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           Exploration of Nurr1 and β-Catenin Interactions 

 

Ariel Gragnolati 

  

 Nurr1 is a transcription factor in the nuclear receptor family that is responsible for 

midbrain dopaminergic neuron development and maintenance. Unlike traditional nuclear 

receptor signaling regulation, Nurr1 activity is not modulated by a ligand or by 

coregulator protein binding to its activation function-2 site. Several mechanisms for 

Nurr1 regulation have been proposed, including interaction with other signaling 

pathways. The Wnt/β-Catenin pathway is important for proper development of many 

tissues, including the midbrain. Recently it has been shown that activation of this 

pathway stimulates the activity of Nurr1 through the direct interaction of Nurr1 with β-

catenin. Therefore, in this study I set out to define the biophysical details of this 

interaction. My results show that the use of expressed domains of these proteins will be 

useful to further examine the Nurr1/β-catenin interaction through crystallography and 

cross-linking. 



 v 

  TABLE OF CONTENTS 

 
 

  List of Tables ………………………………………………..  vi 

  List of Figures ……………………………………………….  vii 

  Introduction …………………………………………………   1 

  Methods……………………………………………………...  14 

  Results .………………………………………………………  19 

  Conclusions and Future Directions …………………………   33 

  References …………………………………………………..   35



 vi 

  LIST OF TABLES 

  Table 1 ………………………………………………………  17 
 
  



 vii 

  LIST OF FIGURES 
 
  Figure 1.  
  Nurr1 Structure …………………………………...................  5 
   
  Figure 2.  
  Model for β-catenin transactivation of Nurr1 & LRH-1…….. 11 
 
  Figure 3. 
  Nurr1 and LRH-1 as coregulators of β-catenin signaling…… 11 
 
  Figure 4.  
  Model of β-Catenin/LRH-1 LBD complex superimposed  
  with Nurr1 LBD …………………………………………….. 13 
 
  Figure 5.  
  Nickel-NTA affinity purification of Nurr1 LBD ……………. 20 
 
  Figure 6. 
  Gel filtration of Nurr1 LBD using  
  Superdex75 16/60 column…………………………………… 21 
 
  Figure 7.  
  Analysis of Nurr1 components using  
  Superdex75 16/60 column…………………………………… 22 
 
  Figure 8.  
  SAXS data plot of the log(I) vs. scattering angle for two 
  exposure times, 2 sec and 5 sec, of Nurr1 LBD……………… 24 
 
  Figure 9.  
  Guinier analysis of the first 100 proteins of SAXS data plot….25 
 
  Figure 10. 
  Pair distribution plot and structural model from SAXS data….26 
 
  Figure 11.  
  Nickel-NTA co-purification of Nurr1 LBD with βCat ARM…28 
 
  Figure 12. 
  Gel filtration purification of Nurr1 LBD and βCat  
  using a Superdex75 10/300 column………………………….. 29 
 
  Figure 13.  
  βCat FL nickel-affinity purification………………….……….30 
 



 viii 

  Figure 14. 
  Gel filtration purification of βCat FL using a Superdex 
  200 16/60 column…………………………………………….31 
 
  Figure 15. 
  Anion exchange of βCat FL using a MonoQ column………..32 
 
 



 1 

INTRODUCTION 
 
Nurr1 in Development and Disease 
 
 Parkinson’s disease is the second most common neurodegenerative disorder, 

characterized by tremor, rigidity, and other movement disruptions, along with changes in 

mood and sleep. Molecularly, the disease is correlated with accumulation of α-synuclein 

in Lewy bodies and the degeneration and loss of signaling of dopaminergic (DAergic) 

neurons in the ventral midbrain  (24). DAergic neuron signaling functions in movement, 

emotion and reward (10). To understand the etiology of this devastating disease, it is 

necessary for us to elucidate how DAergic neurons develop and how their phenotype is 

maintained. Development of DAergic neurons in the midbrain requires precise expression 

of different signaling factors such as sonic hedgehog, FGF8, and Wnt1 during embryonic 

development. Lmx1a, a signaling factor downstream of the Wnt-1 pathway, upregulates 

Nur related factor 1 (Nurr1), a transcription factor in the nuclear receptor (NR) family 

(10). Humans express Nurr1 in the midbrain throughout life and the gene is conserved 

from fly to human (1, 9). Mice completely lacking Nurr1 fail to develop mature DAergic 

neurons in the midbrain, have poor motor function and die a day after birth (5, 37, 46). 

Selective ablation of the Nurr1 gene in the late embryonic mouse midbrain causes 

DAergic neuron loss and in mature mice results in gradual DAergic neuron degeneration, 

behavioral defects and dopamine loss (21). In humans, loss of Nurr1 expression and 

mutations in the nurr1 gene have been linked to Parkinson’s disease (19, 25, 26, 39, 44). 

