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ABSTRACT 

 
Microbes are detected by specific host pattern recognition receptors (PRR) through the 

pathogen-associated molecular patterns (PAMPs). Nucleotide binding oligomerization 

domain-containing protein 2 (Nod2) is an intracellular PRR that recognizes fragments 

of bacterial cell wall.  Nod2 is important to human biology, as when it is mutated it 

loses the ability to respond properly to bacterial cell wall fragments and subsequently 

mutations in Nod2 correlated to the development of a number of human diseases, 

including Crohn’s disease.  In order to determine the mechanisms of misactivation in 

the Nod2 Crohn’s associated Nod2 mutants, we developed a cell based system to 

screen for protein-protein interactors of Nod2. We identified heat shock protein 70 

(Hsp70) as a protein interactor of both wild-type and Crohn’s associated Nod2 

mutations. Hsp70 is a highly ubiquitous protein that is responsible for stabilizing 

many proteins within the cell.  Recently, Hsp70 has been linked with inflammation, 

especially in the regulation of anti-inflammatory molecules. This thesis uses a 

combination of molecular cellular biology and biochemistry to dissect the role of 

Hsp70 in Nod2 signaling. 

The preliminary identification of the Hsp70:Nod2 interaction was confirmed 

using a series of co-immunoprecipitation experiments in which the domains of Hsp70 

and Nod2 that are necessary and sufficient for the interaction were identified.  We 
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identified that the nucleotide binding domain (NBD) and the leucine rich repeat (LRR) 

domain of Nod2 interact with Hsp70, whereas the substrate binding domain (SBD) of 

Hsp70 interacts with Nod2.   

Limited proteolysis experiments were performed to probe if the mechanism of 

Hsp70 stabilization of Nod2 was dependent of the ATPase activity of Hsp70.  For 

these experiments, a mutant of Hsp70 that is capable of binding to ADP but not ATP 

was utilized.  Our data suggest that the ATPase activity is dispensable for Nod2 

stabilization.  Additional biochemical experiments imply that a co-chaperone, Hsp40, 

plays a role in the Nod2-Hsp70 interaction.  Thus, these biochemical studies have 

identified that interaction of Hsp70-Hsp40 with Nod2 is sufficient for stabilization.  

In order to determine the effect of Hsp70 in cells on Nod2 signaling, a series of 

experiments were performed in which the levels of Hsp70 was modulated.  If the 

levels of Hsp70 were increased, Nod2’s cellular response to bacterial cell wall 

fragments increased. Alternatively, if Hsp70 levels were decreased, using a Hsp70 

inhibitor, KNK437, Nod2 mediated NF-κB activation in response to bacterial cell wall 

stimulation decreased.  We found Hsp70 to regulate Nod2’s half-life, as increasing the 

Hsp70 level in cells increased Nod2’s half-life, and down-regulating Hsp70 decreased 

Nod2’s half-life.  

The Hsp70:Nod2 interaction also was present with the Crohn’s associated 

Nod2 variants.  We found that the expression level of the Crohn’s associated Nod2 

variants was lower compared to that of wild-type. Overexpression of Hsp70 

significantly increased Nod2 levels as well as the signaling capacity of the mutants; 
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thus, our study shows that restoring the stability of the Nod2 Crohn’s mutants is 

sufficient for rescuing the ability of these mutations to signal in the presence of a 

bacterial cell wall ligand. Thus, by identifying Hsp70 as a Nod2 interactor, this thesis 

has: (1) allowed for the development of two Nod2 stabilization assays (in vitro 

proteolysis and cellular half-life) to be developed, (2) accelerated the endogenous 

expression and purification of both wild type and Crohn’s associated Nod2 mutants 

and (3) identified a novel mechanism, stabilization of Nod2, to treat Crohn’s disease. 
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Chapter 1 

INTRODUCTION 

1.1 Innate Immune system  

The Immune system is a complex network of cells that work in tandem to 

protect an organism against foreign invaders such bacteria, parasites, fungi and viruses 

(1). It can be broadly classified into innate and adaptive immune system. The innate 

immune system is the first line of defense that can sense a broad range of signals (2-4), 

whereas, the adaptive immune system is evolutionarily advanced and highly composed 

of specialized cells specific to its activity (5) (Figure 1.1).  

One of the main roles of the immune system, both innate and adaptive, is to 

delineate between commensal and pathogenic bacteria.  The microbiota refers to a 

group of commensal microorganisms that reside within the human body and 

outnumber the host to almost ten times (6, 7). Although the immune system is 

important in protecting against foreign microbes, it has to be careful in distinguishing 

the good and virulent bacteria. Misrecognition of these microbes leads to be number of 

inflammatory disorders, such as inflammatory bowel disorders, asthma, 

gastrointestinal cancers, multiple sclerosis, and rheumatoid arthritis (8-12).  

The innate immune systems houses various pattern recognition receptors 

(PRRs) expressed by innate immune cells, that recognize pathogen-associated 

molecular-patterns (PAMPs). PRRs include receptor families like Toll like receptors 

(TLRs), NOD-like receptors (NLRs), and collectin family. Each receptor recognizes 

specific molecules such as lipopolysaccharide, nucleic acids, bacterial peptides, 
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peptidoglycans and lipoproteins (2). Nod2 is one such receptor belonging to NLR 

family of receptors that recognizes bacterial peptidoglycan fragments and has shown 

to be important to a number of cellular processes (13).  

 

 

Figure 1.1: Immune Cells.  Innate immune cells comprises of macrophages, natural 
killer cells, neutrophils, eosinophils, basophils, dendritic cells. Adaptive 
immune cells mainly comprises of B cells and T cells.  

1.2 Nod2 

There are more than 20 NOD-like proteins and is expressed in humans and 

nematodes (14). Nod2 is one of the most widely studied NLR proteins, as genetic 

linkage analysis identified Nod2 as a PRR that is highly susceptible to Crohn’s disease 

(15, 16). It is expressed mostly in peripheral blood leukocytes and along the intestinal 
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epithelial cells (17-19). It senses muramyl dipeptide (MDP) (Figure 1.2 A), a 

peptidoglycan fragment from bacterial cell wall, and upon recognition turns on the 

inflammatory signaling pathway (20). Nod2 activation has been shown to turn on the 

NF-κB, and mitogen-activated protein kinase (MAPK) pathways, but the interacting 

molecules with Nod2 involved in the various pathways are not clear (21-23). In 

addition, simple biochemical mechanisms of Nod2 are not understood. Only recently 

has our laboratory characterized the binding of Nod2 to its ligand (24, 25). 

Structurally, Nod2 is homologous to the Apaf 1 proteins (17). It has 1040 

amino acids and is comprised of an N-terminal caspase recruitment domain (CARD) 

(28-220 residues), nucleotide binding domain (NBD) (273-577 residues), and C-

terminal 9 leucine rich repeats (LRR) (744-1020) (23) (Figure 1.2). The CARD 

domain is shown to interact with the downstream signaling molecules upon Nod2 

activation by MDP. It has been proposed that NBD helps in Nod2 oligomerization 

upon its activation, and MDP is assumed to bind to the LRR region. There is no 

crystal structure of Nod2, as it is difficult to express and purify Nod2 in large 

quantities, as it is unstable in a cellular environment. Results from studies in this 

proposal may indirectly help in this front, as my thesis identified mechanisms to 

stabilize this protein.    
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Figure 1.2: Nod2 and MDP. A) MDP, a peptidoglycan fragment, is the ligand for 
Nod2, consisting of N-Acetylmuramic acid with a L-Ala-D-isoGln 
dipeptide chain. B) Nod2 is composed of 1040 amino acids and has three 
domains: CARD (caspase recruitment domain), NBD (nucleotide binding 
domain) and LRR (leucine rich repeats). 

1.3 Nod2 Signaling 

Nod2 activation activates the NF-κB pathway as well as the MAPK pathway in 

response to bacterial infection (21, 23). Nod2 binds directly to the peptidoglycan 

fragment muramyl dipeptide (MDP), a fragment consisting of N-Acetylmuramic acid 

with a L-Ala-D-isoGln dipeptide chain (Figure 1.2A) (24, 25). Following Nod2 

activation, Rip2, a CARD-containing serine/threonine kinase, interacts with the 

CARD domain of Nod2. It mediates polyubiquitination of NF-κB inhibitor – 

IkBkinase g (IKKg) (26). This leads to the activation of NF-κB which then 

translocates into the nucleus to turn on the transcription of various inflammatory 

molecules (27, 28) (Figure 1.3). Even though Nod2 activation turns on the MAPK 

pathways such as extracellular-signal-regulated kinase (ERK), JUN amino-terminal 

kinase (JNK) and p38MAPKinase, the mechanism and the signaling pathway leading 

to its activation is unclear (21-23). Studies show that Nod2 activation of NF-kB can 

occur through transforming growth factor-b-activated kinase 1 (TAK1) (29). TAK1 
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induces the activation various inflammatory cytokines such as tumor necrosis factor-α 

(TNF-α) and interleukin 1 (IL-1) (30).  

 

In addition to initiating a pro-inflammatory cascade, Nod2 activation has been 

attributed to the stimulation of anti-inflammatory molecules such as IL-10 (31). Even 

in the absence of its ligand MDP, Nod2 helps in P38 phosphorylation which activates 

hnRNP A1, an IL-10 transcriptional factor, to induce the production of IL-10 (31) 

(Figure 1.3). IL-10 is shown to directly suppress the release of pro-inflammatory 

cytokines (32-34).  Interestingly, the study suggests that the presence of Nod2 mutants 

in cells reduces the ability to produce IL-10 even in the presence of various other 

commensal bacterial stimuli such as lipopolysaccharide and peptidoglycan (31). This 

study signifies that a healthy Nod2 signaling is vital for a balanced inflammatory 

reaction during infection. 



 

 6 

 

Figure 1.3: Nod2 Signaling Cascade. Nod2 constitutively binds to p38 which 
activates hnRNP-A, the transcriptional factor for ant-inflammatory 
cytokine IL-10, leading to a production of IL-10. MDP stimulation of 
Nod2 leads to the recruitment of Rip2 which in turn translates the signal 
to turn on NF-κB. 

1.4 Nod2 Binding Proteins 

Several studies have shown that various proteins are capable of either 

upregulating or downregulating Nod2 activity. One of the first proteins that were 

found to directly interact with Nod2 is RIP2 (20). Other interacting proteins include 

Erbin, Centuarn-B1 (CENTB1), caspase recruitment domain-containing protein 8 



 

 7 

(CARD8), FRMPD2 (FERM and PDZ domain-containing 2) angio-associated 

migratory cell protein (AAMP), GRIM-19, heat shock protein 90 (Hsp90), guanine 

nucleotide exchange factor (GEF-H1), CAD, actin, p38 and hnRNP A1 (31, 35-44) 

(Figure 1.4). Hsp90 binds to Nod2 in its unstimulated state and is released from Nod2 

upon MDP stimulation, which leads to Nod2 degradation (40). This mechanism is 

thought to create Nod2 tolerance to MDP. Some interacting protein such as CARD9 

differentially regulate MDP induced NF-κB and MAP kinase pathways, where it 

controls p38 and JNK activation but not NF-κB activation. Nod2 is also known to 

respond to ssRNA viruses, through its stimulation translocates Nod2 to mitochondria 

to interact with MAVS to activate the production of IFN-b (45, 46). In order to better 

understand the effects of these interacting proteins with Nod2, I set out isolate Nod2 

interacting proteins at endogenous levels of Nod2 to discern between possible artifacts 

of nonspecific interactions. 
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Figure 1.4: Nod2 interacting proteins. There are over 10 proteins that are shown to 
have direct interaction with Nod2 

1.5 Association of Nod2 with Crohn’s Disease 

Crohn’s disease is an inflammatory bowel disease that causes chronic 

inflammation along the intestinal tract. More than 58 mutations in the NOD2 gene has 

been linked with various diseases, out of which 80% of these mutations are reported to 

be linked to Crohn’s disease (47). Three point mutations, R702W, G908R and 

1007fsinsC, represent 32%, 18%, and 31%, of the total Crohn’s disease mutations 

respectively (48) (Figure 1.5). These mutations occur along the LRR region of Nod2 

and are shown be loss of function phenotypes. Loss of function phenotypes does not 

respond to the bacterial cell wall ligands (19, 49), however the reason for this 

misrecognition and chronic inflammation observed in Crohn’s disease is still under 

debate. One explanation suggests that the lack of bacterial recognition (due to Nod2’s 

loss of function) along the intestinal barrier causes an increased bacterial invasion and 
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a chronic inflammatory response (50). Knock-in mice models were generated to study 

the effect of Nod2 in Crohn’s disease. A mouse model that carries the 1007fs mutation 

exhibited an elevated NF-kB activation in response to MDP with very high secretion 

levels of IL-1b and other cytokines (51). Yet another similar knock-in mice study has 

shown that mutations cause an impaired recognition of MDP (52). Although the 

studies have conflicting outcomes, they agree that one of the major functions of Nod2, 

initiating anti-inflammatory cytokine IL-10 transcription, is restricted due the 

mutation, thereby leading to a defect in the inflammation suppression signal. (31). 

 

Figure 1.5: Nod2 Crohn’s mutations schematic. Three major Crohn’s mutation, 702, 
908, and 1007fs, are found along the LRR domain. 

 

CARD NBD LRR

702 908 1007fs
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1.6 Hsp70 

Heat shock proteins are classified in different families depending on their 

molecular weight. Heat shock protein 70 (HSP72, HSPA1A, HSPA1, HSP72-1) is a 

cytoplasmic protein that is encoded by the gene HSPA1A (53). It is regulated by heat 

shock factor 1 transcriptional factor that gets phosphorylated during stress and 

translocates to the nucleus to induce Hsp70 expression (54, 55). Hsp70 has an ATPase 

domain, substrate binding domain and a C-terminal domain (56, 57) (Figure 1.6). The 

ATPase domain regulates the binding affinity of Hsp70 with various proteins. It has a 

higher affinity towards a substrate when ATP is bound to it than when ATP is 

converted to ADP (58). It fundamentallyHsp70 plays a significant role in protein 

folding, refolding damaged proteins, and delivering proteins for degradation by 

ubiquitination or lysosomal proteolysis (59-62). Recently, Hsp70 has been linked to a 

variety of other functions, which primarily includes the immune reaction (63). Initial 

studies linking the possibility of the involvement of Hsp70 in immune system could 

have evolved due to the homology between the microbial Hsp70 and the mammalian 

Hsp70 (64-66).  

 

Figure 1.6: Hsp70 Protein. A) Crystal structure of Hsp70. B) Two major domains of 
Hsp70: ATPase and Substrate Binding Domain (SBD).  
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1.7 Hsp70 as a Chaperone 

The primary role of Hsp70 as a heat shock protein is in maintaining proper 

folding of proteins. It is involved in the interaction of approximately 30% of the entire 

protein network in a cell. Its expression level is elevated during cellular stress, during 

which its interaction partners are elevated as well. It helps to make sure the proteins 

are folded in the proper conformation and helps protect the hydrophobic regions of 

various proteins from being exposed (67, 68) (Figure 1.7).  

Some of the proteins that Hsp70 has been shown to stabilize include p53 (69) 

and hERG (70). These studies showed that an increase in Hsp70 level increases these 

proteins expression levels in cells by increasing the half-lives. Mutants of these 

proteins were known to be less stable, but their stability could be rescued by 

increasing Hsp70 expression levels. Contrary to this activity, Hsp70 down regulates 

the activity of TLR4 in newborn intestinal epithelium (71). Overexpression of Hsp70 

is shown to ubiquitinate TLR4 and knocking down Hsp70 increases the signaling of 

TLR4. Thus Hsp70 has a distinct role in differentially regulating various proteins.  
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Figure 1.7: Hsp70 cycle. Hsp70 recognizes newly synthesized protein and binds to its 
SBD weakly, in its ATP bound state. Hsp40 (J protein) binds to Hsp70 
and enhances its ATP hydrolysis activity. Hsp70 in its ADP bound state 
has a higher affinity to its substrates. With the help of nucleotide 
exchange factor (72), the final folded protein is released from Hsp70.  

1.8 Hsp70 in Inflammation 

Heat shock proteins are involved in various inflammatory diseases, but the 

involvement of Hsp70 in inflammation, whether to down regulate or to enhance 

inflammatory reaction, is an interesting proposal that needs to be addressed. Due to the 

highly conserved nature of Hsp70 from microbes to mammals (64, 66), several studies 

have been conducted in order to test the inflammatory reaction of microbial Hsps in 

mammalian systems (73, 74). Hsp70 is involved in the induction of inflammatory 
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molecules during exercise; they induce the anti-inflammatory pathway during a 

shorter exercise and it has a pro-inflammatory effect (71) on a longer exercise (75). 

Peripheral blood mononuclear cells (PBMC) when treated with Hsp70 from M. 

Tuberculosis induced anti-inflammatory cytokine – Interleukin 10 (IL-10) production 

and down regulated the production of pro-inflammatory cytokine IFN-g (76).  Similar 

studies conducted on Rheumatoid arthritis fibroblast-synoviocytes showed a strong 

decrease in pro-inflammatory molecules (77). Studies have revealed that the 

extracellular Hsp70 could bind to Toll like receptor 2 (TLR2) and turn on the MAP 

kinase pathway, which in turn releases IL-10 (78). Hsp70 has been shown to suppress 

the inflammatory activity induced by various bacterial cell wall components such as 

lipopolysaccharide (79), lipoteichoic acid (LTA), and also it suppresses the NF-kB 

signaling induced by TNF-α, a pro-inflammatory cytokine (Figure 1.8). Decrease in 

Hsp70 expression was shown to have an increase in TLR4 activity in intestinal 

epithelial cells (71). Hsp70 is shown to have interaction with Nod1, which is a close 

relative of Nod2 in mammals (80),but no further study was conducted to show the 

relevance of this interaction.  My study reveals the role of Hsp70 in regulating MDP 

induced inflammatory signal.  
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Figure 1.8: Hsp70 regulates inflammatory signal. Hsp70 down regulates 
inflammatory signal induced by various ligands such as cytokines, 
lipopolysaccharides, and lipoteichoic acid. Role of Hsp70 in regulating 
MDP induced signaling pathway is not yet characterized. 

