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CHAPTER 1 

 

INTRODUCTION 

  

1.1 Dissertation Overview 

 

Mammalian cells respond to environmental stimuli by transforming chemical or physical 

information into actionable biological processes via receptors located both internally and at the 

cell surface. Nuclear hormone receptors are one class of receptors that exert their actions by 

binding directly to DNA, and in concert with transcriptional co-regulators, alter genetic programs.1 

The genetic program altered is dependent on 1) the identity of the nuclear hormone receptor, 2) 

the genomic location of cognate DNA sequence motifs, and 3) the recruitment of either a 

transcriptional co-activator or co-repressor.  This dissertation work has focused on structurally 

characterizing two factors involved in transcriptional control: 1) the nuclear receptor Liver 

Receptor Homolog -1 (LRH-1, NR5A2) and 2) Inositol Polyphosphate Multikinase (IPMK, 

IPK2).  

LRH-1 is one of few nuclear receptors that bind their cognate DNA sequences as a 

monomer.2 Generally, nuclear receptors binding their cognate DNA sequences as dimers, either 

interacting with another copy of themselves (homodimer) or with a general chaperone nuclear 

receptor (heterodimer).1 Detailed structural information has been ascertained for four out of the 48 

nuclear receptors in the human genome, all of which are in the dimeric class of nuclear receptors.3–

6 Chapter 4 of this dissertation focuses on efforts made to develop a structural model of full-length 

LRH-1. 
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IPMK is an inositol kinase critical in generating higher order inositol phosphates.7 

Additionally, IPMK has long been cited as a factor important in maintaining proper cellular 

transcription.8,9 Recent evidence has revealed one such IPMK-dependent mechanism to be inositol 

phosphates directly binding to Class I Histone Deacetylase (HDAC) containing co-repressor 

complexes.10–12 Although detailed structural information was available for IPMK genes from both 

Saccharomyces cerevisiae (Baker’s yeast)13 and Arabidopsis thaliana (small flowering plant, often 

considered a weed)14, no structural information was available for human IPMK. Chapter 5 focuses 

on efforts made to develop a structural model of human IPMK. 

 

1.2 Aim 1: Structural and Functional Characterization of Full-Length Human LRH-1 

 

 Although it is widely accepted dimeric nuclear receptors facilitate communication between 

their DNA-binding domain (DBD) and ligand-binding domain (LBD) through physical 

interactions, it is unknown whether this form of communication occurs in monomeric nuclear 

receptors.15 Chapter 4 of this dissertation focused on establishing whether 1) physical interactions 

occur between the LRH-1 DBD and LBD and 2) if these physical interactions impart 

communication to ultimately affect receptor function. To gain insight into residue level 

interdomain interactions, an integrated structural model was developed using a combination of 

hydrogen-deuterium exchange mass spectrometry (HDX-MS), chemical crosslinking mass 

spectrometry (XL-MS), small angle X-ray scattering (SAXS), and computational docking. To 

validate the presence of interactions predicted by the integrated structural model, site-directed 

mutagenesis was used in combination with 1) functional in vitro ligand binding and cellular 



 

 3 

transcriptional assays, and 2) structural SAXS and XL-MS assays. This work led to one publication 

in the journal Structure (Seacrist & Küenze, et al, 2020). 

 

1.3 Aim 2: Structural and Functional Characterization of Human IPMK 

 

Although the enzymatic substrates, products, and kinetic parameters exhibited by human 

IPMK are well established, detailed structural information of human IPMK were not available at 

the start of this work.7,16,17 Chapter 5 of this dissertation focused on determining the structure of 

the human IPMK kinase domain. To this end, after multiple rounds of protein engineering to 

remove two regions with little or no predicted secondary structure, . the structure of the engineered 

human IPMK kinase domain was determined using X-ray crystallography. Additionally, this 

engineered protein was enzymatically characterized using Michaelis-Menten kinetics. This work 

led to one publication in the journal Scientific Reports (Seacrist & Blind, 2018).18 

 

1.4 Project Significance 

 

 Elucidating structural states of biological macromolecules not only provides atomistic 

detail necessary for sufficient understanding of their biological function, but also provides a map 

for future drug development efforts targeting biomolecules deemed drug targets. Both LRH-119 

(described in Chapter 2.4) and IPMK20,21 (described in Chapter 3.4 and 3.6) have been cited as 

potential drug targets for a range of disease states.19,21–25 Although small molecule targeted 

therapies against LRH-1 and IPMK may have sufficient therapeutic windows for treatment of 

certain pathophysiological states, these theoretical molecules will require extreme care during 
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development efforts given both LRH-1 and IPMK exhibit wide tissue distributions and contribute 

to a wide variety of physiological processes.7,26 To further these future drug development efforts, 

this dissertation focused on developing structural models of both LRH-1 and IPMK that may 

provide critical details necessary for developing on-target small molecule modulators capable of 

altering disease phenotypes.  
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CHAPTER 2 

 

BIOLOGICAL ROLES OF NUCLEAR RECEPTORS 

 

2.1 Discovery of Nuclear Receptors and Transcriptional Co-Regulators  

 

Endocrinology era: 

 The history of nuclear receptors and their small molecule effectors has a long timeline prior 

to our current era of high-throughput DNA sequencing, small molecule modulator discovery, and 

protein structural analyses. In 1915, E.C. Kendall first isolated the thyroid hormone from 3.5 tons 

of bovine thyroid and determined the compound to be composed of two iodinated tyrosine 

molecules.27 In 1929, E.C. Kendall began a second long and arduous process of isolating a small 

molecule from bovine adrenal tissue he termed Compound E, now known as corticosterone.28 

These efforts resulted in E.C. Kendall, along with his physician counterpart P.S. Hench, and 

competing Swiss chemist T. Reichstein, being awarded the Nobel Prize in Physiology or Medicine 

in 1950.28  

Subsequent efforts by others elucidated the chemical structure of the steroid hormones and 

vitamins A and D.29,30 Structural determination of these molecules did not suggest a mechanistic 

link between them as  they are derived from disparate core chemical scaffolds. Follow-up 

biochemical experiments demonstrated each of these compounds elicits activation of tissue-

specific gene transcription.31 Together these data suggested the possible existence of nuclear 

receptors capable of translating chemical information into physiological changes.31 The idea of a 

nebulous nuclear receptor became concrete with the cloning of the glucocorticoid32 and estrogen 
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receptor33 genes in 1985 and 1986, respectively. These initial cloning endeavors were facilitated 

through the use of phage-display/selection via polyclonal anti-serum raised against purified 

receptors and revealed highly conserved DNA-binding and ligand-binding domains, suggesting a 

conserved domain architecture.32,33 Additional cloning efforts using reduced stringency DNA 

hybridization methods identified ERRa (estrogen-related receptor a; NR3B1)34, ERRb (estrogen-

related receptor b; NR3B2)34, and NGFI-B (nerve growth factor IB; Nur77; NR4A1)35, suggesting 

the possibility of additional unidentified members of the nuclear receptor family with no known 

ligands- termed orphan receptors. Identification of these orphan nuclear receptor genes and 

eventual identification of all 48 nuclear receptor members spurred efforts to identify the small 

molecule ligands responsible for modulating their transcriptional activity.30 

 

Reverse Endocrinology era: 

 Development of the co-transfection assay revolutionized scientists’ ability  to screen for 

both physiological and synthetic small molecule ligands to activate nuclear receptors of interest.36 

In this assay, plasmids coding for the nuclear receptor of interest and transcriptional response 

elements are co-transfected into cell lines and subsequently assayed for transcriptional output in 

the presence or absence of small molecules either directly via mRNA quantitation or indirectly 

through colorimetric enzymatic activities such as luciferase.36 This assay revolutionized 

researchers’ ability to de-orphanize nuclear receptors via reverse endocrinology to search for small 

molecule modulators and remains a crucial experimental tool today. Using this assay, several 

nuclear receptors have been successfully de-orphanized, including RXRa (retinoid X receptor a; 

NR2B1) binding to the vitamin A metabolite 9-cis-retinoic acid37–39 and PPARb/d (peroxisome 

proliferator-activated receptor b/d; NR1C2) binding to fatty acids.40,41 PPARs were the first 
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nuclear receptors identified to heterodimerize with RXRa42, a general finding that applies to 

several other members of the nuclear receptor family including but not limited to RARs (retinoic 

acid receptors)43–45, LXRs (liver X receptors)46, FXRs (farnesoid X receptors; RIP14)47, VDR 

(vitamin D receptor)48, and TR (thyroid receptor)43–45. Together, these efforts revolutionized our 

understanding of how small molecules modulate nuclear receptors. In addition, new technologies 

displaced low-throughput methodologies employed in discovering the thyroid and steroid hormone 

receptor ligands for high-throughput screening methods. 

 

Discovery of transcriptional co-regulators: 

 Parallel studies identified transcriptional co-activators and co-repressors that effectuate 

nuclear receptor activity.49 Classical co-activators have been shown to contain LXXLL motifs that 

bind directly to a C-terminal helix on the nuclear receptor ligand-binding domain (activation 

function-2; AF-2; helix 12),50–52 effectively directing the co-activator to regionally increase histone 

acetylation to ultimately increase target gene transcription (Figure 2.1A). Examples of nuclear 

receptor co-activators with intrinsic histone acetyl transferase activity (HAT) include but are not 

limited to NCoA-1 (nuclear receptor co-activator -1; SRC-1, steroid receptor co-activator-1)53, and 

CBP/p30054,55, while others co-activators, such as NCoA-2 (nuclear receptor co-activator-2; TIF-

2; GRIP-1)56,57, recruit additional transcription factors with intrinsic HAT activity. In contrast, 

classical co-repressors have been shown to contain I/LXXII motifs that bind directly to the nuclear 

receptor ligand-binding domain helix 12 through an altered conformation compared to co-

activators.58 Additionally, co-repressors such as NCoR2 (nuclear receptor co-repressor 2; SMRT- 

silencing mediator for retinoid or thyroid-hormone receptors) have been shown to associate with 
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histone deacetylases (refer to NCoR2/HDAC3 section for connection to inositol phosphates), 

which are generally associated with repression of gene transcription (Figure 2.1B).59,60  

The combination of these foundational studies established a general model of nuclear 

receptor transcriptional modulation where upon ligand activation, nuclear receptors associate with 

transcriptional co-activators, which ultimately activate gene transcription through histone 

acetylation.49 In contrast, in the absence of ligand or upon binding small molecule antagonists, 

nuclear receptors associate with transcriptional co-repressors, which ultimately inhibit gene 

transcription through histone deacetylation. The work of the last twenty years has focused on the 

genomic details of how each nuclear receptor effectuates transcriptional change in relevant tissues 

under baseline and disease conditions. The following sections will focus on 1) structural studies 

on individual nuclear receptor domains, 2) structural studies of intact and multidomain nuclear 

receptor complexes, and 3) physiological studies of the monomeric nuclear receptor LRH-1, the 

focus of this dissertation. 

 

 

 

Figure 2.1: General nuclear receptor regulation of transcription. A. Agonist-bound 
nuclear receptors associate with LXXLL motif containing coactivators either exhibiting 
or associating with co-regulators with histone acetyltransferase (HAT) activity to 
ultimately increase target gene transcription. B. Apo- or antagonist-bound nuclear 
receptors associate with corepressors associated with histone deacetylases (HDACs) to 
ultimately decrease target gene transcription. 
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2.2 Nuclear Receptor Individual Domain Structures  

 

Nuclear receptor DNA-binding domains: 

 Nuclear receptor DNA-binding domains (DBD) are small, highly conserved domains with 

a core unit constituted by two a-helices and two Cys4 Zn2+ fingers (Figure 2.2A).61,62 Within the 

DBD core, P, D, T, and A box elements have been attributed to response element specificity, 

dimerization, DNA backbone contacts, and residues neighboring the core DNA consensus 

sequence, respectively.61,63 The P-box is largely constituted by a-helix 1 (also termed recognition  

Figure 2.2: Nuclear receptor DBD structural elements. A. Overall DBD architecture 
includes two a-helices and two b-sheets coordinated via two Cys4 Zn2+-fingers 
associated with the DNA major groove (PDB: 1GLU). B. P-box recognition helix 
exhibits base-pair specific interactions resulting in sequence selectivity (PDB: 1GLU). 
C. D-box elements coordination DBD dimerization (PDB: 1GLU). D. A-box elements 
exhibit sequence specific base-pair interactions with the DNA minor groove (PDB: 
1CIT). Adapted from Luisi, et al. 199162 and Meinke & Sigler, 199965. 
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helix), which contacts the DNA major groove consensus sequence through specific side chain-

base pair interactions (Figure 2.2B).61,63,64 Interestingly, substitution of a single amino acid in this 

region interconverts GR and ER consensus sequence selectivity.63 D-box elements are located 

within the second Cys4 Zn2+ finger and contribute to nuclear receptor consensus sequence/half-site 

spacing selectivity (Figure 2.2C).61,62 Additional specific side chain-base pair interactions have 

been observed to occur between monomeric nuclear receptor CTEs (C-terminal extensions) and 

DNA minor grooves in A-box elements (Figure 2.2D).65 Together, these elements characterize the 

general structural requirements of nuclear receptor DBDs. 

 In addition to site-specific protein-nucleic acid interactions facilitating nuclear receptor 

binding, at a genomic level nuclear receptor location is governed by consensus sequence 

architecture.66 Nuclear receptors can generally be divided into three groups: 1) homodimeric 

steroid receptors binding inverted repeats with three intervening base-pairs, 2) nuclear receptors 

that heterodimerize with the general chaperone nuclear receptor RXR and bind direct repeat 

consensus sequences with 1-5 intervening base-pairs, and 3) monomeric nuclear receptors that do 

not associate with a partner nuclear receptor and bind consensus sites with additional specific 5’-

DNA elements interacting with CTEs (Figure 2.3A-D).66  
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Figure 2.3: Genomic response element classes with associated nuclear receptors. 
A. Steroid receptor subfamily bind palindromic repeats with a 3 base-pair spacer in a 
head-to-head fashion (PDB: 1GLU). B. Monomeric nuclear receptors bind half-sites 
extended by 3 base-pairs (PDB: 1CIT). C. RXR heterodimeric nuclear receptors bind 
direct repeats with 1-5 base-pair spacers (PDB: 1DSZ, PDB: 2NLL). Consensus 
sequences are represented in blue. Half-site spacers are represented in orange. Adapted 
from Luisi, et al. 199162, Meinke & Sigler, 199965, Rastinejad, et al. 199886, and 
Rastinejad, et al. 199577. 
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Nuclear receptor ligand-binding domains: 

 Nuclear receptor ligand-binding domains (LBD) are complex signaling domains consisting 

of a twelve a-helical bundle with four structurally distinct but functionally integrated surfaces. 

These elements are described in no particular order. 1) Ligand-binding pockets (LBP) interact with 

Figure 2.4: Nuclear receptor LBD structural elements. A. Overall LBD architecture 
includes twelve a-helices and two b-sheets coalescing around a central ligand binding 
pocket (LBP). B. Hydrophobic co-regulator groove allows for co-activator and co-
repressor association. C. Helix 12 dynamics alters co-activator and co-repressor 
selectivity. D. Dimerization interface conserved in both homo- and heterodimeric 
receptors is mediated through helices 7, 9, and 10 (PDB: 3ERD). Adapted from Shiau, 
et al. 199867. 
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and provide specificity for small hydrophobic molecules (Figure 2.4A).61,67 2)  Coregulator 

binding grooves facilitate association with both co-activators containing LXXLL motifs and co-

repressors containing LXXII motifs to modulate transcription (Figure 2.4B).61,67 3) An activation 

function helix (helix 12; AF-2) mediates association with co-regulators (Figure 2.4C).67,61 4) A 

conserved dimerization surface facilitates interaction with partner nuclear receptor LBDs (Figure 

2.4D).61,67  

 Structural analyses of agonist and antagonist-bound states of several receptors has revealed 

helix 12 to exist in a dynamic fashion, altering its conformation based on association with co-

activators and co-repressors (Figure 2.5A,B).68,69 To this end, the current dynamic stabilization 

model suggests helix 12 exhibits several conformations but is stabilized in an active or inactive 

conformation upon agonist or antagonist binding, in combination with subsequent co-activator or 

co-repressor association.1  

 

 

  

Figure 2.5: General agonist and antagonist bound nuclear receptor conformations. 
A. PPARa LBD:agonist complex associated with SRC-1 derived co-activator peptide  
(PDB: 2P54). B. PPARa LBD:antagonist complex associated with NCoR2 derived co-
repressor peptide (PDB: 1KKQ). PPARa LBD is represented in white with helix 12 
sequence highlighted in blue. Co-activator and co-repressor peptides are represented in 
green and red, respectively. Adapted from Sierra, et al. 200769 and Xu, et al. 200268. 
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2.3 Full-Length/Multi-domain Nuclear Receptor Structures 

 

 Given the sparse literature on intact nuclear receptor structural biology, the proceeding 

section provides a detailed review of available structural models of full-length and multidomain 

nuclear receptors with future studies necessary to validate interdomain communication. 

 

RXRa-interacting heterodimeric nuclear receptors: 

A.PPARg/RXRa: 

 PPARg (peroxisome proliferator-activated receptor g; NR1C3) is an obligate heterodimer 

interacting with RXRa and plays critical roles in regulating lipid and carbohydrate metabolism, 

which spurred development of FDA approved small molecule therapies.66,70 In 2008, the 

Rastinejad lab reported the first high-resolution crystallographic model of a full-length nuclear 

receptor.71 The model shows the PPARg/RXRa co-complex interacts with a DR1 (direct repeat 

with two half sites separated by one base pair) oligonucleotide, in addition to PPARg and RXRa 

each interacting with an LXXLL motif containing co-activator peptide (Figure 2.6A).71 Further, 

the model shows the nuclear receptor complex forms in a polarized orientation where PPARg 

associates with the proximal 5’ PPRE (PPARg response element) and RXRa associates with the 

distal 3’ PPRE. In addition to expected direct polar contacts made between both DBDs and the 

major groove of the oligonucleotide, unexpectedly the PPARg CTE (C-terminal extension) makes 

additional contacts with the minor grove of the oligonucleotide proximal to the 5’ PPRE (Figure 

2.6B).71 Overall, the model shows PPARg exhibits a closed conformation similar to the letter C, 

while RXRa exhibits an open conformation similar to a bead-on-a-string model.  
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 The PPARg/RXRa co-complex forms inter-domain interactions between 1) the PPARg 

DBD and RXRa DBD with a small 30 Å2 interaction surface, 2) the PPARg LBD and RXRa LBD 

dimerization interface with a large ~2,220 Å2 surface area, and 3) a novel inter-protein interface 

between the PPARg LBD and the RXRa DBD CTE. This interaction is mediated through two 

separate charge interactions between 1) D166 of the RXRa DBD and K336 of PPARg LBD b-

sheet 3 and 2) R202 of the RXRa DBD and D337 of PPARg LBD b-sheet 3  (although neither 

interaction was functionally validated), in addition to a F347 of PPARg LBD b-sheet 2  acting as 

a hydrophobic cap over the interaction site (Figure 2.6C).71 In agreement with the model, mutation 

of F347 to alanine resulted in decreased DNA binding affinity and decreased PPARg/RXRa-

dependent transcriptional activation as compared to the wildtype complex.  

 In addition to reporting the initial domain organization of the intact PPARg/RXRa co-

complex, the authors also performed a series of co-crystallization experiments with PPARg ligands 

to supplement their initial rosiglitazone (agonist) bound model. Interestingly, these experiments 

with both a reported suicide-inhibitor antagonist (GW9662) and agonist from a different chemical 

class than rosiglitazone (BVT.13) did not result in any significant structural changes (Figure 

2.6D).71 The authors also performed HDX-MS experiments with ligand-free, agonist, and 

antagonist bound PPARg states but only offered a qualitative analysis of the deuteration patterns 

observed. Together, these studies firmly established the intact PPARg/RXRa co-complex 

architecture while offering modest experimental validation of the contribution level these 

interdomain interactions play in PPARg/RXRa function.  

