCTTCTCGAGCTGCGCAAGGAT-3’ 

 

Linear DNA folding at 37 °C.   [Na
+
] = 50 mM,   [Mg

++
] = 2 mM. 

Structure 1 Folding bases 1 to 30  

dG = -2.45   dH = -29.60   dS = -87.54   Tm = 65.0 ℃ 

 

 

 
3’end-radiolabelled 30-mer: 
 
Sequence: 5’-AAGTAAGAGCTTCTCGAGCTGCGCAAGGATA-3’* 
 

Linear DNA folding at 37 °C.   [Na
+
] = 50 mM,   [Mg

++
] = 2 mM. 

Structure 1 Folding bases 1 to 31  

dG = -2.45   dH = -29.60   dS = -87.54   Tm = 65.0 ℃ 

 

 

 

 

5’ 3’ 

5’ 3’ 
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5’end-radiolabelled 5’T: 
 
Sequence: *5’-TTTTTTTTTTTTTTTAAGTAAGAGCTTCTCGAGCTGCGCAAGGAT-3’ 

 

Linear DNA folding at 37 °C.   [Na
+
] = 50 mM,   [Mg

++
] = 2 mM. 

Structure 1 Folding bases 1 to 45  

dG = -2.45   dH = -29.60   dS = -87.54   Tm = 65.0 ℃ 

 

 

 
3’end-radiolabelled 5’T: 
 
Sequence: 5’-TTTTTTTTTTTTTTTAAGTAAGAGCTTCTCGAGCTGCGCAAGGATA-3’* 
 

Linear DNA folding at 37 °C.   [Na
+
] = 50 mM,   [Mg

++
] = 2 mM. 

Structure 1 Folding bases 1 to 46  

dG = -2.45   dH = -29.60   dS = -87.54   Tm = 65.0 ℃ 
 

 

 

 

 

 

 

5’ 3’ 

5’ 3’ 



 

 109 

 
5’end-radiolabelled GC-5 (2 possible structures): 
 
Sequence: *5’- GGAAGAAGGAAGTGGGATCAGGATCCGCTGGCTCC-3’ 

 

Linear DNA folding at 37 °C.   [Na
+
] = 50 mM,   [Mg

++
] = 2 mM. 

Structure 1 Folding bases 1 to 35  

dG = -1.45   dH = -36.50   dS = -113.01   Tm = 49.8 ℃ 

 

 

 
OR 
 
 
Linear DNA folding at 37 °C.   [Na

+
] = 50 mM,   [Mg

++
] = 2 mM. 

Structure 2 Folding bases 1 to 35 

dG = -0.74   dH = -27.40   dS = -85.96   Tm = 45.6 ℃ 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

5’ 3’ 

5’ 3’ 
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5’end-radiolabelled GC-3 (2 possible structures): 
 
Sequence: *5’-GGAGCCAGCGGATCCTGATCCCACTTCCTTCTTCC-3’ 
 

Linear DNA folding at 37 °C.   [Na
+
] = 50 mM,   [Mg

++
] = 2 mM. 

Structure 1 Folding bases 1 to 35 

dG = -1.45   dH = -36.00   dS = -111.40   Tm = 50.0 ℃  

 

 

 
OR 
 
 
Linear DNA folding at 37 °C.   [Na

+
] = 50 mM,   [Mg

++
] = 2 mM. 

Structure 2 Folding bases 1 to 35 of 10Mar15-04-55-55  

dG = -1.24   dH = -30.60   dS = -94.66   Tm = 50.1 ℃  

 

 

 

 

 

 

 

5’ 3’ 

5’ 3’ 



 

 111 

Appendix E: Vector plasmids 

Yeast 2-hybrid bait vector pAS2-1(Clontech): 
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Yeast 2-hybrid prey vector pACT2 (Clontech): 
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Yeast expression vector pYES2 (Invitrogen): 
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Mammalian expression vector pCEP4 (Invitrogen): 
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Appendix F: Synthetic Complete (SC) and Drop-out media 
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Drop-out mix (-uracil) for protein expression in yeast contains everything above 

except uracil. 

 

For yeast two-hybrid experiment, drop-out mix (-leu -trp -his -ade) contains 

everything above except leucine, tryptophan, histadine, and adenine.  The same 

drop-out mix was used for preparing other media for yeast two-hybrid: 

1) -leu 

2) -trp 

3) -leu, -trp 

4) -leu, -trp, -his 

5) -leu, -trp, -ade  

and the appropriate supplement were added according to the following table: 
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