1.9 Hsp70 in Inflammatory Bowel Disease 

Hsp70 is constitutively expressed along the intestinal mucosa where there is a 

constant stimuli from the enteric flora. Hsp70 has been attributed in maintaining the 

intestinal homeostasis through its encounter with harmful and commensal bacteria 

(81). Tissues along the mucosal and submucosal mononuclear cells showed an 

enhanced expression of Hsp70 in Crohn’s disease. Intestinal epithelial cells also 

showed an enhanced staining of Hsp70 in Crohn’s disease (82, 83). Since Hsp70 has 

been widely considered to have anti-inflammatory property, the induction of Hsp70 

expression during inflammatory bowel disease could be a protective mechanism to 

overcome inflammation.  

1.10 Discussion 

Upon binding to its ligand MDP, Nod2 induces the activation of NF-κB 

signaling cascade. In Crohn’s patients having Nod2 variants, there is a chronic 
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inflammatory reaction in the intestines. Although Crohn’s associated Nod2 mutations 

are loss of function mutations, the molecular explanation to describe the chronic 

inflammatory reaction is missing. Chapter 2 will explain the approach taken to identify 

novel interacting proteins of Nod2. Upon identifying Hsp70 as an interactor, the 

following chapters will describe the function and the biochemistry of this interaction.  

The final chapter gives insight into the cause for the loss of function associated with 

Nod2 mutations and a potential treatment for Crohn’s disease.  
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Chapter 2 

IDENTIFICATION OF NOVEL INTERACTING PROTEINS OF NOD2 

2.1 Introduction 

In 2002 through genetic linkage analysis, Nod2 was first identified to be linked 

to Crohn’s disease (1). Later Nod2 was identified as an innate immune receptor that 

can activate NF-κB pathway upon binding to the bacterial cell wall fragment MDP (2-

7). Since its discovery, studies have been carried out to help better understand the 

interacting proteins of Nod2 and to elucidate the signaling cascade associated with 

Nod2 activation.  

Given the importance of Nod2 to human inflammatory disorders, there has 

been an urgency to understand the proper signaling mechanism of Nod2 in the innate 

immune response. With the proper signaling cascade understood, treatments for 

Crohn’s Disease can be developed. Recently, three independent studies have shed light 

on the control mechanisms of Nod2 signaling. First, Nunez and coworkers 

demonstrated that Nod2 is negatively regulated by the protein Erbin (8). Erbin was 

shown to directly interact with Nod2, and its over-expression inhibited the ability of 

Nod2 to signal the presence of bacterial cell wall fragments (8). Elegant work by 

Kobayashi and coworkers went on to show that Nod2 activation via MDP is regulated 

by proteasomal degradation (9). Before stimulation, Nod2 forms a complex with heat 

shock protein 90 (Hsp90). Upon binding MDP, Nod2 and Hsp90 dissociate.  

Subsequently, Nod2 undergoes proteasomal degradation (9). This unique mechanism 

allows Nod2 to tolerate a large influx of MDP and avoid septic shock. In a subsequent 
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study, McDonald and coworkers have shown that Nod2 is negatively regulated by the 

nucleotide synthesis enzyme caramoyl phosphate synthetase/aspartate 

transcarbamylase/dehydroorotase (CAD) (10). CAD was identified as a Nod2 

interacting protein and was shown to inhibit the ability of Nod2 to signal in the 

presence of bacterial cell wall ligands. Inhibition of CAD increased both the wild-type 

and Crohn’s associated Nod2 variants ability to signal the presence of bacterial cell 

wall ligands (10). Finally, independent genome wide siRNA screens identified 

positive and negative regulators of the Nod2 or NF-κB pathways (11, 12). 

In general, two different approaches have been used to identify protein-protein 

interactors involved in the Nod2-signaling cascade: (1) immunopurification (IP) 

followed by mass-spectrometry and (2) siRNA screens (10, 12). Both approaches have 

been successful in identifying new protein-protein interactors of Nod2. However, the 

mechanism for rescuing the Crohn’s phenotype remains unresolved. In order to 

determine novel protein-protein interactors of Nod2, we desired a cell-based system 

that would allow for identification of interactors that used normal endogenous Nod2 

levels in the cell and would allow for essential proteins to be identified.  We were 

intrigued by the tetracycline inducible promoter system that was developed by the 

Blau laboratories (13) and has successfully elucidated many signaling mechanisms 

(14). Tetracycline-regulated expression enabled purification and functional analysis of 

recombinant connexin channels from mammalian cells (15). We envisioned that this 

sophisticated system would give us a method to control the expression of an epitope 

tagged version of Nod2 in human cells. 
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Using the tetracycline-regulated expression system, we have identified heat 

shock protein 70 (Hsp70) as a bona-fide interactor of Nod2. Further chapters I will 

explain the approach taken to study the functional and biochemical interaction 

between Nod2 and Hsp70. 

 

2.2 Materials and Methods 

2.2.1 Cell Culture 

All cell lines used were obtained from American type culture collection 

(ATCC, Manassas, VA). Phoenix-AMPHO (ATCC® CRL-3213™) cells were used for 

the generation of retroviruses. We used three cell lines:  (1) HEK 293T, a human 

embryonic kidney cell line (2) HCT 116, a human colon epithelial cell line and (3) 

THP-1, a human monocyte cell line. All cell lines were cultured in DMEM, 10% FBS 

(Atlantic Biologicals), 2 mM l-glutamine, penicillin-streptomycin and grown in a 

humidified incubator at 37 °C and 5% CO2. 

2.2.2 Plasmid Construction 

HRSp-Nod2myc was constructed by amplifying Nod2 from pBKCMV vector 

and ligated into HRSp vector.  Bgl11 and Asc1 restriction sites were used to place the 

insert. The following primers were used to amplify Nod2: forward primer 5’ 

GAAGATCTGC CATGGGGGA AGAGGGTGGT3’and reverse primer 

5’TTGGCGC GCCTCACAGATCCTCTTCAGAGATGAG3’. The ligated products 

were transformed using HB101 competent cells.  
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2.2.3 Antibodies  

Mouse monoclonal anti-myc, mouse monoclonal anti-b actin, rabbit anti-RIP2 

antibodies were purchased from Cell Signaling Technology. Anti-mouse and anti-

rabbit IgG HRP linked secondary antibodies (Cell Signaling Technology) were used 

for immunoblot. MDP (Bachem) for stimulating the cells was used at a concentration 

of 2 mM.  

2.2.4 Co-Immunoprecipitation  

Cells were rinsed with 1X PBS and the lysates were collected using freshly 

prepared lysis buffer (1% triton-X, 2 mM EDTA, 4 mM Na3PO4, 100 mM NaCl, 10 

mM MES pH 5.8, 10 mM NaF, 1 protease inhibitor cocktail tablet (Roche)) and lysed 

by passing through a 21-gauge needle. 4 mg of lysates were mixed with appropriate 

amount of antibody and incubated for 2 h in cold. Lysate-antibody mixture was 

incubated with 40 ml of Dynabeads protein A (Life Technologies) beads (prewashed 

in PBS and lysis buffer) for 3 h in cold. After 3 h, lysate-antibody-bead mixture was 

washed four times using 200 mL of lysis buffer containing varying concentrations of 

NaCl as follows: Wash 1– 100 mM NaCl, wash 2- 300 mM NaCl, wash 3- 500 mM 

NaCl, wash 4- 100 mM NaCl. In order to elute proteins two different methods were 

implemented depending on the downstream analysis: (1) For western blot analysis 

proteins were eluted at 60 °C for 30 min with 2X reaction buffer (100 mM TrisHCl pH 

6.8, 4% SDS, 12% Glycerol, 0.008% bromophenol blue, 2% BME (β-

mercaptoethanol) or (2) For mass spectrometry analysis proteins were eluted with  5 

mg/mL of myc-peptide (Sigma-Aldrich) in tris buffered saline (TBS) for 12 h at 4 °C. 

All elutes were analyzed by running in 7.5% polyacrylamide gels containing 0.1% 

sodium dodecyl sulfate, followed by immunoblot or stained using SYPRO® Ruby 
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Protein Gel Stain according to the manufacturer’s instruction (Life Technologies). The 

immunoblot and mass spectrometry analysis procedures are described in subsequent 

sections.  

2.2.5 Mass Spectrometry Screen 

Samples were subjected to reduction/alkylation with dithiothreitol (BioRad) 

and iodoacetamide (Sigma-Aldrich). Enzymatic digestion was performed with trypsin 

(Promega) at 37 °C. Subsequently, samples were desalted and concentrated using 

Ziptips (Millipore) and applied to target plates with alpha-Cyano-4-hydroxycinnamic 

acid matrix (Sigma). Data were collected on a 4800 MALDI TOF Analyzer (ABSciex) 

in positive ion, reflector mode over a mass range of 850-4000 Da, with internal 

calibration. Select peaks were further analyzed by MS-MS at 1 kV with default 

calibration. Combined MS and MS-MS data were submitted to Mascot (Matrix 

Science) and searched against NCBI, with trypsin specificity, 100 ppm mass tolerance, 

0.3 Da MS-MS tolerance, and the following variable modifications: 

carbamidomethylation (C) and oxidation (M). 

The search engine (Mascot) identifies potential hits within its database and 

calculates the probability of specific matches. We used a CI (confidence interval), 

reported by AB Sciex software based on the Mascot results, of 95% or greater, that 

can be thought of as similar to Mascot p <0.05, for identity. 

2.2.6 Immunoblotting  

Cells were rinsed with 1X PBS and appropriate amount of lysis buffer (1% 

triton-X, 2 mM EDTA, 4 mM Na3PO4, 100 mM NaCl, 10 mM MES pH 5.8, 10 mM 

NaF, 1 protease inhibitor tablet) was added and lysed using 21 gauge needle. Protein 
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quantification was performed using Bradford assay using BioRad Protein Assay Dye 

Reagent Concentrate according to the manufacturer’s instruction. Samples were 

prepared using 5X loading buffer (250 mM TrisHCl pH 6.8, 10% SDS, 30% Glycerol 

0.02% bromophenol blue, 5% BME) and boiled for 5 min.  The samples were 

electrophoresed in 7.5% polyacrylamide gels containing 0.1% sodium dodecyl sulfate. 

Western transfer onto PVDF membrane was carried out using semi-dry transfer at 25 

V for 1 h. 10% nonfat dry milk in TBS-Tween (T) was used to block the membrane 

for 1 h and washed in TBS-T three times for 5 min each. The blots were incubated 

overnight at 4 °C with the appropriate amount of antibodies prepared in 1% milk. 

After three washes, the membrane was incubated with HRP-conjugated secondary 

antibody for 60 min at room temperature. Following secondary incubation, the blot 

was washed three times in TBS-T and incubated with the substrate (GE) according to 

the manufacturer’s instruction. The blots were exposed to Fuji Super RX-U Half 

Speed Blue films (Brandywine Imaging Inc) in the dark room. All western blots were 

performed at least three times independently. Using the replicates, the data were 

analyzed using Image LabTM. This analysis is reported along side all western blot 

images.  

2.3 Results 

2.3.1 Construction of tetracycline regulated Nod2 expressing stable cell lines 

HRSp vectors containing Nod2 insert was constructed as described under 

methods. Stable cell lines of HCT 116 and HEK 293T cells that express tetracycline-

inducible  Nod2myc under the control of RetroTET-ART system were created by viral 

infection with HRSp-Nod2myc, transactivator (RTAb) and transrepressor (RTRg) as 
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previously described (13, 16). Phoenix-AMPHO cells were used for the generation of 

retroviruses (17) (Figure 2.1). 

 

Figure 2.1: Preparation of stable cell lines expressing tet-operated Nod2. Phoenix 
A cells are used to used to make retroviruses. Initially, retroviruses 
expressing containing Nod2 sequence is generated and transduced into 
various cells (HEK293T/HCT116). After puromycin selection, colonies 
were amplified and transduced with viruses containing repressor 
sequence. Colonies containing GFP was amplified and did multiple 
infections using activator sequence containing viruses. 

2.3.2 Tetracycline regulated Nod2 expression 

Previous studies have successfully used immunoprecipitation followed by 

mass spectrometry to identify novel protein-protein interactions. In our hands, this 

approach yielded a significant number of proteins. We reasoned that this was due to 

the unnaturally high concentration of Nod2 present in the cell and perhaps many of 

these interactions were artifacts of our initial experimental design.  Thus, we opted for 

a system where the expression of epitope tagged Nod2 mirrored that of endogenous 

levels. Although antibodies for Nod2 already exist, we used epitope tagged Nod2 on 

either its N- or C-terminus. We did this for two reasons: (1) the tag could be used 



 

 34 

across many constructs of Nod2 (wild-type, Crohn’s associated variants, truncations 

and protein domains of Nod2) and (2) steric occlusion of preexisting Nod2 antibodies 

could prevent Nod2 from binding to its interacting proteins. 

 

Figure 2.2: HRSp tet promoter system. A) Stable cell lines express tet-activator and 
tet-repressor. Tet-repressor inhibits the activation of Nod2 by binding to 
the tet-operator. In the presence of tetracycline, tet-activator binds to the 
operator and induces the activation of Nod2 through CMV promoter 

HRSp tet promoter system was used to construct stable cell lines expressing 

Nod2 (Figure 2.2). Using the protocol described by Blau et al (13), we successfully 

constructed tunable Nod2 (containing myc-tag) stable cell line in HEK 293T (Figure 

2.3A). We showed that Nod2 levels (both protein and mRNA) increased with an 

increasing concentration of doxycline, a tetracycline derivative (Figure 2.3, A and B). 

It is not uncommon in the inducible cell lines to see leaking the promoter, (i.e. 

expression of protein in the absence of doxycline) (18). We observed low levels of 
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Nod2 expression in the absence of doxycline (Figure 2.3, A and B). HCT116 

expressing doxycycline regulated Nod2 is also constructed using the same procedure 

described above (Figure 2.4). 

 

Figure 2.3: HEK293T stable cell line expressing Nod2. A) Cell lysates from HEK 
293T-Nod2myc/Tet-op (Tetracycline regulated Nod2 expressing cell 
line) induced at different concentrations of doxycycline were probed for 
myc antibody (1:1000) to detect the amount of Nod2 expressed. Actin 
(1:1000) was used as the loading control. Using the replicates, the bands 
were quantified using Image LabTM. B) RNA isolated from HEK 293T-
Nod2myc/Tet-op (Tetracycline regulated Nod2 expressing cell line) 
induced at different concentrations of doxycycline were quantified for the 
amount of Nod2 mRNA using real time quantitative PCR. 
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Figure 2.4: HCT116 stable cell line expressing Nod2. A) Cell lysates from HCT116 
/Nod2myc/Tet-op (Tetracycline regulated Nod2 expressing cell line) 
induced at different concentrations of doxycycline were probed for myc 
antibody (1:1000) to detect the amount of Nod2 expressed. Laminin 
(1:1000) was used as the loading control. Using the replicates, the bands 
were quantified using Image LabTM. 

2.3.3 Tetracycline regulated Nod2 expression matches endogenously expressed 
Nod2 levels 

Expression level of Nod2 in the stable cell lines created is tested to determine 

if the level matched the endogenously expressed Nod2 in HCT116 and THP1 cell 

lines. Mirroring Nod2 levels will be vital for further experiments to avoid background 

signal due to over expressed Nod2.  We compared the expression of the regulated 

Nod2 (Nod2myc/Tet-op (no doxycline)) compared to the constitutively over-

expressed Nod2 (Nod2myc) in cell lines created by lentiviral vector K2605/Nod2 

transduction. We found that Nod2 expression levels were over 257 times higher in the 
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constitutively expressed system compared to the inducible system (Figure 2.5, 2.6). 

Moreover, we showed that the inducible expression system matched the expression of 

wild-type Nod2 in both (1) THP-1, a monocyte cell line that endogenously expresses 

Nod2 and (2) HCT-116, an intestinal epithelial that has been shown to endogenously 

express Nod2 (19) (Figure 2.6D).  With the desired inducible Nod2 system in hand, 

we set out to identify novel protein interactors of Nod2. 

 

Figure 2.5: Low level Nod2 expression in HEK 293T-Nod2myc/Tet-op. Western 
blot showing the difference in the level of Nod2 expression in HEK 293T 
cells ((Nod2myc/Tet-op)no dox) and Nod2 over-expressed stable cell line 
(Nod2myc). Myc and b actin antibody (loading control) was used at a 
concentration of 1:1000. Western blots were performed on separate cell 
lysates at least three times.  Using the replicates, the bands were 
quantified using Image LabTM 
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Figure 2.6: Nod2 expression in HEK 293T-Nod2myc/Tet-op matches endogenous 
Nod2 levels. Real time quantitative PCR used to measure the relative 
Nod2 levels in HCT 116, THP-1, HEK 293T-Nod2myc/Tet-op (no dox) 
and HEK 293T-Nod2myc cell lines. . Results shown are the mean + SD 
of experiments performed in triplicates. *P<0.05 was considered as 
significant. 