Although functional validation studies are consistent with F347 contributing to a 

hydrophobic interdomain surface as mutation to F347A results in loss-of-function, solution SAXS 

studies by the Moras lab 72do not agree with the dimensions of the architecture described by the 
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crystallographic model (SAXS Rg = 40 Å, crystal structure Rg = 30 Å).71,72 This may be due to the 

conformation that crystallized only being present in a small fraction of the receptor ensemble in 

solution. Unfortunately, the Moras lab did not perform ensemble optimization method (EOM) 

analysis using their PPARg/RXRa SAXS data to predict percent occupancy of the state observed 

in the crystal structure.71,72 Although interpretation of SAXS data is limited due to the low-

resolution of measurements and contribution of the hydration layer to the scattering intensity, a 

25% decrease in Rg is unlikely due to errors in parameter determination.73 Discrepancies of this 

Figure 2.6: Crystallographic model of full-length PPARg/RXRa on a DR1 
oligonucleotide. A. Overall complex architecture where PPARg exhibits the letter “C” 
shape with RXRa exhibiting a closed conformation (PDB: 3DZY). B. PPARg CTE 
contacts DNA minor groove (PDB: 3DZY). C. Interdomain interactions observed 
between RXRa DBD and PPARg LBD (PDB: 3DZY). D. Superposition of 
PPARg/RXRa complexes associated with different ligand classes (PDB: 3DZY, 3DZU, 
3E00). Adapted from Chandra, et al. 200871. 
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magnitude are likely due to differences in the observed conformational ensemble in solution and 

the conformation observed in the crystal structure. Future functional and structural studies are 

necessary to determine whether this structure described by the crystallographic model is 

biologically relevant, or if other organizations more accurately describe biologically relevant 

complexes. 

B. LXRb/RXRa: 

 LXRb (NR1H2) is an obligate heterodimer interacting with RXRa and plays critical roles 

in regulating lipid and cholesterol metabolism.66,74,75 Crystallographic analysis of a multi-domain 

(unstructured N-terminal regions deleted with DBD-hinge-LBD regions intact) LXRb/RXRa co-

complex interacting with a DR4 (direct repeat with two half sites separated by four base pairs) 

oligonucleotide by the Gustafsson lab revealed a novel domain organization where each nuclear 

receptor crosses each other forming an italicized X shape, in addition to both LXRb and RXRa 

interacting with an LXXLL motif containing co-activator peptide derived from NCOA2 (SRC2) 

(Figure 2.7A).76 In this model, RXRa unambiguously occupies the proximal 5’ half-site, whereas 

LXRb occupies the distal 3’half-site. This in is contrast to the orientation of the PPARg/RXRa co-

complex associated with a DR1 oligonucleotide, but consistent with a thyroid receptor/RXRa 

heterodimer DBD co-complex associated with a DR4 oligonucleotide (Figure 2.7A).71,77 

Together, these models suggest nucleotide spacing between response elements in direct repeat 

consensus sequences may play a major role in determining complex organization.  

 The LXRb LBD and RXRa LBD form an expected large dimerization interface with 

~2,200 Å2 surface area with no interactions observed between the LXRb DBD and RXRa DBD 

due to the four base pair spacer between response elements. Interestingly, interdomain interactions 

were observed between the LXRb DBD and RXRa LBD. This site is mediated by interactions 
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between 1) Q143 of the LXRb DBD and E291 of the RXRa LBD helix 3/4 loop and 2) K150 of 

the LXRb DBD and D229 of RXRa LBD helix 1, in addition to E228 from a region upstream the 

RXRa LBD helix 1 with no observed secondary structure protruding into an empty crevice in  the 

LXRb DBD adjacent to Zn2+-finger 2 (Figure 2.7B).76 Unfortunately, the authors did not provide 

any functional evidence for the contribution of this interdomain interaction site to DNA binding, 

co-activator binding, or cellular LXRb/RXRa-induced transcriptional activity. The model also 

predicts interactions between the LXRb N-terminal unstructured region and the DNA minor 

groove between response elements, but no validation was provided for the contribution of this 

interaction to LXRb/RXRa function (Figure 2.7C).76 Validation of these interdomain interaction 

sites in solution is necessary to determine whether the conformation described by the 

crystallographic model is biologically relevant. 

 

 

 

Figure 2.7: Crystallographic model of multidomain LXRb/RXRa on a DR4 
oligonucleotide. A Overall LXRb/RXRa complex architecture exhibiting an vitalized 
letter “X”.B. Interdomain interactions observed between the LXRb DBD and RXRa 
LBD. C. LXRb DBD N-terminal extension interactions observed with DNA minor 
groove (PDB: 4NQA). Adapted from Lou, et al. 201476. 
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C. RARb/RXRa: 

 RARb (retinoic acid receptor b; NR1B2) is an obligate heterodimer interacting with RXRa 

and plays critical roles in regulating cellular differentiation, of which spurred development of FDA 

approved small molecule therapies for acne, lymphoma, and leukemia.66,78,79 Crystallographic 

analysis of a multi-domain RARb/RXRa co-complex interacting with a DR1 oligonucleotide by 

the Rastinejad lab revealed yet another novel heterodimeric domain organization where 1) RXRa 

exhibits an extended conformation and the RXRa DBD/LBD are physically separated and 2) 

RARb exhibits a compact conformation where the RARb DBD and LBD physically interact 

(Figure 2.8A).6 In addition, the crystallographic model shows both RARb and RXRa interact with 

an LXXLL motif containing co-activator peptide derived from NCOA2 (SRC2). Although both 

the PPARg/RXRa and RARb/RXRa co-complex models are associated with DR1 

Figure 2.8: Crystallographic model of multidomain RARb/RXRa on a DR1 
oligonucleotide. A. Overall complex architecture where RARb exhibits a “closed” 
conformation where the RARb DBD and LBD interact, while RXRa exhibits and 
“extended” conformation where RXRa DBD and LBD are on the opposite face of the 
DNA strand. B. Interdomain interactions observed between the RARb DBD and LBD 
(PDB: 5UAN). Adapted from Chandra, et al. 20176. 
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oligonucleotides, the models share no significant organizational similarity other than RARb 

occupying the proximal 5’ DNA half-site and RXRa occupying the distal 3’ DNA half-site.6,71 

The RARb LBD and RXRa LBD form an expected large dimerization interface with 

~2,200 Å2 surface area with no significant interactions observed between the RARb DBD and 

RXRa DBD due to each DBD interacting with the opposite face of the DNA oligonucleotide. 

Interestingly, interdomain interactions were observed between the RARb DBD and LBD (Figure 

2.8B).6 This site is mediated through backbone interactions between the DBD loop proceeding 

Zn2+-finger site 2 and the loop between LBD helices 9 and 10. Consistent with this interdomain 

interaction site contributing to RARb/RXRa heterodimer function, triple mutation of RARb LBD 

residues K358, R359, and R360 all to glutamate resulted in decreased DNA binding affinity and 

cellular transcriptional activity on both DR1 and DR5 containing RARb response elements. These 

functional data further suggest these residues to not only contribute to RARb/RXRa heterodimer 

function on DR1 response elements, but also on DR5 consensus sequences.6  

D. VDR/RXRa:  

 VDR (vitamin D receptor; NR1I1) is an obligate heterodimer interacting with RXRa and 

plays critical roles in regulating cellular differentiation and Ca2+/phosphate homeostasis, of which 

spurred development of FDA approved small molecule therapies for osteoporosis.66,80 Studies by 

the Moras and Klaholz labs have supplemented high-resolution crystallographic models of RXRa 

heterodimer individual domain complexes with a 12 Å resolution cryo-electron microscopy model 

of a multidomain VDR/RXRa co-complex associated with a DR3 oligonucleotide (Figure 

2.9A).81 Although this model is not high resolution compared to the reported crystallographic 

models of full-length and multidomain nuclear receptors, a combination of 1) unique features of 

VDR LBD helices 4 and loop 8/9 (PDB: 1DB1)82 and RXR LBD helix 7 (PDB: 1DKF)83 as 
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observed in previous LBD crystallographic models and 2) computational modeling allowed for 

unambiguous assignment of domain locations. 

 Overall, the VDR/RXRa co-complex exhibits a shape of the letter L split where the 

VDR/RXRa LBDs are oriented perpendicular to the DNA oligonucleotide (Figure 2.9A).81 

Additionally, when viewed in a perpendicular orientation, the complex resembles a slingshot Y-

shape due to the individual LBD lobes (Figure 2.9B).81 Similar to the crystallographic model of 

LXRb/RXRa associated with a DR4 oligonucleotide,76 VDR/RXRa co-complex also exhibits an 

organization where RXRa occupies the proximal 5’ DNA half-site, while VDR occupies the distal 

3’DNA half-site. Although this study provided the relative orientations of domains in the 

LXRb/RXRa co-complex in association with a DR3 oligonucleotide, it did not provide any atomic 

detail to interdomain interactions due to the low-resolution (12 Å) of the structural model.81  

 Previous studies using HDX-MS by the Griffin lab complement this low resolution cryo-

electron microscopy model of VDR/RXRa.84 Comparison between the VDR LBD in isolation and 

Figure 2.9: Cryo-EM model of multidomain VDR/RXRa on a DR3 
oligonucleotide. A. Side view of the VDR/RXRa co-complex exhibits the shape of the 
letter “L.” A. Front view of the VDR/RXRa co-complex exhibits the shape of the letter 
“Y” or a slingshot (PDBJ: EMD-1985). Adapted from Orlov, et al. 201181. 
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intact RXRa revealed significant decreases in solvent exchange in helix 7 in the VDR LBD and 

helices 7, 10, and 11 of the RXRa LBD, consistent with the RXRa heterodimer conformation 

observed in the PPARg/RXRa co-complex.85 Also consistent with previous crystallographic 

models of PPARg/RXRa71 and Rev-erb,86 comparison between DNA-free and DNA-bound states 

of the VDR/RXRa co-complex revealed significant decreases in deuterium exchange in the DNA 

CTE, suggesting the VDR CTE may also interact with the minor grove of the DNA oligo. 

Surprisingly, comparison between DNA-free and DNA-bound states of the VDR/RXRa co-

complex also revealed significant increases in solvent exchange in the VDR LBD helix 12, 

suggesting DNA binding allosterically alters VDR LBD helix 12 via long-range communication 

(Figure 2.9B).84 Although these studies together provide low-resolution information on domain 

organization and dynamics, future studies are necessary to provide atomistic detail to how 

interdomain communication occurs within the complex. 

 

Homodimeric non-steroid binding nuclear receptor: 

A. HNF4a: 

 HNF4a (hepatocyte nuclear factor 4 a; NR2A1) is an obligate homodimer and plays 

critical roles in liver and pancreatic b-cell homeostasis.87 Initial biochemical and crystallographic 

studies of the HNF4a LBD in isolation revealed the LBP to bind a mixture of fatty acids ranging 

from 14-18 carbons in length with high affinity.88 Crystallographic analysis of a multi-domain 

HNF4a homodimeric complex interacting with a DR1 oligonucleotide by the Rastinejad lab5 

revealed yet another novel domain organization where 1) HNF4a unit 1 exhibits an extended 

conformation and 2) HNF4a unit 2 exhibits a compact conformation with the DBD and LBD 

physically interacting (Figure 2.10A).5 In addition, both HNF4a units interact with an LXXLL 
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motif containing co-activator peptide derived from NCOA2 (SRC2). Interestingly, interdomain 

charge interactions were observed between 1) D312 of unit 1 LBD helix 9 and R91 of the Zn2+-

finger site 2 within DBD unit 2 and 2) R133 of DBD unit 2 helix 2 and D316 of LBD unit 2 helix 

9 (Figure 2.10B).5  

 Previous studies in patients with MODY1 (maturity-onset diabetes of the young, type 1) 

linked several mutations in HNF4a to disease onset.89,90 Structural analysis of these mutations 

sites reveals several to cluster around the LBD dimerization interface, which include portions of 

the hinge regions as well as the previously mentioned D316 residue interacting with intra-chain 

DBD residue R133 (Figure 2.10B).5 DNA binding analysis and cellular HNF4a-induced 

Figure 2.10: Crystallographic model of multidomain HNF4a. A. Overall architecture of the 
HNF4a complex where HNF4a unit 1 exhibits an “open” conformation with the DBD and LBD 
on opposite faces of DNA and where HNF4a unit 2 exhibits a “closed” conformation with both 
domains on the same DNA face. B. Interdomain interactions observed between 1) HNF4a unit 1 
LBD and HNF4a unit 2 DBD and 2) HNF4a unit 2 LBD and HNF4a unit 2 DBD (PDB: 4IQR). 
Adapted from Chandra, et al. 20135. 
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transcriptional responses of these mutants revealed decreased function, suggesting these mutations 

may contribute to MODY1 disease progression as the model predicts. Together, this study presents 

a novel architecture of a homodimeric nuclear receptor and provides mechanistic insight into how 

mutations in nuclear receptor communication sites may play a causal role in disease progression.  

 

Homodimeric steroid binding nuclear receptor: 

A. ERa integrated structural model: 

 ERa (estrogen receptor a; NR3A1) is a steroid responsive nuclear receptor participating 

in a number of metabolic processes and is a major drug target for breast cancer.91 High-resolution 

structural determination, in addition to model generation via single technique sparse datasets such 

as SAXS were unsuccessful in generating a high-confidence model of the core ERa architecture.92 

Huang, et al. reported an integrated structural model of ERa generated using a combination of 

SAXS and hydroxyl-radical protein footprinting.93 In this technique, protein samples are irradiated 

with synchrotron X-rays to produce hydroxyl radicals in solution.94 Radicals are then able to react 

with protein side chains and are monitored over a given time course via mass spectrometry.94 Data 

analysis yields information similar to HDX-MS experiments where decreases in side-chain 

reactivity with hydroxyl radicals are considered to be changes in solvent accessibility94. This 

analysis yielded patches of hydrophobic residues on both the ERa DBD and LBD with high 

solvent protection factors in the intact receptor while also solvent accessible in isolated domain 

crystallographic models, suggesting a possible interdomain interaction to occur. Integration of 

SAXS, hydroxyl radical footprinting, and computational modeling resulted in the model shown in 

Figure 2.11A.93 
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 The model predicts ERa to exhibit a boot conformation where an interdomain interaction 

occurs between residues neighboring unit 1 DBD Zn2+-finger site 1 and the unit 1 LBD helix 1/3 

linker via a cluster of hydrophobic residues (Figure 2.11B)93. However, the authors note this 

modeling and data integration procedure does not preclude models where interdomain interactions 

occur between different ERa protein units. In support of the model, mutation of a panel of 

hydrophobic residues in ERa predicted to exist in an interdomain interface to alanine resulted in 

decreases in cellular transcriptional activity. Together, while these data suggest these solvent 

accessible hydrophobic residues are important for ERa function, they do not provide atomistic 

details to neighboring DBD interacting residues necessary to rule out other model orientations. 

The authors also show mutation of Y191H results in a ~2-fold increased cellular transcriptional 

activity, in addition to a ~3-fold increase in DNA binding affinity. Interestingly, Y191H ERa has 

been observed in endometrial cancer samples, suggesting this mutation may contribute to disease 

progression/severity given it causes gain of function. Together, the ERa integrated structural 

Figure 2.11: Integrated structural model of ERa. A. Overall architecture of ERa where ERa 
unit 1 exhibits a “closed” conformation forming putative DBD and LBD interdomain interactions 
and ERa unit 2 exhibits and “open” conformation outstretched over a long distance. B. Putative 
interdomain interactions between the ERa unit 1 DBD and LBD. Adapted from Huang, et al. 
201893.  
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model provides predicted interdomain residue interactions with loss of function data consistent 

with the model. Additional structural and function experiments are necessary 1) to confirm ERa 

exists in this predicted conformation with absolute confidence and 2) determine at what frequency 

this conformation is observed in solution.93 

 

Non-mammalian nuclear receptor heterodimer: 

A. USP/EcR: 

 The ecdysone receptor (EcR) is an insect nuclear receptor that heterodimerizes with the 

ultraspiracle protein (USP) (an ortholog of the mammalian RXR heterodimerization partner) to 

influence gene transcription on palindromic DNA sequences.95 Studies by the Moras and Klaholz 

labs have provided an 11 Å resolution cryo-electron microscopy model of a USP/EcR co-complex 

Figure 2.12: Cryo-EM model of multidomain USP/EcR on an IR1 oligonucleotide. 
A. Overall architecture of the USP/EcR complex results in an outstretched complex. B. 
Putative interactions between the USP LBD and DNA oligonucleotide (PDB: 4UMM). 
Adapted from Maletta, et al. 201496. 
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associated with an IR1 (inverted repeated with two half-sites separated by one base pair) 

oligonucleotide (Figure 2.12A).96 Although this model is not high resolution as are all of the 

reported crystallographic models of full-length and multidomain nuclear receptors, a combination 

of 1) previously reported crystallographic models of both the DBD97 and LBD98 portions of  

USP/EcR co-complex, 2) DNA extension analysis, and 3) high-quality electron density maps 

allowed for unambiguous assignment of corresponding DBD and LBD moieties.96  

 Overall, the USP/EcR co-complex exhibits a similar architecture compared to the 

VDR/RXRa co-complex resembling a slingshot “Y-shape due to the individual LBD lobes.81,96 

Similar to the crystallographic model of LXRb/RXRa associated with a DR4 oligonucleotide,76 

the USP/EcR co-complex also exhibits an organization where the USP general chaperone occupies 

the proximal 5’ DNA half-site, while EcR occupies the distal 3’DNA half-site.96 Additional 

structural analysis suggested a patch of basic residues on USP helix 9 may contribute to receptor 

function through interaction with DNA (Figure 2.12B).96 Cellular functional analyses did not 

reveal these residues to significantly contribute to USP/EcR-dependent transcription, suggesting 

refinement of the model is necessary to determine if/which interdomain interactions contribute to 

receptor function within the complex. 

 

2.4 LRH-1: A Monomeric Nuclear Receptor 

 

Initial discoveries of the NR5A nuclear receptor subclass: 

 Wakimoto, et al. 99 showed that mutation of the fushi tarazu (ftz) gene, which stands for 

“not enough segments” in Japanese, affects pair-rule segmentation in Drosophila melanogaster. 
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Subsequent studies of the ftz gene Ftz-F1 (NR5A3) as a required transcription factor for hatching, 

as deletion of this gene segment results in death due to a lack of alternating body segments.100 

Sequencing analysis  of the ftz gene revealed it to be a member of the homeodomain protein family 

that binds directly adjacent to Ftz-F1 on DNA and contains both 1) a DNA-binding domain and 2) 

a canonical nuclear receptor LXXLL co-activator binding motif.101 Additionally, cloning studies 

on the D. melanogaster Ftz-F1 gene revealed this protein to be a member of the nuclear receptor 

family.102 Biochemical studies and in vivo studies in D. melanogaster further demonstrated Ftz-F1 

and Ftz coordinate their transcriptional activities to stimulate gene transcription to promote proper 

embryo development.101,103  

 Parallel studies in mouse Y1 adrenocortical tumor cell lines revealed a DNA-binding factor 

associating with canonical nuclear receptor AGGTCA motifs and regulates the expression of 

cytochrome P450 steroidogenic enzymes.104,105 Cloning of the gene encoding this transcription 

factor (NR5A1) from mouse Y1 adrenocortical cell lines (termed steroidogenic factor-1; SF-1)106, 

undifferentiated mouse embryonal carcinoma cells (termed ELP)107, and from bovine adrenal 

cortex nuclear extracts (termed Ad4BP)108 all revealed significant sequence homology with the at 

the time recently published sequence of the D. melanogaster Ftz-F1 gene.102 Subsequent 

transcriptional studies established SF-1 to regulate a myriad of steroidogenic enzymes, including 

CYP11A109, CYP11B109, CYP17110, and CYP19A1 (aromatase)111,112, among others that include 

NR0B1 (DAX-1). Physiological studies of SF-1 knockout mice have demonstrated SF-1 is 

required for proper adrenal gland and male gonadal development (male SF-1 knockout mice 

display female urogenital anatomy), corticosteroid production, and differentiation of the 

ventromedial hypothalamic nucleus (VMH) brain region.113–116 Similar phenotypes have been 

observed in patients with SF-1 mutations with cases that include XY sex reversal117–120. Several 
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studies have further investigated physiological roles of SF-1 within steroidogenic tissues but will 

not be discussed here. 

