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Abstract

Nod2 is a cytosolic, innate immune receptor responsible for binding to bacterial cell wall 

fragments such as muramyl dipeptide (MDP). Upon binding, subsequent downstream activation of 

the NF-κB pathway leads to an immune response. Nod2 mutations are correlated with an 

increased susceptibility for Crohn’s disease (CD) and ultimately results in a misregulated immune 

response. Previous work had demonstrated that Nod2 interacts with and is stabilized by the 

molecular chaperone Hsp70. In this work it is shown using purified protein and in vitro 
biochemical assays that the critical Nod2 CD mutations (G908R, R702W, 1007fs) retain the ability 

to bind bacterial ligands. A limited proteolysis assay and luciferase reporter assay reveal regions of 

Hsp70 that are capable of stabilizing Nod2 and rescuing CD-mutant activity. A minimal 71 amino 

acid subset of Hsp70 that stabilizes the CD associated variants of Nod2 and restores a proper 

immune response upon activation with MDP was identified. This work suggests that CD-

associated Nod2 variants could be stabilized in vivo with a molecular chaperone.

Graphical Abstract

Corresponding Author: To whom correspondence should be addressed: Catherine L. Grimes, Tel.: (302)831-2985; Fax: 
(302)831-6335; cgrimes@udel.edu.
†Present Addresses
Current address: Center for Computational and Integrative Biology, Massachusetts General Hospital, Harvard Medical School, Boston, 
MA 02113.

Author Contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.

Notes
The authors declare no competing financial interests.

Supporting Information
Experimental procedures and materials: cloning details, SPR details and sensorgrams, half-life protocols, western blots half-life 
graphs, NF-κB assay conditions, and protein characterization. The Supporting Information is available free of charge on the ACS 
Publications website.

HHS Public Access
Author manuscript
Biochemistry. Author manuscript; available in PMC 2018 August 29.

Published in final edited form as:
Biochemistry. 2017 August 29; 56(34): 4445–4448. doi:10.1021/acs.biochem.7b00470.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Nod2; Hsp70; chaperone; innate immunity; muramyl dipeptide; nucleotide cofactors; protein 
stability; protein-protein interaction

The innate immune system uses a series of receptors to properly respond to both pathogenic 

and commensal bacteria1–2. Nod2 (nucleotide-binding oligomerization domain-containing 

protein 2) is an innate immune receptor that is correlated with an increased susceptibility for 

developing Crohn’s disease (CD), a debilitating, incurable gastrointestinal disease, when 

mutated3–4. In the presence of muramyl dipeptide (MDP, Figure 1A), a small peptidoglycan 

(PG) fragment, Nod2 initiates the NF-κB pathway5. It is hypothesized that this is a result of 

direct binding to MDP and the recruitment of signaling proteins6–10; ultimately leading to an 

immune response which is misregulated in individuals with CD3–4. The misregulated 

response of the Nod2 CD variants could stem from a variety of sources: inability to bind PG 

fragments, failure to initiate an immune response, and/or a general protein stability effect11.

We have previously shown that the chaperone protein, heat shock protein 70 (Hsp70), binds 

and stabilizes Nod212. Hsp70 is responsible for a diverse range of functions, which when 

bound to the client protein aids the protein in adopting a more stable conformation, protects 

vulnerable regions from disruptive interactions, or inhibits self-aggregation13–14. 

Overexpressed Hsp70 increases MDP induced Nod2-dependent NF-κB activity and 

lengthens its half-life in cell-based assays for both the wild type (WT) Nod2 and the three 

major CD variants (accounting for approximately thirty percent of CD cases): G908R, 

R702W, 1007fs12, 15. These results suggest that the CD variants are able to sense their 

ligands. Recently two groups reported that the binding site for MDP exists in the LRR 

domain of Nod216–17. Recent work by Park and coworkers evaluated the ability of two 

major CD mutations in the LRR domain, G908R and 1007fs, to bind MDP17. Here we 

investigate a potential biochemical cause for misregulation by the CD-associated NOD2 

variants.