2.3.4 Identification of novel binding proteins of Nod2  

Using the Nod2 inducible cell lines, we performed immunopurification 

followed by mass spectrometry.  The experiment was performed in both the absence 

and presence of the Nod2 ligand, MDP. No doxycline was used in any of our 

experiments, as we showed that this amount of Nod2 best matches the endogenous 

levels (Figure 2.6).  As a method to control for non-specific interactions several 

precautions were taken. First, we used HEK 293T cells that did not express an epitope 

tagged Nod2. Second, we performed extensive washing (four washes with increasing 
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concentration of sodium chloride, see “Experimental Procedures” for more details) of 

the resin to assure non-specific proteins were removed. Finally, we selectively eluted 

Nod2 from the resin using low concentrations of myc-peptide. To validate our method, 

we first confirmed the presence of a known Nod2 interactor, Rip2 (Figure 2.7). Upon 

confirming our method, the interacting proteins were separated using SDS-PAGE and 

proteins were detected using Sypro Ruby® stain (Figure 2.8). Prominent bands were 

excised from the gel, trypsinized and analyzed using ESI-mass spectrometry. In total, 

we identified six protein-protein interactors using mass spectrometry. Two of these 

proteins have already been identified as Nod2 interactors: actin and Hsp90. 

 

Figure 2.7: Nod2 expressed in HEK 293T-Nod2myc/Tet-op pulls down a known 
interactor RIP2. Co-Immunoprecipitation were performed using mouse 
anti-myc antibody 1 µL/150 µL of lysate (HEK 293T-Nod2myc/Tet-op, 
stimulated with 2 µM of MDP) and probed for RIP2 using rabbit anti-
RIP2 antibody (1:1000) 
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Figure 2.8: Identification of novel interacting proteins of Nod2. Sypro stained 7.5% 
polyacrylamide gels showing the bands that were obtained through co-
immunoprecipitation using mouse anti-myc antibody in HEK 293T (a), 
HEK 293T-Nod2myc/Tet-op (no dox) (b), and HEK 293T-Nod2myc/Tet-
op (no dox) cell stimulated with 2 µM of MDP (c). The visible bands 
were characterized using protein mass spectrometry as described in the 
experimental.  Nod2 and Hsp70 were identified. 

2.4 Discussion 

Nod2 is an important innate immune receptor that is responsible for sensing 

the occurrence of bacterial cell wall fragments within mammalian cells.  It has been 

known for over ten years that mutations in Nod2 correlate to the development of 

Crohn’s disease (1). Moreover, these mutations do not properly respond to bacterial 

cell wall components (3). Studies have shown that when cells containing the Nod2 

mutations are treated with the bacterial cell wall fragments, a lower NF-κB response is 

obtained (3, 20). It has been suggested that a basal level of Nod2 activation is needed 

in the cell to control other innate immune receptors. Without the ability to activate NF-

κB, an uncontrollable amount of inflammation ensues and Crohn’s disease develops 
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(21, 22). Much effort has been focused on trying to identify the mechanism by which 

Nod2 signals to the NF-κB response. Many protein interactors have been found. 

However, none explain the Crohn’s Nod2 phenotype: i.e. lack of response to bacterial 

cell wall ligand.  

In order to understand the mechanism of Nod2 signaling we developed a novel 

system to screen for Nod2 protein-protein interactors. Our approach has two main 

advantages over previous Nod2 studies.  First, a tetracycline inducible promoter 

system allowed a controllable, low-level expression of Nod2 to be obtained (Figure 

1A). Secondly, the expression of an epitope tagged Nod2 allowed for the efficient 

purification of Nod2 and interacting proteins (Figure 2B). The interacting proteins 

could then be identified using mass spectrometry. Our small screen identified Hsp70 

as a protein that interacts with Nod2. Initially we were skeptical of the significance of 

this finding, as Hsp70 is ubiquitously expressed in the cells, and we believed that this 

finding could be an artifact. However, recently Hsp70 has been shown to regulate a 

number of innate immune receptors. Thus, the following chapters will explain the 

approaches I took to study the significance of this interaction.  
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Chapter 3 

IN VITRO BIOCHEMICAL INTERACTION BETWEEN NOD2 AND HSP70 

3.1 Introduction 

Heat shock protein 70 (Hsp70) is a highly ubiquitous protein responsible for 

stabilizing nearly all proteins in their unfolded, misfolded, or inactive aggregated state 

(1-3).  It has two different domains, the nucleotide-binding domain (NBD) and 

substrate-binding domain (SBD), which interact with each other through allosteric 

control (4).  The affinity for peptides is regulated by ATP binding and hydrolysis, 

which controls the conformational state the protein adopts.  When ATP is bound in the 

NBD, affinity for the peptide to the SBD is low, which results in rapid association and 

dissociation to Hsp70.  After ATP hydrolysis by the NBD, however, peptide affinity 

increases, leading to significantly lower association and dissociation of the peptide (5-

7).  Hsp70 is responsible for a diverse range of functions, which when bound to the 

selected peptide, is able to modify the protein's structure to adopt a more stable 

conformation, protect a vulnerable region from disruptive interactions, or inhibit self-

aggregation (2).   

Additionally, Hsp70 proteins do not work alone and often rely on a number of 

cochaperones. As mentioned in section 1.7, DnaJ (Hsp40) co-chaperones facilitate 

Hsp70 enhancing ATPase cavity upon substrate binding. DnaJ in particular are a 

diverse family of cochaperones that interact with Hsp70 and give rise to its ability to 

modify different peptides and perform multiple cellular roles. 
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Some of the proteins that Hsp70 has been shown to stabilize include p53 (8) 

and hERG (9). These studies showed that an increase in Hsp70 levels increases the 

expression of these proteins in cells by increasing its half-life. Mutants of these 

proteins were even less stable and increasing Hsp70 expression level was able to 

rescue their stability.  

Protein misfolding has been linked to several neurodegenerative diseases such 

as Alzheimer’s, Parkinson’s and Huntington’s diseases. Several studies have shown 

that Hsp70 and its cochaperones help in decreased misfolded protein aggregation 

associated with these diseases (10, 11).  

Initially, we thought that the interaction of Nod2 and Hsp70 might be an 

artifact of our experiment, as Hsp70 is ubiquitously expressed in cells (12). However, 

Hsp70 has recently been shown to control the innate immune system both by binding 

and inhibiting TLR4, as well as mediating decreases in lipotoic acid and TNFα 

induced signaling (13-15). Thus, we were intrigued by the role that Hsp70 could 

potentially play in stabilizing Nod2. We set out to validate our initial results in a set of 

in vitro biochemical assays. 

The biochemical binding and mechanisms by which Hsp70 regulates Nod2 

activity is carried out in this section.  Here, we show that Hsp70 binds directly to 

Nod2 and protects Nod2 from trypsin mediated degradation.  Also we examined the 

dependence on the ability oh Hsp70 to hydrolyze ATP and stabilize Nod2.  We 

characterized the chaperone protein complex comprised of Hsp70 and its co-

chaperone to interact with Nod2 and mediate its downstream activation effect.  By 

understanding the biochemical mechanism of how Hsp70 stabilizes Nod2, we plan to 
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establish useful fundamental interaction motifs for the development of a drug that 

mimics the action of Hsp70 on Nod2. 

 

3.2 Materials and Methods 

3.2.1 Cell Culture 

All cell lines used were obtained from American type culture collection 

(ATCC, Manassas, VA). We used three cell lines:  (1) HEK 293T, a human embryonic 

kidney cell line (2) HCT 116, a human colon epithelial cell line and (3) THP-1, a 

human monocyte cell line. All cell lines were cultured in DMEM, 10% FBS (Atlantic 

Biologicals), 2 mM l-glutamine, penicillin-streptomycin and grown in a humidified 

incubator at 37 °C and 5% CO2. 

3.2.2 Antibodies  

Mouse monoclonal anti-myc, rabbit monoclonal anti-Hsp70, rat anti-Hsp70, 

mouse anti-FLAG, mouse monoclonal anti-β actin, were purchased from Cell 

Signaling Technology. Mouse monoclonal anti-Hsp70 was purchased from Life 

Technologies.  Alexa Fluor-594 goat anti-mouse and Alexa Fluor-488 goat anti-rabbit 

(Jackson ImmunoResearch) were used as secondary antibodies. Anti-mouse, anti-

rabbit and anti-rat IgG HRP linked secondary antibodies (Cell Signalling Technology) 

were used for immunoblot. Rabbit NOD2 antiserum, HM2559, was kindly provided 

by the Podolksy Laboratory (16). MDP (Bachem) for stimulating the cells was used at 

a concentration of 2 mM.  
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3.2.3 Plasmid Construction 

The following primers were used to amplify the CARD, NBD and LRR 

domains of Nod2: 1) CARD domain forward primer: 

5'CGCGGATCCGCCACCATGGAGCAGAAACTCATCTCTGAAGAGGATCTGA

TGGGGGAAGAGGGTTCA-3'. 2) CARD domain reverse primer: 

5’CCGCCGCTCGAGTCA 

CTGAGGAAGCGAGACTGAGCAGACACCGTGGTCCTCAG3’, 3) NBD domain 

forward primer: 

5’CGCGGATCCGCCACCATGGAGCAGAAACTCATCTCTGAAGAGGATCTGA

TG GCCAAGCTGAGGACC3’. 4) CARD domain reverse primer: 

5’CCGCCGCTCGAGTCACCCGGTGCAGCTGGCGGGATGG3’. 5) LRR domain 

forward primer: 5’ 

CGCGGATCCGCCACCATGGAGCAGAAACTCATCTCTGAAGAGGATCTGAT

GCCCGGGTTCATC3’. 6) LRR domain reverse primer: 5’ 

CCGCCGCTCGAGTCAAAGCAAGAGTCTGGTGTCCCT3’. pBKCMV/Nod2 

vector previously constructed was used as the template (REFFFFFFF).  

 

The following primers were used to amplify the S-1 and S2 regions within the 

SBD of Hsp70. : 1) S1 forward primer: 

5'CGCGGATCCATGGATTACAAGGATGACGACGATAAGCTGGAGACGGCC3'

. 2) S1 reverse primer: 

5’TCGACTCGAGTCAGATCAGCACCCCGGGTTGGTTGTCGGAGTAG3’, 3) S2 

domain forward primer: 

5'CGCGGATCCATGGATTACAAGGATGACGACGATAAGCTGGAGACGGCC3'

. 4) S3 reverse primer: 5’TCGACTCGAGTCAGATCTGGGGCACGCCCCTGG3’. 
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BamH1 and Xho1 enzymes were used to digest the inserts and the vectors (pBKCMV 

and PGEX). The ligated products were transformed using DH5α competent cells. All 

the constructs were confirmed by DNA sequencing (GENEWIZ, Inc).  

3.2.4 Site directed mutagenesis  

K71S mutation was introduced in Hsp70 in Hsp70/pGEX plasmid using 

GeneArt® Site-Directed Mutagenesis PLUS System kit. The following primers were 

used for mutagenesis: Forward - 5’ AAC ACC GTG TTT GAC GCG TCG CGG CTG 

ATT GGC CGC AAG 3’; 

Reverse - 5’ CTT GCG GCC AAT CAG CCG CGA CGC GTC AAA CAC 

GGT GTT 3’. 

All mutations were confirmed via sequencing (GENEWIZ, Inc). 

Additionally Hsp70 (K71S) was cloned into a mammalian expression vector 

(pBKCMV). Briefly, Hsp70 (K71S) /pBKCMV vector was constructed by digesting 

Hsp70 (K71S) from Hsp70 (K71S)/pGEX vector using BamH1 and Xho1 enzymes. 

The ligated products were transformed using DH5α competent cells. The presence of 

the insert within the construct was confirmed by DNA sequencing (GENEWIZ, Inc).  

3.2.5 Co-immunoprecipitation  

Cells were rinsed with 1X PBS and the lysates were collected using freshly 

prepared lysis buffer (1% triton-X, 2 mM EDTA, 4 mM Na3PO4, 100 mM NaCl, 10 

mM MES pH 5.8, 10 mM NaF, 1 protease inhibitor cocktail tablet (Roche)) and lysed 

by passing through a 21 gauge needle. 4 µg of lysates were mixed with appropriate 

amount of antibody and incubated for 2 h in cold. Lysate-antibody mixture was 

incubated with 40 µl of Dynabeads protein A (Life Technologies) beads (prewashed in 
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PBS and lysis buffer) for 3 h in cold. After 3 h, lysate-antibody-bead mixture was 

washed four times using 200 µL of lysis buffer containing varying concentrations of 

NaCl as follows: Wash 1– 100 mM NaCl, wash 2- 300 mM NaCl, wash 3- 500 mM 

NaCl, wash 4- 100 mM NaCl. In order to elute proteins two different methods were 

implemented depending on the downstream analysis: (1) For western blot analysis 

proteins were eluted at 60 °C for 30 min with 2X reaction buffer (100 mM TrisHCl pH 

6.8, 4% SDS, 12% glycerol, 0.008% bromophenol blue, 2% BME (β-

mercaptoethanol) or (2) For mass spectrometry analysis proteins were eluted with  5 

µg/mL of myc-peptide (Sigma-Aldrich) in tris buffered saline (TBS) for 12 h at 4 °C. 

All eluates were analyzed by running in 7.5% polyacrylamide gels containing 0.1% 

sodium dodecyl sulfate, followed by immunoblot or stained using SYPRO® Ruby 

Protein Gel Stain according to the manufacturer’s instruction (Life Technologies). The 

immunoblot and mass spectrometry analysis procedures are described in subsequent 

sections.  

3.2.6 Co-Immunoprecipitation using recombinant proteins 

Indicated concentrations of recombinant proteins were incubated at 37oC for 

30 min and mixed with 1:200 of Rabbit NOD2 antiserum overnight. 40 µl of 

Dynabeads protein G (Life Technologies) beads (prewashed in PBS and lysis buffer) 

for 15 min at RT. After 15 min, lysate-antibody-bead mixture was washed four times 

using 200 µL of lysis buffer. Samples were eluted at 100 °C for 5 min with 2X 

reaction buffer (100 mM TrisHCl pH 6.8, 4% SDS, 12% glycerol, 0.008% 

bromophenol blue, 2% BME (β-mercaptoethanol). All eluates were analyzed by 

running in 7.5% polyacrylamide gels containing 0.1% sodium dodecyl sulfate, 

followed by immunoblot or stained using SYPRO® Ruby Protein Gel Stain according 
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to the manufacturer’s instruction (Life Technologies). The immunoblot analysis 

procedure is described in subsequent sections.  

3.2.7 Immunoblotting 

Cells from culture dishes were rinsed with 1X PBS and appropriate amount of 

lysis buffer (1% triton-X, 2 mM EDTA, 4 mM Na3PO4, 100 mM NaCl, 10 mM MES 

pH 5.8, 10 mM NaF, 1 protease inhibitor tablet) was added and lysed using 21 gauge 

needle. Protein quantification was performed using Bradford assay using BioRad 

Protein Assay Dye Reagent Concentrate according to the manufacturer’s instructions. 

Samples were prepared using 5X loading buffer (250 mM TrisHCl pH 6.8, 10% SDS, 

30% Glycerol 0.02% bromophenol blue, 5% BME) and boiled for 5 min.  The samples 

were electrophoresed in 7.5% polyacrylamide gels containing 0.1% sodium dodecyl 

sulfate. Western transfer onto PVDF membrane was carried out using semi-dry 

transfer at 25 V for 1 h. 10% nonfat dry milk in TBS-Tween (T) was used to block the 

membrane for 1 h and washed in TBS-T three times for 5 min each. The blots were 

incubated overnight at 4 °C with the appropriate amount of antibodies prepared in 1% 

milk. After three washes, the membrane was incubated with HRP-conjugated 

secondary antibody for 60 min at room temperature. Following secondary incubation, 

the blot was washed three times in TBS-T and incubated with the substrate (GE) 

according to the manufacturer’s instruction. The blots were exposed to Fuji Super RX-

U Half Speed Blue films (Brandywine Imaging Inc) in the dark room. All western 

blots were performed at least three times independently. Using the replicates, the data 

were analyzed using Image LabTM. This analysis is reported along side all western blot 

images.   
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3.2.8 Co-immunostaining 

HEK 293T cells were transiently transfected with the pBKCMV/Nod2myc 

plasmid using Lipofectamine 2000 (Life Technologies). After overnight incubation, 

the cells were plated on 24 well dishes containing glass cover slips. Performing the 

staining within the short time period after transfection makes sure that do not attain 

100% transfection and the untransfected cells be used a negative control for staining. 

After 12 hours, cells were washed two times with PBS and then fixed for 15 min at 

room temperature using 4% paraformaldehyde solution in PBS. The cells were then 

washed in PBS and treated with 0.3% Triton-X solution. Cells were treated with 5% 

normal goat serum for blocking and were incubated with rabbit monoclonal anti-myc 

and mouse monoclonal anti-Hsp70 antibodies. After overnight incubation, the cells 

were washed three times using PBS and incubated with Alexa Flour-594 rabbit anti-

goat and Alexa Flour-488 mouse anti-goat. The cells were mounted on glass slides 

containing ProLong® Gold Antifade Reagent with DAPI (Life Technologies). Images 

were taken in Zeiss 780 confocal microscope using Plan-Neofluar 40x/1.30 objective. 

3.2.9 Protein purification 

Full length cDNA fragments were amplified by PCR and were inserted into 

pGEX-GST vector using BamH1 and Xho1 restriction sites and transformed into 

DH5α competent cells. The plasmids were purified and transformed into BL21-

CodonPlus expression competent cells according to the manufactures instruction.  

Colonies were picked and cultured at 37oC under appropriate antibioticsuntil 

the OD reached 0.6. Culture was incubated with 1mM IPTG overnight at 18oC. 