 Additional cloning studies identified a similar Ftz-F1 nuclear receptor subclass member 

from mouse liver (NR5A2) (mouse liver receptor homolog; mLRH-1)121, rat liver (fetoprotein 

transcription factor; FTF)122, human pancreas (pancreas hormone receptor; PHR-1)123 all encoding 

the same gene. Initial investigations of the roles of LRH-1 in mammalian physiology demonstrated 

LRH-1 is required for embryogenesis as total body deletion of LRH-1 in mice results in embryo 

death at day E6.5-7.5 with phenotypic features consistent with visceral endoderm disfunction.124 

To circumvent embryonic lethality of LRH-1 deletion, later studies utilized tissue-specific 

promoter Cre-Lox strategies to delete LRH-1 in systems of interest. The sections below will 

discuss studies related to cellular and physiological roles of LRH-1 in selected tissues. 

 

Roles of LRH-1 in liver homeostasis: 

 Studies using LRH-1 liver-specific knockout mice reported by two independent groups 

confirmed previous cellular studies suggesting LRH-1 to act in concert with FXR to regulate bile 

acid synthesis125,126, as liver-specific deletion of LRH-1 results in altered bile acids pools.127,128 

This alteration in bile acid pool was confirmed to be due to decreased Cyp8B1 expression, resulting 

in loss of cholic acid and taurocholic acid bile acid species.127,128 Additional transcriptional studies 

revealed LRH-1 to regulate a number of non-cytochrome P450 genes including but not limited to 

apolipoprotein AI (APOAI)129, apolipoprotein M (APOM)130, cholesterol ester transfer protein 

(CETP)131, fatty acid synthase (FAS)132, scavenger receptor class B type I (SR-BI)133,  ABCG5134, 

and ABCG8134 through direct binding of DNA response elements and acute-phase response genes 

(IL-6, IL-1b) through indirect mechanisms.135 Subsequent studies in liver-specific LRH-1 
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knockout mice also revealed LRH-1 to contribute to glucose flux via direct regulation of 

glucokinase (GCK).136 Together, these studies demonstrate LRH-1 contributes to liver function 

under physiological conditions. 

 

Roles of LRH-1 in diabetes and nonalcoholic fatty liver disease: 

 Several studies have further investigated the role of LRH-1 in metabolism under non-

physiological states. Investigations by the Moore lab demonstrated dilaurylphosphatidylcholine 

(DLPC) is able to bind LRH-1 and activate transcriptional activity.19 The authors also showed 

long-term treatment with DLPC (3 weeks; 100 mg/kg/day) in diet-induced obesity mouse models 

increased both glucose and insulin tolerance in an LRH-1-dependent manner (i.e. no effects were 

observed with DLPC treatment in LRH-1 liver-specific knockout animals).19 Additionally, DLPC 

treatment also ameliorated lipid droplet deposition in diet-induced obesity models in an LRH-1-

dependent manner.19 Together, these data suggest treatment with an LRH-1 agonist may be 

beneficial to patients with both diet-induced obesity and nonalcoholic fatty liver disease (NAFLD). 

 Several cellular studies have shown NR5A receptors (including LRH-1, SF-1, and FTZ-

F1) contain conserved SUMOylation sites within their dynamic hinge regions which serve as a 

potent repressive post-translational modification.137–141 Physiological studies with knockin mice 

harboring a point-mutant LRH-1 unable to SUMOylated at lysine 289 (K289R; K270 in humans) 

demonstrated significant increases in a subset of LRH-1 target genes, most notably genes involved 

in cholesterol metabolism.142 To investigate whether increases in LRH-1 target genes specific to 

cholesterol metabolism would have affects under challenged conditions, LRH-1K289R mice were 

crossed with atherosclerosis susceptible LDL receptor knockout mice.142 These studies 

demonstrated mutation of K289R has a protective affect against atherosclerosis as significant 
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decreases in aortic plaques and cholesterol were observed in LRH-1K289R mice compared to LRH-

1WT littermate controls.142 The authors further showed this decrease in atherosclerosis was 

mediated through increased reverse cholesterol transport, as increases in bile flux, cholesterol 

excretion, bile acid excretion, and phospholipid excretion were observed in LRH-1K289R mice.142 

Additional cellular experiments also showed LRH-1K289R is unable to associate with the homeobox 

transcription factor Prox1, suggesting the affects seen in LRH-1K289R are in part due to decreased 

Prox1 activity. 

 Additional studies with LRH-1K289R mice challenged with a high fat/high sucrose (HF/HS) 

diet showed LRH-1K289R mice developed nonalcoholic fatty liver disease (NAFLD) and early signs 

of nonalcoholic steatohepatisis (NASH).143 Under the HF/HS diet with associated 6 hour fasting 

and refeeding, LRH-1K289R mice exhibited increased de novo lipogenesis and SREBP-1 

processing.143 These studies also showed LRH-1K289R mice exhibited increased lipid-droplet 

deposition in addition to increased plasma levels of liver inflammation markers (AST, ALT).143 

Mechanistically, this increase in liver stress was demonstrated to result from increased Osbpl3 

(oxysterol binding protein-like 3) as these affects were lost with Osbpl3 knockdown.143 

Interestingly, these increases in Osbpl3 expression were also observed in patients with advanced 

NAFLD, suggesting these physiological mechanisms may occur in patients.143 Together, studies 

in atherosclerosis models and HF/HS diet induced obesity models with LRH-1K289R mice provide 

conflicting evidence for LRH-1 activation as a drug target, as the former models found LRH-1K289R 

to exert protective effects while the later found LRH-1K289R to exert harmful effects.143 Future 

studies are necessary to delineate under what physiological/disease states activation of LRH-1 

target genes would be harmful or beneficial. 
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 Recent studies by the Gauthier lab using a bioavailable analog of the LRH-1 agonist 

RJW100 (refer to Structure-based drug design of NR5A subclass small molecule modulators 

subsection) termed BL001, showed LRH-1 agonism for 5 days prior to insulin immunization of 

RIP-B7.1 mice (Type I Diabetes model) reduced diabetes rates 50% compared to vehicle treated 

controls.144 The authors went on to show this decrease in insulitis in LRH-1 agonist treated animals 

is in part due to increases in M2 (anti-inflammatory) macrophages.144 Together, this study showed 

treatment with an LRH-1 small molecule agonist has previously unappreciated anti-inflammatory 

affect that has the potential to ameliorate insulin production/b-cell survival in patients with Type 

I diabetes.144 

 

Roles of LRH-1 in pancreatic cancer: 

 Large-scale Genome wide association studies (GWAS) have linked single nucleotide 

polymorphisms (SNPs) in regions within the NR5A2 (LRH-1) gene locus and upstream regulatory 

sequences to be strongly associated with pancreatic cancer occurrence.145,146 Subsequent studies 

in pancreatic cancer cell lines showed siRNA knockdown of LRH-1 expression caused a 3-5 fold 

reduction in pancreatic cancer cell proliferation.147 Studies in immunocompromised nude mice 

showed LRH-1 overexpression in subcutaneous tumor models significantly increased tumor 

volume, weight, and angiogenesis, further suggesting LRH-1 transcriptional activity may play a 

role in pancreatic cancer disease progression.148 Together, these studies suggest development of 

an LRH-1 antagonist (small molecule modulator, PROTAC, or antisense oligonucleotide) may be 

beneficial for pancreatic cancer patients.  
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Roles of LRH-1 in intestinal glucocorticoid synthesis: 

 Recent GWAS meta-analyses have shown associations between SNPs in the NR5A2 gene 

and inflammatory bowel disease.149,150 Additionally, studies in both heterozygous and 

homozygous intestinal-specific LRH-1 knockout mice have shown increases in colitis associated 

with decreases in LRH-1 gene transcriptional output.23,151 Interestingly, colon biopsies of patients 

with inflammatory bowel disease also show decreased expression of LRH-1, suggesting decreases 

in LRH-1 transcriptional activity may play a role in inflammatory bowel disease progression.23 

Further studies in mice and human intestinal cell lines have shown LRH-1 participates in 

glucocorticoid synthesis via transcription of steroidogenic cytochrome P450 enzymes, linking 

decreases in LRH-1 proteins levels and decreased local glucocorticoid synthesis in inflammatory 

bowel disease patients.23,152–154 Consistent with loss of LRH-1 being associated with inflammatory 

bowel disease progression, recent studies by Bayrer, et al. have shown overexpression of LRH-1 

in T-cell transfer colitis models ameliorates body weight loss and survival observed in these 

models.155 Together, these data suggest development of an LRH-1 specific small molecule agonist 

may benefit patients with inflammatory bowel disease.      

 

Roles of LRH-1 in breast cancer: 

 Early studies in differentiated mouse preadipocytes showed LRH-1 potentiates expression 

of CYP19A1 (aromatase), the enzyme responsible for estrogen production.156 Additionally, the 

authors showed LRH-1 is expressed in breast cancer cell lines, suggesting LRH-1 may play a role 

in estrogen-dependent breast cancer disease progression.156 Interestingly, the NR5A2 gene was 

subsequently shown to be directly regulated by ERa (NR3A1) and NR3A1 is a direct target gene 

of LRH-1.157,158 Together, these data suggest a possible feedforward mechanism in ER+ breast 
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cancers where ERa induces LRH-1 production, thus resulting in further estrogen production and 

ERa expression.157,158 Further studies via ChIP-seq have shown a significant fraction of LRH-1 

binding sites in MCF-7 cells overlap with  ERa binding sites, suggesting LRH-1 and ERa 

coordinate their actions to potentiate estrogen-responsive gene transcription.159 Failure to co-

immunoprecipitate or reChIP LRH-1 for ERa (i.e. initial immunoprecipitation of native Co-IP or 

formaladehyde crosslinked ChIP samples using an LRH-1 directed antibody and subsequent 

analysis via western blot for Co-IP or additional immunoprecipitation for reChIP using an ER 

directed antibody does not result in detectable LRH-1/ER complexes), or vice versa suggests these 

actions may not be mediated through co-occupancy of target gene binding sites but possibly 

through temporal coordination of accessory transcription factors.159 Consistent with these 

transcriptional findings, knockdown of LRH-1 via shRNA results in significantly decreased cell 

proliferation in both ER+ and ER- breast cancer cell lines, suggesting development of an LRH-1 

antagonist (small molecule modulator, PROTAC, or antisense oligonucleotide) may be beneficial 

for breast cancer patients.160  

 

Structural studies of the NR5A subclass DNA-binding domain: 

 Crystallographic analysis by the Ortlund lab reported a structural model of the human 

LRH-1 DBD associated with the CYP7A1 DR0 promoter, the first structural model of an NR5A 

DBD.161 This model demonstrated LRH-1 maintains the core fold of canonical nuclear receptor 

via a central a-helix inserted into the major groove of the DNA oligonucleotide with additional 

contacts made by a CTE (Figure 2.13A).161 Surprisingly, the previously uncharacterized FTZ-F1 

helix, a defining feature of NR5A subclass of receptors, exhibits an a-helical structure making 

critical p-p stacking interactions to anchor the helix to the DBD core (Figure 2.13B).161 
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Interestingly, mutation of these p-p stacking interactions to alanine (Y96A/F168A/Y172A) 

resulted in ablation of cellular LRH-1 dependent transcriptional activity while unaltering in vitro 

DNA-binding affinity. Together, these data suggest anchoring of the FTZ-F1 helix to the core 

DBD is required for transcriptional activity of full-length LRH-1 but not required for isolated DBD 

binding to DNA. Additional mutants altering  a-helicity (G169V/P170A) and deletion of the FTZ-

F1 helix significantly decreased LRH-1 DBD binding affinity and ablated cellular LRH-1 

dependent transcriptional activity (G169V/P170A only), further confirming the FTZ-F1 helix is 

required for receptor activity.161 Recent studies by the Ortlund lab reported a crystallographic 

model of the LRH-1 DBD associated with the Oct4 DR0 promoter, confirming no structural 

changes are observed within the LRH-1 DBD when associated with different DNA sequences 

(RMSD = 0.380 Å) (Figure 2.13C).161,162 In addition to this crystallographic model, the authors 

also reported full-length LRH-1 (isoform 2- shorter than more abundant isoform 1) exhibits ~2-

fold increase in affinity toward the Oct4 DR0 promoter oligonucleotide compared to the DBD in 

isolation (LRH-1 full-length isoform 2 Kd = 30 nM; LRH-1 DBD Kd = 60 nM), suggesting regions 

outside of the DBD contribute to LRH-1 association with DNA.162  

Figure 2.13: Crystallographic models of the LRH-1 DBD associated with a DR0 
promoter. A. Overall architecture of the LRH-1 DBD with the NR5A subclass specific FTZ-
F1 sequence resolved as an a-helix (PDB: 2A66). p-p stacking interactions anchor the FTZ-
F1 helix to the DBD core (PDB: 2A66). Structural comparison between LRH-1 associated with 
the CYP7A1 DR0 promoter and Oct4 DR0 promoter (PDB: 2A66, 5L0M). Adapted from 
Solomon, et al. 2005161 and Weikum, et al. 2016162. 
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 Complementary studies by Little, et al. reported an NMR structure of the mouse SF-1 DBD 

(Figure 2.14A).163 This model exhibits no overt structural differences as compared to the human 

LRH-1 DBD structures, with the exception of the model coordinates providing one additional N-

terminal residue and six additional C-terminal residues not resolved in the crystallographic models 

(although these residues did not exhibit a full set of NOEs) (Figure 2.14B).163 The authors also 

showed mutation of surface residues on the CTE and FTZ-F1 helix generally cause decreases in 

SF-1 dependent transcriptional activity, confirming these residues to be critical for NR5A subclass 

function (Figure 2.14C).163 Together, these studies firmly establish NR5A subclass receptors 

exhibit a conserved DBD architecture and altering residues on the FTZ-F1 helix result in NR5A 

functional loss. 

 

  

Figure 2.14: NMR model of the mouse SF-1 DBD associated with the Inhibin-a DR0 
promoter. A. Overall architecture of the SF-1 DBD exhibits the same elements as the LRH-1 
DBD (PDB: 2FF0). B. Additional residues present in the NMR structure highlighted in magenta 
that were not resolved in the LRH-1 DBD crystallographic model (PDB: 2FF0). C. Additional 
sites mutated in mouse SF-1 associated with altered SF-1 dependent transcriptional activity.  
Adapted from Little, et al. 2006.163 
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Structural studies of the NR5A subclass ligand-binding domain: 

A. Initial NR5A LBD Crystallographic Model: 

 An initial crystallographic model of the mouse LRH-1 LBD reported by the Fletterick lab 

revealed the NR5A subclass LBD to maintain the canonical twelve a-helical bundle fold with 

subtle differences suggesting biological implications (Figure 2.15A).164 Strikingly, the mouse 

Figure 2.15: Crystallographic model of the mouse LRH-1 LBD. A. Overall architecture of 
the mouse LRH-1 LBD exhibits a classical nuclear receptor fold with twelve a-helices and 
two b-sheets with no apparent small molecule in the ligand binding pocket (PDB: 1PK5). 
Structural comparison between the ERa LBD and mLRH-1 reveals helix 2 is long and 
structured in mLRH-1 (PDB: 1PK5, 1ERE). C. Mutations in mLRH-1 associated with 
decreased LRH-1 dependent transcription. D. Docking of mLRH-1 in theoretical dimer 
reveals putative charge clash (PDB: 1PK5). Adapted from Sablin, et al. 2003164. 
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LRH-1 LBD exhibits an extended helix 2, in contrast to other nuclear receptor members exhibiting 

no secondary structural elements in this region (Figure 2.15B).164 Mutagenesis of surface residues 

on helix 2 resulted in decreased LRH-1 dependent transcriptional responses, suggesting these 

residues to contribute to receptor function. In agreement with helix 2 rigidity participating in  

receptor function, mutagenesis of a charge interaction (R352E) between residues located on the 

helix 2/3 loop resulted in decreases in LRH-1 dependent transcriptional activity (Figure 2.15C).164 

Together, these data suggested helix 2 to act as a unique NR5A structural element.  

Additional structural and sequence alignment analysis revealed NR5A receptors to exhibit a 

subclass specific negatively charged residue (E513 in mouse LRH-1) proceeding helix 10, directly 

adjacent to a negatively charged residues on helix 9. Together, these data suggest NR5A receptors 

exist as monomers, in part due to subclass specific residues interfering with LBD dimerization 

(Figure 2.15D).164 

The authors also suggested NR5A receptors to be active in the absence of ligands due to 

1) no electron density was present in the ligand binding pocket from a ligand associating during 

expression, and 2) helix 12 exhibited an active conformation in the absence of agonist and co-

activator. As described in the proceeding sections, these initial findings were supplanted by studies 

demonstrating NR5A ligand-dependent activation.164 

B. Initial discovery NR5A subclass binds phospholipids: 

 In 2005, a series of four publications reported both LRH-1 and SF-1 bind and are activated 

by phospholipids.165–168 Crystallographic and mass spectrometry analyses of human LRH-1 and 

both human and mouse SF-1 revealed NR5A receptors to bind phospholipids in their large ligand 

binding pocket (a combination of phosphatidylglycerol and phosphatidylethanolamine from E. coli 

expression) (Figure 2.16A,B).165 Comparison of human LRH-1 LBD crystallographic models 
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reported by three distinct research groups produces an RMSD of 1.220 Å, suggesting agreement 

between all models (Figure 2.16C).165–167 Interestingly, subtle differences in the helix 2/3 loop are 

observed between models, suggesting differences in loop dynamics in different crystallization 

conditions. Comparison of human SF-1 LBD crystallographic models reported by two research 

groups produces an RMSD of 0.648 Å, also suggesting agreement between all models with subtle 

differences also seen in the helix 2/3 loop (Figure 2.16D).165,166 Structural analyses of the ligand 

binding pocket reveals a high degree of structural similarity between LRH-1 and SF-1 as observed 

by several hydrophobic residues coordinated to the phospholipid acyl chains with an  

additional lysine coordinated to the phosphate moiety (human LRH-1 K520; human SF-1 K440) 

(Figure 2.16E,F).165  

 Additional functional studies by Ortlund, et al. showed double mutation of F342W/I416W 

not only decreased phospholipid binding in vitro and significantly reduced LRH-1 dependent 

activity in cellular transcriptional assays, but completely abolished LRH-1 interaction with full-

length SRC3 in in vitro pull down assays.167 Together, these data demonstrate phospholipids are 

bona fide ligands of NR5A receptors, acting as both structural and functional modulators of the 

receptor. 
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Figure 2.16: Crystallographic models of human LRH-1 and SF-1 LBD. A,B. Electron 
density maps reveal both human LRH-1 and SF-1 to bind phospholipids (LRH-1 PDB: 
1YOK, SF-1 PDB: 1YOW). C,D. Structural comparison between human LRH-1 and SF-1 
LBDs crystallographic models reported by independent research groups reveals no 
significant differences. E,F. Hydrophobic ligand-binding pockets of human LRH-1 and SF-
1 coordinates to phospholipids while a conserved lysine (LRH-1 K520, SF-1 K440) 
coordinates to the phosphate moiety (LRH-1 PDB: 1YOK, SF-1 PDB: 1YOW). Adapted 
from Krylova, et al. 2005165, Ortlund, et al. 2005167, and Wang, et al. 2005166.  
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C. Phospholipid acyl chain length alters NR5A subclass structure and function: 

Functional studies reported alongside the initial mouse SF-1 LBD crystallographic model 

suggested phospholipid chain length may modulate NR5A receptor activity, as in vitro binding 

assays with saturated phosphatidylcholine ligands with either with 12, 14, or 16 carbons all 

increased co-activator peptide binding, with DLPE (dilaurylphosphatidylethanolamine) causing 

the highest increase in association.168 Additional studies have shown DLPC 

(dilaurylphosphatidylcholine) increases LRH-1 affinity for co-activator peptides in vitro, increases 

LRH-1 and SF-1 activity in cellular transcriptional assays, and exhibits LRH-1 dependent agonism 

in mouse studies.169 In addition to acyl chain length altering NR5A subclass function, studies by 

Musille, et al. have shown LRH-1 binds with highest affinity to phospholipids with acyl chains 12 

carbons in length, but also exhibiting binding to phospholipids with acyl chains lengths ranging 

from 8-16 carbons (Figure 2.17A,B).170,171 Together, these data suggest phospholipid acyl chain 

length contributes to receptor function. Although these studies have provided insight into NR5A 

subclass receptor function, future studies are necessary to determine the physiological ligands of 

both LRH-1 and SF-1. In this vein, studies by Urs, et al.  attempted to address this question through 

overexpression of SF-1 in adrenal cortical cell lines, biochemical enrichment of SF-1 via 



 

 42 

immunoprecipitation, and analysis for phospholipid content by mass spectrometry.172 These 

analyses suggested a significant fraction of SF-1 to be associated with sphingosine, in addition to 

sphingosine exhibiting the highest affinity for SF-1in competition binding assays.172 Although  

these studies suggested decreases in expression of sphingosine signaling enzymes results in 

decreased SF-1 target gene expression, all experiments were conducted in overexpression systems. 

