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ABSTRACT 

Approximately one out of six FDA-approved drugs target nuclear receptor proteins. This 

family of ligand-activated transcription factors has a highly dynamic activation mechanism that 

includes dimerization, ligand binding, and coregulator binding. After binding to coregulator 

proteins, nuclear receptors can specifically recruit different histone modifying proteins to thereby 

regulate gene expression. What is not fully understood about these proteins is how ligands can 

modulate the recruitment of specific coactivator proteins, known as biased agonism. 

Conventionally, it has been thought that helix 12 located on the C-terminus of the ligand binding 

domain acts as a crucial determinant for coregulator binding affinities. However, recent work has 

suggested that this mechanism is far more complex. In this project, we employed hydrogen 

deuterium exchange mass spectrometry to study the dynamics of the ligand binding domains of 

two nuclear receptors: peroxisome proliferator activator receptor gamma and farnesoid X 

receptor. Analyses were done in the presence of ligands and/or coregulators to elucidate changes 

in structural stability and dynamics of these proteins when in complex with various binding 

partners. This work has revealed that protein regions besides helix 12 proximal to the coregulator 

binding interface are involved in the biased agonism mechanism. By further understanding this 

mechanism, this work provides a significant opportunity for the development of new therapeutic 

agents with highly targeted effects. 
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CHAPTER ONE 

FUNCTION AND STRUCTURE OF NUCLEAR RECEPTORS 

Nuclear Receptors as Biological Regulators 

The regulation of gene expression is an essential component of maintaining biological 

homeostasis and overall function. To achieve this, transcription factor (TF) proteins can 

specifically recognize specific regions of DNA to then modulate the transcription of DNA into 

mRNA and eventually proteins synthesis (Lambert et al., 2018). TFs can modulate the 

transcription of genes through the modification of histones with post translational modifications 

such as acetylation (Annunziato & Hansen, 2018), methylation (Kouzarides, 2007), and 

phosphorylation. These modifications can disrupt the structure of the tightly coiled DNA around 

histone proteins. Upon disrupting these DNA coils, transcriptional machinery is then able to bind 

to DNA to then transcribe DNA into RNA and translate RNA into proteins. 

The dysfunction of TFs has been linked to many human diseases from nonalcoholic fatty 

liver disease (Sayaf et al., 2021) to prostate cancer (Qu et al., 2019). The resulting dysregulation 

of genes because of not properly functioning TFs results in a cascading set of side effects and 

disruption to homeostasis broadly. Since TFs regulate the expression of the vast majority of 

genes in humans, understanding the underlying mechanism by which TFs bind to specific 

regions of DNA and modulate the expression of genes is of critical importance. These studies can 

then further inform scientists to develop more specific drugs to better target TFs in a manner that 

maximizes potency while minimizing side unwanted effects. 
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The Nuclear Receptor Family  

Nuclear Receptors (NRs) are a group of ligand-activated TFs that have wide-ranging 

roles in biology. There are 48 NRs in humans that can be clustered into seven different subgroups 

based on sequence homology (Figure 1). Although the subgroups of NRs have differing 

mechanisms, most bind lipophilic molecules such as fatty acids and bile acids (BAs) (Frigo et al., 

2021). Individual NRs can regulate many different genes; however, each NR is generally 

confined of subset of metabolic and biological pathways.  

 

 

Figure 1: The nuclear receptor family tree. 48 different nuclear receptors are clustered into seven 

different subfamilies denoted as NR0-NR6. It is important to note that this subfamily 

classification is based on sequence homology rather than mechanism (Frigo et al., 2021). 
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NRs are comprised of four main domains (Figure 2). On the N terminus, there is a 

nucleotide binding domain (NTD) which is contains the first of two transactivation subdomains 

(AF1). Following the NTD there is a DNA binding domain (DBD) which contains two zinc 

finger DNA binding motifs, and then there is a hinge domain which connects the DBD to the 

ligand binding domain (LBD). The LBD contains the second transactivation subdomain (AF2). 

Finally, on the C-terminus, some NRs contain a highly disordered carboxy/C-terminal domain. 

The amino acid sequence and length of these domains can vary between proteins, however 

general domain function is characteristic and carries across all NRs. 

 

 

Figure 2: Structural domains of nuclear receptors. From N to C-terminus the following domains 

are depicted: nucleotide binding domain (NTD) which contains the first transactivation 

subdomain (AF1). There is a DNA binding domain (DBD) followed by a hinge domain. Finally, 

the ligand binding domain (LBD) that contains the second transactivation subdomain (AF2). 

Some NRs contain a carboxy/C-terminal domain which is not depicted in this schematic. 

 

The transactivation subdomains recruit coregulators that allow for the modulation of gene 

expression. Interestingly, NRs do not have the biological machinery to add post translational 

modifications to histone proteins. Rather, coregulator proteins bind to NRs and act as a scaffold 

between NRs and histone modifying proteins. The AF1 subdomain can vary in impact in activity 

across different NR types and subfamilies, but its primary function is to assist in coregulator 

binding. Because the NTD is highly disordered, it has historically been less studied in NRs. The 
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LBD domain is highly conserved and is essential to the function of most NRs. This domain is 

comprised of alpha helices that stabilize the interaction of the NR, ligands, and coregulators. 

In addition to subfamily categorization, NRs can be classified under their signaling 

mechanism, commonly referred to as types I-IV (Weikum et al., 2018). Type I NRs generally 

reside in the cytoplasm of cells in where they form heterodimers with chaperone proteins (Figure 

3A). Upon binding to a ligand, these receptors disassociate and are trafficked to the nucleus of 

cells where they bind to palindromic hormone response elements (HREs) as a homodimer. Type 

II NRs reside in the nucleus bound to direct repeat HREs, and form heterodimers with retinoid X 

receptor (RXR) (Figure 3B). In their unliganded state, they are bound to corepressors which are 

exchanged for coactivators upon binding to a ligand. NRs that are categorized as type III have a 

similar mechanism to type II’s, but form homodimers (Figure 3C). Finally, type IV NRs reside in 

the nucleus bound to an extended half site HREs as a monomer (Figure 3D). Upon binding to a 

ligand, corepressors are exchanged for coactivators that add post-translational modifications to 

histones. 
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Figure 3: Signaling mechanisms of the four nuclear receptor (NR) types. (A) Type I NRs 

generally reside within the cytoplasm (C) bound to chaperone proteins. Upon binding to a ligand 

(white hexagon), type I NRs then disassociate and migrate to the nucleus of cells and bind to 

palindromic hormone response elements (HREs). (B) Type II NRs reside in the nucleus of cells 

where they heterodimerize with retinoid X receptor (RXR) and are bound to corepressors. Upon 

binding to ligands, type II nuclear receptors exchange corepressors with coactivators. (C) Type 

III NRs also reside in the nucleus of cells, but as a homodimer bound to direct repeat HREs. 

Upon binding to a ligand, Type III NRs also exchange corepressors for coactivators. (D) Type IV 

NRs reside in the nucleus of cells as a monomer bound to extended half site HREs. Upon binding 

to ligands, this type of NRs undergoes a similar mechanism to type II and type III NRs, with 

coactivators replacing corepressors (Weikum et al., 2018).   