Cultures were spun down in the centrifuge at 8000rpm for 10 min each cycle. The 

supernatant was discarded and the pellets were stored in the -80oC freezer. 
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 The pellet was resuspended in 30 ml of Buffer A (50 mM Tri.HCl buffer, pH 

7.0, containing 150 mM NaCl, 1 mM EDTA, 1 mM DTT, and protease tablet 

(Roche)). The cells were sonicated and incubated on ice for 15 min. Lysed culture was 

centrifuged at 15000 rpm for 10 min and combined with the GST resin (GE) 

equilibrated with Buffer A for 2 h. The flow-through was removed and the beads were 

washed with wash buffer (50 mM Tri.HCl buffer, pH 7.0, containing 500 mM NaCl, 1 

mM EDTA). Resin was then incubated with elution buffer (50 mM Tri.HCl buffer, pH 

7.0, containing 150 mM NaCl, 1 mM EDTA, 1 mM DTT, and PreScission protease)) 

overnight. The flow-through was collected and the protein concentration was 

determined using Bradford assay using BioRad Protein Assay Dye Reagent 

Concentrate according to the manufacturer’s instruction. Briefly, 1mL of 1X dye was 

mixed with 2 µL of protein lysates and the absorbance was determined at 595nm. 

Absorbance values were converted to concentration using the standard curve obtained 

using the known concentrations of bovine serum albumin.   

Recombinant Nod2 was purified from insect cells as described previously (17).  

3.2.10 Limited proteolysis  

80 nM of Nod2 in buffer A ((50 mM Tri.HCl buffer, pH 7.4, containing 150 mM 

NaCl, 10 mM EDTA, 1 mM DTT, and protease tablet S3 (Roche)) in the presence or 

absence of 20µM of MDP or 500nM of Hsp70, Hsp70(K71S) or Hsp40, was treated 

with trypsin (Promega, sequence grade) (1:200 dilution) for various time points (0, 20, 

40, 60, 80 min). At each time point, samples were quenched with 3 µL of 5X SDS-

Sample buffer (250 mM TrisHCl pH 6.8, 10% SDS, 30% Glycerol 0.02% 

bromophenol blue, 5% BME). The samples were heated for 5 minutes at 100 °C and 
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centrifuged. The samples were analyzed by 4 – 15% SDS-PAGE and Western 

Blotting. The bands were quantified using Image LabTM. 

3.2.11 In Vitro half-life determination 

The protein bands for Nod2 were quantified using Image Lab 5.0. Intensity of 

Nod2 (Ir) was used to analyze the half-life values as previously described (18).  

Briefly, relative Nod2 band intensities were plotted against time assuming first-order 

decay (ln(Ir) vs. time). The rate constant was calculated using the negative slope of the 

line (k = - slope), and the corresponding half-life was calculated (T1/2 = ln(2)/k).  Each 

condition was performed in duplicates and the Student’s t-tests were used to determine 

statistical significance. P< 0.05 were considered to be statistically significant. 

3.2.12 Data analysis  

Data presented are mean ± SD of at least three repeats. Each experiment (NF-κB 

promoter activity) was completed in at least four separate biological replicates (n=4). 

These biological replicates included studies of cells plated on separate dishes.  

Western blots were performed on separate cell lysates at least three times. Student’s t 

test was used to analyze difference between two groups. *P<0.05 was considered as 

significant. 

3.3 Results 

3.3.1 Purification of recombinant Hsp70, Hsp40, Hsp70S 

An E. coli expression system was used to purify Hsp70, Hsp40 and Hsp70S 

proteins. Hsp70S is an Hsp70 variant that is in ADP bound state, which will be 

explained in detail further in section 3.3.8. As explained under materials and methods, 
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all proteins were expressed with a GST tag and purified using GST resin. The GST tag 

was cleaved using PreScission protease and the recombinant protein was eluted.  

 

Figure 3.1: Recombinant Hsp70, Hsp40 and Hsp70S. Polyacrylamide gels stained 
using Coomassie brilliant blue stain. Boxed regions represent the proteins 
at the appropriate molecular weight. 
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3.3.2 Hsp70 interacts with Nod2  

As described in Chapter 2, we used the Nod2 inducible cell lines to confirm the 

interaction between Nod2 and Hsp70. First, we performed an IP experiment in the 

HEK 293T-Nod2myc/tet-op (no dox stimulation) cell line and HCT 116-Nod2myc/tet-

op (no dox stimulation).  We confirmed that Nod2 interacted with Hsp70 using myc-

antibodies to immunopurify Nod2 in both cell lines (Figure 3.2A). Using reverse IP 

using Hsp70 antibody, we confirmed that Hsp70 can purify Nod2 (Figure 3.2B). Next 

we assayed if THP-1 cells, which endogenously express Nod2, interacted in Hsp70.  

We found that Hsp70 was immunopurified in these cells (Figure 3.2C). In addition, 

immunostaining followed by confocal microscopy confirms that Hsp70 and Nod2 

interact in the cell (Figure 3.3). Thus, these data support that Nod2 interacts with 

Hsp70 under physiological conditions. We then wished to fully dissect the interaction 

of these proteins biochemically.  
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Figure 3.2: The interaction between Nod2 and Hsp70. A. Co-Immunoprecipitation 
performed using mouse anti-myc antibody (1 µL/150 mL of lysate) in 
HEK 293T-Nod2myc/Tet-op (no dox), HCT 116- Nod2myc/Tet-op (no 
dox), HEK 293T, and HCT 116 cells and probed for Hsp70 using rat 
anti-Hsp70 antibody (1:1000) and rabbit anti-myc antibody (1:1000). B. 
Co-Immunoprecipitation performed using Hsp70 antibody and probed 
from Nod2 using myc mouse antibody (1:1000). C. Co-
Immunoprecipitation performed using Rabbit NOD2 antiserum HM2559 
(2 µL/150 µL) or Rabbit IgG in THP-1 cells and probed for Hsp70 using 
rat anti-Hsp70 antibody (1:1000) and Nod2 using Rabbit NOD2 
antiserum HM2559 (1:5000). 
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Figure 3.3: Immunostaining showing Nod2-Hsp70 interaction. HEK 293T cells 
transiently transfected using pBKCMV/Nod2myc vector and stained for 
Nod2 using mouse anti-myc antibody (1:2000) and rabbit anti-Hsp70. 
DAPI was used to stain the nucleus. 

 

3.3.3 NBD-LRR domain of Nod2 interacts with Hsp70  

To understand the interaction further and determine the specific regions 

necessary to bind, various domains of Nod2 and Hsp70 were expressed. Nod2 is 

comprised of an N-terminal Caspase Recruitment Domain (CARD), Nucleotide 

binding domain (NBD) and a C-terminal Leucine Rich Repeat domain (LRR) 

(Figure3.4) (19, 20). The binding region of Nod2 within Hsp70 was initially predicted 

using the algorithm developed by Rüdiger et al. (21).  We found that Nod2 has a 

predicted sequence of high affinity within the NBD and LRR to Hsp70 (Figure 3.5).  

Using co-immunoprecipitation in cells expressing CARD, NBD or LRR domains with 

a myc tag, we identified that the NBD and the LRR domain can indeed pull down 

Hsp70 (Figure 3.6). The expression of singular domains of Nod2 has narrowed down 

the regions responsible for interacting with Hsp70.  



 

 59 

 

Figure 3.4: Nod2 domains. Nod2 has three domains CARD (Caspase Recruitment 
Domain), NBD (Nucleotide Binding Domain), and LRR (Leucine Rich 
Repeat). 

 

 

Figure 3.5: Algorithm predicts NBD and LRR of Nod2 interact with Hsp70.  

CARD 
MGEEGGSASHDEEERASVLLGHSPGCEMCSQEAFQAQRSQLVELLVSGSLEGFESVLDWLLSWEVLSWEDYEGFHLL
GQPLSHLARRLLDTVWNKGTWACQKLIAAAQEAQADSQSPKLHGCWDPHSLHPARDLQSHRPAIVRRLHSHVENMLD
LAWERGFVSQYECDEIRLPIFTPSQRARRLLDLATVKANGLAAFLLQHVQELPVPLALPLEAATCKKYMAKLRTTVS
AQSRFL 
 
NOD 
MAKLRTTVSAQSRFLSTYDGAETLCLEDIYTENVLEVWADVGMAGPPQKSPATLGLEELFSTPGHLNDDADTVLVVG
EAGSGKSTLLQRLHLLWAAGQDFQEFLFVFPFSCRQLQCMAKPLSVRTLLFEHCCWPDVGQEDIFQLLLDHPDRVLL
TFDGFDEFKFRFTDRERHCSPTDPTSVQTLLFNLLQGNLLKNARKVVTSRPAAVSAFLRKYIRTEFNLKGFSEQGIE
LYLRKRHHEPGVADRLIRLLQETSALHGLCHLPVFSWMVSKCHQELLLQEGGSPKTTTDMYLLILQHFLLHATPPDS
ASQGLGPSLLRGRLPTLLHLGRLALWGLGMCCYVFSAQQLQAAQVSPDDISLGFLVRAKGVVPGSTAPLEFLHITFQ
CFFAAFYLALSADVPPALLRHLFNCGRPGNSPMARLLPTMCIQASEGKDSSVAALLQKAEPHNLQITAAFLAGLLSR
EHWGLLAECQTSEKALLRRQACARWCLARSLRKHFHSIPPAAPG 
 
LRR 
AMPGFIWLIRSLYEMQEERLARKAARGLNVGHLKLT 
FCSVGPTECAALAFVLQHLRRPVALQLDYNSVGDIGVEQLLPCLGVCKALYLRDNNISDRGICKLIECALHCEQLQK
LALFNNKLTDGCAHSMAKLLACRQNFLALRLGNNYITAAGAQVLAEGLRGNTSLQFLGFWGNRVGDEGAQALAEALG
DHQSLRWLSLVGNNIGSVGAQALALMLAKNVMLEELCLEENHLQDEGVCSLAEGLKKNSSLKILKLSNNCITYLGAE
ALLQALERNDTILEVWLRGNTFSLEEVDKLGCRDTRLLL 



 

 60 

 

 

Figure 3.6: NBD and LRR of Nod2 interacts with Hsp70. Co-Immunoprecipitation 
performed using mouse anti-myc antibody (5 mL/ 150 mL of lysate) in 
HEK 293T cells transfected with pBKCMV/CARD-myc or 
pBKCMV/NBD-myc or pBKCMV/LRR-myc. Western blot was 
performed to detect Hsp70 using Hsp70 antibody (1:1000) and Nod2 
domains using myc antibody (1:1000). 

3.3.4 SBD of Hsp70 interacts with Nod2 

We performed a similar experiment as 3.3.2, however, in this section Hsp70 

was divided into its subdomains Hsp70 has an N-terminal ATPase Domain and a 

Substrate Binding Domain (SBD) (Figure 3.7). Upon binding to the ATPase domain, 

ATP gets hydrolyzed to ADP. The conformational change this hydrolysis induces in 

the protein determines the binding affinity of the SBD with its substrates. In order to 

determine what portion of Hsp70 interacts with Nod2, we expressed the two 

prominent domains of Hsp70 as epitope tags: the ATP binding domain (A) and 
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substrate binding domain (S). Using co-immunopurification, we detected an 

interaction with only Nod2 in the substrate binding domain, leading us to believe that 

Nod2 interacts with the Hsp70 substrate binding domain (Figure 3.8). This suggests 

that ATP hydrolysis is not necessary for the interaction. 

 

 

 

 

 

 

Figure 3.7: Hsp70 domains. Hsp70 has an ATPase domain and a Substrate Binding 
Domain (SBD) 
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Figure 3.8: SBD of Hsp70 interacts with Nod2. Co-Immunoprecipitation performed 
using mouse anti-flag antibody (5 mL/ 150 mL of lysate) in HEK 293T 
cells transfected with pBKCMV/ATPase (A-FLAG) or 
pBKCMV/substrate binding domain (S-FLAG). Western blot was 
performed to detect Nod2 using myc antibody (1:1000) and flag using 
flag antibody (1:500). 

To further characterize the specific region within the Hsp70 protein that binds 

with Nod2, specific conserved region within the substrate binding domain of Hsp70 

was expressed (22) followed by co-immunoprecipitation. We expressed two regions 

that comprise of 71 (403 AA – 474 AA) (S-71) and a smaller 37 (403 AA - 440 AA) 

(S-37) amino acids region of this domain. Here we show that the 71AA minimal 

domain interacts with Nod2, but not the 37AA region (Figure 3.9).  
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Figure 3.9: 71 amino acids within SBD of Hsp70 is sufficient for its interaction 
with Nod2.  A) Hsp70 open reading frame showing 71 amino acid region 
(underlined) and the 37 amino acid region (red font). B) Hsp70 crystal 
structure showing the 71 amino acid region. C) Co-Immunoprecipitation 
performed using mouse anti-flag antibody (5 mL/ 150 mL of lysate) in 
HEK 293T cells transfected with pBKCMV/ATPase FLAG or 
pBKCMV/SBD-FLAG, or pBKvCMV/S-37 FLAG, or pBKCMV/S-71 
FLAG. Western blot was performed to detect Nod2 using myc antibody 
(1:1000) and flag using flag antibody (1:500). 

3.3.5 Nod2 interacts with co-chaperone Hsp40 

Due to the ubiquitous nature of Hsp70, additional cochaperones must be 

employed in order to tune the specificity of Hsp70 and regulate its interaction with 

target substrates. An especially important subset of coachaperones responsible for 

recruiting the substrate to Hsp70 and facilitating stability include DnaJ/Hsp40 
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proteins. Determining the DnaJ proteins that interact with Hsp70 when bound to the 

stabilized protein is essential in understanding the particular method of control it 

imparts (22, 23).  Here, we show that Hsp70 interacts with Hsp40 (DnaJB2/HsJ1), 

which was previously shown by Michels et al. to be a stress inducible cochaperone, 

with a role in steroid receptor maturation and protein folding (24). A Co-

immunoprecipitation experiment was performed in the HEK 293T-Nod2myc/tet-op 

(no dox stimulation) cell line using using myc-antibodies to immunopurify Nod2 and 

probed for Hsp40 (Figure 3.10 A). Further we tested if we could recapitulate this 

interaction using purified proteins. As shown in Figure 3.10 B and C, purified Nod2 

interacts with recombinant Hsp70 and Hsp40.  
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Figure 3.10: The interaction between Nod2 and Hsp40. A) Co-Immunoprecipitation 
was performed in HEK 293T (a) and HEK 293T-Nod2myc/Tet-op (no 
dox) (b) using mouse anti-myc antibody (1 mL/150 mL of lysate) in 
HEK 293T-Nod2myc/Tet-op (no dox), HEK 293T, cells and probed for 
Hsp40 using rabbit anti-Hsp40 antibody (1:1000) and rabbit anti-myc 
antibody (1:1000). B) Co-Immunoprecipitation was performed with (b) 
and without (a) Rabbit NOD2 antiserum HM2559 (2 µL/150 µL) after 
incubating 100µL of recombinant Nod2 from insect cells (400nM) with 
30 µL of recombinant Hsp40 (19µM) and probed for Hsp40 using rabbit 
anti-Hsp40 antibody (1:1000) and Rabbit NOD2 antiserum (1:5000). C) 
Co-Immunoprecipitation was performed with (b) and without (a) Rabbit 
NOD2 antiserum HM2559 (2 µL/150 µL) after incubating 100µL of 
recombinant Nod2 (400nM) from insect cells with 50 µL of recombinant 
Hsp70 (2.5µM) and probed for Hsp70 using rat anti-Hsp70 antibody 
(1:1000) and Rabbit NOD2 antiserum (1:5000) 

3.3.6 Hsp70/cochaperone Hsp40 protects Nod2 from trypsin mediated 
degradation 

To test the hypothesis if Hsp70 and Hsp40 acts as a chaperone by binding to 

Nod2 directly and protects it from degradation, we developed a limited proteolysis 

assay using highly purified sequence grade trypsin.  This is a common biochemical 

technique to demonstrate that a protein is properly folded (25). In addition, there is 

precedence for this assay using Hsp70 (26). Here, we tested if Hsp70 chaperone 

activity protects Nod2 from protease-mediated degradation. Trypsin was treated with 

Nod2 in the presence and absence of Hsp70.  Samples were collected every twenty 
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minutes and the relative levels of Nod2 were detected using western blot (Figure 

3.11).  After quantification, it was shown that Hsp70 imparts a slower rate of trypsin-

mediated degradation on Nod2, indicating its chaperone activity increase stability 

(3.12A). 

In addition, the trypsin mediated degradation experiment was run with Nod2 

incubated with Hsp40.  As shown in Figure 3.12B, the t1/2 increased from 36.41+11.3 

min to 69.16+29.6 min. The t1/2 was determined as explained below.  