These studies suggest that Nurr1 is required for both development and lifetime 

maintenance of DAergic neurons.  
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 The importance of Nurr1 makes it an attractive molecular target for drug 

discovery and stem cell research. Consequently, it is necessary to understand how Nurr1 

signaling is modulated to create a precise program of expression for proper proliferation, 

development, and survival.  It is proposed that Nurr1 plays a role in the transcriptional 

upregulation of downstream developmental factors, such as p57Kip2 and of proteins 

specific to the DAergic neuron phenotype e.g., tyrosine hydroxylase and dopamine 

transporter (18, 20, 22, 34, 36). Nurr1 may also exert its neuroprotective effects by 

regulating genes in two other midbrain cell types: astrocytes and microglia (12, 35). In 

contrast to its activating role in neurons, Nurr1 downregulates genes regulating the 

inflammatory response in astrocytes and microglia (35). Study after study of Nurr1 has 

revealed that its function is not straightforward. New evidence suggests that there may be 

a number of different mechanisms for Nurr1 transcriptional regulation in vivo that depend 

on several factors such as the gene transcribed, environmental signals, and the cellular 

context. The complexity of Nurr1 makes it a challenging protein to study. Therefore, it is 

important to take a step back and compare and contrast Nurr1 to its family members, the 

nuclear receptors.  

   
General Nuclear Receptor Structure and Function 
 
 The structure and behavior of more characterized nuclear receptors will form a 

basis from which I will distinguish Nurr1. A nuclear receptor contains three structurally 

conserved domains: the N-terminal transactivation domain (AF1), the DNA binding 

domain (DBD), and at the C-terminus, the ligand binding domain (LBD). Canonical 

signaling by a nuclear receptor proceeds by ligand binding of a specific hydrophobic 

ligand, such as a steroid, lipid or retinoic acid, to the LBD in the cell cytoplasm. The 
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ligand-bound nuclear receptor travels to the nucleus and the DBD recognizes a conserved 

DNA response element on a gene promoter. After DNA binding, the nuclear receptor 

recruits specific cofactors that activate or repress genes by events such as chromatin 

remodeling or binding transcriptional machinery (42).  

 Every step of the nuclear receptor signaling process is intricately regulated. The 

most studied form of regulation is through the events surrounding ligand binding and 

recruitment of coregulators to the LBD. Ligand binding domains can be recombinantly 

expressed and purified, which allows for biochemical, biophysical, and structural 

dissection of every aspect of DNA, ligand, and coregulator binding. The crystal structures 

of many nuclear receptor LBDs have been solved, revealing a highly conserved tertiary 

structure containing twelve α-helices and several β-strands packed around a ligand-

binding pocket. Small variations in the size, shape, and chemical properties of the ligand-

binding pocket give each nuclear receptor its ligand specificity. In the apo state, the 

ligand binding pocket forms a cavity has been found to range from 30 Å3 to 1400 Å3 (27). 

Corepressor proteins, such as NCoR and SMRT, bind to the LBD surface. Upon agonist 

binding the LBD undergoes a conformational change to accommodate the ligand, causing 

the terminal helix H12 to adopt a more stable position. The new conformation of H12 

creates a hydrophobic activator-binding surface called activating function 2 (AF-2). 

Traditional nuclear receptor coactivators such as SRC-1 bind to the AF-2 via a two-turn 

helix LXXLL motif, where L represents leucine and X is any amino acid. Though nuclear 

receptors share the same general mechanism for coactivator binding to the AF-2, each 

individual LXXLL motif has different binding dynamics due to the chemistry of the 

residues surrounding the motif. The variability in binding specificity between each 
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nuclear receptor and coactivator allows for sensitive regulation of nuclear receptor 

signaling (27). 

 
Nurr1 Structure  
 
 Nurr1 (figure 1) shares many canonical nuclear receptor characteristics, but 

differs in critical ways. Like canonical nuclear receptors, Nurr1 binds a specific DNA 

sequence called the NGFI-B response element, or NBRE (5’ AAAGGTCA 3’). Unlike 

many receptors, it remains constitutively bound to this element as a monomer (43). Nurr1 

can also regulate genes independently of DNA binding, for example, during 

transrepression of pro-inflammatory genes in microglia and astrocytes (35). Both the AF1 

and LBD domains contribute to Nurr1 activity (8, 30). Though many nuclear receptors 

have unknown endogenous ligands, Nurr1 and its close relatives DHR38 and Nur77 are 

unique in that they have no hormone pocket in the LBD, revealed by the crystal structures 

of their LBDs (1, 13, 41) (Nurr1 LBD PDB: 1OVL). These models reveal that the ligand 

binding pockets are filled with bulky hydrophobic residues that seem to block the entry of 

any possible ligand. In this apo-state, Nurr1 LBD is folded in a conformation resembling 

an active, ligand-bound nuclear receptor LBD, which may explain its constitutive activity 

in vivo. It is proposed that intramolecular bonds stabilize the active conformation in 

absence of ligand (41). Perhaps the most perplexing difference between Nurr1 and 

canonical nuclear receptors is that in Nurr1, polar residues line the proposed AF-2 

coactivator interaction surface and classical LxxLL-motif containing coactivators have 

not been shown to interact with Nurr1 at this site (41). 
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A 
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Figure 1. Nurr1 Structure 
A. Full length Nurr1 and its domains 
B. Model of the Nurr1 ligand binding domain (PDB code 1OVL). The structure is 
     colored starting with residue 363 of helix 1 in blue and ending with residue 598 of 
     helix 12 in red.  
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If Nurr1 activity is not modulated by ligand binding or by coregulator binding to the AF2, 

there must be other mechanisms in place for Nurr1 regulation.  