 

NRs regulate gene expression primarily by the addition or removal of an acetyl group on 

histones (Figure 4). After binding to ligands, NRs are then able to activate gene transcription by 

binding to a coactivator. Upon forming the complete complex, histones can be acetylated, 
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thereby destabilizing tightly-wound DNA. This allows transcriptional machinery to then 

transcribe and translate genes. To repress genes, a similar mechanism is used, with the dimerized 

NRs binding to a corepressor. Corepressors can then bind to histone deacetylase proteins. 

Deacetylating histones then results in more tightly coiled DNA, which results in transcriptional 

machinery not being able to bind to DNA and genes being less expressed overall. 

 

 

Figure 4: Mechanism of the regulation of genes by Type II NRs. RXR and Type II NRs upon 

binding to inverse agonists allows for the recruitment of a corepressor complex that deacetylates 
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histones. This results in condensed chromatin and repressed target genes. Upon binding to an 

agonist, an allosteric change takes place, and the corepressor complex is exchanged for a 

coactivator complex. This results in histone acetylation which elongates chromatin, thereby 

activating target genes. This figure was adapted from Weikum et al., 2018.  

 

Currently, approximately one in six FDA-approved drugs target NRs (Santos et al., 

2017). Pharmaceuticals like thiazolidinediones (TZDs) (Malik & Singh, 2025) and obeticholic 

acid (Fiorucci et al., 2025) are treatments that been developed to treat serious conditions such as 

type two diabetes and biliary cholangitis. These drugs act as agonists for NRs that then stimulate 

the recruitment of coactivators. Although these drugs are very effective at modulating the 

transcription of genes that are involved with these conditions, these drugs can have deleterious 

side effects. One of the primary reasons that these side effects occur is because changes in gene 

expression are not specific, causing these drugs to disrupt normal biological function. A greater 

understanding of these unique and complex proteins has the exciting potential to allow for the 

further development of more effective drugs, and the ability to improve patient outcomes for 

patients suffering from an expansive list of metabolic disorders (Fiorucci et al., 2021). 

It is therefore of great biomedical significance that the mechanism of NRs is fully 

elucidated to understand and create more effective treatments for many metabolic diseases. The 

research described in the rest of this manuscript will focus on the mechanism of two subfamily 

one, type II NRs: farnesoid X receptor (FXR), and peroxisome proliferator activator receptor 

gamma (PPARγ). 

The Biological Roles of FXR and PPARγ 

 FXR is a NR that has a wide range of roles associated with the regulation of BA 

metabolism and liver homeostasis (Figure 5). FXR is highly expressed in the gastrointestinal 
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tract where BAs are metabolized, reabsorbed, and synthesized (Chiang & Ferrell, 2022). FXR 

regulates BA synthesis by repressing the expression of bile acid synthase proteins (Ding et al., 

2024). Additionally, FXR can stimulate BA excretion by regulating the expression of BA binding 

proteins by binding to the response element of BA secretion carriers. FXR has been shown to be 

a regulator of lipid, glucose, and general energy metabolism (Chiang, 2017; Li & Chiang, 2014). 

To achieve this large variety of regulatory elements, FXR has over 25 gene targets that affect 

many metabolic pathways (Li & Chiang, 2014). The dysregulation of FXR has been linked to 

many diseases such as non-alcoholic fatty liver disease (Sonne, 2021), cancer tumorigenesis (Ye 

et al., 2025), and diabetes (Zhang et al., 2006).  

 

 

Figure 5: Biological roles of FXR and PPARγ. Tissues that both proteins are primarily expressed 

in, regulatory roles and genes, natural and synthetic ligands are described. Information for the 

figure was obtained from a variety of studies (Ahmadian et al., 2013; Kemper, 2010; Małodobra-

Mazur et al., 2024; Nielsen et al., 2008; Xiao et al., 2024). 
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PPARγ also has diverse roles in metabolism, with over 100 experimentally verified target 

genes (Fang et al., 2016). PPARγ is primarily expressed in both white and brown adipose tissue 

and is broadly involved with the regulation of adipogenesis and glucose homeostasis (Figure 5) 

(Ahmadian et al., 2013). As with FXR, PPARγ has been shown to be involved with many 

diseases such as diabetes (de Carvalho et al., 2021), nonalcoholic fatty liver disease (Zhou et al., 

2025), and prostate cancer (Elix et al., 2019). Like FXR, PPARγ has served as an attractive drug 

target for many drugs like TZDs which has been approved to treat type two diabetes since 1997 

(Parker, 2002). 

PPARγ and FXR are key regulators of many genes spanning BA metabolism to adipose 

tissue differentiation. This has led to these proteins to be attractive drug targets to treat diseases 

that impact millions of people daily such as type two diabetes or nonalcoholic fatty liver disease. 

Given these proteins’ complex mechanisms, using a structural and protein dynamics-focused 

approach provides valuable context that can allow for the improvement of future drugs. 

PPARγ and FXR Structure 

As previously described, PPARγ and FXR are Type II NRs, which means both proteins 

form heterodimers with RXR and remain bound to DNA in a cell’s nucleus. This fact results in a 

structure that has many distinct domains that interact between proteins and DNA (Figure 6). 

PPARγ and FXR contain three structured domains: a Zn finger, a hinge, and an LBD (Figure 

6A). The Zn finger contains two Zn atoms which assist the domain with binding to specific 

direct repeat HREs. The Zn finger and the LBD are connected by a hinge domain. The LBD can 

bind to coregulators and ligands and contains the AF2 transactivation subdomain. Due to the 
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unstructured nature of the NTD in all NRs, and carboxy/C-terminal domain in some NRs, it is 

often difficult to obtain high-resolution crystal structures that comprise of these regions. The 

dimerization interface spans between a small portion of the Zn finger domain, and a large port of 

the LBD of PPARγ and RXR (Figure 6B).  
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Figure 6: Crystal structure of RXRα PPARγ heterodimer in complex with DNA (PBD: 3DZY). 

A) PPARγ structure with Zn finger domain, hinge domain, and LBD numbered 1, 2, and 3, 

respectively. B) Full crystal structure of heterodimer in complex with DNA. PPARγ, RXRα, and 

DNA are depicted in cornflower blue, red, and purple, respectively. NCOA2 peptides are 

depicted in green, 9CR is depicted in yellow, and BRL is depicted in magenta.  
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The LBD of both PPARγ and FXR are primarily comprised of alpha helices (Figure 7). In 

the center of both LBDs, there is a pocket that contains the AF2 subdomain. The AF2 subdomain 

can bind to a multitude of different lipophilic ligands. Coregulators bind on the exterior of the 

protein and primarily contact three helices: H3, H4, and H12. These coregulator proteins then 

serve as a scaffold for histone acetyltransferase or histone deacetylase proteins to bind to. 