As described in methods, the protein bands for Nod2 were quantified using 

Image Lab 5.0. Intensity of Nod2 (Ir) was used to analyze the half-life values as 

previously described (18).  Briefly, relative Nod2 band intensities were plotted against 

time assuming first-order decay (ln(Ir) vs. time). The rate constant was calculated 

using the negative slope of the line (k = - slope), and the corresponding half-life was 

calculated (T1/2 = ln(2)/k).  Each condition was performed in duplicates and the 

Student’s t-tests were used to determine statistical significance. P< 0.05 were 

considered to be statistically significant.  When the proposed complex of Nod2 with 

chaperones Hsp70 and Hsp40 was incubated together, the degradation rate was the 

same as a single chaperone alone (Figure 3.12C).  This suggests that the stability of 

Nod2 is not completely dependent on the interaction of the full chaperone complex. 
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Figure 3.11: Chaperone regulates trypsin-mediated degradation of Nod2. Purified 
Nod2 incubated with chaperones were treated with trypsin and samples 
were collected during the indicated time intervals. The samples were 
subjected to western blot and probed using Rabbit NOD2 antiserum 
HM2559 (1:5000). Western blots were performed on separate samples at 
least three times. 
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Figure 3.12: Chaperones regulate the rate of trypsin mediated Nod2 degradation. 
A) Trypsin mediated Nod2 degradation in the presence of Hsp70. 
Western blot images were quantified using Image LabTM and plotted. B) 
Trypsin mediated Nod2 degradation in the presence of Hsp40. Western 
blot images were quantified using quantified using Image LabTM and 
plotted.  C) Trypsin mediated Nod2 degradation in the presence of Hsp70 
and Hsp40. Western blot images were quantified using quantified using 
Image LabTM and plotted. D) Table showing the half-life of Nod2 in the 
presence and absence of various chaperones.  
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3.3.7 Ligand effect on Nod2 stability 

Ligands have been shown to bind to its receptors directly and confer a 

conformational change inducing stability (27, 28). Later in the chapter 4, I will show 

that this is true in cellular assay (Section 4.3.4). However here we show that ligand 

incubation (MDP) with Nod2 offers limited protection (Figure 3.14A).  Furthermore, 

when Nod2 plus MDP is incubated with Hsp70 or Hsp40, the half-life did not change 

significantly (Figure 3.14 B, C).  To further characterize the chaperone complex that 

interacts with Nod2, Hsp70 and Hsp40 were incubated with Nod2 in the presence and 

absence of MDP.  As shown in Figure 3.14D, only when all the three proteins are in 

complex, is there a significant increase in Nod2 stability upon MDP incubation, with a 

half-life value of 85.12+8.4 min, as compared to 36.41+11.3 and 69.69+8.8 for native 

Nod2 and the chaperone complex without MDP, respectively.  These results support 

the idea that MDP binding is important in recruiting chaperone molecules to Nod2 to 

increase its stability (Figure 3.15).  
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Figure 3.13: MDP regulates the rate of trypsin mediated Nod2 degradation. 
Purified Nod2 incubated with chaperones, in the presence or absence of 
MDP (200µM), were treated with trypsin and samples were collected 
during the indicated time intervals. The samples were subjected to 
western blot and probed using Rabbit NOD2 antiserum HM2559 
(1:5000). Western blots were performed on separate samples at least 
three times. 
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Figure 3.14: MDP regulates the rate of trypsin mediated Nod2 degradation. A) 
Trypsin mediated Nod2 degradation in the presence of or absence of 
MDP. Western blot images were quantified using Image LabTM and 
plotted. B) Trypsin mediated Nod2 degradation in the presence of 
Hsp70+MDP. Western blot images were quantified using quantified 
using Image LabTM and plotted.  C) Trypsin mediated Nod2 degradation 
in the presence of Hsp40+MDP. Western blot images were quantified 
using quantified using Image LabTM and plotted. D) Trypsin mediated 
Nod2 degradation in the presence of Hsp70and Hsp40+MDP. Western 
blot images were quantified using quantified using Image LabTM and 
plotted. Student’s t-tests were used to determine statistical significance. 
P< 0.05 was only found between Nod2/Hsp40/Hsp70 and 
Nod2/Hsp40/Hsp70/MDP.  

 

Figure 3.15: Nod2 stability. Unstable Nod2 protein gains its stability through its 
interaction with its ligands and chaperones Hsp70 and Hsp40. Maximum 
stability is attained when it interacts with its ligand MDP and its 
chaperones Hsp70 and Hsp40 

3.3.8 ATPase activity of Hsp70 is disposable for Nod2 activity 

In many cases, the affinity of Hsp70 to its substrate is determined by ATP 

hydrolysis. If Hsp70 is bound to ADP it has a higher affinity to the substrate (5-
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7).  Upon release of ADP from its ATPase domain by nucleotide exchange factor GEF 

such as GrpE, a conformational change to Hsp70 results in low affinity to the substrate 

and release (Figure 1.7).  This hydrolysis of ATP causes the C-terminal domain of 

Hsp70 to act as a lid and induce a physical change to the substrate it is bound.  This 

modification of the substrate results in higher stability due to the chaperone folding 

effects of Hsp70 (5-7). We aimed to determine if this ATPase activity that contributes 

to the refolding of a protein was crucial to the stability of Nod2 imparted by 

Hsp70.  In order to test this dependence, we constructed a mutant form of Hsp70, as 

outlined by McLean that is unable to bind to ATP and subsequently cannot hydrolyze 

ATP (29).  This mutant construct exchanged a lysine for a serine to lock Hsp70 into its 

ADP bound state.  In the normal Hsp70, the positive charge of lysine stabilizes the 

negative charge of the γ phosphate group and allows Hsp70 to bind to ATP.  With the 

K71S Hsp70 mutant however, the positive lysine is exchanged for a serine, such that 

the hydroxyl group on the side chain repels the negative charge on the γ phosphate 

group and only allows Hsp70 to bind ADP (Figure 3.16) (30). We expressed and 

purified this mutant in E. coli and performed a series of limited proteolysis assays. 

To determine if the ADP bound static mutant Hsp70 affects Nod2 stability, we 

performed the trypsin-mediated degradation assay on Nod2 in the presence and 

absence of mutant Hsp70.  It was shown that the rate of degradation of Nod2 was 

significantly decreased in the presence of the mutant, compared to Nod2 alone or 

Nod2 with WT Hsp70 (Figure 3.17, 3.18).  These results suggest that Hsp70 in its 

ADP bound state is better able protect Nod2 than WT Hsp70. 
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Due to the high level of stability of Nod2 with the chaperone activity of 

conformationally static mutant Hsp70, we predict that the ATP hydrolysis of Hsp70 is 

not crucial for its activity with Nod2. 

 

 

 

Figure 3.16: ATP binding site in Hsp70. A) Crystal structure of Hsp70 with ATP 
bound to it. Image is adapted from Schlecht et al. (31). B) K71 residue 
helps in hydrolyzing ATP. Image is adapted from Kityk et al. (30). 
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Figure 3.17: ADP bound Hsp70 mutant significantly decreases the Trypsin 
mediated Nod2 degradation. Purified Nod2 incubated with chaperones 
were treated with trypsin and samples were collected during the indicated 
time intervals. The samples were subjected to western blot and probed 
using Rabbit NOD2 antiserum HM2559 (1:5000). Western blots were 
performed on separate samples at least three times. 
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Figure 3.18: ADP bound Hsp70 mutant significantly decreases the Trypsin 
mediated Nod2 degradation. Trypsin mediated Nod2 degradation in the 
presence of Hsp70/Hsp70S. Western blot images were quantified using 
Image LabTM and plotted. 

3.4 Discussion 

A protein will not adopt its final folded state until synthesis is complete.  Many 

times, these newly synthesized proteins will also need to seek assistance from 

chaperone proteins in order to become properly folded.  If this folding assistance is 

absent, a number of diseases could arise from misfolded or aggregated proteins (32). 

Chaperone molecules do not only assist in proper folding, but they also associate with 
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the protein for an extended period of time for stabilization effects, as is the case for 

steroid receptor proteins.  In this case, the chaperone proteins are responsible for 

folding, functional maturation, and nuclear trafficking and disassembly of 

transcriptional regulatory complexes for the steroid receptors (33, 34).  Some known 

chaperone proteins involved in the maturation of steroid receptors are Hsp70, Hsp90, 

as well as several other cofactors known as cochaperones (34-37).  The involvement 

of Hsp70 and Hsp90 hormone receptor regulation defines the multi-functional role of 

chaperones and expands their effects from simple protein folding. 

 Here, we show that Nod2 directly interacts with a chaperone complex of 

Hsp70 and Hsp40, which imparts increased stability in vitro.  Furthermore, this 

stability is independent of Hsp70 ATP hydrolysis. 

Using an algorithm developed by Rüdiger et al. (21) we predicted the sites on 

Nod2 that would interact with Hsp70.  Using coimmunoprecipitation we confirmed 

that Hsp70 interacts with the CARD and LRR domains of Nod2.  We have shown that 

the substrate binding domain of Hsp70 interacts with Nod2 (38).  To further 

characterize the specific region of the SBD, however, we expressed a 71 amino acid 

sequence in Hsp70’s SBD that has been highly conserved, and using 

coimmunoprecipitation, this minimal domain was shown to interact with Nod2.  This 

highly specific isolation of the region of Hsp70 that binds to Nod2 is important in the 

future development of a peptide that could mimic the chaperone’s stability on Nod2, a 

naturally unstable protein commonly mutated in Crohn’s Disease. 

Hsp70’s role in stabilizing a specific substrate is often dependent on the 

identity of the cochaperones that also interact with the substrate.  Using 
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coimmunoprecipitation, we identified Hsp40 as a direct interactor with Nod2 (Figure 

3.10C).   

After demonstrating that Nod2 interacts with its chaperones, the resulting 

stability was explored in vitro using protease mediated protein degradation.  To 

determine if this stability is a direct result of chaperone interaction, we incubated 

purified Nod2 with Hsp70 and Hsp40 and performed a limited proteolysis assay with 

sequence grade trypsin.  It was observed that Nod2 had a slower rate of degradation 

when treated with Hsp70 or Hsp40.  In addition, a combination of Hsp70 and Hsp40 

did not increase stability over either of the chaperones alone.  Furthermore, the limited 

proteolysis assay was repeated with MDP, Nod2’s ligand. We were able to show 

increased stability of Nod2 only with the chaperone complex in the presence of MDP 

(Figure 3.14 D).  These results are in accordance with our previous findings that MDP 

increases Nod2’s half-life in cells (39).   

In most cases, Hsp70 in its substrate bound state induces ATP hydrolysis that 

increases its stability (5-7).  However, studies have shown that ATPase activity of 

Hsp70 is dispensable for regulating certain proteins (40-42). Our data suggest that 

Nod2 follows this model, as a conformationally static mutant of Hsp70, locked in its 

high protein substrate affinity state was able to increase Nod2’s stability, even 

significantly higher than the WT Hsp70.  In vitro, trypsin mediated degradation 

showed Hsp70S mutant to increase Nod2’s half-life 5 fold higher than the WT Hsp70, 

[t1/2 394.46+34.22 and 76.75+16.76, Hsp70S and WT Hsp70 respectively]. This 

simple model through which Hsp70 is able to stabilize Nod2 can be extrapolated to a 

possible treatment option that mimics Hsp70’s activity on unstable Nod2 mutants, that 
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will be discussed in chapter 5. This will be useful in developing pharmacoperones, 

small molecules that can mimic Hsp70 in stabilizing Nod2.   
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Chapter 4 

HSP70 REGULATES THE STABILITY AND FUNCTION OF NOD2 

4.1 Introduction 

After confirming the interaction between Nod2 and Hsp70 through various 

biochemical and cell based assays, further studies were carried out to determine if 

Hsp70 regulates the function of Nod2 in a cell based activation assay. Nod2 

recognizes the bacterial cell wall fragment MDP and elicits an inflammatory signaling 

cascade through NF-κB activation in cells (Figure 1.3).  

Hsp70 has been known to be a key chaperone protein that helps in protein 

folding (1, 2). It has also been known to stabilize various proteins and their mutants (3, 

4). Hsp70 belongs to one of the key regulator proteins in cells, which has a wide 

variety of roles depending on its interacting proteins.  

Some of the proteins that Hsp70 has been shown to stabilize include p53 (5) 

and hERG (3). These studies showed that an increase in Hsp70 level increases these 

proteins expression levels in cells by increasing the half-lives. Mutants of these 

proteins were unstable, and increasing Hsp70 expression level was able to rescue their 

stability. Contrary to this activity, Hsp70 down regulates the activity of TLR4 in 

newborn intestinal epithelium (6). Overexpression of Hsp70 is shown to cause 

ubiquitination of TLR4, and knocking down Hsp70 increases the signaling of TLR4. 

Thus Hsp70 has a distinct role in differentially regulating various proteins. 

Here I used three approaches to regulate the expression level of Hsp70 in cells. 

Hsp70 expression was: (1) increased by transfecting cells with pBK-CMV/Hsp70 
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(pBK-CMV vector inserted with Hsp70 gene), (2) increased using the transcriptional 

activator, gernalygeranylacetone (GGA), a small molecule inducer of Hsp70 

expression (7, 8), or (3) decreased using the Hsp70 translational inhibitor KNK437 

(9). This inhibitor is shown to inhibit the transcription of Hsp70 by inhibiting the 

activity of its transcriptional factor (9). 

NF-κB is one of the major signaling pathways that is activated upon MDP 

induced Nod2 activation. The dual luciferase assay using NF-kB/luciferase vector was 

carried out to determine the effect of Hsp70 levels in cells and the resulting MDP 

induced NF-κB activation. In this assay, cells were transfected with NF-kB 

promoter/luciferase vector and Renilla vector, and upon activation of NF-kB, 

luciferase will be expressed in cells. The amount of luciferase released at various 

treatments was quantified by the amount of light produced, after adding the substrate 

(firefly), using luminescence counter (1450 microbeta). Relative luciferase activity of 

firefly to Renilla was plotted. Cells incubated with KNK437 (Hsp70 inhibitor) showed 

a decrease in the NF-κB activation level, whereas overexpressing Hsp70 in cells 

showed an increase in the NF-κB activation level using dual luciferase reporter assay. 

This study shows that regulating Hsp70 level in cells significantly alters Nod2’s 

signaling activity of NF-κB and Hsp70 directly affects the stability of Nod2 in cells.  

4.2 Materials and Methods 

4.2.1 Cell Culture 

All cell lines used were obtained from American type culture collection 

(ATCC, Manassas, VA). We used three cell lines:  (1) HEK 293T, a human embryonic 

kidney cell line (2) HCT 116, a human colon epithelial cell line and (3) THP-1, a 
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human monocyte cell line. All cell lines were cultured in DMEM, 10% FBS (Atlantic 

Biologicals), 2 mM l-glutamine, penicillin-streptomycin and grown in a humidified 

incubator at 37 °C and 5% CO2. 

4.2.2 Antibodies and Compounds 

Mouse monoclonal anti-myc, rabbit monoclonal anti-myc, rabbit monoclonal 

anti-Hsp70, rat anti-Hsp70, and mouse monoclonal anti-b actin, were purchased from 

Cell Signaling Technology. Mouse monoclonal anti-Hsp70 was purchased from Life 

Technologies. Anti-mouse and anti-rabbit IgG HRP linked secondary antibodies (Cell 

Signalling Technology) were used for immunoblot. MDP (Bachem) for stimulating 

the cells was used at a concentration of 2 mM. TNFa (Roche diagnostics) for 

stimulating the cells was used at a concentration of 200nM. Hsp70 inhibitor - 

KNK437 was obtained from Calbiochem. Hsp70 inducer Geranylgeranylacetone 

(GGA) was obtained from Sigma-Aldrich. Translational inhibitor- Cycloheximide was 

obtained from Sigma-Aldrich. 

4.2.3 Co-immunoprecipitation 

Cells were rinsed with 1X PBS and the lysates were collected using freshly 

prepared lysis buffer (1% triton-X, 2 mM EDTA, 4 mM Na3PO4, 100 mM NaCl, 10 

mM MES pH 5.8, 10 mM NaF, 1 protease inhibitor cocktail tablet (Roche)) and lysed 

by passing through a 21 gauge needle. 4 mg of lysates were mixed with appropriate 

amount of antibody and incubated for 2 h in cold. Lysate-antibody mixture was 

incubated with 40 ml of Dynabeads protein A (Life Technologies) beads (prewashed 

in PBS and lysis buffer) for 3 h in cold. After 3 h, lysate-antibody-bead mixture was 

washed four times using 200 mL of lysis buffer containing varying concentrations of 
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NaCl as follows: Wash 1– 100 mM NaCl, wash 2- 300 mM NaCl, wash 3- 500 mM 

NaCl, wash 4- 100 mM NaCl. In order to elute proteins two different methods were 

implemented depending on the downstream analysis: (1) For western blot analysis 

proteins were eluted at 60 °C for 30 min with 2X reaction buffer (100 mM TrisHCl pH 

6.8, 4% SDS, 12% Glycerol, 0.008% bromophenol blue, 2% BME (β-

mercaptoethanol)) or (2) For mass spectrometry analysis proteins were eluted with 5 

mg/mL of myc-peptide (Sigma-Aldrich) in tris buffered saline (TBS) for 12 h at 4 °C. 

All eluates were analyzed by running on 7.5% polyacrylamide gels containing 0.1% 

sodium dodecyl sulfate, followed by immunoblot or stained using SYPRO® Ruby 

Protein Gel Stain according to the manufacturer’s instruction (Life Technologies). The 

immunoblot and analysis procedure is described in subsequent sections.  

4.2.4 Immunoblotting 

Cells were rinsed with 1X PBS and appropriate amount of lysis buffer (1% 

triton-X, 2 mM EDTA, 4 mM Na3PO4, 100 mM NaCl, 10 mM MES pH 5.8, 10 mM 

NaF, 1 protease inhibitor tablet) was added and lysed using a 21 gauge needle. Protein 

quantification was performed using Bradford assay using BioRad Protein Assay Dye 

Reagent Concentrate according to the manufacturer’s instruction. Samples were 

prepared using 5X loading buffer (250 mM TrisHCl pH 6.8, 10% SDS, 30% Glycerol 

0.02% bromophenol blue, 5% BME) and boiled for 5 min.  The samples were 

electrophoresed in 7.5% polyacrylamide gels containing 0.1% sodium dodecyl sulfate. 

Western transfer onto PVDF membrane was carried out using semi-dry transfer at 25 

V for 1 h. 10% nonfat dry milk in TBS-Tween (T) was used to block the membrane 

for 1 h and washed in TBS-T three times for 5 min each. The blots were incubated 

overnight at 4 °C with the appropriate amount of antibodies prepared in 1% milk. 
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After three washes, the membrane was incubated with HRP-conjugated secondary 

antibody for 60 min at room temperature. Following secondary incubation, the blot 

was washed three times in TBS-T and incubated with the substrate (GE) according to 

the manufacturer’s instruction. The blots were exposed to Fuji Super RX-U Half 

Speed Blue films (Brandywine Imaging Inc) in the dark room. All western blots were 

performed at least three times independently. Using the replicates, the data were 

analyzed using Image LabTM. This analysis is reported along side all western blot 

images.   