It has previously been reported that the CD Nod2 mutants have diminished NF-κB activity8, 

and this activity can be recovered through the overexpression of Hsp7012. We reasoned that 

these mutations make the protein inherently unstable and therefore difficult to express and 

purify. Previous attempts using small affinity tags were unsuccessful for the expression and 

purification of the CD mutants. Large affinity tags can provide additional stability and 

solubility to proteins, and to this effect we opted to use an N-terminal glutathione S-

transferase (GST)-tag for its known ability to enhance protein stability18. Prior accounts for 

expressing and purifying regions of Nod2 report success using large affinity tags such as 

maltose binding protein (MBP) and GST16–17. The addition of the N-terminal GST-tag 

resulted in the first successful expression and purification of the three CD mutants from Sf21 

cells (Figure S1, S2). With purified full-length CD mutants in hand, the ability of full-length 

protein to bind Nod2’s proposed ligand MDP could be assessed.

Upon cleavage of the GST tag, the CD mutant protein was analyzed in the surface plasmon 

resonance (SPR) assay previously reported in our lab6, 16, to assess their ability to bind to a 

biologically active MDP derivative, 6-amino-MDP19. Briefly, the SPR assay monitors 
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binding of Nod2 to a PG fragment that has been covalently attached to a gold surface via a 

self-assembled monolayer (Figure 1A)6, 20. Purified protein was applied to immobilized 6-

amino-MDP over a concentration range and equilibrium dissociation constants were 

calculated (Figure 1, S4). The three prominent CD mutations of Nod2 maintain the ability to 

bind 6-amino-MDP with nanomolar affinity on the same order of magnitude as the WT 

protein (10 – 50 nM)6–7,21. The R702W displayed the smallest change in affinity with an 

apparent KD of 18.8 ± 2.0 nM. The site of this mutation is far from the proposed binding 

region for MDP and the small changes in affinity were attributed to slight changes in the fold 

of that region. The G908R mutation disturbed binding to a higher degree, with an apparent 

KD of 36.1 ± 2.0 nM, which can be accredited that this mutation occurs next to the proposed 

binding pocket22. Previous work found that the G908R mutation did not affect binding when 

evaluating the LRR domain alone, suggesting that other regions of the protein are involved 

in recognition of the ligand. Lastly, the 1007fs mutation displayed an apparent KD of 40.9 

± 5.1 nM. Previously the LRR domain 1007fs mutation as an MBP fusion indicated no 

binding to MDP in a fluorescence polarization assay17.

The experimental setup employed here used full-length Nod2 protein devoid of a tag, 

suggesting that either the full protein is necessary for binding or the addition of a tag to this 

mutant occluded binding.

Previous experiments have shown that overexpressed Hsp70 increases the half-life and NF-

κB signaling of Nod2 and the CD mutants in cell based assays12. In order to further 

characterize this stabilization effect, an in vitro assay was designed to control for external 

factors that influence Hsp70’s protective effect on Nod2. These additional factors could then 

be applied to further enhance the stability of the CD mutants. A limited proteolysis mediated 

degradation assay was selected to investigate Hsp70’s effect on its client proteins23–24. 

Briefly, Nod2 was subjected to trypsin-mediated degradation under varying conditions, and 

Nod2 levels were quantified by Western blot (Figure 2, Figure S5, Scheme S1).

Nod2 in vitro half-life was calculated for each condition (Table 1, S2). Apo-Nod2 showed a 

half-life of 39.7 min; upon the addition of excess Hsp70, Nod2’s half-life increases to 75.4 

min (Table 1), thus establishing Hsp70 serves a protective role in vitro.

This protective role was further evaluated in the presence of nucleotide cofactors. When 

ADP is added to the Nod2/Hsp70 complex, the half-life increases to 112.3 min. This result 

is not surprising as rabbit Nod2 was crystallized in the presence of ADP22, suggesting the 

closed conformation of Nod2 has an increased stability.