 
Possible Modes of Nurr1 Regulation  
 
 Alternative splicing is one manner that Nurr1 signaling may be modulated. 

Splicing variants of Nurr1 have been found in mouse, rat and human cDNA libraries (4, 

17, 31, 32). Four Nurr1 isoforms have been found in addition to wild-type Nurr1 in the 

human midbrain, though the wild-type transcript is significantly more abundant. Three of 

these isoforms have either a truncation or deletion in the exon coding for the LBD. As 

expected, these isoforms have reduced transcriptional activation when expressed in a 

human dopaminergic cell line (29). It is unknown, however, what percentage of Nurr1 

protein in the cell is translated from these isoforms and whether increasing the amount of 

alternatively spliced Nurr1 transcripts causes changes in signaling.  

 A more likely route for modulating Nurr1 activity is through intersection between 

Nurr1 and other signaling pathways. Many nuclear receptors are regulated by 

posttranslational modification, and Nurr1 is not an exception. Nurr1 can be 

phosphorylated and sumoylated, therefore Nurr1 activity can be modulated by kinase and 

small ubiquitin-related modifier (SUMO) pathways (15, 30, 35). Sumoylation sites are 

located at K91 in the AF1 domain and K558 and K577 in the LBD (15, 35). The Nurr1 

mutant K91R has increased activity, whereas the K577R mutant has decreased activity 

compared to wild type. Sumoylation of Nurr1 is necessary for its transactivation of 

inflammatory genes in both astrocytes and microglia (35). It is unknown why this 

modification is needed for Nurr1 transrepression of these genes. Phosphorylation of 

Nurr1 at an unknown residue by Nemo-like kinase is also required for Nurr1 repression 
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of inflammatory genes. Nurr1 phosphorylation has other effects on Nurr1 signaling. The 

mitogen-activated protein kinase (MAPK) pathway may contribute to Nurr1 activation, 

shown by decreased Nurr1 activation of a reporter construct after pharmacologically 

inhibiting MAPK, though this effect was cell-specific (30). These MAPK 

phosphorylation sites exist on the AF1. Another effect phosphorylation pathway that 

regulates Nurr1 is the tyrosine kinase Ret pathway, which inhibits the activity of Nurr1 

also through MAPK (41). In general, post-translational modifications may alter Nurr1 

activity by disrupting interactions with coregulator proteins, or alternately, creating an 

interaction surface for recruitment of coregulators, by inducing a structural change, or by 

changing DNA binding specificity.  

 Heterodimerization of Nurr1 with other nuclear receptors is another form of cross 

talk that could be responsible for regulation of Nurr1 activity. Nurr1 can heterodimerize 

with its subfamily members Nur77 and Nor1 and synergistically activate reporters 

containing a response element naturally used by Nur77 homodimers (28). It is unknown 

if this type of Nurr1 signaling occurs physiologically. Furthermore, Nur77 and Nor1 are 

not expressed in midbrain dopaminergic neurons, so subfamily heterodimerization does 

not explain how Nurr1 signaling is regulated in this area (45). Nurr1 also forms 

heterodimers with the retinoid X receptor (RXR), a nuclear receptor that binds to many 

hormone receptors at specific response elements at promoters (14). RXR/Nurr1 

heterodimers bind specifically to direct repeats of a retinoic acid receptor β response unit 

separated by five nucleotides, with RXR on the 5’ half-site and Nurr1 on the 3’ half-site 

(14, 33). RXR can also form heterodimers and activate Nurr1 without binding to DNA 

(14). RXR agonists activate RXR-Nurr1 heterodimers in mouse neurons, resulting in 
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enhanced survival (40). It is unknown whether RXR-Nurr1 heterodimer signaling occurs 

in adult mice.  

 
The Wnt/β-Catenin Pathway 
   
 The Wnt signaling pathway interacts with several different nuclear receptors (2). 