To properly deorphanize both LRH-1 and SF-1, future rigorous studies under physiological 

settings in translational models are necessary to determine their endogenous ligands.  

D. Structure-based drug design of NR5A subclass small molecule modulators: 

 Several efforts have been made to develop small molecule modulators of NR5A subclass 

receptors using high-throughput screening methods that include cellular Gal4-LRH-1 LBD fusion 

Figure 2.17:  Crystallographic model of the human LRH-1 bound to DLPC. A. Overall 
architecture of the human LRH-1 LBD with DLPC occupying the ligand-binding pocket 
(PDB: 4DOS). B. Structural comparison between bacterial phospholipid (PDB: 4PLE) and 
DLPC bound (PDB: 4DOS) LRH-1 LBD reveals no overt structural differences. Adapted 
from Musille, et al. 2012170 and Musille, et al. 2016171. 
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screening,173 virtual docking screening,174 disulfide trapping screening,175 and FRET-based co-

activator peptide recruitment screening.176 Through extensive SAR (structure activity relationship) 

studies and structure-based drug design efforts, a recent study by the Ortlund lab reported the first 

agonist exhibiting a low nanomolar cellular EC50  for LRH-1 activation.24 The subsequent sections 

will focus on the progression of small molecule development from these efforts.  

 Initial studies by Whitby, et al. reported the discovery of a small hydrophobic agonist of 

LRH-1 and SF-1 (LRH-1 EC50 = 430 nM; SF-1 EC50 = 54 nM) exhibiting a unique cis-

bicyclo[3.3.0]oct-2-ene core termed GSK 8470 (predicted LogP = 8.49) (Figure 2.18A).176 Initial 

SAR analysis revealed substitution of the chemical group adjacent to the aniline moiety resulted 

in increased affinity and decrease efficacy for LRH-1 association with a NCOR2 co-activator 

peptide. Additional cellular experiments demonstrated increased LRH-1 dependent gene 

transcription (EC50 = ~1 µM), although this compound was shown to be unstable with a half-life 

~12 hours in the presence of 1M acetic acid.176 Subsequent crystallographic analyses of LRH-

1/GSK8470 co-complexes revealed GSK8470 to occupy the ligand binding pocket where 

phospholipids had been previously observed to reside. Interestingly, GSK8470 interacts with 

LRH-1 only via hydrophobic interactions with the aniline moiety engaging in a p-p stacking 

interaction with H390 (H310 in SF-1).177 Together, these structural observations suggested 1) the 

acid-labile aniline linker could be replaced with more stable chemical entities and 2) polar 

chemical groups could be added to the core for additional target engagement interactions (Figure 

2.19A,B).177 Additional SAR studies produced a highly hydrophobic compound termed RJW100 

(predicted LogP = 7.37) where 1) R2 of GSK8470 was replaced with a hexyl alkyl substituent, 2) 

the aniline moiety was replaced with a styrene group, and 3) an alcohol was added to the bicyclic 

core. With addition of these chemical moieties, four enantiomers are possible due to differences  
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Figure 2.18: Compound series showing agonism of LRH-1 activity. A. Initial 
compound hit in a FRET-based co-activator recruitment screen termed GSK8470. B. 
Structure-based drug design and SAR resulted in compound RJW100. C. Addition of 
hydroxyl moiety resulted in four stereoisomers. D. Substitution of alcohol moiety with 
sulfonamide resulted in first compound exhibiting nanomolar LRH-1 dependent EC50. 
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in conformation of the bicyclic ring core and stereochemistry of the alcohol moiety (Figure 

2.18B,C).177 Crystallographic of analysis of LRH-1 co-complexes associated with RR-RJW100 

and SR-RJW100 revealed several findings.178 Structural comparison between both RJW100/LRH-

1 complexes and LRH-1 crystallized with DLPC revealed subtle increases in distance between 

helices 3 and 6, suggesting RJW100-dependent motion (Figure 2.19C).170,178 Additional structural 

comparison between RR-RJW100 and GSK8470 revealed these compounds to exhibit a  

significantly different conformation, where GSK8470 is rotated ~180° relative to RR-RJW100 

(Figure 2.19D).178 Further structural analyses revealed an indirect water network coordinated to 

T352 and H390 from the RJW100 hydroxyl group (Figure 2.19E).178 Mutagenesis of T352V 

ablated cellular RJW100-dependent LRH-1 gene transcription and in vitro thermal stability, 

suggesting this residue to be necessary for RJW100 interaction with LRH-1.  

 Subsequent studies recently reported by the Ortlund lab took advantage of this putative 

water-mediated interaction network by making additional larger polar substituents at the alcohol 

position on the bicyclic ring.24 These efforts resulted in the first low nanomolar agonist of NR5A 

receptors termed 6N (predicted LogP = 6.55) (LRH-1 EC50 =15 nM) (Figure 2.18D).24 Structural 

analyses confirmed the sulfonamide chemical group coordinates to T352 and M345 as expected 

(Figure 2.19F).24 Additional experiments in humanized LRH-1 mouse enteroids (organoids of 

intestinal crypts) demonstrated 6N is capable of potentiating LRH-1-dependent steroidogenesis at 

1 µM.24 This is in stark contrast to potentiation of LRH-1-dependent steroidogenesis not being 

observed with RJW100 at 20 µM in prior studies experiments.155 Together, these data suggest 

future translational efforts may be possible to determine long-term effects of LRH-1 small 

molecule agonists in disease states such as colitis, diabetes, and nonalcoholic fatty liver disease.  
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Structural studies of LRH-1 interaction with noncanonical co-regulators: 

A. LRH-1 ligand binding domain interaction with DAX-1: 

 DAX-1 is a noncanonical nuclear receptor, lacking a DNA binding domain.66 Gain of 

function in DAX-1 activity through duplication of the DAX-1 gene has been linked to phenotypic 

sex reversal in XY individuals,179 in contrast to loss of function mutation causing adrenal 

hypoplasia congenita.180 Studies by Suziki, et al. firmly established DAX-1 to act as a 

Figure 2.19: Crystallographic models of small molecules bound to the LRH-1 LBD. A. Overall 
architecture of the LRH-1 LBD with GSK8470 occupying space where phospholipids had been 
shown to bind (PDB: 3PLZ). B. GSK8470 makes hydrophobic contacts within the ligand-binding 
pocket, in addition to a p-p stacking interaction with H390 (PDB: 3PLZ). Comparison between SR-
RJW100 and DLPC bound states of the LRH-1 DBD reveals small structural changes between helix 
3, 6, and 7 (PDB: 5SYZ, 4DOS). D. Comparison of small molecule conformations observed in 
ligand-binding pocket (PDB: 3PLZ, 5SYZ). E. Putative water network observed in the LRH-1 LBD 
when crystallized with RR-RJW100 (PDB: 5L11). F. RJW100-like compound 6N contains 
sulfonamide moiety replacing the alcohol substituent (PDB: 6OQY). Adapted from Whitby, et al. 
2011177, Mays, et al. 2016178, Musille, et al. 2012170, and Mays, et al. 201924. 
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physiological co-repressor of LRH-1.181 Crystallographic studies by the Fletterick lab 

demonstrated the LRH-1/DAX-1 co-complex exists as a trimer with two DAX-1 units associated 

with one LRH-1 LBD unit (Figure 2.20A).182 In this model, DAX-1 unit 1 interacts with the LRH- 

1 LBD co-activator groove with helix 12 in the active conformation, forming a large ~ 1,350 Å2 

binding interface. Further, this interaction is facilitated through the helix 3/4 loop in DAX-1 unit 

1, forming a repression helix motif with residues 275PCFXXLP281 where C276, I279, and L280 

substitute for canonical LXXLL motif leucine residues (Figure 2.20B).182 Surprisingly, DAX-1 

unit 2 engages LRH-1 with the same repression helix via LRH-1 helices 7 and 11 (Figure 

2.20C).182 Together, this study demonstrates LRH-1 and DAX-1 associate to form a trimeric 

complex and surfaces outside of helix 12 in LRH-1 are used in protein-protein interactions. 

 

 

 

 

Figure 2.20: Crystallographic model of the mouse LRH-1 LBD associated with DAX-1. A. 
Overall complex architecture reveals one LRH-1 LBD unit to interact with two DAX-1 units. B. 
DAX-1 unit 1 interacts with LRH-1 via helix 12 in the co-activator groove. C. DAX-1 unit 2 
interacts with LRH-1 LBD helices 7 and 10 (PDB: 3F5C). Adapted from Sablin,et al. 2008182. 
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B. LRH-1 ligand binding domain interaction with b-catenin: 

Studies by Botrugno, et al. have demonstrated b-catenin interacts with LRH-1 as a 

noncanonical co-activator, potentiating LRH-1 dependent cell proliferation effects.151 Subsequent 

crystallographic analysis by the Fletterick lab revealed LRH-1 to engage b-catenin ARM 

(armadillo repeat region) 3-7 via helices 1, 9, and 10 (Figure 2.21A).183 This is in stark contrast to 

canonical nuclear receptor interactions engaging LRH-1 solely through helix 12. Cellular Gal4 

fusion assays and in vitro GST pull-down assays confirmed residues predicted by the 

crystallographic model to contribute to LRH-1/b-catenin interaction to influence function, 

suggesting the model to represent a biologically relevant complex (Figure 2.21B).183 Sequence 

alignment analysis shows the LRH-1 residues facilitating interaction with  b-catenin are conserved 

across species in NR5A receptors, in addition to nuclear receptors outside of the subclass. Future 

structural studies are necessary to determine if SF-1 and other nuclear receptors (e.g. androgen 

receptor) interact with b-catenin in a similar manner.  

Figure 2.21: Crystallographic model of the LRH-1 LBD associated with b-catenin. A. Overall 
architecture of the LRH-1/b-catenin reveals LRH-1 to interact with / b-catenin ARM 3-7 via 
helices 1 and 9. B. Zoom of interaction reveals disperse interactions between LRH-1 and b-catenin 
(PDB: 3TX7). Adapted from Yumoto, et al. 2012183. 
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2.5 Summary: 

 

 Studies ranging from the molecular level to the whole animal physiology level have led to 

significant increases in our understanding of nuclear receptors over the past four decades. These 

advances were in large part due to characterization of genes encoding the 48 members of the human 

nuclear receptor family, in addition to development of small agonists and antagonists for both 

research and treatment purposes. In 2011, ~7% of all FDA approved therapies with known 

molecular targets modulated nuclear receptors.184 Although 76 total nuclear receptor small 

molecule modulators were approved at that time, these FDA approved therapies only targeted 17 

of the 48 (35%) nuclear receptor family members.184 While there is potential for developing small 

molecule modulators against additional members of the nuclear receptor family, this has proved 

challenging. This may in part be due to many of the orphan nuclear receptors binding low-affinity 

dietary/cellular small molecules and remaining constitutively active (as is the case for LRH-1), in 

contrast to the steroid class of receptors which remain inactive in the absence of ligand. Nuclear 

receptor drug development has also been hampered by small molecules altering both 

therapeutically beneficial and undesired genetic programs. These efforts may be enhanced in part, 

through development of full-length or multi-domain nuclear receptor models. These models better 

describe intact nuclear receptor complexes as compared to classical single domain models and may 

be used for development of small molecule development.   

 Recent studies by the Rastinejad lab on a multidomain RABb/RXRa complex have shown 

antagonist bound RABb exhibits significant increases in solvent exchange at the RABb DBD-

LBD interface and decreases at RABb LBD helix 12 as compared to an agonist bound state.6 This 

HDX-MS data, coupled to the RABb/RXRa multidomain crystallographic model, suggests the 



 

 50 

RABb DBD-LBD interface is modulated upon antagonist binding, and can serve as a molecular 

signature for future antagonist drug development efforts. Altogether, these studies firmly establish 

the role nuclear receptors play in mammalian physiology and their potential for being targeted to 

treat various diseases. 
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CHAPTER 3 

 

INOSITOL PHOSPHATES, INOSITOL PHOSPHATE KINASES, AND INOSITOL 

BINDING PROTEINS 

 

3.1 The Inositol Phosphate Pathway 

 

Overview: 

 Inositol phosphates are small, negatively charged molecules derived from the myo-inositol 

carbocyclic sugar.185 In contrast to scyllo-inositol in which all hydroxyl groups are located in 

equatorial positions on the hexose sugar ring, myo-inositol exists with a single axial hydroxyl 

group in the 2’-position acting as a defining feature of inositol phosphate metabolism.185  

 

Classical studies have established agonist stimulation of G aq coupled GPCRs (G Protein Coupled 

Receptor) leads to activation of PLC (Phospholipase C). Activation of PLC results in hydrolysis 

of the inositol-containing lipid PI(4,5)P2 (phosphatidylinositol 4,5 bisphosphate) to generate 

Figure 3.1: Scyllo-inositol and myo-inositol carbocyclic sugar chair conformations. 
Two of eight inositol isomers depicted in hexose sugar conformations. Equatorial 
hydroxyl group positions are depicted in blue, and axial positions are depicted. Note, 
myo-inositol contains a single axial hydroxyl group in the 2’-position. 
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Ins(1,4,5)P3 (inositol 1,4,5 trisphosphate and DAG (diacylglycerol) through a conserved sequential 

Ca2+-dependent, acid-base catalyzed reaction mechanism where a cyclic phosphate intermediate is 

suggested to be formed between C1 and C2 hydroxyl groups of the inositol ring to allow for the  

DAG moiety to leave (Figure 3.2).186–189 This signal in turn causes downstream activation of Ca2+  

release through Ins(1,4,5)P3 receptors and activation of PKC (Protein Kinase C) via DAG. 

Figure 3.2: Lipid-dependent inositol phosphate synthesis pathway. Inositol sugar ring 
depicted as gray hexagon with corresponding positions numbered. Phosphate moieties depicted 
as gold circles. All kinase-dependent steps are depicted with solid arrows with corresponding 
enzyme names colored green with the exception of IPMK steps which are highlighted in 
magenta to emphasize the promiscuous substrate selectivity of the enzyme and will be the focus 
of following sections/chapters. All phosphatase-dependent steps are depicted with dotted arrows 
with corresponding enzyme names colored red. Adapted from Otto, et al. 2007190. 
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Ins(1,4,5)P3 can be further phosphorylated by inositol phosphate kinases (IPKs) to form higher-

order inositol phosphates and inositol pyrophosphates.190 These phosphorylation events are 

catalyzed by a number of inositol phosphate kinase members, including the enzymes IP3K, IPMK, 

and IP5K which will be discussed in the following sections.190 Further, inositol phosphate 

phosphatases contribute to the ensemble of inositol phosphate species through removal of 

phosphates from positions 1, 3, and 5 by INPP1, PTEN, and INPP5A, respetively.190Although the 

lithium-sensitive INPP1 lower-order inositol phosphate phosphatase and PTEN have been well 

characterized for their roles in bipolar-disorder191 and cancer192 (driven by its lipid-dependent 

phosphatase activity), respectively, the inositol phosphate specific INPP5A (rather than lipid 5-

phosphatase) has not been well characterized outside of its role in terminating Ins(1,4,5)P3-

dependent Ca2+ release.193 In addition to the kinases and phosphatases that produce higher-order 

inositol phosphates, a number of studies have biochemically and structurally characterized inositol 

phosphate binding proteins. This class of proteins includes but is not limited to ADAR2,194 

Arrestin 3,195 and Class I HDACs and will also be discussed in the latter section of this literature 

review.11,12,196 

 

3.2 Inositol Phosphate Kinase Structures 

 

 Inositol phosphate kinases are a subfamily of kinases that catalyze phosphorylation of 

inositol phosphates to form higher order species.197 This family of kinases can be readily identified 

by the PxxxDxKxG catalytic signature and is not to be confused with the classical lipid modifying 

p110 PI3K kinase subclass.198 Inositol phosphate kinases share the general kinase domain 

architecture comprised of a small N-terminal lobe with a variable number of anti-parallel b-sheets 
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coupled to an a-helical C-terminal lobe via a hinge linker that work in concert to bind ATP (Figure 

3.3A-C).198 Additionally, sequence alignment revealed the C-terminal lobe of these kinases to be  

 

Figure 3.3: Comparison of kinase structural characteristics. Conserved N-terminal 
lobes (orange), hinge linker (magenta), and C-terminal lobes (cyan) highlighted in murine 
PKA (A) as a representative protein kinase (PDB: 1L3R), swine PI3Kg (B) as a 
representative lipid kinase (PDB: IE8X), and human IP3KA (C) as a representative inositol 
kinase (PDB: 5W2C). Inositol kinases exhibit a unique inositol phosphate-binding lobe 
(red) as seen through comparison of murine PKA (D)(PDB: 1L3R) and IP3KA(E) (PDB: 
5W2C) with substrates highlighted in blue. Adapted from Shears and Wang, 2019198. 
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significantly more divergent, consistent with the additional roles of the C-terminal lobe in substrate 

recognition. In support of this hypothesis, inositol phosphate kinases exhibit a unique inositol 

phosphate binding lobe which impart substrate selectivity, whereas protein kinases use a long 

surface at the interface between the N- and C-lobes to bind peptide substrates (Figure 3.3D-E).198 

Crystallographic models of available mammalian and plant inositol phosphate kinase family 

members will be discussed below.  

 

Mammalian IP3K: 

 A seminal pair of studies published by Gonzalez, et al.199 and Miller, et al.200 described 

crystallographic models of IP3KA (Ins(1,4,5)P3-Kinase A) derived from Homo sapiens (human) 

and Rattus norvegicus (rat) genes, the first inositol phosphate kinase structural models reported. 