4.2.5 Half-life determination  

For half-life studies conducted using GGA and KNK437, HEK 293T-

Nod2myc/Tet-op cells were used. Cells were incubated with 100 µM of GGA or 100 

µM of KNK437 or DMSO for 2 hours and lysates were collected after 100 µg/ml of 

cycloheximide treatment during the indicated time intervals.  

For plasmid induced protein expression studies, HEK 293T-Nod2myc/Tet-op 

cells, were transfected with 1µg Hsp70 or control vector in a 6 well dish.  Cells from 

each well on a 6 well dish were plated onto 4 wells in a 12 well dish 24 hours post 

transfection. The following day, cells were treated with 100 µg/ml cycloheximide and 

lysates were collected during the indicated time intervals.  

 

For ligand induced stabilization studies, HEK 293T-Nod2myc/Tet-op cells, 

incubated with MDP (20µM) and its derivatives were treated with 100 µg/ml of 

cycloheximide starting at 0 hours and lysates were collected during the indicated time 

intervals.  
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Cell lysates were collected as follows: cells were rinsed with 1X PBS and 

140mL of lysis buffer (1% triton-X, 2 mM EDTA, 4 mM Na3PO4, 100 mM NaCl, 10 

mM MES pH 5.8, 10 mM NaF, 1 protease inhibitor tablet) was added on to the 12 

well dishes and lysed using 21 gauge needle. Protein quantification was performed 

using Bradford assay using BioRad Protein Assay Dye Reagent Concentrate according 

to the manufacturer’s instruction. Briefly, 1mL of 1X dye was mixed with 2 mL of 

protein lysates and the absorbance was determined at 595nm. Absorbance values were 

converted to concentration using the standard curve obtained using the known 

concentrations of bovine serum albumin.  30mL of protein samples were prepared 

using 5X loading buffer (250 mM TrisHCl pH 6.8, 10% SDS, 30% Glycerol 0.02% 

bromophenol blue, 5% BME) and boiled for 5 min.  Equal amount of protein lysates 

were subjected to western blot.  

The protein bands for Nod2 and actin were quantified using Image Lab 5.0. 

Actin is used as the loading control and the ratio of the intensity of Nod2 to actin 

bands (Ir) was used to analyze the half-life values as previously described.  Briefly, 

relative Nod2 band intensities were plotted against time assuming first-order 

decay (ln(Ir) vs. time). The rate constant was calculated using the negative slope of the 

line (k = - slope), and the corresponding half-life was calculated (T1/2 = ln(2)/k).  Each 

condition was performed in duplicates and the Student’s t-tests were used to determine 

statistical significance. P< 0.05 were considered to be statistically significant. 

4.2.6 Plasmid Construction  

HRSp-Nod2myc was constructed by amplifying Nod2 from pBKCMV vector 

and ligated into HRSp vector.  Bgl11 and Asc1 restriction sites were used to place the 

insert. The following primers were used to amplify Nod2: forward primer 5’ 
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GAAGATCTGC CATGGGGGA AGAGGGTGGT3’and reverse primer 

5’TTGGCGC GCCTCACAGATCCTCTTCAGAGATGAG3’. The ligated products 

were transformed using HB101 competent cells. pBKCMV-Nod2/702myc, 

pBKCMV-Nod2/908myc, and pBKCMV-Nod2/1007insCmyc were constructed by 

amplifying the inserts from pFASTBac vector containing the various Nod2 mutants 

(previously constructed using site directed mutagenesis) and ligated into pBKCMV 

vector. The following primers were used to amplify Nod2: forward primer 5’ CGC 

GGATCCGCCACCATGGAGCAGAAACTCATCTCTGAAGAGGATCTGATGGG

GGAAGAGGGTTA 3’ and reverse primer 5’CCGCCGCTCGAGT 

CAAAGCAAGAGTCTGGTGTCCCT3’. BamH1 and Xho1 restriction sites were 

used to ligate the insert. The ligated products were transformed using DH5α 

competent cells. The above primers were used to construct K2605/Nod2myc lentiviral 

vector. The lentiviral vector was used to make stable cell line as described previously 

(10). 

Hsp70 was restriction digested from pcDNA5/FRT/TO/ HIS HSPA1A 

(Addgene: Plasmid 19537) using BamH1 and Xho1 restriction enzymes and ligated 

into pBKCMV vectors. The ligated products were transformed using DH5α competent 

cells. The following primers were used to amplify the ATPase domain and the 

substrate binding domain of Hsp70: 1) ATPase domain forward primer: 5’ 

CGCGGATCCATGGATTACAAGGATGACA CGATAAGGCCAAAGCCGCGG3’, 

2) ATPase domain reverse primer: 5’GGCGGCCATCCT 

GATGGGGGACAAGTCCGAGTGACTCGAGTCGA3’, 3) Substrate binding 

domain forward primer: 

5’CGCGGATCCATGGATTACAAGGATGACGACGATAAGAACGTGCAGGAC
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CTGCT3’,4) Substrate binding domain reverse primer: 5’TCGACTCGA 

GCTAATCTACCTCCTCAATGGTGGGGCCTGAC CCAGACC3’. BamH1 and 

Xho1 enzymes were used to digest the inserts and pBKCMV vector. The ligated 

products were transformed using DH5α competent cells. All the constructs were 

confirmed by DNA sequencing (GENEWIZ, Inc).  

4.2.7 Luciferase Reporter Assay  

Lipofectamine 2000 was used to transiently transfect HEK 293T cells and 

Lipofectamine LTX was used to transfect HCT 116. pGL4.32 [luc2P/NF-κB-

RE/Hygro] and pRL renilla luciferase reporter vector was used. Appropriate amount 

of plasmids were mixed with the transfection reagent and incubated overnight in cells 

seeded in 24 well dishes. Cells were incubated with 2 mM MDP or 200 nM of TNFa 

for 6 h and the lysates were collected to perform the Dual-Luciferase Reporter Assay 

(Promega) according to the manufacturer’s instructions and was normalized to Renilla 

activity. KNK437 or DMSO was treated 2 h prior to MDP stimulation.  

4.2.8 ELISA  

The media was collected and centrifuged at 200 x g and the supernatant was 

subjected to ELISA (BD Biosciences) as per the manufacturer’s instructions 

(Catalogue # 555244). Briefly, 100 ml of diluted capture Ab was added to each well 

incubated for 2 hours at room temperature. 200 ml of Assay Diluent was incubated in 

each well for 1 h at RT. Aster 3 washes, 100 ml of standard or sample was added to 

each well and incubated for 2h at RT. After 5 washes, 100 ml of Working Detector 

was added to each well and incubated for 1 h at RT. After 7 washes, 100 ml of 

substrate solution was added to each well and incubated 30 min at RT in dark. Once 
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the color starts changing, 50 ml of Stop Solution was added to each well and the 

readings were taken at 40 nm using 96 well plate reader. 

MDP was stimulated for 6 h prior to media collection. KNK437 or DMSO was 

treated for 2 h prior to MDP stimulation. Appropriate plasmids were transfected using 

Lipofectamine 2000 a day before media collection. 

4.2.9 RT-PCR 

Total mRNA was isolated from the cells using a standard RNA extraction 

procedure (5prime). mRNA was converted to cDNA via the manufacturer’s 

instructions using BioRad reverse transcriptase kit. Quantitative PCR was performed 

to detect the level of NOD2 in various cDNA. The following primers were used to 

identify NOD2:  

forward primer 5’ CGGCGTTCCTCAGGAAG TAC3’ and reverse primer 5’ 

ACCCCGGGCTCA TGATG3’. The following primers were used to identify actin in 

the PCR reaction: forward primer 5’ GCTCGTCGTCGACAACGGCTC3’ and reverse 

primer 5’ CAAACATGATCTGGGTCATCTTC TC3’. Real-time RT-qPCR reactions 

were performed in ABI PRISM 7700 Sequence Detector (Applied Biosystems) 

according to the manufacturer’s instruction. Samples were run in a 25 µl mixture  in 

the following PCR condition: initial denaturation at 95°C for 10 min, followed by 40 

cycles, which consisted of 95 °C for 20 sec, 60 °C for 30 sec, 72 °C for 1 min, and a 

final extension at 72 °C for 10 min. The products were electrophoresed on a 1% 

agarose gel and visualised by staining the gel using ethidium bromide. The relative 

amount of Nod2 mRNAs normalized to b actin mRNA was calculated using the 2-DDCt 

method (11).  
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4.2.10 Data Analysis  

Data presented are mean ± SD of at least three repeats. Each experiment (NF-

κB promoter activity and IL8 ELISA) were completed in at least four separate 

biological replicates (n=4). These biological replicates included studies of cells plated 

on separate dishes.  Western blots were performed on separate cell lysates at least 

three times.   

Student’s t test was used to analyze difference between two groups. *P<0.05 

was considered as significant. 

4.3 Results 

4.3.1 Hsp70 Regulates Nod2 Induces NF-κB Activity 

Nod2 is known to activate the NF-κB pathway upon stimulation from bacterial 

cell wall fragments (12, 13). A ligand for Nod2 is MDP. We hypothesized that Hsp70 

plays a role in Nod2’s ability to signal through the NF-κB pathway. In order to test 

this hypothesis, we took a multipronged approach, over-expressing and decreasing the 

levels of Hsp70 within the cell. We then analyzed the ability of Nod2 to induce NF-κB 

activation using the established luciferase NF-κB reporter assay. Briefly, this assay is 

a transfection assay in which the NF-κB promoter drives the expression of luciferase. 

When NF-κB is activated, higher levels of luciferase are expected. Previously, it has 

been shown that over-expression of Hsp70 decreases the ability of TLR4 to signal via 

NF-κB. Our results showed that Nod2 increased NF-κB activation when Hsp70 was 

over-expressed in both Nod2 transfected cells (HEK 293T) and a cell line containing 

endogenous Nod2 (HCT 116) (Figure 4.1).  We saw no difference in NF-κB activation 

when Hsp70 was over-expressed but not treated with MDP; thus over-expression of 
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Hsp70 does not activate NF-κB (Figure 4.1). The difference in NF-kB activation was 

only present after the cells were stimulated with MDP.  

 

Figure 4.1: Hsp70 regulates Nod2 induced NF−κΒ  signaling. A. Dual luciferase 
assay performed on HEK 293T/Nod2myc and HCT 116 transfected with 
Hsp70 or control vector in the presence or absence of 2 µM MDP or 200 
nM  of TNFα incubated for 6 hours. 75ng of pGL432 and 7.5ng of pRL 
vector was used per 24 well dish for transfection. Relative luciferase 
activity of firefly to Renilla is plotted. Results shown are the mean + SD 
of experiments performed in quadruplicate. *P<0.05 was considered as 
significant. 

We also showed that the effect could be reversed by decreasing the expression 

of Hsp70 (Figure 4.2). KNK437 is a small molecule that has been shown to 

specifically inhibit Hsp70 at the mRNA level (9). When HCT 116 cells were treated 

with KNK437, we observed a decrease in the level of Hsp70 and the same trend was 

observed in THP-1 (Figure 4.2).  
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Figure 4.2: KNK437 decreases Hsp70 levels in cells. A) qPCR showing a decrease in 
Hsp70 mRNA level upon KNK437 treatment in HCT116 cells. B) 
Western blot showing a decrease in Hsp70 levels in THP1 and HCT116. 

Using the same luciferase assay described above, we observed that Nod2’s 

ability to signal the NF-κB pathway via MDP was significantly decreased when 

treated with Hsp70 inhibitor (Figure 4.3). When the cells were treated with the 

inhibitor alone, there was no significant change in NF-κB activation. As a control, 

cells were also treated with TNFα, , a known NF-κB activator (14). Hsp70 over-

expression and treatment with TNFα yielded a 9.7% increase in NF-κB activation and 

treatment with KNK437 showed a 22.4% decrease in NF-κB activation. As a 

comparison, MDP showed a 59.9% increase upon Hsp70 over-expression and 60.5% 

decrease upon KNK437 treatment. These data demonstrate that Hsp70 regulates 

Nod2’s ability to signal to NF-κB. 
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Figure 4.3: Hsp70 inhibition decreases Nod2 induced NF-κB activation. Dual 
luciferase assay performed on HEK 293T/Nod2myc and HCT 116 cells 
incubated with 100 µM of KNK437 or DMSO in the presence or absence 
of 2 µM of MDP or 200 nM  of TNFα. 75ng of pGL432, 7.5ng of pRL 
vector and 200 ng of Hsp70 or control vector were used per 24 well dish 
for transfection. Relative luciferase activity of firefly to Renilla is plotted. 
Results shown are the mean + SD of experiments performed in triplicate. 
*P<0.05 was considered as significant. 

4.3.2 Hsp70 Regulates Nod2 induced IL-8 secretion 

To further support our data, we assayed Nod2’s ability to produce cytokines in 

both Hsp70 over-expression or inhibition conditions. This assay avoided the use of the 

transfection of the reporter plasmid. Our data showed that IL-8, a pro-inflammatory 

cytokine that is known to be produced upon Nod2 activation, decreased in the 

presence of the Hsp70 inhibitor in three cell lines (HCT 116, THP 1 and HEK 293T-

Nod2 Nod2myc/Tet-op (Figure 4.4). In addition, when Hsp70 was over-expressed, the 

levels of IL-8 increased when stimulated with MDP (Figure 4.5). Again, TNFα, was 

used as a control and we saw the same trends as with the dual luciferase assay. Hsp70 
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over-expression and treatment with TNFα yielded a 19.7% increase in the amount of 

IL-8 secreted and treatment with KNK437 showed a 14.8% decrease in the amount of 

IL-8 secreted. As a comparison, MDP showed a 71.9% increase upon Hsp70 over-

expression and 42.3% decrease upon KNK437 treatment. These data confirm our 

hypothesis that Hsp-70 positively regulates Nod2’s ability to signal in the presence of 

bacterial cell wall ligands. We next aimed to determine the mechanism by which 

Hsp70 regulates Nod2.  

 

Figure 4.4: KNK437 decreases Nod2 induced IL-8 secretion. Quantification using 
ELISA of the amount of IL-8 secreted by HCT 116, THP-1 and HEK 
293T/Nod2myc cells incubated with 2 µM of MDP or 200 nM of TNFα  
in the presence of 100 µM of KNK437 or DMSO. Results shown are the 
mean + SD of experiments performed in triplicates. *P<0.05 was 
considered as significant. 
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Figure 4.5: Hsp70 overexpression increases Nod2 induced IL-8 secretion. 
Quantification using ELISA of the amount of IL-8 secreted by 
Hek293T/Nod2myc and HCT 116 cells transfected with Hsp70 or control 
vector incubated with 2 µM of MDP or 200 nM of TNFα. Results shown 
are the mean + SD of experiments performed in triplicates. *P<0.05 was 
considered as significant. 

4.3.3 Hsp70 Regulates Nod2 Level in Cells 

Hsp70 is a chaperone and has the ability to stabilize proteins (2, 15). We 

wondered if Hsp70 was affecting Nod2’s stability in the cell.  In order to test if Hsp70 

alters Nod2 levels in the cell, we used three different conditions to control the 

expression of Hsp70: (1) over-expression of Hsp70 using transfection, (2) over-

expression of Hsp70 using a small molecule inducer, geranylgeranlyacetone (GGA), 

and (3) inhibition of Hsp70 with KNK437. We analyzed Nod2’s protein level using 

immunoblotting. Over-expression of Hsp70 showed an increase in Nod2 levels (Figure 

4.6, Figure 4.7).   
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Figure 4.6: Hsp70 overexpression increases Nod2 levels in cells. Cell extracts from 
Hsp70 or control vector transfected HEK293T/Nod2myc cells were 
probed using rabbit anti-myc antibody (1:1000) and rabbit anti-Hsp70 
antibody (1:1000). β actin (1:1000) was used as a loading control. 
Western blots were performed on separate cell lysates at least three times. 
Using the replicates, the bands were quantified using Image LabTM. 
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Figure 4.7: Hsp70 induction using GGA increases Nod2 levels in cells. Cell extracts 
HEK 293T-Nod2-myc/Tet-op cells incubated with 100 µM of GGA or 
DMSO was probed using rabbit anti-myc antibody (1:1000) and rabbit 
anti-Hsp70 antibody (1:1000). β actin (1:1000) was used as a loading 
control. Western blots were performed on separate cell lysates at least 
three times. Using the replicates, the bands were quantified using Image 
LabTM. 

Moreover, we showed that the decrease in Hsp70 using the small molecule 

inhibitor was dose dependent (Figure 4.8A). As the inhibitor concentration was 

increased, the concentration of Hsp70 decreased as expected and the amount of Nod2 

also decreased. This data could explain the Nod2 signaling effects in changing 
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concentrations of Hsp70 (Figure 4.8B).  Thus one can control Nod2 signaling by 

changing the concentration of Hsp70 in the cell. 

 

Figure 4.8: Hsp70 down regulation decreases Nod2 levels in cells. A) Cell extracts 
HEK293T-Nod2-myc/Tet-op cells incubated with 100 µM of KNK437 or 
DMSO was probed using rabbit anti-myc antibody (1:1000) and rabbit 
anti-Hsp70 antibody (1:1000). b actin (1:1000) was used as a loading 
control. B) Cell extracts HEK293T-Nod2-myc/Tet-op cells incubated 
with 25 mM, 50 mM, or 100 mM of KNK437 or DMSO were probed 
using rabbit anti-myc antibody (1:1000). β actin (1:1000) was used as a 
loading control. Western blots were performed on separate cell lysates at 
least three times. Using the replicates, the bands were quantified using 
Image LabTM. 
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4.3.4 Hsp70 Regulates Nod2 Half-Life 

As Hsp70 is able to affect the level of Nod2 in the cell, we expect it to change 

the half-life of Nod2 in the cell. We performed the classical protein half-life 

experiment using cycloheximide, a well-documented translational inhibitor (16). 