This highly conserved pathway is necessary for proper cell growth, differentiation and 

maintenance; aberrant Wnt signaling is implicated in certain cancers, including colorectal 

cancer. The population of genes activated by Wnt/β-catenin signaling is cell and context 

dependent. Classically, Wnt signaling begins when cells secrete Wnt glycoproteins into 

the extracellular space, where they make their way to Frizzled/LRP receptors on the 

surface of nearby cells. The downstream effector of canonical Wnt signaling is β-catenin, 

a constitutively expressed cytoplasmic protein. β-catenin is constantly targeted for 

degradation in the cytoplasm by kinases. Upon Wnt binding and consequent activation of 

its transmembrane receptor, these kinases are inactivated so that stabilized β-catenin can 

translocate into the nucleus. Once in the nucleus, β-catenin binds to lymphoid enhancer 

factor/T cell factor (TCF/LEF) transcription factors which remain bound to TCF/LEF 

sites on promoter regions of DNA (11). β-Catenin binding displaces corepressors from 

TCF/LEF and recruits coactivators to upregulate gene targets.  

 Like Nurr1, the Wnt signaling pathway is vital for the development of 

dopaminergic neurons in the ventral midbrain. During ventral midbrain development, 

Wnts increase proliferation and differentiation of Nurr1-positive DAergic neurons (6).   

β-catenin may have a direct role in this differentiation, as increased β-catenin activity 

results in a greater number of DAergic neurons from ventral midbrain precursor cells (7).  

Furthermore, expression of β-catenin and Nurr1 overlap in the ventral midbrain of 
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embryonic mice, which suggests that β-catenin may act through Nurr1 to promote 

differentiation (6).  

 In a study by Kitagawa and colleagues (2007), direct molecular interplay between 

Wnt and Nurr1 signaling was found in 293F and SK-N-MC cells. The results of their 

study show that active β-catenin dramatically increases Nurr1 signaling. They report that 

in the absence of Wnt signaling, Nurr1 binds to the tyrosine hydroxylase (TH) promoter 

in a complex with both coactivators and corepressors. When Wnt signaling is induced, β-

catenin and the gene activator CREB-binding protein (CBP), a unit of the histone 

acetyltransferase complex, replace the corepressors and amplify transcription (figure 2). 

The interaction between β-catenin and Nurr1 is direct and mediated through the Nurr1 

LBD and the armadillo repeat region of β-catenin. Cross-talk between Nurr1 and Wnt 

signaling also works in the other direction. In the absence of Wnt signaling, Nurr1 acts as 

a corepressor of the β-catenin target gene cyclin D1, forming a complex with LEF and 

other corepressors at the TCF/LEF site. When Wnt signaling is active, Nurr1 and the 

other corepressors are removed from the TCF/LEF site. β-catenin then binds to 

TCF/LEF, recruits CBP and activates transcription (figure 3). Nurr1 may also regulate 

Wnt/β-catenin signaling by activating KCNIP4 transcription in synergy with β-catenin. 

KCNIP4 is part of the machinery that degrades β-catenin (23).  

   
LRH-1 Cross Talk with β-Catenin: A Model for Nurr1 Regulation?  
  
 The liver receptor homolog 1 (LRH-1) receptor, like Nurr1, is constitutively 

active nuclear receptor that binds to its DNA response element as a monomer. LRH-1 is 

necessary for proper development and controls the phenotype and/or proliferation of cells 

in the intestine, ovary, liver and pancreas (3, 38). LRH-1 regulates cell proliferation by 
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activation of cyclins D1 and E1, two G1 cyclins that stimulate cell cycle progression (3). 

The mechanisms for LRH-1 activation of these two genes are different, but both involve 

β-catenin. LRH-1 directly regulates cyclin E1 expression by binding to a consensus 

response element at the cyclin E1 promoter. β-catenin binds to LRH-1 and acts as a 

coactivator, enhancing transcription (figure 2). For cyclin D1 activation, the reverse is 

true: Wnt signaling upregulates cyclin D1 expression by binding of β-catenin to TCF at 

the promoter. LRH-1 performs a coactivator role by binding through the LBD to the β-

catenin armadillo repeat region (figure 3). LRH-1 LBD is necessary and sufficient for 

transactivation, meaning LRH-1 does not need to directly bind the promoter to stimulate 

cyclin D1 transcription. Cross talk between the LRH-1 and β-catenin signaling pathways 

needs to be highly regulated, as both increased expression of LRH-1 and overactive β-

catenin, as well as overexpression of their target genes, the D1 and E1 cyclins, have been 

linked to increased tumorigenesis in the intestine (11, 38). 

 Recently, a member of the Fletterick lab has solved the structure of the β-catenin 

armadillo repeat region (residues 138-663) in complex with the LRH-1 hinge and LBD 

domains (LRH1, residues 191-641) (unpublished data). The armadillo repeat region of   

β-catenin is composed of 12 packed structural units each consisting of three α-helices 

forming a right-handed superhelix (16). The positively-charge surface of a groove formed 

by twisting of the repeats serves as the binding surface for H9 and H10 of LRH-1 LBD. 