In addition to probing the effects of chaperones and nucleotide substrates on Nod2’s 

stability, Nod2 was subjected to trypsin-mediated degradation in the presence of Nod2’s PG 

ligand, MDP. It is known that the addition of PG fragments can stabilize Nod2 in cells25. 

When MDP is added to a mixture of Hsp70, ATP and Nod2, the half-life of Nod2 increases 

to 282.3 min (Table 1), revealing that the full complex (peptidoglycan ligand, molecular 

chaperone, nucleotide cofactor) amplifies the protective effect of Hsp70.

In order to further probe the requirements for Hsp70 to assist Nod2, the role of ATP and 

ADP in conferred stability was investigated. Two mechanisms that involve ATP and ADP 
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were focused on: hydrolysis of ATP confers conformational changes to the bound client, 

while ADP increases affinity for its client proteins to protect them from degradation. A 

mutant form of Hsp70 that forces the chaperone to bind ADP selectively over ATP26 was 

used to differentiate the two mechanisms (Figure S3). This mutant replaces a key lysine 

residue with a serine in the nucleotide binding pocket and is commonly referred to as the 

Hsp70(K71S) mutation26. In the trypsin mediated degradation assay, the addition of 

Hsp70(K71S) to Nod2 increases the half-life to 403.2 min, approximately seven times 

higher than the wild type Hsp70 alone (Table 2). These data indicate that ATP hydrolysis is 

not necessary for Hsp70 to stabilize Nod2.

To confirm ATP hydrolysis is not necessary for NOD2 stabilization, we tested the ability of 

a truncated HSP70 to stabilize NOD2. To this end, the ATPase domain of Hsp70 (Figure S3) 

was truncated and the potential effect of the remaining substrate binding domain27 (SBD) of 

Hsp70 on Nod2 was tested. The SBD-Hsp70 increased Nod2 half-life from 39.7 min to 

120.1 min (Table 2). This increase was slightly higher in comparison to the effect Hsp70 has 

alone (Table 1). This result led to the hypothesis that the SBD could be further narrowed 

down to a mini-mal fragment for enhancing the stability of Nod2 and the CD-associated 

mutants.

A small 71 amino acid, evolutionarily conserved region (S-71) of Hsp70 (403 AA – 474 

AA) was identified to further assess for a minimal Hsp70 portion that stabilizes Nod2. It is 

well documented that the hydrophobic portions of peptides or proteins bind to the 

hydrophobic SBD of Hsp70 and other Hsp70-like chaperones28–30. More specifically, 

peptides have been shown to directly interact with the loops of the β-sandwich conserved in 

the SBD29–31, and the S-71 peptide includes these key loops of the relevant β-sandwich. The 

S-71 fragment, which is only 10% of the full Hsp70 protein was over-expressed and purified 

from E. coli cells (Figure S3) and analyzed by circular dichroism and mass spectrometry 

(Figure S9 – S11). Using the limited proteolysis assay, the S-71 minimal fragment of Hsp70 

stabilized WT Nod2, increasing the in vitro half-life from 39.1 min to 151.5 min (Table 2). 

With the isolation of two Hsp70 constructs, the constructs were assayed for the ability to 

stabilize the CD-associated mutants of Nod2. The CD mutants of Nod2 were subjected to 

the limited proteolysis assay in the presence of K71S or the S-71 peptide. The data show that 

recombinant CD Nod2 mutants are significantly stabilized by K71S or the S-71 peptide 

(Table 2, Figure S5–7). These results point to a minimal region of Hsp70 that is sufficient to 

stabilize Nod2 using only protein-protein interactions. It is worth noting that these in vitro 
results correlate with previously published cell based stability assay results12, which indicate 

the CD mutants are unstable in comparison to WT.