 

 

Figure 7: Crystal structures of the LBD of PPARγ and FXR. Left: Structure of PPARγ LBD in 

complex with coactivator peptide PGC1α and TZD ligand (PDB: 3CS8). PPARγ, PGC1α, and 

TZD (gray) are depicted in gray, green, and cornflower blue, respectively.  Right: Structure of 
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FXR LBD (PDB: 7D42) in complex with SCR-2 (green) and tropifexor (cornflower blue). 

Helixes 3, 4, and 12 are depicted in salmon for both proteins.  

 

The Mechanistic Basis of PPARγ and FXR Activation 

FXR and PPARγ have ligands that can act as full and partial agonists, antagonists, and 

full and partial inverse antagonists. Agonists favor recruitment of coactivators, with full agonists 

having a higher effect than partial agonists. Inverse agonists cause NRs to favor recruiting 

corepressors, with full inverse agonists having a higher effect. Finally, antagonists prevent 

coregulators from binding in general. 

To achieve this wide range of activity modulation it has been shown that both FXR (Jiang 

et al., 2021) and PPARγ (Shang et al., 2020) undergo conformational changes upon binding to 

ligands. Most notably, it has been shown that upon being allosterically activated by ligands, H12 

moves proximally towards the rest of the LBD. This movement creates a hydrophobic binding 

groove for coregulator proteins to bind to. Depending what ligand is bound, the conformations 

for both proteins can vary. Coactivators generally bind with an LxxLL motif (where “L” is 

leucine and “x” is any amino acid) that bind to the exposed hydrophobic groove on the NR. 

Additionally, it is important to note H12 orientation is not the sole region of the protein that is 

responsible for allowing for coactivators to bind (Bruning et al., 2007). Different agonists can 

result in varying orientations of H12. 

It has also been shown that there exists a tendency known as “biased agonism” in NRs 

(Nemetchek et al., 2022; Rayl et al., 2024). This is the tendency of ligands can alter the binding 

affinity of specific coactivators. Understanding the mechanism of biased agonism is of great 
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importance, as producing a drug that can bind in a manner that specifically recruit coregulator 

proteins can thereby produce very targeted effects.  

It has been demonstrated experimentally that the binding of agonists GW1929 and 

MRL24 cause PPARγ to favor binding of the coactivator PGC1α100-220 (Figure 8). In the same 

study, this mechanism has demonstrated to produce biased gene expression when these two 

ligands were compared to rosiglitazone as a reference agonist (Rayl et al., 2024). This 

mechanism of biased agonism is largely determined by the differences in binding mode 

(Nemetchek et al., 2022). Coactivators can have S/TxLxxLL or SxxLxxLL (where “S” is serine, 

“T” is threonine, “L” is leucine, and “x” is any amino acid) motifs (named S motifs) that do not 

hydrogen-bond to H4 in PPARγ. Additionally, there are H/NxxLxxLL (where “H” is histidine, 

“N” is asparagine, “L” is leucine, and “x” is any amino acid) motifs (named N anchored) that do 

hydrogen-bond with H4. Biased agonism can be more specifically defined by agonists that favor 

the binding of coactivators with N anchored or S motifs. 
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Figure 8: Two ligands cause PPARγ to favor binding of PGC1α100-220 in vivo. Left: calculated 

bias values for CBP1-127 (gray), PGC1α100-220 (magenta), and MED1557-870 (green) coactivators. 

PPARγ was analyzed as a monomer and in complex with RXRα and DNA with GW1929 and 

MRL24 as agonists. Bias values were calculated using experimentally obtained competitive 

dissociation constant values and compared relative to rosiglitazone and CBP1-127 as a reference. 

Statistical significance is indicated with asterisks. Right: Calculated PPARγ occupancy values for 

three different coregulators and agonists are shown. Adapted from (Rayl et al., 2024) 

 

In addition to H4, the orientation of H3 and H12 are suspected to contribute to 

coactivator bias in PPARγ (Nemetchek et al., 2022; Rayl et al., 2024). All three of these helices 

are located on the coregulator binding surface and can be stabilized to varying degrees when 

PPARγ is in complex with different agonists. Although these studies have established that 

conformation, coactivator binding, and in vivo response of NRs can change depending on the 
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agonists are bound, the mechanism of how this affects coregulator recruitment from a protein-

dynamics perspective has not been well established in the literature.  

Summary of Nuclear Receptors 

 PPARγ and FXR are both subfamily one, type II NRs that regulate genes that are critical 

to human health. Both proteins have very similar structures in the LBD, which consist of 12 

alpha helices and an AF2 binding region. These proteins can bind lipophilic ligands which cause 

a conformational change that allows coregulator proteins to bind. Coregulators serve as a 

scaffold for histone modifying enzymes, such as histone acetyltransferase or histone deacetylase 

proteins, to bind to. These histone modifying enzymes then alter the structure of chromatin to 

thereby modulate the expression of genes. It has been demonstrated previously that agonists can 

produce different coactivator binding affinities in PPARγ through a mechanism of biased 

agonism, and that this bias can be further defined by either S or N anchored motifs. The presence 

of either S or N anchored motifs then determine if coactivators hydrogen bond with H4 of 

PPARγ. However, it has not been fully elucidated if differential dynamics is also an important 

aspect of this mechanism. 

Through this research, the mechanism of biased agonism for PPARγ will be further 

explored. Additionally, the less studied mechanism of FXR agonism will be described in terms of 

protein dynamics. This will be achieved using a suite of computational and experimental 

techniques to quantitively establish the impact of different ligands and coregulators on the 

dynamics, structure, and binding affinities of PPARγ and FXR.  
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CHAPTER TWO 

HYDROGEN DEUTERIUM EXCHANGE MASS 

SPECTROMETRY AS A TOOL TO STUDY PROTEIN 

DYNAMICS 

Mass Spectrometry Fundamentals 

Mass spectrometry (MS) is type of instrumentation that measures the mass-to-charge 

(m/z) ratio of analytes. MS instruments are composed of three primary modules: an ion source, a 

mass analyzer, and a detector (Figure 9). The ion source adds a charge to the analyte. Then the 

analyte is manipulated through the mass analyzer to separate ions based on their m/z values. 

Finally, the detector can turn the input of an ion hitting a sensor into an electrical signal that can 

then be interpreted computationally. MS has many variations that have been optimized for a vast 

range of analytes. 

 

 
Figure 9: Components of a mass spectrometer. A mass spectrometer is composed of three main 

components: an ion source (red square), a mass analyzer (blue oval), and a detector (green 

rhombus). An ion source gives an analyte a charge so that a mass analyzer can separate ions 

based on their mass and charge. Finally, the detector turns ions hitting it into an electrical signal, 

allowing for the mass-to-charge ratio to be collected as a mass spectrum. 
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MS instrumentation is used throughout industry and academia, ranging from determining 

the quality of oil in petroleum manufacturing (Wu et al., 2022), to determining metabolites in the 

human body (Cooper et al., 2025), to measuring binding stoichiometry while preserving the 

secondary structure of large multi-subunit protein complexes (Trousdale et al., 2025). Because of 

this wide range of analytes, many different types of ion sources and mass analyzers have been 

developed to better work with specific applications. 