β-catenin residues Y306, K345, and W383 are most important for the interaction. 
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Figure 2. Model for β-catenin transactivation of Nurr1 and LRH-1. The binding of  
β-catenin to LRH-1 or Nurr1 LBD increases transcriptional activity by recruitment of 
coactivator proteins.  
 
 
 
 
 

 

 

 

 

 

 
 
 
 
Figure 3. Nurr1 and LRH-1 as coregulators of β-catenin signaling. Nurr1 transrepresses 
cyclin D1 in the absence of Wnt signaling, whereas LRH-1 transactivates cyclin D1 
through β-catenin binding.  
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Though the Nurr1 and LRH-1 LBDs have low primary structure conservation, their 

tertiary structure is similar; alignment of the model of Nurr1 LBD (PDB: 1OVL) with 

LRH-1 LBD in the β-catenin/LRH-1 LBD complex shows a root mean square deviation 

of 2.48 Å (figure 4). However, the structure of Nurr1 likely adapts to fit β-catenin, 

possibly at the somewhat flexible loop between H9 and H10. I hypothesize that Nurr1 

binding to β-catenin is mediated by basic surface groove of the armadillo repeats and has 

a common interaction surface with LRH-1. To test this hypothesis, I have expressed and 

purified recombinant human β-catenin and Nurr1 LBD to use for co-crystallization and 

future in vitro binding experiments.  
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Figure 4. Model of β-Catenin/LRH-1 LBD complex superimposed with Nurr1 LBD 
β-Catenin armadillo repeat region (residues 138-663) in green, bound to LRH-1 LBD 
(191-541) in orange. Nurr1 LBD (magenta) is superimposed on LRH-1 LBD.
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METHODS 
 
 
General Recombinant Protein Expression and Purification  
 
 All recombinant proteins were transformed into the Escherichia coli strain 

BL21*(DE3) for expression. Transformation was performed by 42°C heat shock of 

competent cells with 1 µL of selected expression plasmid and recovery at 37°C in SOC 

medium for one hour with shaking. Cells were plated on LB with appropriate antibiotics 

for selection. After 37°C overnight incubation, colonies were picked and grown in 100 

mL LB with appropriate antibiotic. The next day, 20 mL of this pre-culture was used to 

inoculate 1L of LB. The cultures were grown at  and shaken at 180 RPM until on OD600 

of 0.5 to 1.0. At this time, protein expression was induced by the addition of isopropyl β-

D-1-thiogalactopyranoside (IPTG) to 125-250 µM concentration and grown overnight at 

16°C and shaken at 180 RPM. 

 Cell pellets were collected from these cultures by centrifugation at 4,000 g for 30 

minutes. Pellets were resuspended in 30 mL of cold buffer A (table 1). One Complete 

mini EDTA-free protease inhibitor tablet (Roche) was added per liter of culture used. To 

extract lysate from E. coli, cells were lysed by either sonication at 50% duty for two 

minutes in an isopropanol and ice water bath or by ten minutes of pressure 

homogenization (EmulsaFlex-C5, Avestin). Lysate was separated from cell debris by 

centrifugation at 35,000 g for 30 minutes.  

 Supernatant was transferred to a cold 50 mL tube for affinity purification. A 3 mL 

bed volume of Ni-NTA agarose beads (Qiagen) were washed with buffer A and added to 

the lysate. The lysate and beads rotated at 4°C. After one hour, the slurry was added to a 

disposable gravity column and flow through collected. The beads were washed with 40 
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mL of buffer A. To eliminate chaperone proteins from Nurr1 LBD, the beads were then 

washed with 10 mL of buffer A with 1 mM ATP and 3 mM MgCl2. To finish washing, 

another 40 mL of buffer A was passed through the beads. Protein was eluted using 10 mL 

buffer A with 300 mM imidazole. The amount of protein eluted was measured in a 

Bradford assay.  

 
Nurr1 LBD Cloning and Purification 
 
 To make a HIS-tagged human Nurr1 ligand binding domain fragment (Nurr1 

LBD), Nurr1 residues 254 to 598 were amplified from full-length Nurr1 pcDNA with a 

5’ primer encoding the TEV protease cleavage site (FWD Primer: 5’GACGACGACAA 

GATGagcgaaaacctgtattttcagagtCCACAGGAGCCCTCT 3’ / REV Primer: 5’ GAGGA 

GAAGCCCGGttaGAAAGGTAAAGTGTC 3’). This fragment was cloned into a pRSF-2 

Ek/LIC vector containing a C-terminal (His)6 tag by means of ligation-independent 

cloning, using the protocol provided in the kit (Novagen). The vector was transformed 

into BL21*(DE3) cells and grown on LB + kanamycin plates.  