To test whether increased stability of Nod2 in vitro translates to rescued activity of Nod2, 

the effect of overexpression of the Hsp70 constructs was assayed in a NF-κB luciferase 

reporter assay8. As shown previously, Hsp70 rescues MDP-induced NF-κB activity in all 

three CD-associated mutants (Figure 3, S8)12. The addition of conformationally static Hsp70 

(K71S), the SBD, or S-71 also increases MDP-induced NF-κB activity of CD Nod2 variants 

to a similar level of apo-WT Nod2 signaling (Figure 3, S8).
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These data suggest that CD mutants do in fact suffer from a stability issue that affects 

immune signaling. Upon stabilization immune signaling is restored, and these mutants 

function similarly to that of the WT Nod2 (Figure 3). Interestingly Nature may have already 

harnessed the ability to stabilize Nod2 and other proteins in a controlled way by varying the 

expression of Hsp70. The modulation of the innate immune response through variation of 

Hsp70 levels in cells has previously proven to be an effective tool in reducing 

inflammation32–35.

Nod2 stabilization becomes an ideal target for the development of a pharmacological 

chaperone. Pharmacological chaperones have successfully been applied to a number of 

proteins that contribute to disease due to inherent instability36–37. The CD-associated 

mutants contribute to pathogenesis in turn because their instability leads to a host of 

misregulated signaling events. Current therapeutics for CD target broad effects of the disease 

through immune suppressors and anti-inflammatory agents. An ideal approach to the disease 

would be a molecular strategy that corrects the response of the CD-associated mutants, as 

the Hsp70 constructs do (Figure 3). The biochemical assessment of the CD-associated Nod2 

variants has identified a potential therapeutic approach that could target the instability that is 

associated with mutation.

In conclusion, biochemical analysis of the CD-associated Nod2 variants revealed two critical 

pieces of information about the mutated-receptors: they bind to the PG-fragment with 

nanomolar affinity and are stabilized by a minimal region of the molecular chaperone, 

Hsp70. The data presented here suggest that CD caused via a Nod2 mutation might be best 

characterized as a protein misfolding disease, and therefore future studies could benefit by 

considering protein stabilization techniques.
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Figure 1. 
(A) Schematic of SPR binding assay: (a) activate carboxylic acids using NHS/EDC 

chemistry, (b) immobilize ligand of interest (6-amino-MDP) to activated chip surface and (c) 

apply purified protein and generate sensorgram. (B) Binding curves of purified mutant Nod2 

to MDP analyzed by SPR. WT Nod2 has previously been reported to bind ligand (10 – 50 

nM)6, 21. Details can be found in Supporting Information.
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Figure 2. 
Representative analysis of limited proteolysis data: Western blots (shown as inset) of 

triplicated limited proteolysis experiments were graphed as shown in A for visualization or 

B for determination of ½ life. Experimental details, additional blots and graphs for all 

parameters can be found in Supporting Information.
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Figure 3. 
Relative MDP-induced (20 μM) NF-κB activation of Nod2 variants with no chaperones or in 

the presence (+) of Hsp70 constructs. Experimental details can be found in Supporting 

Information.
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Table 1

Calculated half-lives for WT Nod2 in the presence of cofactors and/or Hsp70.

Cofactor

Half-life (min)

(−) Hsp70 (+) Hsp70

--- 39.7 ± 1.8 75.4 ± 1.0

MDP 48.4 ± 1.5 77.8 ± 1.9

ADP 201.2 ± 1.0 112.3 ± 0.4

ATP 70.8 ± 3.3 200.1 ± 1.9

ATP + MDP 51.7 ± 3.0 282.3 ± 1.7

Biochemistry. Author manuscript; available in PMC 2018 August 29.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Schaefer et al. Page 11

Table 2

Calculated half-life values for Nod2 variants in the presence of Hsp70 constructs

Nod2 Variant (−) (+) Hsp70 K71S (+) SBD (+) S-71

WT 39.7 ± 1.8 403.2 ± 1.7 120.1 ± 1.1 151.5 ± 0.5

R702W 10.7 ± 3.5 150.8 ± 0.9 --- 228.8 ± 0.7

G908R 20.9 ± 2.5 144.3 ± 1.2 --- 685.1 ± 0.3

1007fs 21.5 ± 2.2 185.1 ± 1.4 --- 102.1 ± 3.4
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