Ion sources can be categorized as either “soft” or “hard” ionization. This terminology 

refers to the amount of energy transferred to an analyte, with soft ionization imparting less 

energy than hard ionization. Hard ionization is best used for smaller molecules such as small 

organic compounds, while softer ionization is better suited for large biomolecules. One of the 

most common ways to softly ionize molecules is via electrospray ionization (ESI) (Figure 10). 

This ionization method first takes a liquid analyte and the applies voltage in a capillary, 

eventually atomizing the droplets in a Taylor cone. These atomized droplets are eventually 

reduced nanometers in size before reaching a mass analyzer part of the MS instrument. To 

prevent collisions with gas molecules after ionization, MS are held under a high vacuum.  
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Figure 10: Schematic representation of electrospray ionization (ESI). This method of soft 

ionization begins with a liquid analyte entering the instrument. Then voltage is applied in a 

capillary generating a Taylor cone which produces charged droplets. These droplets are then 

further condensed to be on the scale of nanometers. Finally, these charged droplets are moved to 

the mass analyzer to be separated based on their mass and charge (Konermann et al., 2012). 

 

  Mass analyzers are often coupled together to allow for the measurement of 

fragmentation patters of specific ions, referred to as tandem mass spectrometry (MS2). One of the 

most common variants of a combination MS instrumentation is a quadrupole time-of-flight 

(QTOF) (Figure 11). When in MS2 mode, ions are selected using the quadrupole and fragmented 

using a collision cell. In a collision cell, ions undergo collision induced fragmentation which 

involves ions hitting collision gas to generate fragments of the analyte molecules. Finally, highly 

accurate m/z values of analyte fragments can be obtained using a time-of-flight (TOF) mass 

analyzer. The primary benefit to using MS2 is the ability to accurately identify compounds based 

on how they fragment, rather than just the intact m/z ratio of the molecule.  
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Figure 11: Schematic of a quadrupole time of flight (QTOF) mass spectrometer. In a QTOF 

instrument, ions are first generated in an ion source and guided via an optical guide. A 

quadrupole then separates ions on their mass-to-charge ratio. If using tandem mass spectrometry, 

ions can be fragmented in a collision cell. Finally, ions enter a time-of-flight mass analyzer 

where their trajectories are altered using an ion pulser. The ions then move upwards and are 

reflected downwards using a reflectron before hitting a detector (Allen & McWhinney, 2019).  

 

 In MS, the output from the detector is called a mass spectrum. Mass spectra have both an 

m/z and an intensity ratio for ions that hit the detector. Because of the variability in ionizability 

of compounds, MS is not an inherently quantitative technique. For example, ionic compounds 

like salts are very easily ionized which results in a much higher proportion of these compounds 

hitting a detector when compared to an analyte such as a lipid. MS can only be quantitative with 

the addition of standards. 

 Despite this, MS remains an essential tool in analytical chemistry. Its unparalleled 

sensitivity and accuracy with a broad range of analytes have allowed scientists to use this 

instrumentation for an increasingly diverse range of experiments. 



21 

 

Hydrogen Deuterium Exchange Mass Spectrometry 

 Proteins are not static structures, rather they adopt an ensemble of conformations that can 

be represented an energy funnel (Figure 12). Depending on the protein, this energy funnel can 

have many local minima, but proteins will fold toward a predominant native, or lowest energy, 

conformation. Between local and global energy minima, proteins will adopt transient and less 

stable conformations. Capturing and studying these transient conformations is essential to fully 

understanding how proteins behave biologically.  

 

 

Figure 12: A protein folding funnel. Proteins adopt an ensemble of conformations with many 

local energy minima. The lowest energy conformation is deemed the native conformation (N) 

(Dill & Chan, 1997). 

 

 Structural biology techniques such as X-ray crystallography and cryogenic electron 

microscopy are invaluable tools for studying structural biology. This is due to their resolving 
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power and versatility across a wide range of systems. However, these techniques often only 

capture proteins in their native state or in a local energetic minimum. This has made it difficult to 

use these techniques to gather information on how proteins move while performing their 

biological roles. Movement has been shown to be essential to protein function, with attributes 

such as allostery becoming an increasingly important aspect of understanding proteins and how 

they are regulated. Allostery, literally meaning “other site”, is the phenomenon of ligands binding 

to non-active sites proteins (Monod et al., 1965). This binding event causes a conformational 

change and changed binding mode of the substrate of an enzyme. Allostery is one of a myriad of 

examples of conformational changes mechanistically dictating how a protein works. 

Understanding and capturing information on transient conformations and protein dynamics is 

therefore essential to understanding the fundamental mechanisms of protein function.  

 Hydrogen deuterium exchange mass spectrometry (HDX-MS) is a biophysical technique 

that can determine the structure and dynamics of a protein in terms of hydrogen-bonding network 

strength and solvent accessibility. This technique works by exposing a protein to deuterium (as 

D2O), which is a stable isotope of hydrogen with a mass of ~2 daltons. After exposing the protein 

to deuterium, MS is used to calculate the mass difference of the deuterated protein and compare 

this value to the undeuterated protein. Exchange is generally performed at multiple time points, 

so that the time course of deuterium uptake can be plotted. 

Hydrogens that are located on the backbone of amide linkages exchange for deuterium at 

a rate of approximately 1-10 seconds (Wales & Engen, 2006). Although other hydrogen atoms do 

exchange, these are much more difficult to measure due to their intrinsic exchange rate. The rate 

of exchange for hydrogen atoms can vary greatly depending on the local hydrogen environment 
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of the protein. Regions of the protein that are more solvent protected will undergo exchange 

much slower, than regions that are readily solvent accessible. Additionally, hydrogens that are 

involved in hydrogen bonding (alpha helices, beta sheets, etc.) will undergo exchange at a slower 

rate than those that are not.  

One disadvantage to utilizing this technique can be the ambiguity of the data. Regions 

that show slower exchange could be doing so because of decreased solvent accessibility, or to a 

decreased level of dynamics. Therefore, HDX-MS data can infer changes to protein structure and 

movement at a very high resolution. To accurately interpret changes in dynamics using HDX-

MS, complimentary techniques (nuclear magnetic resonance, molecular dynamics simulations, 

small angle x-ray scattering, native MS, etc.) should be used. 

One of the most common types of HDX-MS is “bottom up HDX-MS” (Figure 13). This 

involves exposing a protein to D2O for a defined period. Then the reaction is quenched using an 

acid to stop exchange. Following the quench step, a protease is introduced to cleave the protein 

into peptides that are then separated using liquid chromatography. MS is used to detect changes 

in deuterium uptake which is plotted and used to obtain information on protein dynamics. 
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Figure 13: A typical bottom-up hydrogen deuterium exchange mass spectrometry (HDX-MS) 

workflow (Masson et al., 2019). 

 

Purpose 

In this study, the dynamics of FXR and PPARγ will be measured using HDX-MS to 

better understand how the dynamics of these proteins are implicated in biased agonism. To 

supplement and give context to HDX-MS data, experimental and computational analyses 

performed by members of Travis Hughes group at the University of Montana will also be 

described.  