These structures revealed the inositol kinase family to exhibit a conserved kinase domain 

architecture, with high structural similarity observed between human and rat IP3KA with a 

backbone RMSD of 1.134 Å (Figure 3.4A). Additionally, Gonzalez, et al. found mutating residues 

coordinated to either ATP (D416) or Ins(1,4,5)P3 (R319A) resulted in abolishment of enzymatic 

activity, suggesting these residues to be required for proper substrate positioning (Figure 3.4B).199 

Gonzalez, et al. also performed a series of soaking experiments of apo-IP3KA crystals resulting 

in both substrate (AMPPNP + Ins(1,4,5)P3) and product (ADP + Ins(1,3,4,5)P4) complex 

models.199 Structural comparison between apo (PDB: 1W2F), substrate (PDB: 1W2C), and 

product (1W2D) models reveal no appreciable conformational changes within the core kinase 

domain with backbone RMSD of 0.749 Å, although an additional twelve amino acids at the 

extreme N-terminus are resolved in the apo model in a semi- a-helical arrangement suggesting   
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Figure 3.4: Structural characteristics of mammalian IP3K. (A) Structural alignment of 
human (PDB: 1W2F) and rat (1TZD) IP3KA reveals significant similarity. (B) Nucleotide 
and inositol binding residues required for catalysis highlighted in green (PDB: 1W2D). (C) 
Structural comparison between apo (PDB: 1W2F), substrate-bound (PDB: 1W2C), and 
product-bound (PDB: 1W2D) of human IP3KA reveal no significant structural changes in the 
catalytic core domain with an additionally resolved N-terminal a-helix resolved in nucleotide 
binding pocket in the apo state. (D) Space-filling models of substrate (1W2C) and product 
(1W2D) complexes showing subtle distance changes observed in beginning and end stages of 
phosphorylation. Adapted from Gonzalez, et al. 2004199 and Miller, et al. 2004200. 
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these residues reorient upon ATP binding (Figure 3.4C). Comparison of substrate and product 

complexes reveals expected subtle g-PO4 distance changes observed between these two states, 

consistent with phosphate transfer to Ins(1,4,5)P3 (Substrate: bP-gP = 3.0 Å; Product: bP-gP =  5.8 

Å; Difference = 2.8 Å) (Figure 3.4D).199 Together, these seminal studies revealed the overall 

inositol phosphate kinase domain architecture, and substrate-product states occurring during 

catalysis. 

 

Arabidopsis thaliana IP52K: 

 Crystallographic analysis by Gonzalez, et al. on the plant IP52K, the enzyme responsible 

for converting Ins(1,3,4,5,6)P5 to Ins(1,2,3,4,5,6)P6, confirmed IP52K to be the most structurally 

dissimilar member of the inositol phosphate kinase family as suggested by sequence alignment.201 

In part, this may be due to IP52K acting on the 2’- axial hydroxyl group of the inositol sugar ring 

in contrast to all other inositol phosphate kinases acting on other equatorial hydroxyl groups. In 

this crystallographic model, both ATP and the Ins(1,3,4,5,6)P5 are significantly less solvent 

accessible as compared to the previously described IP3K crystallographic model (Figure 3.5A).201 

Surprisingly, this model also revealed the plant IP52K to utilize a Cys2His2 Zn2+ finger at a site 

distinct from the catalytic center (Figure 3.5B).201 The model accurately predicted acidic residues 

coordinating the nucleotide and basic residues coordinating the inositol phosphate are required for 

enzymatic activity, although the authors did not provide experimental evidence to differentiate if 

these mutations alter substrate binding or turnover. As was observed for IP3K, comparison of 

substrate (AMPPNP + Ins(1,3,4,5,6)P5) and product (ADP + Ins(1,2,3,4,5,6)P6) complexes 

revealed no apparent large conformational changes with backbone RMSD of 0.215 Å (Figure 

3.5C).201 Comparison of substrate and product complexes shows expected subtle g-PO4 distance  
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Figure 3.5: Structural characteristics of a plant IP52K. (A) Crystallographic model of 
Arabidopsis thaliana IP52K reveals location of nucleotide and inositol binding sites, in 
addition to an unexpected Cys2His2 Zn2+ finger (PDB: 2XAN). (B) Zoom of Cys2His2 Zn2+ 
finger removed from active site. (C) Structural comparison between substrate (PDB: 2XAN) 
and product complexes (PDB: 2XAM) reveals no significant structural rearrangements. (D) 
Space-filling models of substrate (2XAN) and product (2XAM) complexes showing subtle 
distance changes observed in beginning and end states of the catalytic pathway. Adapted from 
Gonzalez, et al. 2010201. 
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changes observed between these two states (Substrate: bP-gP = 3.0 Å; Product: bP-gP =  4.4 Å; 

Difference = 1.4 Å) (Figure 3.5D).201 Together, structural studies of IP52K revealed a unique 

overall domain structure confirming this enzyme to be the most distinct member of in the inositol 

phosphate kinase family. 

 
Mammalian IP52K: 

 Subsequent crystallographic analysis by Franco-Echevarria, et al. on mouse IP52K 

revealed the overall fold of IP52K to be conserved in enzymatically required regions with 

significant differences observed in unstructured regions outside of the active site when compared 

to the plant IP52K (overall RMSD = 6.157 Å, Pruned (261 amino acid core) RMSD = 0.820 Å) 

(Figure 3.6A).201,202 Additionally, the mouse IP52K structure also contained two distinct Zn2+ 

finger binding motifs located in areas removed from the Zn2+ finger observed in the plant IP52K 

(Figure 3.6B).202 Enzymatic assays were consistent with Zn2+ binding residues contributing to 

catalysis as disruption of the zinc-binding moieties decreased substrate turnover. As predicted by 

the model, alanine mutation of acidic residues coordinating the nucleotide and basic residues 

coordinating the inositol phosphate abolished substrate turnover. Comparison of the active site of 

the mouse and plant IP52K suggests structural conservation of this region as large-scale changes 

are not observed in the protein backbone or substrate. Ligand soaking experiments of substrate 

(AMPPNP + Ins(1,3,4,5,6)P5) and product (Ins(1,2,3,4,5,6)P6 with no nucleotide) revealed subtle 

alterations in loop regions surrounding the active site with an observed RMSD of 1.033 Å (Figure 

3.6C).202 Surface electrostatic analysis revealed an unexpected highly basic patch conserved within 

mammalian species and not present in plant IP52K (Figure 3.6D).202 Future studies are necessary 

to determine if this basic patch contributes to enzymatic catalysis or if mammalian IP52Ks have 

unidentified interaction partners. Together, this study firmly established the molecular 
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determinants of mammalian IP52K catalysis, while leaving unanswered questions as to whether 

the novel basic patch outside of the active site serves non-catalytic roles (i.e. as a protein-protein 

interaction surface) of IP52K in mammals. 

Figure 3.6: Structural characteristics of mammalian IP52K. (A) Structural alignment of mouse 
(PDB: 5MW8) and plant (2XAN) IP52K reveals significant structural similarity within the catalytic 
core (pruned RMSD of 0.820 Å over 261 amino acids) with significant differences observed in 
neighboring loop areas (overall RMSD of 6.157 Å). (B) Crystallographic model of murine IP52K 
reveals location of nucleotide and inositol binding sites, in addition to two unexpected Zn2+ fingers 
in sites removed from the active site (PDB: 5MW8). Structural comparison between substrate (PDB: 
5MW8, ATP + Ins(1,3,4,5,6)P6) and product complexes (PDB: 5MWM, Ins(1,2,3,4,5,6)6 with no 
nucleotide present) reveals no significant structural rearrangements. (D) Surface electrostatic of 
mouse IP52K analysis reveals an unexpected basic patch removed from the active site (PDB: 5MW8). 
Adapted from Franco-Echevarria, et al. 2017202. 
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Saccharomyces cerevisiae IPMK: 

  Structural determination of the yeast IPMK by Holmes, et al. confirmed the enzyme 

exhibits a conserved inositol phosphate kinase domain architecture.203 Structural comparison with 

human IP3KA over 147 conserved amino acids yields a pruned RMSD of 0.987 Å, whereas 

comparison over all residues yields an RMSD of 5.917 Å (Figure 3.7A).199,203 This discrepancy 

arises largely from an extended inositol phosphate binding helix present in IP3KA but absent in 

IPMK. Several groups have speculated this extended inositol phosphate binding helix prevents 

IP3K from phosphorylating the lipid-species PI(4,5)P2 to PI(3,4,5)P3. Consistent with this 

hypothesis as is discussed in subsequent sections, human IPMK does exhibit PI3K kinase activity 

albeit with a Km significantly greater than canonical p110 PI3Ks.17 Soaking experiments 

successfully produced an additional structural model of an ADP-bound form of yeast IPMK 

(Figure 3.7C).203 Structural comparison between apo and ADP-bound yields an RMSD of 0.690 

Å, suggesting no appreciable structural changes occur upon nucleotide binding (Figure 3.7B).203 

Figure 3.7: Structural characteristics of a yeast IPMK. (A) Structural alignment of yeast 
IPMK (PDB: 2IF8) and human IP3KA (1W2C) reveals significant structural similarity within 
the catalytic core (pruned RMSD of 0.987 Å over 147 amino acids) with significant differences 
observed in neighboring loop areas and an additional inositol phosphate binding helix present in 
IP3KA (overall RMSD of 5.917Å). (B) Structural comparison between apo (PDB: 2IEW) and 
substrate complexes (PDB: 2IF8, ATP with the g-PO4 unresolved) reveals subtle significant 
structural rearrangements. (C) Crystallographic model of yeast IPMK reveals conserved location 
of nucleotide site (PDB: 2IF8). Adapted from Holmes, et al.2006203. 
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Arabidopsis thaliana IPMK: 

 Crystallographic analysis of a plant IPMK by Endo-Streeter, et al. confirmed the plant 

IPMK to exhibit an inositol kinase domain architecture with small differences in loop regions 

outside of the core kinase domain as compared to the yeast IPMK (Figure 3.8A).204 In support of 

this assertion, structural comparison between plant and yeast IPMK results in a pruned RMSD of 

1.008 Å over 104 conserved structural residues whereas comparison overall backbone residues 

results in a RMSD of 8.056 Å.203,204 Modeling analysis performed by the authors suggested the 

plant IPMK could be reprogrammed to alter its substrate specificity by replacing lysine residues 

on the inositol phosphate binding helix with tryptophan residues (Figure 3.8B, Table 3.1).204 

Mutation of K121W resulted in a plant IPMK with ~3-fold decrease in Km for Ins(1,4,5)P3, a ~16-

fold increase in Km for Ins(1,3,4,5)P4, and ~3-fold increase in Km for Ins(1,4,5,6)P4, suggesting the 

enzyme to be semi-selective for 3’-kinase activity over 6’-kinase activity as seen by the K121W 

7% catalytic efficiency for Ins(1,3,4,5)P4 compared to wildtype activity levels. Following this in 

vitro biochemical engineering effort, the authors ectopically complemented IPMK-null fruit fly 

(D. melanogaster) embryos with wildtype and mutant version of plant IPMK. Wildtype plant 

IPMK complementation fully rescued developmental defects in IPMK-null fly embryos. 

Interestingly, decreases in wing growth were observed when IPMK-null fly embryos were 

complemented with plant K121W IPMK, suggesting loss of 6’kinase-activity results in abnormal 

fly development.204 Further studies are necessary to determine if lack of 6’-kinase activity 

observed in the plant IPMK K121W engineered mutant would rescue or result in altered 

phenotypes in IPMK-null mammalian cellular and animal models.  
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IP Species WT K121W K121W parameters relative 
to WT 

Ins(1,4,5)P3 
Vmax (µmol/min/mg) 8.96 3.52 0.39 
Km (µM) 162.2 50.05 0.31 
kcat/Km (s-1 M-1) 2.97 x 104 3.78 x 104 1.27 

Ins(1,3,4,5)P4 
Vmax (µmol/min/mg) 6.06 6.61 1.09 
Km (µM) 30.82 490 15.90 
kcat/Km (s-1 M-1) 1.06 x 105 7.17 x 103 0.07 

Ins(1,4,5,6)P4 
Vmax (µmol/min/mg) 11.04 0.39 0.04 
Km (µM) 74.97 216 2.88 
kcat/Km (s-1 M-1) 7.91 x 104 9.73 x 102 0.01 

 
Table 3.1: Arabidopsis thaliana WT and K121W Michaelis-Menten enzyme parameters. Adapted 
from Endo-Streeter, et al. 201214. 
 

 
 

Figure 3.8: Structural characteristics of a plant IPMK. (A) Structural alignment of yeast 
(PDB: 2IF8) and plant (4FRF) IPMK reveals significant structural similarity within the 
catalytic core (pruned RMSD of 1.008 Å over 104 amino acids) with significant differences 
observed in neighboring loop areas. (B) AMPPNP, Mn2+, and Ins(1,4,5)P3 modeled into plant 
IPMK (PDB: 4FRF) via structural alignment with substrate bound human IP3KA (PDB: 
1W2C). Adapted from Endo-Streeter, et al,.201214. 
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3.3 Cellular Roles of IPMK 

 

Discovery of IPMK gene and its associated enzymatic activities: 

 In 2000, Saiardi, et al.205 first reported a ubiquitously expressed inositol kinase gene 

sequenced from Rattus norvegicus. The gene contained a PxxxDxKxG consensus sequence, a 

hallmark of the inositol kinase class of enzymes. Additionally, the protein exhibited a unique 

repertoire of enzymatic activities that include phosphorylation of Ins(1,4,5)P3 to Ins(1,3,4,5)P4 and 

subsequent phosphorylation of Ins(1,3,4,5)P4 to Ins(1,3,4,5,6)P5, earning its moniker inositol 

polyphosphate multikinase (IPMK).205 Two years later, two separate groups published the 

analogous human gene for IPMK with similar biochemical findings.7,8 Chang, et al. identified an 

additional IPMK enzymatic activity as conversion of Ins(1,3,4,6)P4 to Ins(1,3,4,5,6)P5, further 

supporting the role of IPMK as a promiscuous higher-order inositol phosphate kinase.7 It is also 

worth noting of all the activities reported, conversion of Ins(1,3,4,6)P4 exhibited the highest 

Vmax/Km value suggesting a higher catalytic efficiency for this substrate (Table 3.2).  

 

Substrate Km (nM) Vmax (nmol/min/mg) Vmax/Km 
(L•min-1•mg-1) 

Relative Vmax/Km 

Ins(1,3,4,6)P4 295 114 0.39 1.00 
Ins(1,3,4,5)P4 129 1.1 0.01 0.02 
Ins(1,4,5)P3 112 27 0.24 0.62 

Table 3.2: Human IPMK inositol phosphate kinetic parameter values. Adapted from Chang, et al. 

20027. 

 

In addition to also reporting the human IPMK gene, Nalaskowski, et al. showed IPMK is a nuclear-

cytoplasmic protein, possessing a nuclear localization signal within a predicted internal loop within 

the kinase domain.8 
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 Later studies by Maag, et al. demonstrated human IPMK exhibits phosphatidylinositol 3-

kinase (PI3K) activity confirmed in in vitro kinase assays and suggested from a significant 

decrease in PI(3,4,5)P3 in IPMK-null mouse embryonic fibroblasts.206 This was intriguing given 

IPMK does not belong to the established p110 PI3K class of enzymes. Studies by Blind, et al. 

further confirmed this finding and showed IPMK exhibits a Km @ 36 µM for PI(4,5)P2, ~122-fold 

greater than the Km reported for Ins(1,3,4,6)P4, indicating IPMK exhibits weak kinase activity 

toward PI(4,5)P2 compared to inositol phosphates.17 In further support of this observation, 

cytosolic concentrations of inositol phosphates exceed the in vitro Km exhibited by IPMK for 

inositol phosphates.207 In contrast, the localized concentrations of PI(4,5)P2 on cellular membranes 

remain lower (0.2-1% mol fraction), suggesting IPMK mainly participates in inositol phosphate 

signaling.208 Also, given the discrepancies in the noted IPMK kinetic parameters, the decreases in 

cellular PI(3,4,5)P3 observed in IPMK knockout MEFs may be due to differences in inositol 

phosphate metabolic flux rather than direct phosphorylation of PI(4,5)P2 to PI(3,4,5)P3 as 

suggested by the authors.206 Future metabolic flux analyses are required to determine whether the 

decreases in PI(3,4,5)P3 levels observed in IPMK knockout MEFs are due to the alterations in loss 

of direct phosphorylation of PI(4,5)P2 or indirectly through loss of inositol phosphate 

phosphorylation. Other studies have investigated IPMK’s catalytic activity on inositol 

pyrophosphates (e.g. IP7) although less is known about this activity and will not be further 

discussed here. Together, these data firmly establish human IPMK as a promiscuous kinase with 

detectable inositol phosphate and lipid kinase activities. 

 

 

 



 

 66 

IPMK interactions with several protein complexes in a catalytically-independent fashion: 

A. IPMK associates with p53: 

 p53 is a transcription factor that is activated by cellular damage and stress. p53 

transactivates genes by regulating genetic programs involved in apoptosis, cellular arrest and 

senescence.209 Surprisingly, Drost, et al. reported an shRNA screen for regulators of p53-

dependent cellular transformation and identified that knockdown of IPMK augmented this process, 

although this finding was not pursued by the authors.210 Further studies by Xu, et al. found that 

IPMK associates with p53 in immunoprecipitation assays in a panel of cell types.211 

Overexpression of IPMK in HCT116 and U2OS cells resulted in increased p53 dependent target 

gene transcription under DNA damaging conditions, whereas MEFDIPMK cell lines displayed 

decreased p53 dependent target gene transcription under the same conditions. Further, 

overexpression of IPMK in HCT116 and U2OS cells resulted in p53 target gene recruitment under 

DNA damaging conditions, whereas MEFDIPMK cell lines displayed decreased p53 target gene 

recruitment under the same conditions assessed by chromatin immunoprecipitation (ChIP) assays, 

suggesting p53 dependent target gene recruitment and transcription to be sensitive to IPMK protein 

levels. Xu, et al. mapped the p53 interaction to IPMK exon 4 via GST pull-down assays and 

showed this IPMK fragment was sufficient to significantly decrease p53 target gene recruitment. 

The authors further show U2OS cells overexpressing IPMK treated with a DNA-damaging agent 

(etoposide) exhibit p53-dependent target gene transcription levels and cell proliferation rates 

independent of IPMK catalytic activity. Together these data are consistent with IPMK contributing 

to p53-dependent signaling in a catalytically-independent manner.211 
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B. IPMK associates with SRF: 

 Transcriptional studies in Saccharomyces cerevisiae have established IPMK associates with 

MCM1 to regulate arginine metabolism in a catalytically independent manner.212,213 Kim, et al. 

investigated whether IPMK regulates SRF (serum response factor) in mammalian cells, a 

transcription factor belonging to the same family as MCM1.214 Microarray analysis revealed IPMK 

contributes to the regulation of SRF-induced target genes. Further, the authors found by 

immunoprecipitation of cellular lysates using ectopically overexpressed, tagged proteins IPMK 

associates with SRF primarily via the kinase domain (exon 3: 93-126, exon 4: 127-182, and exon 

6: 210-416) and overexpression of a dominant-negative SRF-binding IPMK fragment (amino acids 

93-182) was sufficient to significantly decrease SRF-dependent target gene transcription. 

Collectively, these data are consistent with IPMK regulating of SRF-dependent pathways and this 

regulation is independent of IPMK catalytic activity.214 

C. IPMK associates with mTOR: 

 Given IPMK contributes to arginine regulation in S. cerevisiae,212 Kim, et al. investigated 

whether IPMK participates in regulating mTORC1 (mTOR complex 1; mammalian target of rapamycin 

in complex with Raptor).215 Initial experiments in MEFDIPMK exhibited a ~50% reduction in arginine or 

leucine induced-mTORC1 activity as assessed by S6K phosphorylation compared to wildtype controls. 