 After expression and nickel affinity purification as described above, Nurr1 LBD 

was purified further by gel filtration. A Superdex75 16/60 HiLoad or Superdex75 10/300 

column was utilized on an AKTApurifier system (GE Healthcare) equilibrated with gel 

filtration buffer (table 1). One milliliter of the concentrated sample was loaded to the 

column. One-milliliter fractions were collected. A sample from each fraction was 

analyzed by SDS-PAGE gel electrophoresis.  
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β-Catenin Cloning and Purification 
 
 A fragment of human β-catenin corresponding to the armadillo repeat region 

spanning residues 138-663 of the protein was created from full-length cDNA (βCat 

ARM).  A TEV protease cleavage site was added to the N-terminal region coded on the 

forward primer (FWD 5’ GACGACGACAAGagcgaaaacctgtattttcagggtaacttgattaactat 3’  

/ REV 5’ GAGGAGAAGCCCGGttacaggtcagtatcaaacca 3’). This insert was cloned into a 

pCDF-2 Ek/LIC vector downstream from a (His)6 tag using ligation-independent cloning 

(Novagen). BL21*(DE3) cells were transformed and plated on LB streptomycin. After 

expression and nickel affinity purification, βCat ARM was gel purified using a 

Superdex75 16/60 HiLoad or Superdex75 10/300 column as described for Nurr1 LBD.  

 
 Full-length recombinant human β-catenin (βCat FL) was cloned into a pCDF-2 

Ek/LIC vector containing a N-terminal (His)6 tag (FWD 5’ GACGACGACAAG 

agcgaaaacctgtattttcagagtGCTACTCAAGCTGATTTG 3’ / REV 5’ GAGGAGAAG 

CCCGGttacaggtcagtatcaaacca 3’). BL21*(DE3) E. coli cells transformed with this vector 

were grown and induced as described. Lysate from these cultures purified with Ni-NTA 

beads as described. The sample was further purified by gel filtration using a Superdex200 

16/60 HiLoad column. Collected sample was then exchanged in low-salt buffer (anion 

exchange buffer A, table 1) to prepare for ion-exchange purification. The protein was 

loaded on a Mono Q 4.6/100 PE anion exchange column (Amersham Biosciences). Anion 

exchange buffer A and anion exchange buffer B (table 1) were used to establish a 

gradient.  
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TABLE 1: BUFFERS   
 

Buffer A 
 
20 mM Tris pH 8.0 
300 mM NaCl 
5 mM β-Mercaptoethanol  
1 mM CHAPS 
20 mM Imidazole 
10% v/v Glycerol 
 

Gel Filtration Buffer 
 
20 mM Tris-HCl pH 8.0 
150 mM NaCl 
5 mM Dithiothreitol (DTT) 
10% v/v Glycerol 

Anion Exchange Buffer A 
 
50 mM Bicine pH 8.0 
5 mM NaCl 
1 mM DTT 
10% v/v Glycerol 
 

Anion Exchange Buffer B 
 
50 mM Bicine pH 8.0 
1 M NaCl 
1 mM DTT 
10% v/v Glycerol 
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Small Angle X Ray Scattering 
 
 Fractions consisting of Nurr1 eluting off the Superdex75 gel filtration column 

from peak two were collected. The sample (<8 mg/mL) was syringe filtered and 15 µL 

used for data collection. Small angle X ray scattering (SAXS) data was collected on 

beamline 12.3.1 at the Advanced Light Source at Lawrence Berkeley National 

Laboratory. The sample was exposed for 0.5, 2, 5 sec.  Buffer references were taken and 

subtracted from the profile. The data was merged using Primus software. Primus was also 

used to create a Guinier plot. A pair distribution function (P(r)) was created using 

GNOM. Finally, GASBOR was used to reconstruct a structural model from the P(r). 

 
Crystal Screening 
 
 Nurr1 LBD and βCat ARM pellets were combined and co-purified as described 

for Nurr1 LBD. The sample was concentrated. Crystal screening kits from Qiagen were 

used for precipitants and 225 nL hanging drops (2:1 protein to precipitant) were placed 

by a Mosquito robot (TTP LabTech). Crystal trays were left to incubate at 20°C. 
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Results 

 
 Nuclear receptor structure has traditionally been studied using the domains of 

interest instead of the full-length protein. This practice is due to regions of high flexibility 

or disorder, especially in the N-terminal domain, which are unlikely to be solved by X-

ray crystallography. For this reason, I have attempted to co-crystallize the stable 

fragments of Nurr1 residues 351-598 (Nurr1 LBD) and β-catenin residues 138-663 (βcat 

ARM). The Nurr1 LBD was truncated at the N-terminus compared to the fragment used 

by Wang, et al. because this region is structurally flexible and was not visible in Wang 

and colleagues’ electron density maps.  