Specifically, HDX-MS experiments with FXR were done in complex with and without 

eight different ligands to obtain high-resolution information on specific regions that may have 

altered dynamics. These data were compared with coactivator and corepressor binding energy 

data to elucidate what changes in deuterium uptake correlate with experimental data. Finally, 
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these results will be compared to the mechanism of PPARγ to understand differences in NR 

agonism broadly. 

HDX-MS analysis of PPARγ was done with two ligands: one that favors S motif binding 

(GW1929) and one that served as a reference (rosiglitazone) in the presence of two S motif 

containing coactivators. This work was done to determine differences in dynamics of a biased 

and reference agonist to then gain information on what could be the mechanism of PPARγ biased 

agonism. 

The combination of HDX-MS and supplemental studies have furthered the current 

understanding of how dynamics can influence biased agonism in NRs. This work can further add 

to the current understanding of NRs and thereby help with the development of more targeted 

drugs that specifically recruit coactivators and have greatly reduced deleterious side effects.  
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CHAPTER THREE 

REGIONS BEYOND HELIX 12 OF FXR COORELATE TO 

COACTIVATOR BINDING ENERGIES 

Experimental Goals 

 To elucidate changes in FXR dynamics upon binding to different ligands, HDX-MS was 

performed with FXR in complex with 8 different ligands and without ligands. Tropifexor was 

chosen as a full agonist. GW4064, obeticholic acid, XL-335, nidufexor, and fexaramine are 

partial agonists. B1a ivermectin is an antagonist for FXR, and DY268 is an inverse agonist. 

These eight ligand-bound conditions, in addition to an apo condition, represent a broad range of 

ligands of FXR. To supplement and give context to the HDX-MS data, the Hughes Lab at the 

University of Montana performed experiments including binding affinity studies and molecular 

dynamics studies for all conditions. The combination of multiple approaches with many unique 

ligands allowed for extensive information to be gathered to add to current model of how protein 

dynamics are critical part of the mechanism of FXR agonism.  

HDX-MS Methods 

 HDX was performed using a purified FXR LBD provided by the Hughes group at the 

University of Montana. Proteins were analyzed in complex with tropifexor as a full agonist, 

obeticholic acid, GW4064, XL-335, fexaramine, nidufexor as partial agonists, B1a ivermectin as 

an antagonist, and DY268 as an inverse agonist. Ligand to protein ratios were 1:1 (mol/mol). All 

reagents were purchased from Sigma unless specified otherwise. The exchange buffer was 

prepared by freeze-drying 1 mL of protein buffer without glycerol (75 mM NaCl, 50 mM Tris, 1 
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mM TCEP, pH 8). Freeze-dried buffer was then dissolved into 100% D2O 

(Thermo Scientific) immediately before the performing exchange. The quench solution was 

prepared by mixing 1 mg/mL porcine pepsin with 1% formic acid and 1M urea solution in a 1:3 

(v/v) ratio immediately before use. Protein samples that were formed in complex with ligands 

were diluted with the exchange buffer to achieve a final 75% D2O concentration. Exchange was 

carried out in triplicate at room temperature for 30 seconds, 10 min, 1 hour, and 24 hours.  

The exchange was quenched by mixing 3 µl of sample with 20 µl of quench solution. 

Pepsin digestion was performed for two minutes on ice. Digested samples were then 

immediately flash frozen in liquid nitrogen and stored at -80 ºC until LC/MS analysis. 

Undeuterated samples were prepared in the same manner except by using a buffer made with 

H2O.  

The LC-MS analysis was carried out on a 1290 UPLC series chromatography stack 

(Agilent Technologies) coupled directly to a 6538 Q-TOF mass spectrometer (Agilent 

Technologies). The method was based on one that was previously described, but it was adjusted 

due to protein concentration and the gradient shortened to increase sample throughput (Berry et 

al., 2018). The peptides were separated on a reverse phase column (Phenomenex Onyx 

Monolithic C18 column, 50 mm x 2 mm) at 1°C using a flow rate of 500 µL/min. The method 

was defined as follows: 0.0-0.7 min, 5% B; 0.7-4.5 min, 5-40% B; 4.5-5.5 min, 40-95%; 5.5-5.8 

min, 95% B; 5.8-5.9 min, 5% B; 5.9-7.5min, 5% B. Solvent A contained 0.1% formic acid in 

HPLC-grade water (Thermo-Fisher). Solvent B contained 0.1% formic acid in HPLC-grade 

acetonitrile (Thermo-Fisher). The data was acquired at 2.1 Hz with a scan range 100-1700 m/z. 

Electrospray settings included setting the nebulizer to 3.8 bar, drying gas flow rate at 8.0 L/min., 
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drying temperature to 350°C, and the capillary voltage at 3.5 kV. All data was collected in 

positive mode.  

The non-deuterated apo FXR sample digest was run three times in the auto MS/MS mode 

with an exclusion list to obtain high sequence coverage. The data was collected at 1 Hz with a 4 

m/z isolation window. Precursor ion selection was set to maximum five ions per cycle and sorted 

by the abundance.  

The raw profile data were converted to the mzML format via MS Convert (ProteoWizard 

package version 3.023199 64 bit) using a vendor specific peak picking filter (Chambers et al., 

2012). MS2 peptide identification was then performed in Peptide Shaker (CompOmics, version 

3.0.8) (Vaudel et al., 2015). Peptide Shaker settings included pepsin A cleavage sites, allowing 

for 5 missed cleavages at a maximum, searching charge states +1 through +6, and allowing for 

50 ppm and 80 ppm error for fragment and precursor ions, respectively. The Comet (Eng et al., 

2013) and X!Tandem (Craig & Beavis, 2004) search engines were used with methionine 

oxidation as an allowed variable modification. The pepsin digests of FXR initially generated 79 

peptides providing ~99.6% sequence coverage.  

The raw data of exchanged samples were converted to mzML format via MS Convert 

(ProteoWizard package version 3.023199 64 bit) using the vendor specific peak picking filter 

(Chambers et al., 2012). Deuterium uptake was determined by monitoring shifts in the centroid 

of peptide isotopic distributions in the HDExaminer software package (Trajan Automation, 

version 2.5.1). The measured values were used to generate uptake curves to compare deuterium 

incorporation in all conditions. The percent deuterium uptake was calculated using a theoretical 

maximum exchange provided in the software package. All peptides were manually confirmed 
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and were deemed highly confident with a score of 0.55 or greater. Using this method, 49 peptides 

that were deemed confident were identified, providing a final of ~96.9% confident protein 

coverage. A protein coverage map of the peptides made using the MSTools online software suite 

(Kavan & Man, 2011) can be found in Figure 14. The deuterium uptake plots for all confident 

peptides are reported in the appendix figures S1-S5.   
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Figure 14: Peptide coverage map of FXR pepsin digest. A total of 49 identified peptides were 

deemed to be highly confident, yielding ~97% protein coverage. Residues are labelled according 

to canonical FXR sequence (PDB: Q96RI1-3). The first residues contain a purification tag and 

are therefore labelled with negative numbers. This graphic was made using the MSTools online 

software suite (Kavan & Man, 2011). 