Additionally, the authors showed this decrease in S6K phosphorylation was not dependent on IPMK 

kinase-activity and deletion of IPMK resulted in decreased association of mTOR with Raptor. Together, 

these data suggest the IPMK protein may play a role in mTORC1 complex formation. 

Immunoprecipitation of complexes derived from HEK293T cells confirmed IPMK associates with 

mTORC1 and this association depends on the putatively unstructured N-terminal region of IPMK (amino 

acids 1-60). Additionally, formation of the mTORC1 complex was significantly reduced with 
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overexpression of a construct containing IPMK1-60 as a dominant-negative, consistent with the 

unstructured N-terminus participating in the mTORC1 complex. Further mutagenesis studies are 

necessary to determine whether this association is specific or biologically relevant given this region has 

no predicted secondary structure and may be due to non-specific binding.   Although this study suggests 

IPMK is a co-factor in mTORC1, future binding and structural studies with purified proteins are necessary 

to determine if/how IPMK participates in this complex given the IPMK-mTORC1 interaction site was 

mapped to the unstructured IPMK N-termimus.215 

D. IPMK associates with AMPK: 

 Given Kim, et al. concluded IPMK potentially influences mTORC1 complex formation,215 

subsequent studies by Bang, et al.  investigated whether IPMK participates in carbohydrate and 

lipid sensing by AMPK in the hypothalamus as previous studies had shown large changes in 

phospho-AMPK levels in response to fasting and refeeding.9 Virally-mediated Cre deletion of 

IPMKfl/fl (IPMK gene with transgenic flox sites between exons 5 and 6 for Cre-mediated deletion) 

mice in the hypothalamus resulted in ~2-fold increase in phosphorylated AMPK levels, suggesting 

IPMK influences AMPK activation. Further, immunoprecipitation studies in mouse hypothalamic 

neuronal GT1-7 cell lines showed IPMK associates with AMPK and this association is dependent 

on IPMK exon 4 (amino acids 125-182) and exon 6 (amino acids 210-416). Also, overexpression 

of exon 4 as a dominant-negative significantly reduced AMPK association with IPMK, providing 

further support IPMK associates with AMPK in mammalian cells. It is worth noting the authors 

do not provide mutagenesis analysis to suggest this interaction to be specific, experiments 

necessary to conclude the IPMK/AMPK interaction to be biologically relevant as the exon 4 

binding fragment is expected to not result in a native fold.  Although this study provides evidence 

IPMK is capable of interacting with AMPK, it does not establish whether IPMK alters AMPK 
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activity.9 Future studies are necessary to determine how IPMK structurally interacts with AMPK 

and whether this interaction is functionally relevant. 

 

3.4 Physiological role of IPMK 

 

IPMK total body knockout in mice: 

 Although previous studies established the critical roles that IPMK plays in the production 

of higher-order inositol phosphates, additional studies were necessary to determine if IPMK was 

important in mammalian biology. Frederick, et al.216 reported total body knockout of IPMK in 

C57BL/6 mice is lethal on embryonic day ~9.5, demonstrating the integral role IPMK and its 

products play in proper mammalian development. Additionally, the authors noted IPMK+/- mice 

1.5 years old did not exhibit detectable phenotypes, demonstrating one IPMK allele is sufficient 

for maintaining proper organism function. Subsequent physiological studies used Cre-Lox tissue 

specific knockout of IPMK to circumvent embryonic lethality of IPMK total body knockout. 

 

Roles of IPMK in sepsis: 

 Tissue-specific knockout of IPMK in macrophages revealed IPMK to play a role in sepsis 

progression.217  IPMKDmacrophage mice displayed increased survival compared to wildtype 

littermates in both surgical (cecum ligation and puncture (CLP)-induced) and chemical 

(lipopolysaccharide (LPS)) models of sepsis. Additionally, IPMKDmacrophage mice exhibited 

decreased weight loss, increased food intake, and decreased relative spleen weight compared to 

wildtype littermates, suggesting a reduced inflammatory response. This reduction in inflammation 

was also observed via decreases in proinflammatory cytokine serum concentrations and bone 
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marrow derived macrophage gene transcriptional profiles. These phenotypic observations in 

IPMKDmacrophage mice were particularly surprising given the lack of a clear link between IPMK and 

sepsis, although the authors cite their rationale for studying IPMK in macrophages as previous 

studies suggest IPMK contributes to SRF, mTOR, and AMPK regulation.214,215,218 The authors 

went on to suggest this IPMK-dependent reduction in proinflammatory signaling was in part due 

to kinase-independent stabilization of TRAF6, a RING domain-containing ubiquitin ligase 

involved in toll-like receptor (TLR) signaling, by IPMK. Although this study establishes IPMK 

deletion in macrophages results in decreases in proinflammatory signaling, further studies are 

necessary to establish whether a kinase-dead version of IPMK is capable of reversing the survival 

affects observed in IPMKDmacrophage mice.217 Further biochemical and structural studies are also 

necessary to establish whether the interaction suggested by the authors’ is specific, given the 

interaction experiments were all completed with cellular extracts rather than purified proteins and 

experiments were not performed with site-directed loss-of-function mutants to establish interaction 

specificity. 

 

Roles of IPMK in the liver: 

 Tissue-specific knockout of IPMK in the liver revealed IPMK contributes in lipophagy and 

development of liver toxicity.219 Liver specific knockout of IPMK resulted in increased lipid 

droplet formation in mice under both normal and post 24 hour fasted conditions. These same results 

were recapitulated in MEF cell lines where IPMK knockout also resulted in increased lipid droplet 

formation, suggesting this phenotype to not be specific to intact livers. Additionally, increased 

inflammation was observed in liver tissue in unchallenged IPMK liver-specific knockout mice, 

suggesting IPMK participates in decreasing baseline inflammation. The authors suggest this 
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increase in inflammation is in part mediated through kinase-independent protein-protein 

interactions between IPMK and ULK (Unc-51-like autophagy-activating kinase), an early 

mediator of autophagy and a substrate of both AMPK and mTOR. Although this study firmly 

establishes liver-specific deletion of IPMK results in increased lipid droplet formation and 

inflammation, further studies are necessary to establish whether a kinase-dead version of IPMK is 

capable of reversing these physiological effects.219 Again, further biochemical and structural 

studies are also necessary to establish whether the IPMK/ULK interaction suggested by the 

authors’ is specific, given the interaction experiments were all completed with cellular extracts 

rather than purified proteins and without site-directed mutants. 

 

Roles of IPMK in brain function: 

 Tissue-specific knockout of IPMK using the Cre-Lox system under the control of a brain -

specific promoter (Nestin) revealed IPMK to be required for immediate early gene induction.220 

Brain specific knockout of IPMK resulted in decreased immediate early gene expression post 

electroconvulsive shock compared to wildtype littermates. This result was also confirmed in a 

panel of experimental perturbations in primary cortical neuron cultures. Additionally, IPMK 

deletion in the brain resulted in decreases in long-term spatial memory as IPMKDbrain mice showed 

decreased time to latency in a Barnes maze task. To note, this decrease in memory formation 

seemed to be unique to long-term memory given IPMKDbrain mice performed equally well as 

wildtype litter mates in short-term memory novel object recognition tests. The authors suggest this 

decrease in  immediate early gene expression is in part attributed to IPMK association with a 

histone acetyl transferase (CBP: Creb-binding protein), and this IPMK-dependent transcription 

can be significantly decreased with concomitant expression of a dominant-negative peptide 
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derived from the N-terminal unstructured domain of IPMK (amino acids 1-75). Although this 

study firmly establishes brain-specific deletion of IPMK results in decreased long-term memory 

formation and immediate early gene expression, further studies are necessary to establish whether 

a kinase-dead version of IPMK is capable of reversing these physiological effects in mouse 

models.220 Again, further biochemical and structural studies are also necessary to establish whether 

the IPMK/CBP interaction suggested by the authors’ is specific, given the interaction experiments 

were all completed with cellular extracts rather than purified proteins and lack site-directed 

mutagenesis studies to confirm specificity. 

 Park, et al. supplemented these initial total-brain IPMK knockout studies by deleting IPMK 

using the Cre-Lox system under the control of an excitatory neuron specific promoter (CaMKII).221 

While IPMK deletion in excitatory neurons did not reveal any overt phenotypes as no changes in 

body weight, brain size, brain layer structures, or motor function were observed, these mice did 

exhibit increased fear extinction with normal fear acquisition in memory. The authors suggest this 

is due to decreases in tone-dependent freezing in cued fear-conditioning behavioral tasks. 

Additionally, IPMKDexcitatory neuron mice displayed decreases in long-term potentiation (LTP), a 

well-known cellular mechanism for learning and memory. Although recent studies have shown 

class I histone deacetylases (HDAC) bind high-order inositol phosphates (to be discussed in later 

sections),11,12,196 the authors conclude the IPMK-dependence of LTP is not due to HDAC activity 

because 1) their associated protein levels (HDAC1, HDAC2, and HDAC3) were not altered in 

hippocampal tissue samples and 2) H3K9 (histone 3 lysine 9) and H4K5 (histone 4 lysine 5) levels 

were unchanged as assessed via immunohistochemistry.221 This conclusion may not be warranted 

given 1) class I HDAC protein expression levels have not been correlated with the presence of 

higher-order inositol phosphates and 2) the authors only tested two out of several possible histone 
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acetylation marks. Given the strong structural and in vitro evidence supporting inositol phosphates 

influencing class I HDAC activity, the observed changes in IPMKDexcitatory neuron LTP may be due 

to loss of IPMK catalytic activity and subsequent loss of class I HDAC activity.221 Further studies 

are necessary to establish whether a kinase-dead version of IPMK is capable of reversing losses in 

fear-conditioning behavioral tasks and LTP. 

 

IPMK is depleted in patients with Huntington’s disease: 

 Huntington’s Disease (HD) is an autosomal dominant neurological disorder with exhibited 

phenotypes including motor disorders and dementia.222 Genetically, HD has been traced to 

glutamine insertions in the gene Huntingtin, resulting in mutant Huntingtin (mHtt).222 Recent 

studies by Ahmed, et al. have shown IPMK protein levels to be significantly decreased in the 

striatum of a small cohort of post-mortem HD patients, suggesting decreases in IPMK may play a 

role in disease etiology.21 These initial findings in post-mortem HD patient samples were 

confirmed in both animal and cellular models of HD, with a ~75% reduction in IPMK protein 

levels observed in Q111 cells (cell line derived from striatum of a knock-in transgenic mouse line 

harboring exon 1 of human Huntingtin with 111 glutamine repeats). Surprisingly, virus-mediated 

expression of IPMK in R6/2 HD model mice (a transgenic mouse line harboring exon 1 of human 

Huntingtin with 150 glutamine repeats) was shown to delay motor impairment to levels not 

different than wildtype mice at 6 weeks of age. In addition, the author’s show this motor function 

rescue was in part due to significant decreases in mHtt aggregates observed in the striatum of R6/2 

mice.21 Future studies are necessary to further delineate how IPMK contributes to mHtt aggregate 

formation and HD progression. 
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3.5 Selected Inositol phosphate binding proteins: 

 

ADAR2: 

ADARs (adenosine deaminases that act on RNA) are RNA editing enzymes that catalyze 

the hydrolytic deamination of adenosine to inosine.223 The catalytic activity of ADARs have been 

cited to be important for several biological functions including regulation of RNA interference 

(RNAi)224 and neuronal function.225 To better understand the molecular details of the ADAR 

catalytic reaction, Macbeth, et al. crystallized human ADAR2 using a heterologous 

Saccharomyces cerevisiae overexpression system.194 A single IP6 molecule was unambiguously 

identified within the core of the catalytic domain coordinated by several basic residues, suggesting 

IP6 to be important for ADAR2 function (Figure 3.9A,B).194 To address this question, the authors 

 expressed ADAR2 in a S. cerevisiae strain lacking IP5K, the enzyme responsible for 

converting IP5 to IP6, and compared deaminase activity levels to those from ADAR2 prepared 

from the same S. cerevisiae strain plus IP5K.  These experiments confirmed ADAR2 requires IP6 

for catalytic activity as no detectable deaminase activity was observed in samples prepared from 

the S. cerevisiae strain lacking IP5K. Sequence alignment analysis further revealed IP6 binding 

residues in human ADAR2 to be conserved with human ADAR1 and ADAR3, in addition to 

human ADAT1 (adenosine deaminases that act on transfer RNA), suggesting these enzymes may 

also require IP6 for catalytic activity.194 Future structural and functional studies are necessary to 

confirm the requirement of IP6 binding for all ADAR and ADAT enzymatic activities. 
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Arrestin-3: 

 Arrestins are a class of proteins capable of altering G protein-coupled receptor (GPCR) 

signaling through G-protein dependent and independent pathways.226 In the classical G protein 

dependent pathway, arrestins are recruited to GPCRs via a C-terminally phosphorylated tail to 

inhibit further G protein activation and allow for receptor internalization.226 G protein independent 

arrestin signaling is mediated through >100 different proteins and generally results in cell 

proliferation and apoptosis.226 Structural studies of the four members of the arrestin class in the 

basal state demonstrated arrestin forms a two-domain protein with limited interdomain 

interactions.227–230 Further structural studies revealed receptor-dependent activation of arrestin 

resulted in ~20° inter-domain rotation.231 Questions remained as to whether similar conformational 

changes resulted due to receptor-independent activation. 

 Figure 3.9: ADAR2 is an IP6 binding protein. (A) Crystallographic model of the human 
ADAR2 catalytic domain reveals a single Ins(1,2,3,4,5,6)P6 in the protein core (PDB: 1ZY7). 
(B) Ins(1,2,3,4,5,6)P6 is coordinate by basic shell of amino acids in the core of the ADAR2 
catalytic domain. Adapted from Macbeth, et al. 2005194. 
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 In vitro biochemical studies on arrestin-2 and -3 revealed IP6 to bind with high affinity 

(~85 nM), suggesting a possible IP6-dependent regulatory role given cellular IP6 concentrations 

can reach 100 µM in certain cell types.195,232,233 Crystallographic studies on arrestin-2 revealed two 

distinct IP6 interactions, with one located in each domain.234 Further in vitro biochemical 

experiments revealed IP6 to alter arrestin-2 elution profiles in size exclusion chromatographs and 

sedimentation profiles in analytical ultracentrifugation experiments, confirming the ability of IP6 

to alter arrestin-2 oligomerization state. Although these studies confirmed the presence of IP6 

binding sites in arrestin-2 and IP6 alters arrestin-2 oligomerization state, this study did not establish 

structural determinants of arrestin-2 oligomerization because IP6 was soaked into pre-formed apo 

protein crystals rather than crystallized in the presence of IP6.234  

 Recent structural studies on arrestin-3 bound to IP6 have addressed this question.195 

Arrestin-3 crystallized in the presence IP6 resulted in a homo-trimeric complex, where IP6 binds 

the phosphate sensor that would be occupied by the GPCR phosphorylated C-terminal tail in the 

Figure 3.10: Arrestin 3 oligomerization regulated by IP6 binding. (A) Crystallographic model of 
arrestin3 bound to Ins(1,2,3,4,5,6)P6 reveals arrestin 3 to oligomerize as a trimer (PDB: 5TV1) . (B) 
Structural comparison of basal arrestin 3 (PDB: 3P2D) with Ins(1,2,3,4,5,6)P6 bound arrestin 3 
(PDB: 5TV1) reveals a 17.7° inter-domain rotation, suggesting an active conformation. Adapted 
from Chen, et al. 2017.195 
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active arrestin receptor-dependent state (Figure 3.10A).195 Further, this crystallographic model 

revealed a 17.7° inter-domain rotation when compared to basal state arrestin, suggesting an active 

conformation (Figure 3.10B).195 Together, these data establish the regulatory role IP6 has on 

arrestin receptor-independent activation. 

 

Class I HDACs:  

 Histone deacetylases (HDACs) are enzymes that remove acetyl groups from lysine residues 

on histone tails and are generally associated with decreases in gene transcription.235 HDACs are 

recruited to DNA through association with co-repressor adapter proteins that are also associated 

with DNA-binding transcription factors, a large proportion of which include nuclear receptors.236 

Watson, et al. reported the crystal structure of full-length HDAC3 associated with a fragment of 

the co-repressor NCOR2 (nuclear receptor co-repressor 2) heterologously expressed in HEK293F 

cells.196 A single Ins(1,4,5,6)P4 was unambiguously identified to mediate interaction between 

HDAC3 and NCOR2 (Figure 3.11A), suggesting this cofactor to be important for HDAC 

function.196 This hypothesis was confirmed as mutagenesis of the Ins(1,4,5,6)P4 binding site 

resulted in decreased in vitro HDAC3/NCOR2 association and enzymatic activity. Of note, this 

form of inositol phosphate is exclusively formed by IPMK (IP3K is also able to form the 

Ins(1,3,4,5)P4 isomer), suggesting IPMK catalytic activity is necessary for complex formation.  

 Studies by the Schwabe group revealed the HDAC1/MTA1 complex to also bind 

Ins(1,4,5,6)P4, confirming this cofactor to bind both HDAC1 and HDAC3.12 In contrast to the 

HDAC3/NCOR2 complex, Ins(1,4,5,6)P4 was not identified in the initially reported 

HDAC1/MTA1 crystal structure although the authors provide data to support Ins(1,4,5,6)P4 

dissociating from the HDAC1/MTA1 complex during the purification process as its enzymatic 
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activity decreases over a 12 day time course and can be partially re-activated through addition of 

Ins(1,4,5,6)P4 (Figure 3.11B).11 This assertion was further supported by freshly prepared 

HDAC1/MTA1 complexes exhibiting species only explained by the presence of InsP4 in native 

mass spectrometry experiments. Subsequent studies by the Schwabe group reported the IP6-bound 

form of HDAC1/MTA1 by soaking IP6 into preformed apo crystals.12 This crystallographic model 

confirmed IP6 binds the same site occupied by Ins(1,4,5,6)P4 by HDAC3/NCOR2 with conserved 

basic residues (Figure 3.11C).12 Further in vitro mechanistic studies revealed both HDAC1/MTA1 

and HDAC3/NCOR2 to be activated by Ins(1,4,5,6)P4 and Ins(1,3,4,5)P4 and not by Ins(1,4,5)P3 

suggesting HDAC1 and HDAC3 activation to be limited to higher-order inositol phosphates and 

isolated from Ins(1,4,5)P3 Ca2+ signaling.12 Together, these data firmly establish higher-order 

inositol phosphates play a structural role in HDAC1 and HDAC3 by tethering co-repressor 

domains to HDAC catalytic domains and altering enzymatic activity. Although high sequence 

complementarity exists between all class I HDACs, future studies are necessary to confirm 

HDAC2 and HDAC8 regulation by higher-order inositol phosphates. Future studies are also 

Figure 3.11: Inositol phosphate regulated Class I HDAC association with co-repressors and 
enzymatic activity. (A) Crystallographic model of the human HDAC3/NCOR2 complex reveals a 
single Ins(1,4,5,6)P4 to mediate protein-protein interaction (PDB: 4A69). Crystallographic model 
of the HDAC1/MTA1 complex in the apo (PDB: 4BKX) and Ins(1,2,3,4,5,6)P6 bound state (via 
apo soaking experiments) revealed a common inositol phosphate binding location (PDB: 5ICN). 
Adapted from Watson, et al. 201210, Millard, et al. 201311, and Watson, et al. 201612. 
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necessary to determine whether depletion of higher-order inositol phosphates via deletion of IPMK 

in mammalian cells results in decreased class I HDAC activity. 