Again, we used three approaches to control the levels of Hsp70: small molecule 

activator, small molecule inhibitor and over-expression using transfection.  We 

showed that when Hsp70 was over-expressed using GGA, there was half-life of Nod2 

increased from 6.85 h +1.91 to 14.85 h +3.32 (Figure 4.9). Conversely, when Hsp70 

was inhibited using KNK437, the half-life of Nod2 decreased to 5.47 h +1.75 (Figure 

4.9). When the level of Hsp70 was increased using transfection, again the level of 

Nod2 increased two fold (Figure 4.10). These data support that Hsp70 is able to 

stabilize Nod2, and thereby, directly affects its ability to signal. 
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Figure 4.9: Hsp70 regulates Nod2’s stability in the cell. A. HEK 293T-
Nod2myc/Tet-op cells were incubated with 100 µM of GGA or 100 µM 
of KNK437 or DMSO for 2 hours and lysates were collected after 
cycloheximide treatment during the indicated time intervals. Equal 
amount of lysates were subjected to western blot and probed using rabbit 
anti-myc antibody (1:1000) or rabbit anti-Hsp70 antibody (1:1000). 
β actin (1:1000) was used as a loading control. Relative amount of 
Nod2myc to β actin was plotted.as the mean + SD from three 
independent experiments. 
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Figure 4.10: Hsp70 overexpression increases Nod2’s half-life in cells. Cells from 
HEK 293T-Nod2myc/Tet-op cells, transfected with 1µg Hsp70 or control 
vector in a 6 well dish were plated in a 12 well dish 24 hours post 
transfection (cells from each well on a 6 well dish were plated onto 4 
wells on a 12 well dish). The following day, cells were treated with 
cycloheximide and lysates were collected during the indicated time 
intervals and subjected to western blot and probed using rabbit anti-myc 
antibody (1:1000) or rabbit anti-Hsp70 antibody (1:1000). β actin 
(1:1000) was used as a loading control. Relative amount of Nod2myc to 
b actin was plotted as the mean + SD from three independent 
experiments. Western blots were performed on separate cell lysates at 
least three times. Using the replicates, the bands were quantified using 
Image LabTM. 
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4.3.5 MDP increases the half-life of Nod2 

We have already shown in chapter 3 that MDP decreases the rate of trypsin 

mediated Nod2 digestion in the presence of Hsp70/Hsp40 chaperone complex (Figure 

3.14). In order to determine if ligand interaction changes the half-life of Nod2, we 

analyzed if MDP interaction can alter the stability of Nod2 in cell based assays.  We 

made use of a tetracycline-induced Nod2 expressing cell line (17), an excellent match 

for endogenous Nod2 cell lines, and cycloheximide inhibition of protein synthesis to 

determine the half-life of Nod2 in the presence of the MDP derivatives (16).  Half-life 

was determined by first order decay according to literature precedent35.  Treatment 

with either MDP (N-Acetyl) or N-Glycolyl derivative significantly increases the 

cellular half-life of Nod2 from 7.1 h ± 1.4 to 15.9 ± 4.1 and 23.1 h + 2.2 respectively 

(Figure 4.11) (18).  N-Acetyl MDP is a highly conserved component of peptidoglycan 

and is found in both Gram-positive and Gram-negative bacteria, while N-Glycolyl is 

specific to the Gram-positive bacteria Mycobacterium avium, the bacterium commonly 

found in patients suffering from Crohn’s disease (19). This report show that simple 

peptidoglycan derivatives stabilize Nod2 and (2) modifications at the 2-position alter 

the stability of Nod2.  Therefore, peptidoglycan may stabilize Crohn’s associated 

Nod2 mutations, providing therapeutic leads. 
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Figure 4.11: MDP increases the half-life of Nod2. A) Naturally occurring muramyl 
dipeptides (MDP) with modified with an acetyl or glycolyl group on the 
amine at the 2-position of the carbohydrate. B) HEK 293T-
Nod2myc/Tet-op cells, incubated with MDP (20 µM), treated with 
cycloheximide and cell lysates were collected during the indicated time 
intervals and subjected to western blot and probed using rabbit anti-myc 
antibody (1:1000) or β actin (1:1000) was used as a loading control. 
Relative amount of Nod2myc to β actin was plotted as the mean + SD 
from three independent experiments. Western blots were performed on 
separate cell lysates at least three times. Using the replicates, the bands 
were quantified using Image LabTM. 
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4.4 Discussion 

We investigated the role of Hsp70 in Nod2 signaling using an established cell 

based assay to monitor NF-κB activation (Figure 4.1,4.3). We observed that over-

expression of Hsp70 yielded an increase in Nod2’s ability to signal when stimulated 

with MDP. The literature has reported that over-expression of Hsp70 blocks the 

denaturation of IKK (IkB kinase) thereby increasing the nuclear translocation of NF-

κB (20). This could explain the increase in TNFα induced NF-κB signaling upon 

Hsp70 over-expression. However, the degree of Nod2 activation via MDP upon Hsp70 

over-expression was higher compared to the TNFα induced activation (Figure 4.1), 

implying that more than just IKK stabilization was necessary for the increase.  We 

went on to show that Hsp70 increases the half-life of Nod2 (Figure 4.9, 4.10).  

Over-expression of Hsp70 to rescue a proteins function is not a new 

phenomenon. There are many examples in the literature supporting this idea. For 

example, p53 and mutants of this protein are protected from degradation in the 

presence of excess Hsp70 (5). In addition, human ether-a-go-go-related gene (21), a 

subunit of the potassium current I protein is stabilized when Hsp70 is over-expressed 

(3). Moreover, this study shows another protein (21) that Hsp70 is capable of rescuing 

in its mutated form. Our study complements Kobayahsi and co-workers finding that 

Nod2 is rapidly degraded in the presence of MDP as Hsp90 is released (22). Thus, 

Hsp70 may provide a mechanism to reinitiate the ability of Nod2 to signal when there 

is a new burst of bacterial cell wall ligands. If, however, Nod2 is mutated, it is unable 

to signal the presence of bacterial cell wall fragments as its half-life in the cell is 

decreased. We observed that over-expression of Hsp70 is able to rescue Nod2’s 
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response to bacterial cell wall ligands. We propose that Hsp90 could play a similar 

role and are currently working to determine if Hsp90 interacts with the Crohn’s 

mutants.  This mechanism is different from Hsp70s ability to alter the TLR’s ability to 

signal. Hsp70 (6) has been shown to specifically down-regulate the TLR4 response to 

lipid-polysaccharide (23) (6). Thus the cell has designed Hsp70 to be both an activator 

and an inhibitor of innate immune signaling.  

In order to exploit further the role of Hsp70 in regulating the activity and 

stability of Nod2, in the next chapter I will discuss the approach taken to utilize this 

role of Hsp70 in regulating the Nod2 associated Crohn’s disease.   
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Chapter 5 

HSP70 INCREASES THE STABILITY OF UNSTABLE CROHN’S 
ASSOCIATED NOD2 VARIANTS 

5.1 Introduction 

Mutations in Nod2 are attributed to an increased risk of getting Crohn’s 

disease. Crohn’s-associated Nod2 variants have a decreased ability to activate MDP 

induced NF-kB signaling. However, the actual reason for this loss of function is not 

well understood. I hypothesize that is could be due to:  (1) a lower efficiency in MDP 

binding or, (2) protein instability due to misfolding. 

To test the hypothesis if the Nod2 mutants are unstable, cells were transfected 

with equal amounts of plasmids incorporated with wild-type or mutant Nod2s, and the 

levels of the protein expression was determined. As a transfection control, mRNA 

levels of Nod2 was quantified. My study shows that the Crohn’s associated Nod2 

variants had a decreased expression level compared to the wild type Nod2. This 

correlates with the previous fining that the Crohn’s associated Nod2 mutants have a 

decreased MDP induced NF−κΒ activation compared to that of the wild type Nod2. 

Interestingly, 1007fs mutant has the lowest MDP induced NF−κΒ response displayed 

the least expression in cells.  

Further, to exploit the property of Hsp70 in enhancing Nod2’s stability and 

activity, I overexpressed Hsp70 in cells expressing Crohn’s associated Nod2 mutants 

and determined if the activity and stability of the mutants can be enhanced. As 

expected, Hsp70 overexpression increased the activity and expression levels of the 
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Nod2 mutants in cells. Co-immunoprecipitation shows that Crohn’s associated Nod2 

mutants also interact with Hsp70. 

This study highlights new insights into the cause for Nod2 associated Crohn’s 

disease and a potential treatment. 

5.2 Materials and Methods 

5.2.1 Cell Culture 

All cell lines used were obtained from American type culture collection 

(ATCC, Manassas, VA). We used three cell lines:  (1) HEK 293T, a human embryonic 

kidney cell line (2) HCT 116, a human colon epithelial cell line and (3) THP-1, a 

human monocyte cell line. All cell lines were cultured in DMEM, 10% FBS (Atlantic 

Biologicals), 2 mM l-glutamine, penicillin-streptomycin and grown in a humidified 

incubator at 37 °C and 5% CO2. 

5.2.2 Antibodies and Compounds  

Mouse monoclonal anti-myc, rabbit monoclonal anti-myc, rabbit monoclonal 

anti-Hsp70, rat anti-Hsp70, mouse monoclonal anti-b actin, were purchased from Cell 

Signaling Technology. Mouse monoclonal anti-Hsp70 was purchased from Life 

Technologies. Anti-mouse and anti-rabbit IgG HRP linked secondary antibodies (Cell 

Signalling Technology) were used for immunoblot. MDP (Bachem) for stimulating 

the cells was used at a concentration of 2 mM. TNFα (Roche diagnostics) for 

stimulating the cells was used at a concentration of 200nM. Hsp70 inhibitor - 

KNK437 was obtained from Calbiochem. Hsp70 inducer Geranylgeranylacetone 

(GGA) was obtained from Sigma-Aldrich. Translational inhibitor- Cycloheximide was 

obtained from Sigma-Aldrich. 
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5.2.3 Half-life determination 

HEK 293T cells were transfected with 1 µg of pBKCMV/Nod2myc, 

pBKCMV-Nod2/702myc, pBKCMV-Nod2/908myc, or pBKCMV-

Nod2/1007insCmyc vectors in a 6 well dish. 24 hours post transfection; cells were 

plated in a 12 well dish (cells from each well on a 6 well dish were plated onto 4 wells 

on a 12 well dish). 24 hours later cells were treated with of 100 µg/ml of 

cycloheximide and the lysates were collected every 4 hours. Cell lysates were 

collected according to the procedure described below.  

Cells were rinsed with 1X PBS and 140mL of lysis buffer (1% triton-X, 2 mM 

EDTA, 4 mM Na3PO4, 100 mM NaCl, 10 mM MES pH 5.8, 10 mM NaF, 1 protease 

inhibitor tablet) was added on to the 12 well dishes and lysed using 21 gauge needle. 

Protein quantification was performed using Bradford assay using BioRad Protein 

Assay Dye Reagent Concentrate according to the manufacturer’s instruction. Briefly, 

1mL of 1X dye was mixed with 2 µL of protein lysates and the absorbance was 

determined at 595nm. Absorbance values were converted to concentration using the 

standard curve obtained using the known concentrations of bovine serum albumin.  

30mL of protein samples were prepared using 5X loading buffer (250 mM TrisHCl pH 

6.8, 10% SDS, 30% Glycerol 0.02% bromophenol blue, 5% BME) and boiled for 5 

min.  Equal amount of protein lysates were subjected to western blot.  

The protein bands for Nod2 and actin were quantified using Image Lab 5.0. 

Actin is used as the loading control and the ratio of the intensity of Nod2 to actin 

bands (Ir) was used to analyze the half-life values as previously described.  Briefly, 

relative Nod2 band intensities were plotted against time assuming first-order 

decay (ln(Ir) vs. time). The rate constant was calculated using the negative slope of the 

line (k = - slope), and the corresponding half-life was calculated (T1/2 = ln(2)/k).  Each 
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condition was performed in duplicates and the Student’s t-tests were used to determine 

statistical significance. P< 0.05 were considered to be statistically significant. 

5.2.4 Co-immunoprecipitation 

Cells were rinsed with 1X PBS and the lysates were collected using freshly 

prepared lysis buffer (1% triton-X, 2 mM EDTA, 4 mM Na3PO4, 100 mM NaCl, 10 

mM MES pH 5.8, 10 mM NaF, 1 protease inhibitor cocktail tablet (Roche)) and lysed 

by passing through a 21 gauge needle. 4 mg of lysates were mixed with appropriate 

amount of antibody and incubated for 2 h in cold. Lysate-antibody mixture was 

incubated with 40 ml of Dynabeads protein A (Life Technologies) beads (prewashed 

in PBS and lysis buffer) for 3 h in cold. After 3 h, lysate-antibody-bead mixture was 

washed four times using 200 mL of lysis buffer containing varying concentrations of 

NaCl as follows: Wash 1– 100 mM NaCl, wash 2- 300 mM NaCl, wash 3- 500 mM 

NaCl, wash 4- 100 mM NaCl. In order to elute proteins two different methods were 

implemented depending on the downstream analysis: (1) For western blot analysis 

proteins were eluted at 60 °C for 30 min with 2X reaction buffer (100 mM TrisHCl pH 

6.8, 4% SDS, 12% Glycerol, 0.008% bromophenol blue, 2% BME (β-

mercaptoethanol)) or (2) for mass spectrometry analysis proteins were eluted with  5 

mg/mL of myc-peptide (Sigma-Aldrich) in tris buffered saline (TBS) for 12 h at 4 °C. 

All elutes were analyzed by running in 7.5% polyacrylamide gels containing 0.1% 

sodium dodecyl sulfate, followed by immunoblot or stained using SYPRO® Ruby 

Protein Gel Stain according to the manufacturer’s instruction (Life Technologies). The 

immunoblot and mass spectrometry analysis procedures are described in subsequent 

sections.  
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5.2.5 Immunoblotting 

Cells were rinsed with 1X PBS and appropriate amount of lysis buffer (1% 

triton-X, 2 mM EDTA, 4 mM Na3PO4, 100 mM NaCl, 10 mM MES pH 5.8, 10 mM 

NaF, 1 protease inhibitor tablet) was added and lysed using 21 gauge needle. Protein 

quantification was performed using Bradford assay using BioRad Protein Assay Dye 

Reagent Concentrate according to the manufacturer’s instruction. Samples were 

prepared using 5X loading buffer (250 mM TrisHCl pH 6.8, 10% SDS, 30% Glycerol 

0.02% bromophenol blue, 5% BME) and boiled for 5 min.  The samples were 

electrophoresed in 7.5% polyacrylamide gels containing 0.1% sodium dodecyl sulfate. 

Western transfer onto PVDF membrane was carried out using semi-dry transfer at 25 

V for 1 h. 10% nonfat dry milk in TBS-Tween (T) was used to block the membrane 

for 1 h and washed in TBS-T three times for 5 min each. The blots were incubated 

overnight at 4 °C with the appropriate amount of antibodies prepared in 1% milk. 

After three washes, the membrane was incubated with HRP-conjugated secondary 

antibody for 60 min at room temperature. Following secondary incubation, the blot 

was washed three times in TBS-T and incubated with the substrate (GE) according to 

the manufacturer’s instruction. The blots were exposed to Fuji Super RX-U Half 

Speed Blue films (Brandywine Imaging Inc) in the dark room. All western blots were 

performed at least three times independently. Using the replicates, the data were 

analyzed using Image LabTM. This analysis is reported along side all western blot 

images.   

5.2.6 Luciferase Reporter Assay 

Lipofectamine 2000 was used to transiently transfect HEK 293T cells and 

Lipofectamine LTX was used to transfect HCT 116. pGL4.32 [luc2P/NF-kB-
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RE/Hygro] and pRL renilla luciferase reporter vector was used. Appropriate amount 

of plasmids were mixed with the transfection reagent and incubated overnight in cells 

seeded in 24 well dishes. Cells were incubated with 2 mM MDP or 200 nM of TNFa 

for 6 h and the lysates were collected to perform the Dual-Luciferase Reporter Assay 

(Promega) according to the manufacturer’s instructions and was normalized to Renilla 

activity. KNK437 or DMSO was treated 2 h prior to MDP stimulation. 

5.3 Results 

5.3.1 Crohn’s Associated Nod2 Variants are Unstable 

It has previously been shown that the Nod2 Crohn’s associated variants are 

defective in their ability to signal in the presence of bacterial cell wall fragments via 

NF-κB (1, 2).  We hypothesized that this difference is due to the inherent stability of 

the mutants as compared to the wild-type. We used two approaches to quantify the 

stability of the Nod2 Crohn’s mutants. First, we transfected cells with equal amounts 

of either wild-type Nod2 or Crohn’s associated Nod2 variants. The cells were 

harvested and subsequently analyzed for Nod2 using western blot and mRNA using 

RT-PCR (Figure 5.1). We found that the mutants were expressed significantly less 

than the wild-type, even though they have the same amount of mRNA expressed in the 

cell. Interestingly, the frame shift Nod2 Crohn’s variant, showed a severe decrease in 

protein levels.  This variant is linked to a more detrimental phenotype in humans 

affected with Crohn’s disease.   
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Figure 5.1: Reduced expression of the Nod2 Crohn’s mutants. A. Cell lysates, 48 
hours post transfection, on HEK 293T cells, plated in a 6 well dish, with 
1 µg of pBKCMV/Nod2myc, pBKCMV-Nod2/702myc, pBKCMV-
Nod2/908myc, or pBKCMV-Nod2/1007insCmyc vectors were probed 
for myc using rabbit anti-myc antibody (1:1000). β actin (1:1000) was 
used as a loading control. B. RNA isolated from HEK 293T cells 
transfected with 1 µg of pBKCMV/Nod2myc, pBKCMV-Nod2/702myc, 
pBKCMV-Nod2/908myc, or pBKCMV-Nod2/1007insCmyc vectors 
were reverse transcribed to cDNA and used to perform quantitative real 
time PCR using Nod2 and actin primers. The relative amount of Nod2 to 
β actin levels was plotted as the mean +SD from three independent 
experiments. 