 

Results and Discussion 

H12 Deuterium Uptake Moderately Correlates to 

Coregulator Binding Energies 

 To establish a baseline for coregulator binding, binding affinities were obtained using 

fluorescence anisotropy by the Huges’ Lab (Figure 15). These experiments were done with FXR 

with both non-delipidated and delipidated FXR. Delipidation was performed because FXR often 

is co-purified with lipids that bind to the protein. After forming the FXR:ligand complex, 

measurements were performed with a fluorescently tagged coactivator peptide NCOA2690 and a 

corepressor peptide NCoR22339.  

 

 

Figure 15: Ligands modulate FXR coactivator and corepressor binding affinities. Binding 

affinities were obtained using fluorescence anisotropy with fluorescently tagged coactivator 
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peptide NCOA2690 (left) and a coactivator peptide NCoR22339 (right) in complex with eight 

ligands and without a ligand. Non-delipidated FXR is shown in gray and delipidated FXR is 

shown in orange. NCOA2690 results were obtained in four independent experiments for most 

conditions. In the DY268, ivermectin, and no ligand conditions, one, five, and seven experiments 

were done, respectively. NCoR22339 experiments were done in two experiments for the 

tropifexor, obeticholic acid, GW4064 and XL335 bound conditions. Ivermectin B1A and DY268 

conditions were done with seven experiments, nidufexor was done with one, and ligand-free was 

done with nine independent experiments. All data was collected and plotted by the Hughes’ lab. 

 

 Upon viewing these data, some interesting trends emerge. Firstly, when in complex with 

tropifexor, FXR has the highest affinity for NCOA2690 (Figure 15, left). Obeticholic acid results 

in the second-highest binding affinity for the coactivator peptide. GW4064 and XL335 result in 

similar coactivator binding affinities, and the same is true for nidufexor and fexaramine. B1A 

ivermectin resulted in higher binding affinity for the coactivator, and DY268 seemed to have 

similar binding affinities to the non-ligated FXR. Changes to corepressor binding were less 

dramatic, with all agonists showing similar binding affinities to FXR without a ligand bound 

(Figure 15, right). However, ivermectin B1a resulted in slightly higher binding affinity for 

corepressors. As an inverse agonist, the DY268 bound condition had the highest binding affinity 

of corepressors.  

 When comparing these values to what has been already been established in the literature 

for PPARγ binding affinities differences appear. In our binding affinity data FXR, tropifexor has 

very little to no effect on corepressor affinity. However, in PPARγ it has been reported that 

agonists cause a 5-to-10-fold decrease in binding affinity (Chrisman et al., 2018; Heidari et al., 

2019; Nemetchek et al., 2022). Other trends in PPARγ corepressor binding energies are different 

as well. Unlike FXR, it has been shown that PPARγ partial agonists uniformly decrease binding 
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affinity for corepressors, rather than the wide range of values that were seen in our studies with 

FXR. 

 These differences therefore suggest that there is a fundamentally different mechanism 

that dictates coregulator binding affinity for FXR and PPARγ. This served as a justification for 

examining the dynamics of FXR in complex with these same eight ligands using HDX-MS.  

 HDX-MS analysis yielded three highly confident peptides in the H12 region of FXR 

(Figure 16). The peptides containing residues 468-479 and 469-479 show very little difference in 

deuterium uptake across all nine ligand binding conditions. However, the peptide containing 

residues 479-486 shows large differences in deuterium uptake. These differences are in the 

shorter time points, and the final 24-hour exchanging samples show nearly the same amount of 

exchange for all conditions. This suggests that there are changes in dynamics, but not the overall 

conformation of this region of H12. 
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Figure 16: Ligand binding causes differential deuterium uptake in H12 containing FXR peptides. 

A) Structure of FXR is shown in gray, with residues 468-486 highlighted in yellow, and ligand 

depicted in cornflower blue (PDB: 7D42). B) Deuterium uptake histograms for three peptides 

with 10 minute and 1-hour timepoints shown in white and striped boxes, respectively. C) 

Deuterium uptake plot for 30 seconds, 10 minutes, 1 hour, and 24 hours. All binding conditions 

are described in the key, and standard error bars indicating standard deviation are depicted.  
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The apo condition showed the fastest rate of exchange, suggesting that H12 is more 

dynamic when not bound to a ligand. Obeticholic acid demonstrated the least amount of 

exchange for all time points except for the 30 second time point for fexaramine. Fexaramine 

indicated the highest amount of structural stability on the short time scale, indicating that the 

dynamics of FXR may be at a slower rate when bound to this ligand when compared to all other 

binding conditions. The reason that this ligand binding state exchanges a much higher amount 

may be due to a very low energetic barrier to partially unfold H12 when bound to fexaramine. 

This would mean that obeticholic acid has a similarly highly structured H12, however it lacks the 

low energetic barrier that is seen with fexaramine.  

Nidufexor exchanges at similar rates to obeticholic acid in earlier time points, however it 

appears to converge near maximum deuterium incorporation at the hour time point. XL-335 and 

DY268 showed nearly identical exchange patterns, and the same is true for GW4064, tropifexor, 

and the 10 minute and 1 hour time points of fexaramine. Finally, B1a ivermectin shows the most 

exchange of all ligand-bound conditions, suggesting that H12 is least stable when FXR is in 

complex with this ligand.   

 To further examine these structural changes in context with the binding data, a best-fit 

correlation analysis was performed using the HDX-MS data from the peptide containing residues 

479-486 (Figure 17). Using the HDX-MS data, changes to coactivator binding energies were 

found to have an R2 value of 0.25 and a p value of 0.2 and corepressor binding energies were 

explained with an R2 value of 0.15 and a p value of 0.3.  
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Figure 17: Best fit linear correlation of binding energies to the 10-minute exchange percentages 

of H12 peptide. Correlation of NCOA2690 binding energies is shown on the left, and NCOR22339 

is shown on the right. All analyses were performed by the Hughes’ lab.  

 

These data indicate that there is a low to moderate amount of correlation between the 

H12 structural state of FXR and the experimentally derived coregulator binding energies. To 

further examine the mechanism with the data collected, HDX-MS data on other parts of the 

protein were then examined with respect to experimentally derived coregulator binding energies. 

FXR H3 Structural State Strongly Correlates to Coactivator 

Binding Energies  

 In the HDX-MS data collected, five highly confident peptides were found in the central 

region of H3, and four peptides were found in the C terminal end of H3 to the middle of H4 

(Figure 18). When examining H4 peptides, all conditions showed less exchange upon binding to 

a ligand. This suggests that H4 becomes stabilized upon binding to a ligand, regardless of type. 