 

3.6 Summary: 

 

 Structural, biochemical, cellular, and transgenic animal studies over the past several 

decades have led to significant increases in our understanding of inositol phosphates. These 

advances were in large part due to characterization of the genes encoding the kinases acting on 

these small molecules. Classical experiments suggested these small molecules to not act as 

signaling molecules given their relatively high concentrations and the stable nature of their 

intracellular pools under normal conditions. Recent studies by Otto, et al. have shown inositol 

phosphate concentrations to be significantly altered in cell lines when inositol phosphate kinases 

are overexpressed in addition to a constitutively active Gaq, suggesting these molecules may 

exhibit previously unappreciated signaling capacity.190 Future studies to examine cellular inositol 

phosphate metabolic kinetics in real time will require development of novel tools such as selective 

small molecule inositol kinase inhibitors and intracellular inositol phosphate sensors. Together, 

these approaches may produce a more systematic methodology to discover and examine cellular 

inositol phosphate dynamics, inositol phosphate kinases, and downstream inositol phosphate 

binding proteins.  

 Mammalian IPMK is a unique member of the inositol phosphate kinase family given it 

exhibits 3, 5, and 6 kinase activity on inositol phosphates, in addition to exhibiting low kinase 

activity towards PI(4,5)P2 (Figure 3.12A).7,17,206 Studies published from the Snyder group have 

suggested several putative IPMK protein-protein interactions that act in a kinase-independent 
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manner (Figure 3.12B).9,211,214,215,217,219,220 Although some groups have suggested IPMK as a 

potential therapeutic target for treating a wide range of disorders, future studies are necessary to 

determine whether inhibition of IPMK kinase activity (through small molecule inhibitors) or 

decreased IPMK expression (through antisense oligonucleotides) would have significant side 

effects in mature mammals.20 Given 1) total body knockout of IPMK in mice is lethal at embryonic 

date ~9.5,216 2) tissue-specific knockout of IPMK in mouse liver results in increased lipid droplet 

accumulation,219 3) tissue-specific knockout of IPMK in the mouse brain results in altered long-

term memory formation,220,221 4) tissue-specific knockout of IPMK in bone marrow derived 

macrophages results in altered immune responses to sepsis,217 and 5) IPMK is expressed in all 

mammalian tissues examined, it is unlikely small molecule inhibition or decreased IPMK 

expression would be a viable pharmacological target strategy with a sufficient therapeutic window. 

In addition to these animal model studies, given IPMK is required for generation of certain inositol 

phosphate species, it is likely that IPMK inhibition would result in broad alteration of protein 

activities requiring these small molecule factors. In support of this notion, class I HDACs require 

the presence of higher-order inositol phosphates, specifically associating with IPMK-derived 

Ins(1,4,5,6)P4.196 The broad role class I HDACs alone have in regulating global gene expression 

in all tissues is sufficient to suggest inhibition of IPMK could result in a large number of 

unintended side effects driven by altered activity of inositol phosphate binding proteins, both 

known and unknown. Altogether, these studies firmly establish IPMK as serving important roles 

in mammalian biology. 
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Figure 3.12: Mammalian IPMK exhibits kinase-dependent and kinase-independent activities. 
(A) Mammalian IPMK exhibits the 3’-, 5’, and 6’-kinase activity on inositol phosphates, as well as 
3’-kinase activity on PI(4,5)P2. Positions on inositol ring with IPMK exhibited activity are depicted 
as red on the inositol sugar moiety. (B) Mammalian IPMK interacts with several different protein-
protein interaction partners via its unstructured N-terminal region, internal unstructured loop, and 
core kinase domain. 
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CHAPTER 4 
 
 

STRUCTURAL AND FUNCTIONAL CHARACTERIZATION OF FULL-LENGTH 
HUMAN LRH-1 

 
 
4.1 Introduction: 
 
 

Nuclear receptors are ligand-dependent transcription factors that control an array of genetic 

programs30. Transcriptional regulation is accomplished through a conserved domain architecture 

beginning with an unstructured N-terminal domain (NTD) that transitions into a conserved DNA-

binding domain (DBD), flanked by a variable hinge linker domain, and ending with a conserved 

twelve a-helical bundle ligand-binding domain (LBD)15. Although studies of individual domains 

in isolation have been highly successful at determining modes of DNA binding, hydrophobic 

ligand binding, and co-regulator binding, far less is known about how these modular domains act 

together in intact nuclear receptors. To date, high-resolution crystal structures of full-length or 

multi-domain nuclear receptors have been reported for four out of the 48 human nuclear 

receptors6,76,237,238. Because of the technical difficulties in studying intact nuclear receptors, several 

studies have taken alternative approaches to examine intact architectures72,81,93,239. Most recently, 

an integrated structural model of the estrogen receptor was reported using a combination of 

hydroxyl radical foot-printing, computational modeling, and SAXS93. Remarkably, these studies 

have not revealed common quaternary structures between different nuclear receptors, despite 

conserved domain architectures. Although these studies have shown inter-domain interactions are 

present in dimeric nuclear receptors, it is unknown if these types of interactions are present in 

monomeric nuclear receptors. 
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Liver Receptor Homolog-1 (LRH-1, NR5A2) is one of two members of the NR5A receptor 

subclass, sharing a high degree of sequence identity (DBD: 95%, LBD: 76%) with the paralog 

steroidogenic factor-1 (SF-1, NR5A1)164. Both LRH-1 and SF-1 contribute to regulating 

steroidogenesis, but recent evidence has shown LRH-1 plays a far more ubiquitous role also 

contributing to the regulation of bile acid, glucose, and cholesterol homeostasis136,142,240, and 

involvement in embryogenesis26,241, ovulation242, pregnancy243,244, pancreatic and breast 

cancer159,245,246, inflammatory bowel disease155, Type I and II diabetes19,144, and nonalcoholic fatty 

liver disease247. In contrast to classical dimeric nuclear receptors, NR5A receptors are obligate 

monomers that recognize a 9-bp motif containing a 5’-extension past the classical AGGYCR 

nucleotide sequence2,161,248. The unique ability of monomeric nuclear receptors to bind extended 

motifs, which includes but is not limited to NR5A receptors, is facilitated through a C-terminal 

extension (CTE) distal to the core DBD. Additionally, NR5A receptors contain a unique FTZ-F1 

helix distal to the CTE that is anchored to the core of the DBD via a triad of π-π stacking 

interactions. Previous studies on LRH-1 and SF-1 have shown that interfering with the structural 

integrity of the FTZ-F1 helix ablates receptor activation, suggesting this helix is required for NR5A 

receptor function.248,249 Crystallographic studies of the LRH-1 LBD in isolation have also provided 

detailed structural information on the overall fold of the domain and the ability of the ligand-

binding pocket to bind phospholipids164,166,250,251. In particular, these initial studies noted the 

unusually long and rigid nature of LBD helix 2, in addition to directly packing against LBD helix 

3164. Together, the DBD FTZ-F1 helix and LBD helix 2 constitute structural elements unique to 

NR5A receptors. 

Here, we developed and validated an integrated structural model of full-length LRH-1 

(LRH-1FL) in complex with the CYP7A1 promoter and PGC1α LXXLL motif containing co-
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activator peptide. These studies provide the first molecular model of an intact monomeric nuclear 

receptor and confirm inter-domain communication contributes to NR5A receptor subclass function. 

When viewed in light of previous crystallographic models of LRH-1 in complex with intact co-

regulators, our integrated structural model of full-length LRH-1 provides additional biological 

context for the modulatory effects of transcriptional co-regulators. 

 

4.2 Results: 

 

Low-resolution structural restraints on LRH-1 topology acquired by solution-based biophysical 

techniques: 

Previous studies have shown a shortened isoform of full-length LRH-1 has higher affinity 

for both DNA252 and co-activator253 ligands in comparison to isolated domains. To complement 

these studies, we performed DNA binding experiments on full-length LRH-1 (isoform 1: 1-541 

aa), denoted LRH-1FL, in the presence and absence of the PGC1a co-activator peptide. In our 

experience LRH-1FL is unstable without DNA and measurements could not be made to determine 

direct binding affinities. Thus, we tested DNA binding affinity with a competition assay, which 

revealed LRH-1 has lower affinity for the CYP7A1 oligonucleotide in the presence of PGC1a (-

PGC1a IC50 = 64.1 nM; +PGC1 IC50 = 170.5 nM), suggesting long-range communication occurs 

upon binding the co-activator peptide to alter DNA affinity (Figure 4.1A-B, Table 4.1). Together, 

these data prompted us to investigate how these in vitro functional changes occur in LRH-1FL. 

 
 



 

 85 

  

Figure 4.1: PGC1a binding decreases LRH-1 DNA affinity and alters solvent accessibility within 
the LRH-1 LBD. (A) Wild type LRH-1 +/- PGC1a in vitro DNA binding detected via fluorescence 
polarization. Data represent mean ± SEM, with associated IC50 (B) plotted as mean ± 95% confidence 
interval. HDX profiles for peptides shown to have differential solvent exchange between LRH-1FL +/- 
PGC1a (C-E). Regions with altered solvent accessibility mapped onto crystal structures of the LBD (F) 
(PDB: 1YOK with modeled H2/3 linker). Decreases in HDX are depicted as blue and increases are 
depicted as red. Data represent mean ± SD from three independent experiments. *P<0.01, **P<0.001. 
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LRH-1 IC50 (nM) 95% CI (nM) R2 

WT 64.1 43.7-94.2 0.9443 
WT +PGC1α 170.5 123.6-235.0 0.9618 

S148R 315.3 193.9-517.6 0.9272 

 

To probe changes in protein structure and dynamics between LRH-1FL and individual 

domains, we used HDX-MS (available with associated online publication or at 

https://doi.org/10.5281/zenodo.3405545)254. Comparison between LRH-1FL and domains in 

isolation revealed several regions with significant HDX differences meeting the following 

threshold criteria: 1) statistically significant change (P<0.01) in deuterium uptake, 2) >5% change 

in magnitude (based on peptide length) of deuterium uptake at any timepoint, and 3) >0.4 Da 

absolute mass difference in exchange. Several criteria were used as thresholds to ensure areas 

deemed significant to potentially participate in biologically relevant alterations in dynamics, rather 

than subtle differences in deuterium exchange which may exhibit statistically significant 

alterations by T-test (P<0.01) but not of sufficient magnitude to be a biologically relevant change. 

Using these criteria, decreases in deuterium uptake were observed in LRH-1FL compared to the 

isolated DBD in b-sheet 1 and 2 spanning residues 87PVCGDKVSGYHYGLL101, and in the 

proximal CTE region spanning residues 147LSVGMKLEA155 (Figure 4.2A-C, Table 4.2). 

Decreased deuterium uptake was also observed in LRH-1FL compared to the isolated LBD in helix 

2 spanning residues 320AKIMAYL326, and helix 3 spanning residues 342FGMLC346 (although this 

peptide did not meet one of our threshold criteria, >0.4 Da difference) (Figure 4.2D,F). 

Table 4.1: Parameters from best fits of the homologous competition DNA binding 
curves. A fixed concentration of LRH-1FL/FAM-CYP7A1 was titrated with increasing 
concentrations of unlabeled CYP7A1 oligonucleotide. Parameters were derived from 
three independent fluorescence polarization experiments performed in triplicate. For 
experimental curves, refer to Figures 4.1 and 4.18. 
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Interestingly, increased HDX was observed in LRH-1FL in helix 12 spanning residues 

532LIEMLHAKRA541, with a 15% increase observed between residues 532LIEML536 (Figure 

4.2E,F). To determine if the observed HDX changes could be attributed to differential lipid 

occupancy or species, we performed mass spectrometry on lipids associated with LRH-1FL and 

LBD. LRH-1FL was associated with ~30% less total lipid content compared to the LBD with no 

differences observed between relative quantities of total phosphatidylethanolamine (PE) or 

phosphatidylglycerol (PG) (Figure 4.3A). Interestingly, subtle differences were observed in acyl- 

chain length in both PE and PG species associated with LRH-1FL and LBD, where shorter acyl 

chain containing lipids were enriched in LRH-1FL, while longer acyl chain containing lipids were 

decreased in LRH-1FL. (Figure 4.3D,E). Previous studies on the LRH-1 LBD in isolation have 

shown apo- LRH-1 displays increased deuterium exchange in both helix 2 and 12, in contrast to 

decreases in helix 2 and increases in helix 12 observed in LRH-1FL
255. The same study also showed 

LRH-1 bound to the short-acyl chain phospholipid DLPC (dilauroylphosphatidylcholine) and 

displays increased HDX in helix 6 and 10, affects not observed in our LRH-1FL-LBD comparative 

experiment. Together, these data suggest the change observed in helix 2 of LRH-1 is unique to the 

intact receptor and potentially not due to difference in ligand species or occupancy. We also 

attempted to determine if PGC1a binding alters deuterium uptake to find additional restraints. We 

found expected decreases in deuterium uptake in and around helix 12 (Figure 4.1C-F, Table 4.3), 

however no HDX changes were detected in DBD peptides under these conditions. Together, these 

data suggest structural and dynamical differences exist between LRH-1 domains in isolation and 

in the intact receptor, albeit small in magnitude.  
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Figure 4.2: HDX-MS reveals regions with differential solvent accessibility dependent on 
intact receptor. 
HDX profiles for peptides shown to have differential solvent exchange between LRH-1FL and the 
DBD (A, B) or the LBD (D,E). Regions with altered solvent accessibility mapped onto crystal 
structures of the DBD (C) (PDB: 2A66) and LBD (F) (PDB: 1YOK with modeled H2/3 linker). 
Decreases in HDX are depicted as blue and increases are depicted as red. Data represent mean ± 
SD from three independent experiments. *P<0.01, **P<0.001, ***P<0.0001.   
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Figure 4.3: MS analysis of the phospholipid content and composition in full length LRH-1FL 
and isolated LRH-1 LBD. 
(A) Relative total PE and PG phospholipid quantitation from extracted LBD and LRH-1FL samples. 
**P<0.01. (B) Relative abundance of total PE and PG phospholipid species in LBD and LRH-1FL. 
(C) Representative negative-ion mode MS1 scan from phospholipids extracted from LRH-1FL.. 
Comparison of relative abundance of PE (D) and PG (E) with various acyl chain length between 
LBD and LRH-1FL. *P<0.05, **P<0.01, ***P<0.001 post Bonferroni correction.  
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Table 4.2. HDX Data Summary of Full-Length LRH-1 vs. Individual Domains; related to Figure 4.2. 
Data Set Full-length LRH-1 LRH-1 DBD LRH-1 LBD 
HDX reaction details  %D2O=96% 

pH(rea)= 7.5 

Temp= 18°C 

%D2O=96% 
pH(rea)= 7.5 

Temp= 18°C 

%D2O=96% 
pH(rea)= 7.5 

Temp= 18°C 
HDX time course  
 

3s (4°C and 18°C), 30s, 
300s, 3000s,  

3s (4°C and 18°C), 30s, 
300s, 3000s, 

3s (4°C and 18°C), 30s, 
300s, 3000s, 

HDX controls N/A N/A N/A 
Back-exchange Corrected based on %D2O Corrected based on %D2O Corrected based on %D2O 
Number of peptides 197 35 106 
Sequence coverage 98.7% 69.4% 98.2% 
Average peptide length / 
Redundancy 

Length = 11.54 Redundancy 
= 4.4 

Length = 11.00 Redundancy 
= 5.3 

Length = 10.2 Redundancy = 
4.2 

Replicates  3 3 3 
Repeatability Average StDev = 0.7% Average StDev = 0.6% Average StDev = 0.8% 
Significant differences in 
HDX 

>5% and >0.4 Da and 
unpaired t-test <0.01 

>5% and >0.4 Da and 
unpaired t-test <0.01 

>5% and >0.4 Da and 
unpaired t-test <0.01 

 
Table 4.3. HDX Data Summary of Full-length LRH-1 +/- PGC1α; related to Figure 4.1. 

Data Set Full-length LRH-1 

HDX reaction details  
%D2O=89.3% 
pH(rea)= 7.5 

Temp= 18°C 
HDX time course  
 

3s (4°C and 18°C), 30s, 
300s, 3000s,  

HDX controls N/A 
Back-exchange Corrected based on %D2O 
Number of peptides 151 
Sequence coverage 97.9% 
Average peptide length / 
Redundancy 

Length = 13.5 Redundancy = 
3.7 

Replicates  3 
Repeatability Average StDev = 0.6% 
Significant differences in 
HDX 

>5% and >0.4 Da and 
unpaired t-test <0.01 
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To provide low-resolution distance information on LRH-1FL, XL-MS experiments were 

performed using the bis(sulfosuccinimidyl)suberate (BS3) crosslinker in the presence of 

PGC1a. Analysis of samples crosslinked for one and two hours via SDS-PAGE revealed a band 

running at approximately the same size as the control un-treated sample, with an additional faint 

band at higher molecular weight (~150 kDa) (Figure 4.4A). The major monomeric band was 

excised, in-gel trypsin digested, and analyzed via liquid chromatography/tandem MS (LC-

MS/MS). Crosslinks were bioinformatically identified and verified to be absent in a sample lacking 

BS3 via integrated MS-1 parent ion chromatogram comparison. This analysis identified ten high-

confidence BS3 crosslinks (Figure 4.4B). 

Five crosslinks were identified within LRH-1FL, in addition to five crosslinks between 

LRH-1FL and PGC1a. Of those ten crosslinks, one crosslink was identified between the LRH-1 

DBD and LBD (K118-K335) (Figure 4.4D-F), and two inter-protein crosslinks were identified 

between the LRH-1 DBD and PGC1a (Figure 4.4A-F). Those crosslinks were most informative 

for determining the arrangement of the DBD and LBD in docking (see below) because they bridged 

sites in the available crystal structures of the DBD and LBD+PGC1α. In addition, three intra-

domain crosslinks were observed within the DBD, and two intra-protein crosslinks were identified 

between the LRH-1 LBD and PGC1a. Those crosslinks were not considered in docking because 

they connected residues within the known domain structures. Finally, residue K44 in the flexible 

NTD was observed to crosslink with sites in the LBD (K335) and PGC1α (K747). These two 

crosslinks at K44 as well as all other BS3 crosslinks were used to score and select a model of LRH-

1FL after adding the flexible NTD and hinge domain to the LRH-1 docking model. To further 

confirm residues in the LRH-1 NTD and DBD, and in PGC1a were crosslinked with K335, we 

repeated the XL-MS experiments in the presence and absence of the PGC1a peptide. As expected, 
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the abundance of both the K44-K335 and K118-K335 crosslinks increased in the absence of 

PGC1a showing the co-activator peptide competed with the intradomain crosslinks in LRH-1 

(Figure 4.5G,H). Together, the HDX-MS and XL-MS analysis of LRH-1FL revealed inter-domain 

communication occurs within LRH-1 and physical interactions between the DBD and LBD are 

detectable. 

To complement solution-based distance restraints, we also acquired SEC-SAXS data on 

LRH-1FL in the presence of excess DNA and peptide ligands. SEC-SAXS was required as 

compared to traditional SAXS due to soluble aggregation of LRH-1FL at concentrations required 

for analysis. Initial model-free analysis revealed the radius of gyration Rg = 38.19 ± 0.46 Å and 

maximum dimension Dmax @ 130 Å (Figure 4.6D). SAXS provides low-resolution three-

dimensional information on the shape of particles in solution, including the contributions of the 

NTD and hinge region to the LRH-1 structure. 