 Both constructs of Nurr1 LBD and βCat ARM carried an N-terminal HIS-tag with 

TEV protease cleavage site for the option of HIS-tag removal. Nurr1 LBD was highly 

expressed in E. coli BL21*(DE3) cells (figure 5). Affinity purification yielded >10 mg of 

relatively pure protein with only slight loss from washing. Gel filtration of the protein 

yielded highly pure (>95% purity) specimens (figure 6). Nurr1 LBD had a peculiar 

elution profile, with a peak eluting at 9.77 mL (peak 1) and another at 11.23 mL (peak 2) 

(figure 7). These peaks corresponded to about 68 kDa and 37 kDa, repectively, based on 

a standard curve. The species looked identical on a denaturing gel. There were some 

contaminating proteins, possibly consisting of chaperones, which eluted predominantly 

with peak one. I hypothesized that peak two corresponded to monomeric Nurr1 LBD 

(estimated MW: 31 kDa) and that peak two contained dimerized Nurr1. If this were the 

case, if I took second peak, concentrated it, and ran it on the same size exclusion column 

again, I would see the same elution profile because the dimers and monomers would be at 

equilibrium.  
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Figure 5. Nickel-NTA Affinity Purification of Nurr1 LBD. 
   Column 1: elute; column 2: flow through; column 3: elute  
   after incubation with 300 mM imidazole 

 
 
 
 
 
 
 
 
 
 
 
 
 

250 
 

130 
95 
72 

 
55 

 
 

36 
28 

 
 

17 
 
 

11 



 21 

 
 
 

A 
Fraction # 

     MW (kDa)        23   25   27    29    31    33   35   37    39 
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Figure 6. Gel Filtration of Nurr1 LBD using Superdex 75 16/60 column.  
A. SDS-PAGE gel of fractions collected  
B. UV spectra at 280 nm. Fractions numbers are labeled in red. Dotted lines refer to the  
     fractions collected and run on the SDS-PAGE gel  
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Figure 7. Analysis of Nurr1 components using a Superdex 75 10/300 column.  
A. Nurr1 LBD elutes in two peaks (void volume containing aggregates at 8 mL)  
B. Elution profile from a second gel filtration of the fractions consisting of peak one 
C. Results from the second gel filtration of peak two fractions 
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However, this was not the case. The protein from both peaks eluted at the same volume, 

without the appearance of the other. I hypothesized that the Nurr1 LBD corresponding to 

peak one forms stable dimers, possibly with assistance from contaminating species, 

whereas the protein of peak two consists of monomeric species. 

  To affirm that the Nurr1 LBD that I was expressing is monomeric, I gave a 

sample of protein from peak two to a laboratory colleague to perform a SAXS 

experiment. The raw data was plotted by the log of the diffraction intensity (log(I)) vs the 

scattering angle (figure 8). Data from two exposure times were merged and the first 100 

points were subjected to Guinier analysis. The Guinier plot fit to a straight curve, 

revealing that the protein was free of aggregates (figure 9). The radius of gyration was 

calculated from this plot to be 23.8 Å. The pair distribution was created and used to 

reconstruct a structural model (figure 10). The sample modeled well to an asymmetric 

globular protein with a radius of gyration 26.4 Å, which matches closely to the radius of 

gyration calculated by Guinier analysis. When this model is compared to the model of 

Nurr1 LBD determined by crystallography, the SAXS model is about 30 Å larger when 

measured lengthwise. This may be explained by the addition of a (His)6 tag, TEV 

protease cut site and residues 251-362 of Nurr1 LBD to my protein as compared to the 

crystal model Nurr1 LBD. Therefore, the extra bulk of my protein may account for the 

size difference. I concluded from the SAXS model that I would use protein from elution 

peak two for experiments and crystallization, as this species was most likely folded and 

monomeric.     
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Figure 8. SAXS data plot of the log (intensity) vs. scattering angle for two exposure 
times, 2 sec and 5 sec, of Nurr1 LBD  
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Figure 9. Guinier analysis of the first 100 points of the SAXS data plot.  
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Figure 10. A. Pair distribution function of SAXS data. 
       B. Structural model of Nurr1 LBD based on the pair distribution 
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 The expression and co-purification of Nurr1 LBD with βCat ARM was very 

successful. Nickel-affinity purification resulted in a large amount of both proteins (figure 

11). Surprisingly, when the proteins were purified by gel filtration, they did not elute as a 

complex. Instead, there was a peak eluting at 9.86 mL, which is the expected retention 

volume of βCat ARM, and another peak at 11.2 mL, the retention volume of Nurr1 LBD 

(figure 12). Therefore, the interaction is weak between these two constructs. I took 

fractions 13-16, as they were purest and eluted at a roughly 1:1 ratio. These fractions 

were concentrated and used for crystal screening. So far, there have been no crystal hits.  

 Full-length β-catenin was also successfully purified. The full-length protein is 

more stable than the armadillo repeat region alone. The nickel-affinity purification 

products are shown in figure 13 and figure 14 features the gel filtration products. During 

anion exchange chromatography, βCat FL did not consistently elute at the same 

percentage of buffer each time. The protein was exchanged in anion exchange buffer A 

by dialysis before it was loaded onto the column, however, the dialysis period ranged 

from 3 to 16 hours, so this may account for the difference in the %B needed for elution. 