Between ligands, there are small differences in deuterium uptake in H4. DY268 appears to result 

in the least amount of exchange in all ligand bound conditions. GW4064 generally has the 

highest amount of exchange in all ligand bound conditions.  
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Figure 18: Deuterium uptake histograms for H3 and H4 peptides. A) Secondary structure map of 

H3 and H4 peptides. B) 10 minute and 1 hour time points for 5 H3 peptides are depicted in 

purple with standard error bars shown. C) Four C-terminal H3 and H4 peptides are depicted in 

light green with standard error bars shown. A key is described, with 10 minute and 1 hour 

timepoints depicted in plain and hatched boxes, respectively.  
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 H3 also shows less exchange in all ligand bound states (Figure 18 A). Tropifexor shows 

the least amount of exchange in the 10 minute and 1 hour timepoints. Residues 302-314 then 

demonstrate that between ligand binding conditions there are differences in exchange that fall 

outside of calculated standard errors. For example, the fexaramine bound condition generally 

shows the most deuterium uptake of all ligand bound conditions, indicating that this ligand may 

stabilize H3 the least amount of all ligands. DY268 similarly shows more exchange, suggesting 

that it may not stabilize H3 in a similar manner to fexaramine. Other differences are of lesser 

magnitude and can vary with the exact sequence of the peptide.  

 These results, however, do show differences in deuterium uptake in H3 of FXR between 

ligand binding conditions. Differences in deuterium uptake do fall outside of measured 

experimental errors and are therefore significant. A similar correlation analysis to what was 

previously done with H12 was then performed to correlate binding energy data to a H3 

containing peptide (Figure 19).  

 

 

Figure 19: Best fit linear correlation of binding energies to the 10-minute exchange percentages 

of a H3 peptide. Correlation of NCOA2690 binding energies is shown on the left, and NCOR22339 

is shown on the right. All analyses were performed by the Hughes lab.  
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 When performing a linear correlation analysis, H3 exchange correlates strongly with 

coactivator binding energies (Figure 19). Correlation with coactivator NCOA2690 binding 

energies gave an R2 value of 0.81, and a p value of 0.002. Corepressor NCOR22339 binding 

energies showed little to no correlation with H3 deuterium uptake with an R2 value of 0.06 and a 

p value of 0.52. These data indicates that the structural state of H3 is much more highly 

correlated to coactivator binding. However, corepressor binding shows little to no correlation 

with the structural state of H3. This finding indicates a significant difference between the 

mechanism of agonism in FXR and PPARγ.  

 To better understand structural differences in the mechanism of FXR agonism compared 

to PPARγ, the Hughes’ group also performed extensive molecular dynamics simulations (Figure 

20). These were done on both proteins in complex with full TZD, full, and partial agonists. The 

fraction of simulated frames with the ligand interaction with H12 of the protein were then plotted 

as a histogram. In PPARγ, full agonists can directly hydrogen-bond with H12 residues in a large 

fraction of the simulated frames, with TZD full agonists showing an even higher fraction of 

frames hydrogen-bonding. Partial agonists were shown to not do this in PPARγ. In FXR, 

tropifexor (full agonist) hydrogen-bonds with H12, however the fraction of frames that do this is 

much lower than with PPARγ. Partial agonists do not show interaction with H12 in FXR as well. 

These findings further demonstrate there are significant mechanistic differences in the interaction 

of ligands between these two proteins. 
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Figure 20: Molecular dynamics reveal that PPARγ and FXR stabilize H12 differently. Molecular 

dynamics simulations were performed and fraction of frames with H12-ligand bound were 

plotted on a histogram for PPARγ (left) and FXR (right). All data was collected and plotted by 

the Hughes lab. 

 

Conclusions and Future Directions 

 These findings demonstrate that in FXR, H12 dynamics moderately correlate with 

coregulator binding energies when experimentally obtained binding energies are compared to 

HDX-MS data. Changes in H12 dynamics were observed, however when a correlation analysis 

was performed coactivator binding energies only correlated with an R2 value of 0.25 and a p 

value of 0.2. Molecular dynamics simulations reveal that ligands interact with H12 FXR and 

PPARγ in fundamentally different manners. PPARγ full agonists hydrogen bond with H12 of the 

protein to a much higher extent compared to FXR. 

There were some differences in H4 deuterium uptake between ligand bound conditions in 

FXR, however the largest magnitude of differences was seen in H3. Ligand binding generally 

causes less exchange in this region of the protein, with the full agonist tropifexor showing the 



41 

 

largest decrease. When performing a correlation analysis of H3 HDX-MS data with binding 

energy data, this gives an R2 value of 0.81, and a p value of 0.002 for coactivator binding. These 

data suggest that H3 dynamics is an essential component of coactivator recruitment in FXR, and 

that this protein has a different mechanism than PPARγ. 

These findings have furthered the current understanding of the agonism in FXR, and the 

impact of ligands on the dynamics of this protein. Future studies should be done to elucidate how 

FXR dynamics and structure dictate biased agonism, and what the role of H3 and other non H12 

regions in coactivator binding. Finally, work remains to be done to determine how to rationally 

design FXR agonists to recruit specific coactivator proteins to be used as medicines. 
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CHAPTER FOUR 

PPARγ DEMONSTRATES DIFFERENTIAL DEUTERIUM 

UPTAKE IN REGIONS OUTSIDE OF HELIX 12 UPON 

LIGAND BINDING  

Experimental Outline 

 To examine the impact of ligand and coactivator binding on PPARγ dynamics, HDX-MS 

analyses were performed in complex with two ligands: GW1929 and rosiglitazone. Rosiglitazone 

is a full TZD agonist, and GW1929 is a full non-TZD agonist. These ligands bind in slightly 

different modes and have been previously used to study the biased agonism mechanism of  

PPARγ by the Hughes group (Nemetchek et al., 2022). GW1929 has been shown to favor 

binding to S motif coactivators with compared to rosiglitazone. To elucidate the dynamics of the 

interactions of PPARγ and coactivators, HDX-MS was also done on PPARγ in complex with 

rosiglitazone or GW1929 and coactivators PGC1α100-220 or PGC1α144. PGC1α100-220 is a small 

protein that contains two S/TxLxxLL binding motifs, and PGC1α144 is fragment of PGC1α100-220 

that has one S/TxLxxLL motif. This ongoing study will help determine differences in PPARγ 

dynamics induced by binding to two different ligands, and how these ligands can modulate the 

interaction of PPARγ with coactivators that contain either one or two S/TxLxxLL motifs. 

Specifically, this study was focused on determining the changes in dynamics of H3, H4, and H12 

to further understand the dynamic basis of PPARγ biased agonism. 
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HDX-MS Methods 

 HDX-MS analysis of PPARγ was performed in complex with GW1929 and rosiglitazone 

as agonists. Additionally, PPARγ was studied in complex with coactivators PGC1α100-220 and 

PGC1α144 with either agonist bound. Before exchange, protein buffer (25mM MOPS, 25mM 

KCl, 1mM EDTA, 1mM TCEP) was freeze-dried and resuspended in 100% D2O. Exchange was 

performed in the same manner as previously described for FXR, with proteins being diluted to 

75% final deuterium concentration and exchanged for 30 seconds, 10 minute, 1 hour, and 24 

hours (in triplicate).  