 

To support the idea that the Crohn’s mutants are unstable compared to the 

wild-type, we performed the half-life experiments with the mutants. This assay was 

performed slightly different than the half-life experiment previously explained using 

HEK 293T-Nod2myc/Tet-op in section 4.3.4. Instead of stable cell lines expressing 

Nod2, here we used HEK 293T cells transfected with Nod2 containing plasmids. We 

found that the half-life of the mutants are significantly less compared to the wild-type 

(Figure 5.2). Upon quantification, 702, 908, 1007fs mutants had a half life of 2.92 + 
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0.1 h, 2.86 + 0.7 h, 3.89 + 3.3 h hours compared to wild type Nod2 with a half life of 

11.69 h + 4.11 hours. This instability could provide an explanation of why the Crohn’s 

mutants cannot properly signal as efficiently as the wild-type. We hypothesized that 

the Crohn’s mutants interact with Hsp70, a protein that can affect the stability of wild-

type Nod2. 
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Figure 5.2: Reduced half-life of Crohn’s associated Nod2 variants. HEK 293T cells 
were transfected with 1 µg of pBKCMV/Nod2myc, pBKCMV-
Nod2/702myc, pBKCMV-Nod2/908myc, or pBKCMV-
Nod2/1007insCmyc vectors in a 6 well dish. 24 hours post transfection, 
cells were plated in a 12 well dish (cells from each well on a 6 well dish 
were plated onto 4 wells on a 12 well dish). 24 hours later cells were 
treated with cycloheximide and the lysates were collected at the indicated 
time intervals. Equal amount of lysates were subjected to western blot 
and probed using rabbit anti-myc antibody (1:1000) or rabbit anti-Hsp70 
(1:1000). β actin (1:1000) was used as a loading control. Relative amount 
of Nod2myc to β actin was plotted.as the mean + SD from three 
independent experiments. *P<0.05 was considered as significant. 
Western blots were performed on separate cell lysates at least three times. 
Using the replicates, the bands were quantified using Image LabTM. 



 

 122 

5.3.2 Hsp70 interacts with Nod2 Associated Nod2 Variants 

To determine if the Crohn’s mutants were capable of interacting with Hsp70, 

we performed co-immunoprecipitation with Hsp70 (Figure 5.3).  Although we have 

previously shown that the mutant expression was less than the wild type (Figure 5.1), 

we expected the immunopurification would enrich for low level of protein.  We 

showed that all three mutants were able to purify endogenous Hsp70. 

 

Figure 5.3: Hsp70 interacts with Crohn’s associated Nod2 variants. Co-
immunoprecipitation was performed in HEK 293T cells transfected with 
1 µg of pBKCMV, pBKCMV-Nod2/702myc, pBKCMV-Nod2/908myc, 
pBKCMV-Nod2/1007insCmyc vectors in a 6 well dish, using 1 µg of 
mouse anti-myc antibody per 450 µg of cell lysate. Elutes were probed 
for Hsp70 using 1:1000 of rat anti-Hsp70 and rabbit anti-myc antibody. 
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5.3.3 Hsp70 rescues Nod2 variants activity 

Given that Hsp70 increased both the stability and the ability for wild-type 

Nod2 to signal via NF-κB, we assayed if Hsp70 had the same effect on the Crohn’s 

mutants of Nod2.  When Hsp70 was over-expressed using transfection, we observed 

that the Crohn’s mutants’ ability to signal the presence of the bacterial cell wall ligand, 

MDP, was significantly increased (Figure 5.4). In two of the three Crohn’s associated 

Nod2 variants the level of NF-κB activation was restored to wild-type levels.  These 

data imply that Hsp70 is able to rescue the Crohn’s mutants’ ability to signal. 

 

Figure 5.4: Hsp70 overexpression increases the activity of Crohn’s associated 
Nod2 variants. Dual luciferase assay performed on HEK 293T cells 
transfected with 50 ng of pBKCMV/Nod2myc, pBKCMV-
Nod2/702myc, pBKCMV-Nod2/908myc, or pBKCMV-
Nod2/1007insCmyc vectors along with 50 ng of Hsp70 or control vector 
/Nod2myc and HCT 116 transfected with Hsp70 or control vector in the 
presence or absence of 20 µM of MDP. 10ng of pGL432 and 1ng of pRL 
vector was used per 24 well dish for transfection. Relative luciferase 
activity of firefly to Renilla is plotted. Results shown are the mean + SD 
of experiments performed in triplicates. *P<0.05 was considered as 
significant. 
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5.3.4 Hsp70 rescues Nod2 variants stability 

In addition, we probed whether over-expression of Hsp70 would affect the 

level of the Nod2 mutants. When Hsp70 is over-expressed using transfection, the 

levels of the Crohn’s mutants also increased in cells (Figure 5.5). 

 

Figure 5.5: Hsp70 overexpression increases Crohn’s associated Nod2 variants 
levels in cells. Cell lysates from HEK 293T cells transfected with 750 ng 
of pBKCMV/Nod2myc, pBKCMV-Nod2/702myc, pBKCMV-
Nod2/908myc, or pBKCMV-Nod2/1007insCmyc vectors in a 6 well dish 
along with 1 µg of Hsp70 or control vector, 48 hours post transfection, 
were probed using 1:1000 rabbit anti-myc antibody, 1:1000 rabbit anti-
Hsp70 antibody. β actin was used as a loading control. Western blots 
were performed on separate cell lysates at least three times. Using the 
replicates, the bands were quantified using Image LabTM. 
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5.4 Discussion 

Nod2 mutants have been known to have a decreased NF-kB signaling through 

MDP stimulation (Figure 5.4) (1, 2). It will be crucial to understand the actual cause of 

this decreased ability to signal in order to test the hypothesis that overexpressing 

Hsp70 can rescue Crohn’s-associated Nod2 variants’ activity. Preliminary studies 

reveal that Crohn’s-associated Nod2 variants have a decreased expression compared to 

the wild type Nod2. When HEK293T cells were transiently transfected with equal 

amount of wild type or mutant plasmids (in pBK-CMV vector), the mutants showed a 

decreased protein expression level compared to the wild type Nod2 (Figure 5.1). The 

most severe form of the mutants having the least signaling capacity, 1007fs, showed 

the least protein expression. The amount of protein expression of the mutants directly 

correlates with their ability to signal (Figure 5.4), however, the mRNA level of wild 

type and the mutants were the same in these transfected cells (Figure 5.1).  

At this point, we proposed the half-life of the Crohn’s mutants was lower 

relative to the wild-type Nod2. We found that the Crohn’s mutants are inherently 

unstable and their half-life is less than that of the wild-type protein (Figures 5.1, 5.2). 

This fact intrigued us, and we investigated whether the over-expression of Hsp70 

could provide a rescue mechanism for the Nod2 Crohn’s mutants, as the Crohn’s 

mutants also interact with Hsp70 (Figure 5.2). We found that over-expression of 

Hsp70 was able to restore the ability of the Crohn’s mutants to signal upon stimulation 

with MDP (Figure 5.4). 

This study agrees with previous findings where Hsp70 overexpression 

increases the half-life of p53 (3) and hERG (4). Thus the ability of Hsp70 to rescue the 

stability and activity of Crohn’s associated Nod2 variants opens a new potential target 

for Crohn’s disease.  
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Hsp70 has been used as a potential drug target for various diseases. One of the 

most important roles of Hsp70 is assisting protein folding. Hsp70 assists in protein 

folding or helps proteins to stay in its properly folded state. Neurodegenerative 

diseases such as Alzheimer’s, Parkinson’s and Huntington’s diseases involves 

accumulation of misfolded proteins. Various studies have further showed that Hsp70 

can be used as a potential target for these diseases(5, 6). In my study, I show that 

Hsp70 can be a potential target for the treatment of Nod2 associated Crohn’s disease.  

This is important because we can develop selective small molecule stabilizers 

(pharmacological chaperones or pharmacoperones) for Nod2 (7, 8). Protein 

stabilization has recently been reported as a new type of therapeutics for vairious 

diseases (9). Further studies need to be conducted to identify a pharmacoperone for 

Nod2, that can selectively stabilie the protein by developing a high-throughput small 

molecule screen.   
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Chapter 6 

CONCLUSIONS AND FUTURE DIRECTIONS 

Nod2 is an innate immune receptor, with its mutant proteins linked to Crohn’s 

disease (1). When Nod2, a cytosolic protein, interacts with bacterial cell wall 

fragment, MDP, an inflammatory response is triggered (2, 3) (4) (Figure 1.3). 

Although several studies have been carried out to identify the interacting proteins of 

Nod2, both in the presence and absence of the MDP bound state, less is known about 

the role of Nod2 in maintaining inflammation and its specific role in Crohn’s disease. 

Crohn’s disease is a chronic inflammatory reaction, and Nod2 mutations have been 

associated with the disease through loss of function mutation, the cause for the 

inflammatory reaction seen in the disease phenotype is not well understood. The 

primary reason for this is due to the lack of understanding of the protein. More studies 

needed to be carried out to understand the function of Nod2 in its active and inactive 

state. The objective of my thesis was to better understand the proteins involved in the 

Nod2 signaling cascade.  I sought to identify novel interacting proteins of Nod2 in its 

active and inactive state.   

Several approaches such as co-immunoprecipitation and RNAi screening have 

been taken out to identify novel interacting proteins of Nod2 (5, 6). One of the largest 

obstacles was the lack of a specific antibody against Nod2, with current methods 

giving rise to hundreds of non-specific proteins co-precipitating with Nod2. In order to 

circumvent these issues, I developed a cell line that expresses Nod2 with a myc tag at 

low levels of expression, which exactly matches those to the endogenously expressed 
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Nod2 in monocyte and intestinal epithelial cell lines. Through co-immunoprecipitation 

using myc antibody, followed by protein mass spectrometry, we identified novel 

protein interactors of Nod2. My data was validated by the fact that several proteins 

which co-purified with Nod2 (i.e Hsp90 and actin) had previously been shown to 

interact. In addition, the presence of RIP2, a well-known interactor of Nod2 was 

conformed in the co-immunoprecipitated sample (Figure 2.7) (4). 

Hsp70 was one of the proteins that I identified to interact with Nod2. Due to 

the wide influence of Hsp70 in inflammation and because Hsp70 has recently been 

considered to be a major anti-inflammatory protein, we analyzed Hsp70s role in Nod2 

signaling (7). The overall objective of this thesis is to understand the biochemical 

interaction of Hsp70 and Nod2 and how the interaction influences Nod2 induced 

NF−κΒ signaling activation.  

This thesis focuses mainly on three aspects: (1) biochemical and molecular 

mechanisms of Hsp70’s role in Nod2 signaling, (2) determining the lack of Crohn’s-

associated Nod2 variants ability to correctly signal, and (3) rescuing the Nod2 

mutants’ activity using Hsp70. 

 Co-immunoprecipitation using Hsp70 antibody and immunostaining was 

carried out to confirm the direct interaction of Nod2 with Hsp70. To further determine 

the specific domains of Nod2 and Hsp70 that interact, several constructs were made 

that expresses the individual domains of Nod2 and Hsp70. NBD and LRR regions of 

Nod2 were shown to interact with Hsp70, while the substrate binding domain of 

Hsp70 interact with Nod2. To further characterize the specific region within the SBD 

that binds with Nod2, a specific conserved region within the SBD of Hsp70 was 

expressed, followed by co-immunoprecipitation. We expressed two regions that 
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comprise of 37 (403 AA - 440 AA) (S-37) and 71 (403 AA – 474 AA) (S-71) amino 

acids of this domain. Here, we show that the 71AA minimal domain interacts with 

Nod2, but not the 37AA region. This small domain would be useful in developing a 

peptide drug that can bind to mutated Nod2 and increase its stability.  

 Hsp70 is a chaperone that often works with co-chaperones such as Hsp40, 

which can bind directly with substrates and regulate its stability (8). Here, I showed 

that Hsp40 was in fact able to bind with Nod2 in vitro. Furthermore, I characterized 

that Nod2, when bound to its chaperones, is less prone to trypsin-mediated 

degradation. These data show that Hsp70 or Hsp40 binds directly to Nod2 and protects 

it from proteolysis.  

 Further, using limited proteolysis, we determined if MDP, the natural ligand of 

Nod2, has an effect on the stability of the protein. MDP by itself did not alter the rate 

of Nod2 digestion by trypsin. MDP in the presence of Hsp70 or Hsp40 did not alter 

Nod2’s stability significantly. But MDP in the presence of both Hsp70 and Hsp40 

significantly enhanced Nod2’s stability. This shows that MDP requires the presence of 

both the chaperones to enhance its stabilizing effect on Nod2. Ligands stabilizing 

proteins is not a novel phenomenon. It is well-known that ligand binding can affect the 

stability of a receptor such as G protein coupled receptors and steroid receptors (9, 

10). 

Affinity of Hsp70 to its substrate is determined by its ATPase activity (11-13). 

Hsp70 in its ADP bound state has a higher affinity towards its substrates than in its 

ATP bound state.  We wanted to determine if the ATPase activity of Hsp70 is crucial 

in determining Nod2’s stability. We constructed a mutant version of Hsp70 outlined 

by Rüdiger et al. (14).  This mutant construct exchanged a lysine for a serine to lock 
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Hsp70 into its ADP bound state. Using trypsin digestion experiment, we found that the 

rate of Nod2 digestion was significantly decreased compared to the stability conferred 

by wild type Hsp70. This shows that Hsp70 in its ADP bound state holds Nod2 tightly 

and prevents it from being digested.  

In addition to probing the role of Hsp70 on Nod2 in vitro, I aimed to determine 

the effect of Hsp70 in regulating Nod2’s activity in cells. When Hsp70 was 

overexpressed in cells, there was an increase in Nod2’s activity. Also, when the 

expression of Hsp70 was decreased using a small molecule inhibitor of Hsp70, 

KNK437, MDP induced NF−κΒ activation was significantly decreased. This shows 

that Hsp70 helps Nod2 in its NF−κΒ inducing activity. This effect was confirmed 

using ELISA, where the amount of a cytokine, IL8 that is released upon Nod2 

activation was quantified. Upon Hsp70 over expression, MDP induced IL-8 secretion 

was significantly increased, whereas cells incubated KNK437 showed a decrease in 

MDP induced IL-8 secretion. This was confirmed using various cell lines. This data 

clearly signifies that Hsp70 helps Nod2 in MDP induced NF-κB activity.  

I hypothesized that the increased activity of Nod2 could be due to an increased 

half-life. Previously I observed that Hsp70 protects Nod2 from trypsin-mediated 

digestion. In order to determine if this stabilizing effect is seen in cells, I 

overexpressed Hsp70 in cells and found that the level of Nod2 in cells increased, 

whereas when I decreased the level of Hsp70 in cells, the Nod2 level significantly 

decreased. I performed a classic cycloheximide half-life study to determine the rate of 

Nod2 degradation in cells, using a translational inhibitor, cycloheximide. If cells had 

higher amounts of Hsp70 the rate at which Nod2 degrades was significantly decreased. 

Whereas when cells had lower amounts of Hsp70 there was a significant increase in 
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the rate of Nod2 degradation. Thus, Hsp70 not only guards Nod2 from trypsin-

mediated digestion in vitro, but also protects Nod2 from getting degraded in cells.  

Hsp70’s role in regulating the activity and stability of Nod2 has now been well 

characterized. Further, I studied if Hsp70 can affect the Crohn’s associated Nod2 

mutants’ activity. Three major mutations in Nod2, 702, 908, and 1007fs, are highly 

associated with Crohn’s disease. Crohn’s-associated Nod2 variants have a decreased 

ability to activate MDP induced NF-kB signaling. However, the actual reason for this 

loss of function is not well understood. We proposed that this could be for one of two 

reasons:  (1) its less efficiency in MDP binding or, (2) its instability due to misfolding. 

In order to test this hypothesis, I developed the necessary assays. This thesis 

developed both cellular and in vitro assays to assess Nod2 stability and I was in a 

position to test Nod2 stability. First, I found that protein expression level of Nod2 

mutants in cells transfected with equal amount of plasmids incorporated with WT or 

mutated Nod2, was significantly lower compared to WT Nod2 expression. Also using 

the cycloheximide assay, I found that the Nod2 mutants had a lower cellular half-life 

compared to wild type Nod2. This suggests that the Crohn’s associated Nod2 mutants 

are unstable and offers an explanation for their lack of activity.  

Third and most importantly, I found that the unstable mutants were affected by 

Hsp70. Using co-immunoprecipitation, it was shown that Nod2 mutants were able to 

interact with Hsp70. Upon Hsp70 over expression the Nod2 mutants displayed a 

significant increase in its ability to induce NF−κΒ signaling to wild type levels. Also, 

Hsp70 overexpression increased the mutants’ level in cells.  This shows that Hsp70 

not only increases the stability and activity of WT Nod2, but also the Chron’s 

associated mutants.  
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My thesis highlights the cause and a potential treatment for Nod2 associated 

Crohn’s disease. There is currently no treatment for Crohn’s disease (Kostic, A.D., 

Xavier, R.J., et al. 2014).  In the future, a small molecule screen will be developed that 

can selectively stabilize Nod2, acting as a Hsp70 surrogate. This thesis has brought to 

light a novel mechanism for treating Crohn’s disease. 

 

 

Figure 6.1: Schematic model.  Nod2 in association with Hsp70 turns on the NF−κΒ 
pathway upon MDP stimulation. In the absence of Hsp70, Nod2 
undergoes degradation.  
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