An example from one purification is shown in figure 15. In this example, βCat FL eluted 

between 300 to 400 mM NaCl.  
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Figure 11. Nickel-NTA co-purification of Nurr1 LBD with βCat ARM. Column 1 is the 
crude lysate, column 2 is flow-through, and column 3 is the elute after the addition of  
300 mM imidazole. 
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 MW (kDa)             7     8    9    10   11  12   13  14   15   16 
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Figure 12. Gel filtration of Nurr1 LBD and βCat using a Superdex 75 10/300 column 
A. SDS-PAGE gel of fractions collected 
B. Gel filtration chromatograph of Nurr1 LBD/βCat ARM 
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  Figure 13. βCat FL nickel-affinity purification.  
  Column 1 was loaded with crude E. coli lysate, column 2  
  with flow through after batch binding with Nickel NTA  
  beads, and column 3 with elute after addition of 300 mM  
  imidazole. 
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A  
         Fractions 
          
         MW(kDa)            35   36    37   38   39   40    41    42    43   44 
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Figure 14. Gel filtration purification of βCat FL using a Superdex 200 16/60 column. 
A. SDS-PAGE of fractions collected from gel filtration 
B. UV 280 nm chromatograph of elutants from the column 
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A.     Fraction # 
 

    MW (kDa)          29   30   31   32   33   34 

 
 

 
B 
 

 
 
 
Figure 15. Anion exchange of βCat FL using a MonoQ column 
A. SDS-PAGE gel of elution fractions 
B. The UV 280 nm spectra of the elutants is traced in blue. The Y-axis shows the percent 
buffer B used to set up the gradient, traced in lime 
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Conclusions and Future Directions 
  
 My preliminary results have shown that β-catenin and Nurr1 LBD can be 

successfully expressed and purified from an E. coli system and that these proteins may be 

used to test the specific biophysical interactions between these two proteins. Continued 

screening for optimal crystallization conditions for the Nurr1 LBD/β-catenin complex 

needs to be done. When appropriate co-crystals have been grown, they will be brought to 

the Advanced Light Source beamline 8.3.1 for X-ray diffraction. It may be the case that 

appropriate crystals are never grown or that crystals may not diffract at high resolution. 

In this case, in vitro crosslinking with mass spectrometry can be used to determine the 

interaction surfaces of the Nurr1/β-catenin complex. Verification that these surfaces are 

important for function will be tested by mutational analysis in mammalian cells. 

 Since the interaction between recombinant Nurr1 LBD and β-catenin is weak, and 

therefore transient, I will use covalent crosslinking to capture any dimers that may form. 

The reagents 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and sulfo-N-

hydroxysuccinimide (NHS) facilitate amide bond formation between primary amine and 

carboxylic acid groups on amino acid side chains. Therefore, if an aspartic acid or 

glutamic acid residue from one protein is in very close proximity to a cysteine residue on 

another protein, exposure to the EDC/NHS reagent will covalently link the two proteins. 

My preliminary results show that Nurr1 LBD is capable of crosslinking with these 

reagents. There are numerous Cys, Asp, and Glu residues near the proposed interaction 

site. Therefore, I will use EDC/NHS to crosslink Nurr1 LBD with full-length β-catenin. I 

will resolve the products on an SDS-PAGE gel and use mass spectrometry to identify the 
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sites of interaction. If EDC/NHS does not work, I will use variable-length crosslinking 

reagents.  

 To address the physiological importance of the interaction surface between 

Nurr1/β-catenin, the residues found to be responsible for binding will be mutated and 

mutant full-length proteins expressed in HEK293 cells. I will test β-catenin activation of 

Nurr1 signaling using an NBRE-luciferase reporter. I hypothesize that direct binding is 

necessary for β-catenin’s stimulatory effect on Nurr1 activity; therefore I predict that the 

expression of β-catenin mutants will not activate Nurr1 signaling. I will also assay the 

effect of defective Nurr1/β-catenin complex formation on Nurr1 repression of the 

TCF/LEF site. For this assay, I monitor the activity of a TOPFLASH luciferase reporter, 

which contains the TCF/LEF binding site. If binding between Nurr1 and β-catenin is not 

needed for removal of Nurr1 from TCF/LEF, I should see no difference in luciferase 

transcription when β-catenin is expressed. If I see a change in activity, it would suggest 

that the Nurr1/β-catenin complex must form to enable clearance of Nurr1 from the 

TCF/LEF site.   

 The interaction between the Wnt signaling pathway and Nurr1 is an exciting 

prospect for the mechanism for Nurr1 regulation. In addition to the proposed biochemical 

studies, more evidence for a physiological role of this interaction needs to be done in 

vivo. An important question is whether Nurr1/Wnt crosstalk is essential for midbrain 

development and whether the communication takes place at all stages of the life cycle. 

The knowledge of the molecular interactions responsible for DAergic neuron creation 

and maintenance will allow for the development of remedies to the global health concern 

of Parkinson’s disease.
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