 Data acquisition and analysis was done in a similar manner as described previously for 

FXR experiments. Peptide identification was done in a similar manner as described for FXR. No 

exclusion list was used when performing MS2 fragmentation. To improve overall protein 

coverage, of two peptides were discovered with alternate methods. Peptide 12 (Figure S7) was 

identified by increasing peptide precursor tolerance from 80 to 100 ppm. Peptide 13 was 

identified using MS1 data with 30 ppm allowed error. After data analysis, a total of 47 highly 

confident peptides were found, giving ~86% protein coverage (Figure 21). Uptake curves for all 

highly confident peptides can be found in the appendix in figures S6-S9. 
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Figure 21: Peptide coverage map of PPARγ pepsin digest. A total of 47 identified peptides were 

deemed to be highly confident, yielding ~86% protein coverage. Residues are labelled according 

to canonical PPARγ sequence (PDB: 3CS8). This graphical representation was made using the 

MSTools online software suite (Kavan & Man, 2011). 
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Results and Discussion 

When observing most of the peptides for changes in deuterium uptake, most regions of 

the protein show very similar uptake across all six conditions (Figures S6-S9). However, upon 

viewing these peptides, there are three main regions that show differential uptake (Figure 22). 

 

 

Figure 22: Select H3, H4, and H12 deuterium uptake histograms from PPARγ HDX-MS 

experiments. Left: PPARγ structure (PDB 3cS8) with H3, H4, H12, and PGC1α highlighted in 

green, purple, yellow, and red, respectively. Right: Deuterium uptake histograms for highlighted 

regions are shown with standard error bars indicated. A key for all conditions is given in the 

bottom right.  

 

The first of which was in H12 where residues 466-477 and 470-477 showed differential 

uptake between conditions. Firstly, the GW1929 and rosiglitazone bound conditions showed the 

highest amount of uptake in H12. Then both conditions with PGC1α144 showed slightly more 
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uptake than the PGC1α100-220 bound condition. Because H12 is in close-contact with these 

coactivators, it is not possible with only HDX-MS data to determine if this is a shielding effect 

from the coregulator or if this is because of a change in overall H12 dynamics.   

H3 also shows differential deuterium uptake, with rosiglitazone bound PPARγ showing 

increased uptake when compared to GW1929 bound conditions. This could be a differential 

change in dynamics in this region of H3; however, it is important to note that peptides from this 

region are in contact with the ligand binding pocket of the protein. Therefore, it is possible that 

these results are due to sterics or differential interaction with GW1929 and rosiglitazone and the 

backbone amides of this region of the protein.  

What is most interesting is that this increased uptake in the rosiglitazone bound condition 

also apparent in H4. Additionally, there are differences in the 24 hour (fully exchanged) 

condition that are of higher magnitude than what is seen in H3. This suggests that either H4 

adopts a different conformation between when PPARγ is bound to GW1929 compared to 

rosiglitazone or there is a significant stabilization of this region of the protein. 

It has been previously reported that H4 structure is involved in biased coregulator 

recruitment (Nemetchek et al., 2022; Rayl et al., 2024). These data suggest that GW1929 can 

stabilize H4 when compared to rosiglitazone. Stabilization of H4 could serve as an explanation 

as to how this agonist favors S-motif coactivators that do not hydrogen-bond with this helix. A 

decrease in dynamics would allow for S-motif coactivators to be able to more easily fit into the 

coactivator binding pocket, thereby creating bias in coactivator recruitment. It is also significant 

that these results are reproducible with two S-motif coactivators. However, to fully give context 

to HDX-MS results, more analyses should be performed under similar conditions. 
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Conclusions and Future Directions 

 These data demonstrate that when bound to GW1929, PPARγ showed decreased uptake 

in H3 and H4 when in complex with coactivators PGC1α100-220 or PGC1α144. This suggests that 

GW1929 result bias towards S-motif agonists by stabilizing this region of the protein. 

Specifically, because S-motif agonists do not hydrogen-bond with H4 (Nemetchek et al., 2022), a 

more stabilized H4 may result in favoring this binding mode. H12 also showed differences in 

dynamics, with GW1929 bound conditions showing less uptake. Together, these findings 

suggest that GW1929 may decrease H3, H4, and H12 dynamics in a manner that favors S-motif 

coactivator recruitment.  

In the future, it would be valuable to gather experimental binding affinity data for 

PGC1α100-220 and PGC1α144 and perform correlation analyses to determine if this HDX-MS data 

correlates to S-motif coactivator binding. Additionally, more experimental or computational 

studies should be done to confirm if the decrease in H3, H4, and H12 deuterium uptake is due to 

a decrease in dynamics in this region to support this model for PPARγ biased agonism. Finally, 

once more structural information is obtained, this information should be used to rationally design 

drugs that act as ligands that can specifically recruit coregulator proteins, thereby increasing drug 

specificity.  
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CHAPTER FIVE 

SUMMARIZED FINDINGS AND FUTURE DIRECTIONS FOR 

THE PROJECT 

 These findings have demonstrated that non H12 regions of FXR and PPARγ change 

dynamics upon binding to ligands. In FXR, HDX-MS data was statistically correlated with 

experimentally derived binding energy data to demonstrate that coactivator binding energies 

were highly explained with H3 deuterium uptake data. Molecular dynamics simulations revealed 

that FXR agonists interact with H12 to a much lesser extent than PPARγ, suggesting that there 

are fundamental differences between the activation mechanisms of these two proteins.  

HDX-MS data acquired using PPARγ revealed that H3, H4, and H12 show differential 

deuterium incorporation upon binding to two different ligands and coactivators. H4 specifically 

was interesting, given the different interactions that S motif and N anchored coactivators have 

with that region of PPARγ. These studies indicate that H4 stabilization may explain the biased 

recruitment of S motif peptides. 

  Future work for both projects should include better understanding the role of other 

domains in coregulator recruitment. For example, the N terminal domain has the AF-1 region but 

has largely remained unstudied due to being highly disordered. Determining the interactions with 

that domain and the rest of the protein system could show a more complex protein:coregulator 

interaction. Additionally, performing HDX-MS on the whole protein system in complex with 

DNA, although logistically challenging, could reveal more changes in protein dynamics upon 
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binding with ligands and coregulators. Finally, work needs to be done to utilize the information 

gathered to design ligands that can more specifically recruit coactivators.  

NRs present as an exciting and valuable drug targets. Using this work, future drugs will 

hopefully be able to be rationally designed to effectively treat millions of patients worldwide 

while having minimal secondary effects. 
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Figure S1: FXR deuterium uptake curves for peptides 1-10. 
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Figure S2: FXR deuterium uptake curves for peptides 11-20. 
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Figure S3: FXR deuterium uptake curves for peptides 21-30. 
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Figure S4: FXR deuterium uptake curves for peptides 31-40. 
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Figure S5: FXR deuterium uptake curves for peptides 31-49. 
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Figure S6: PPARγ deuterium uptake curves for peptides 1-10. 
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Figure S7: PPARγ deuterium uptake curves for peptides 11-20. 
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Figure S8: PPARγ deuterium uptake curves for peptides 21-30. 
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Figure S8: PPARγ deuterium uptake curves for peptides 31-40. 
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Figure S9: PPARγ deuterium uptake curves for peptides 41-47. 
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