 

Integration of low-resolution structural restraints results in putative LRH-1FL topology: 

To investigate the domain arrangement and mode of interaction between the DBD and 

LBD of LRH-1, we applied molecular modeling with Rosetta incorporating experimental data 

from HDX-MS, XL-MS, and SAXS. LRH-1 was modeled in complex with the CYP7A1 promoter 

DNA, bound to a PGC1α co-activator peptide, and co-purifying phospholipid ligand. Experimental 

restraints were used at different stages of the computational protocol for model filtering and 

selection (see Figure 4.6A and Figure 4.7 for a schema of the modeling workflow). After initial 

energy minimization of the DBD (PDB: 2A66)161 and LBD (PDB: 1YOK)250 crystal structures and 

addition of missing residues (see Method Details), the DBD-LBD binding mode was probed by 

three consecutive rounds of protein-protein docking; each with a centroid phase with rigid-body 
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docking and an all-atom phase where the protein backbone and sidechains were flexible and the 

inter-domain interface was relaxed. 

The HDX data provided a potential surface contact map, as decreased deuterium exchange 

in DBD regions 87PVCGDKVSGYHYGLL101 and 147LSVGMKLEA155, and LBD region 

320AKIMAYL326 in LRH-1FL compared to individual domains is consistent with more protection 

from solvent exchange. Although the observed ~8% decrease in deuterium exchange in helix 2 of 

LRH-1FL was subtle, decreases in LBD helix 12 upon addition of PGC1α (i.e. a known protein-

protein interaction with a KD = 1.3µM) resulted in decreases in deuterium exchange of 7-10% at 

the same time point depending on the peptide examined. This suggests alterations due to protein-

protein interactions under the experimental conditions employed may exhibit subtle changes. This 

may be in part due to the 500 µM CHAPS detergent present in all buffers to stabilize LRH-1. In 

support of this assertion, a crystallographic model of the LRH-1 LBD in the presence of 2 mM 

CHAPS revealed several copies of CHAPS bound to the surface of the protein.171 Future studies 

in the absence of CHAPS may show greater differences in HDX due to a lack of the semi-specific 

detergent-protein interactions. Therefore, we hypothesized these regions may to contribute in a 

putative DBD-LBD interface. Conversely, increased deuterium exchange in residues 

532LIEMLHA538 in LBD helix 12 suggested this region was more dynamic in LRH-1FL, consistent 

with this region not residing within the DBD-LBD interface or having minimal contact with the 

DBD. To use this information in modeling, we calculated the number of residues shared between 

a docking model’s interface and each HDX peptide region and restrained this value to be greater 

than zero for the first three regions (87PVCGDKVSGYHYGL101, 147LSVGMKLEA155, 

320AKIMAYL326) or close to zero for 532LIEMLHA538. HDX restraints contributed information to  
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Figure 4.4: XL-MS of LRH-1 reveals inter-domain and inter-protein crosslinks. 
(A) SDS-PAGE of LRH-1FL +/- BS3 treatment. (B) Map of validated BS3 crosslinked residues 
shown schematically on the LRH-1 primary sequence. Dotted lines represent crosslinks used in 
computational docking of the DBD and LBD. (C) Integrated MS-1 parent ion peaks observed in 
extracted ion chromatogram. (D) MS-2 fragmentation spectrum with assigned product ions of 
K118-K335 inter-domain crosslink. LRH-1 DBD (E) (PDB: 2A66) shown adjacent to LRH-1 LBD 
(F) (PDB: 1YOK with modeled H2/3 linker) with bona fide inter-domain crosslink site shown as 
purple sphere connected with red dotted line.  
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Figure 4.5: BS3 crosslinks identified between LRH-1 DBD and PGC1α peptide. 
(A,D) Integrated MS-1 parent ion peaks observed in extracted ion chromatogram. (B,E) MS-2 
fragmentation spectrum with assigned product ions of LRH-1 DBD-PGC1α peptide crosslinks. 
LRH-1 DBD (C,F) (PDB: 2A66) shown adjacent to LRH-1 LBD (PDB: 1YOK with modeled 
H2/3 linker) with identified crosslinks. Quantitative XL-MS analysis of DBD-LBD (G) and 
NTD-LBD (H) BS3 crosslinks with and without PGC1a peptide. *P<0.05, **P<0.01. 
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Figure 4.6: Integrated structural modeling of the LRH-1 DBD-LBD complex. 
(A) Overview of the modeling workflow. (B) Rosetta DDG score-vs.-ligand RMSD plots. The 
Rosetta energy, crosslink restraint score, and number of HDX residues in DBD-LBD interface 
regions gradually improved over three rounds of docking. (C) Cartoon representation of the 
lowest-scoring DBD-LBD docking model with an PGC1α peptide extended by two amino acids 
using RosettaRemodel.256 DNA, DBD, LBD, and PGC1α peptide are colored black, orange, cyan, 
and blue, respectively, and the phospholipid ligand is depicted as magenta sticks. BS3 crosslink 
sites are shown as red solvent accessible surfaces from Cb-Cb using Xwalk.257 HDX peptide 
regions in the DBD and in helix 2 of the LBD are colored gray. (D) Comparison of experimental 
and model-predicted SAXS data. Upper graph: Experimental and theoretical scattering intensity, 
log10I(q), versus scattering vector q (χ2 = 2.6). The residuals of the fit are shown below the 
scattering curve. The inset shows the Guinier plot with a linear fit, yielding a radius of gyration Rg 
= 38.19 ± 0.46 Å. Lower graph: Experimental and theoretical pair distribution function with 
residuals of the fit shown below the graph. Theoretical SAXS data were calculated as average over 
the selected ensemble of ten LRH-1FL models.  
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Figure 4.7: Flowchart of the LRH-1 modeling protocol. 
Modeling was done in three stages: preparation of input structures, docking and filtering for model 
generation, and fit to SAXS data and MD simulation for model analysis. Individual modeling steps 
are written within rounded rectangular boxes whereas the names of used algorithms and programs 
are inside skewed rectangular boxes. Compare also with Method Details. 
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decide whether a model should proceed from the centroid docking stage to the all-atom docking 

stage, and to filter all models after docking. Region 342FGMLC346 in LBD helix 3 was not included 

as a docking restraint, because it failed to meet one of our threshold criteria (i.e. >0.4 Da change), 

but 342FGMLC346 was considered in our post-analysis of the final docking model. 

XL-MS provided low-resolution information regarding global domain arrangement. 

Crosslinks connecting the DBD and LBD (K118-K335) or PGC1α (K118-E740, K182-K747) were 

translated to upper bound distance restraints between Cα atoms and used to calculate a restraint 

violation score. The crosslink restraint score was used to rank models after docking. In addition, 

models were evaluated by their Rosetta all-atom, interface, and DDG energy. Models passing all 

experimental and energy-based filters were clustered to select new input models for subsequent 

docking rounds. This procedure was repeated twice with more fine-grained sampling and more 

restrictive distance restraint cutoffs, leading to a gradual improvement of all experimental restraint 

and Rosetta scores (Figure 4.6B). The lowest-scoring model from the third round of docking 

satisfying all HDX and XL Cα distance restraints is shown in Figure 4.6C. In this model, LBD 

helices 1 and 2 engage the DBD via core surface residues and the FTZ-F1 helix. Helix 12 is 

oriented towards the DBD but is solvent-exposed, and the co-regulator and phospholipid binding 

pockets in the LBD are accessible from the sides. Additional control calculations with only XL 

restraints (Figure 4.8A) (i.e. BS3 crosslinks and an extra benzophenone crosslink acquired in later 

validation experiments; see below) arrived at a model (Figure 4.8B) that was indistinguishable 

from that generated with all XL and HDX restraints (Figure 4.6C) (Cα-RMSD = 0.7 Å) 

demonstrating the robustness of our structure prediction protocol.  

In comparing our LRH-1 docking model against the XL-MS data, we considered that pairs 

of crosslinked lysine Nζ atoms (or the PGC1α N-terminus) can approach each other close enough 



 

 99 

for crosslinking due to protein dynamics in the bound state, which we assessed by conducting all- 

atom MD simulations (see below and Figure 4.10, and Table 4.4). The structural ensemble 

obtained from the aggregate 3.2 μs MD data contained several configurations in which Nζ atoms 

of lysine pairs K118-K335 and K182-K747 were connected by a solvent-accessible surface (SAS) 

path shorter than the length of the fully extended BS3 linker (11.4 Å) (Figure 4.10C-D,H, and 3rd 

row in Table 4.4), confirming agreement between the model and two experimental crosslinks. The 

K118-E740 crosslink was assessed by computationally extending the PGC1α N-terminus of 

selected MD models by two additional residues (E740 and E741), which were absent in the LBD 

crystal structure but present in our experimental construct. The minimal Nζ-N SAS distance 

between K118 and the PGC1α N-terminus was observed to be as low as 13.9 Å (Figure 4.10E), 

which is only slightly longer than the BS3 linker length (11.4 Å), suggesting in the LRH-1 model 

these sites are poised for chemical modification with BS3 and this crosslink is consistent with the 

DBD-LBD model domain arrangement. We hypothesize increased structural dynamics, which was 

not captured in MD but may be present under experimental conditions, may bring the crosslink 

sites at K118 and E740 even closer together within the reach of the BS3 linker arm. Also of note, 

XL-MS studies examining proteins of known structure258 259 have observed a considerable fraction 

of high-confidence crosslinks exceed the theoretically maximum or practically recommended Cα-

Cα distance, (~15% are above 24 Å corresponding to the length of two extended lysine sidechains 

and BS3 linker, and ~10% are above a recommended threshold of 30 Å), indicating care is advised 

in employing these distance restraints as hard cutoffs. 
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Figure 4.8: Computational docking generated similar LRH-1 models when using different amounts and 
types of experimental information and repeatedly sampled similar DBD-LBD domain orientations after 
two iterations. 
LRH-1 docking calculations using only BS3 and benzophenone crosslink restraints. (A) Rosetta DDG score 
and ligand RMSD of LRH-1 DBD-LBD docking models relative to the best scoring model after two iterative 
rounds of protein-protein docking using BS3 and BpF restraints. Models were filtered by their crosslink 
distance restraint score in between docking runs, and the 20 lowest scoring models and the centroids of the 
three largest model clusters from the first run were used to seed a second round of docking. In addition to the 
Rosetta energy and crosslink restraint score, the number of HDX residues located in the DBD-LBD interface 
also increased, even though this experimental information was not used in docking. (B) Comparison between 
the LRH-1 DBD-LBD docking model generated using only crosslink restraints (cyan) and that one developed 
with BS3 crosslink and HDX restraints (green). The DBD-LBD domain orientation between the two models 
differed by only a Cα-RMSD of 0.69 Å. The model generated with BS3 crosslink and HDX restraints is also 
presented in Figure 3 and was used for the subsequent functional and MD analysis of this work. (C) Rosetta 
DDG score-vs.-ligand RMSD plot for docking with BS3 restraints and HDX-MS filters. The RMSD was 
calculated over the LBD after superimposition of the DBD and DNA. 15,000 lowest energy models (ddG ≤ -
40 REU) from the last round of docking were clustered, and the centroids of the 20 largest model clusters are 
shown as ribbon diagram with DNA in black, DBD in orange, LBD in cyan, PGC1α peptide in blue, and the 
phospholipid ligand in magenta. Similar centroid models (with pairwise RMSD ≤ 4Å) are grouped together, 
and their approximate location in the score-vs.-RMSD plot is indicated. The lowest-energy model of the last 
docking run was deemed the final model and was used for further analysis and running MD simulations. 5,000 
models from the largest cluster (represented by models in the lower left corner of the figure, red frame) were 
used for Rosetta energy breakdown analysis to identify critical DBD-LBD interactions.  
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To validate that the DBD-LBD docking model predicted by Rosetta260 can be generated 

using alternative computational algorithms, additional docking experiments were performed using 

ClusPro.261 The algorithm accomplishes this in three steps where 1) 109-1010 conformations of 

interaction partners are sampled via rigid body docking, 2) 1,000 models predicted to be lowest in 

energy are clustered based on their Ca root mean square deviation (RMSD) resulting in ~30 

predicted low energy models, and 3) ~10 predicted lowest energy models are minimized using the 

CHARMM force-field. This procedure was performed with additional BS3 crosslink and 

benzophenone UV-crosslink restraints, where models were required to have 7-25 Å between BS3 

residue pairs and 8-15 Å between LBD A324 (location of benzophenone moiety) and DBD V156 

(residue within peptide observed in UV-dependent crosslink), and in the absence of HDX-MS 

filters.  

After one round of docking with ClusPro, ~35% of models converged onto similar models 

predicted via Rosetta. These models also predict the DBD FTZ-F1 helix interacts with LBD helix 

2, with the R174-D314 salt bridge also present in these model clusters. Other models predicted by 

ClusPro (which would possibly be predicted by RosettaDock but were filtered out due to the lack 

of interaction site being present in regions associated with decreased deuterium uptake) predicted 

the DBD-LBD interaction site to be at site with low shape complementarity, with some interactions 

occurring between the LBD and DNA oligonucleotide.  

To further validate the docking poses predicted by ClusPro, solvent accessible surface 

distances (SASD) and Euclidean distances (ED) were calculated with models of similar orientation 

using the program Xwalk (Figure 4.9).257 Using these different binding poses, minimal SASD 

measured between the inter-domain K118-K335 and inter-protein K118-PGC1a N-terminus and 

K182- PGC1a K747 BS3 crosslink residues from Cb-Cb were 15.8 Å, 25.1 Å, and 15.5 Å, 
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respectively. These measurements are consistent with the prior analyses via MD simulations of the 

Rosetta derived docking models, suggesting structural dynamics not captured in computational 

docking or MD simulations but present under experimental conditions likely account for the 

distance discrepancy observed for the K118-PGC1a N-terminus crosslink. Together, these 

confirm models with similar DBD-LBD orientations can be generated independent of the docking 

algorithm employed. 

 

 

The LRH-1 model was additionally validated by comparison to SAXS data. To this end, the NTD 

(M1 – L82) and inter-domain hinge (L185 – P298) were added to the LRH-1 model as these 

unstructured regions were anticipated to contribute significantly to the SAXS intensity, but were 

not feasible to be included in docking protocols. Instead, 45,000 NTD and hinge conformations 

were modeled into the final LRH-1 docking model (Figure 4.6C) and 49 additional low-scoring 

models (with very similar domain arrangements) by means of sampling from a dihedral angle 

Figure 4.9: Integrated Structural Modeling of the LRH-1 DBD-LBD complex using ClusPro. Cartoon 
representations of similar lowest scoring models. DNA, DBD, LBD, and PGC1a are colored black, orange, cyan, 
and blue respectively. Solvent accessible surface pathways for BS3 crosslinks calculated using Xwalk are depicted 
in red, with associated solvent accessible surface distance (SASD) and Euclidean distance (ED) shown below. 
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distribution characteristic for disordered proteins. Using a genetic algorithm, an ensemble of ten 

LRH-1FL models was selected by optimizing the fit to the experimental SAXS profile. The final 

ensemble (Figure 4.11) was in excellent agreement with the SAXS data, exhibiting a χ2 = 2.6 

(Figure 4.6D) and providing additional confidence to the docking model. Nine of ten BS3 

crosslinks were satisfied by all models in the ensemble, whereas the K44-K335 crosslink was 

satisfied by only two of ten models (Cα-Cα distance ≤30 Å). This, however, is expected given the 

highly flexible nature of the NTD. Both models, the LRH-1 DBD-LBD docking model and the 

ensemble of ten LRH-1FL models, are available from PDB-Dev (PDBDEV_00000035). 

 

Computational analysis of the DBD-LBD model of interaction: 

The observed domain arrangement between the DBD and LBD warranted a residue contact 

analysis of the DBD-LBD interface. We first conducted a residue-level breakdown of the Rosetta 

energy and measured the occurrence of DBD-LBD residue contacts with large contributions to 

interaction energy (≤-1.0 REU) among the 5,000 lowest-scoring LRH-1 models from the largest 

cluster after the final round of docking (indicated by red circle in Figure 4.8C). The resulting 

DBD-LBD contact map is displayed in Figure 4.12A. Residue pairs with high occurrence indicate 

contacts repeatedly sampled by the computational algorithm and represent predicted energetically 

favorable interactions leading to low-energy docking conformations. We found the most frequent 

interactions clustered at three sites (Figure 4.12B): Site 1 is formed between the DBD FTZ-F1 

helix and LBD helix 2/ helix 1-2 loop. Site 2 comprises contacts between the DBD CTE and middle 

region of DBD helix 2. Site 3 includes residues in the core DBD, and LBD helix 3 and helix 11-

12 loop. 
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Figure 4.10: Distances between experimental crosslink sites measured in LRH-1 model MD simulations. MD snapshots showing (A) BS3 crosslink sites (K118-K335, 
K118-P742, K182-K747) (yellow) and (B) residues linked by disulfide bond formation (Y538-C122) or photo-reaction with benzophenone (A324-156VRADRMR162). (C-
E) Solvent-accessible surface (SAS) paths between BS3 crosslink sites: K118-K335 (cyan), K182-K747 (pink), K118-E740 (green). SAS paths were calculated with the 
program Xwalk (Kahraman, 2011). For the SAS path in (E), two additional N-terminal residues were added to the PGC1α peptide using RosettaRemodel 256 prior to the 
Xwalk calculation. (F) Cα-Cα distance between BS3 crosslink sites in four separate MD runs (MD1-4). For the K118-E740 crosslink, the distance was measured to the first 
PGC1α residue (P742) in the model. (G) Distance between Nζ sidechain atoms of BS3-crosslinked lysine residues. In case of the K118-E740 crosslink, the distance was 
measured to the N-terminus of the PGC1α peptide (i.e. Nx was N for P742 and Nζ for K118, K182, K335, and K747). (H) SAS distance between BS3 crosslink sites. Arrows 
indicate where the SAS distance is below the theoretical maximal linker length (11.4 Å). (I) Distance between disulfide and benzophenone crosslink sites, respectively. 
Plotted is the distance between the Cβ atoms of Y528 and C122 (disulfide crosslink; Cx = Cβ), and the shortest distance of all pairwise distances between the Cβ atom of 
A324 and any aliphatic carbon of residues V156-R162 (benzophenone crosslink; Cx = CHn). Dashed lines indicate (F) the theoretical maximal Cα-Cα distance between 
BS3-crosslinked lysines (24 Å), (G)+(H) the maximal length of the BS3 linker (11.4 Å), and (I) the maximal benzophenone linker length (7.8 Å) or disulfide Cβ-Cβ distance 
(6.3 Å), respectively. A summary of the average and minimal/maximal crosslink distances detected in LRH-1 model MD simulations is given in Table 4.4. 
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Distance XL sites MD1 MD2 MD3 MD4 dlinker 
BS3 average 
Euclidean dCα-
Cα 

K118 – K335 16.0 16.9 18.6 18.9 24.0 Å 
(BS3) K118 – P742 30.7 26.6 28.8 27.1 

K182 – K747 17.4 16.6 21.5 23.8 

BS3 min/max 
Euclidean dNζ-Nx 

K118 – K335 12.6 – 31.8 8.6 – 37.4 12.4 – 40.1 13.3 – 40.0 11.4 Å 
(BS3) K118 – P742 21.0 – 41.3 20.6 – 35.0 20.6 – 38.4 19.6 – 37.8 

K182 – K747 10.3 – 25.8 13.1 – 27.8 4.0 – 39.1 6.9 – 44.1 

BS3 min/max 
SAS dNζ-Nx 

K118 – K335 14.6 – 39.9 9.9 – 48.0 15.0 – 49.9 15.3 – 49.9 11.4 Å 
(BS3) K118 – P742 26.8 – 50.0 25.1 – 50.0 27.5 – 49.9 23.0 – 49.8 

K182 – K747 12.0 – 49.7 17.7 – 50.0 4.8 – 50.0 9.1 – 50.0 
Disulfide 
min/max dCβ-Cβ Y528 – C122 6.0 – 16.3 4.5 – 15.6 4.1 – 15.8 5.6 – 18.8 6.3 Å 

(Disulfide) 
Benzophenone 
min/max dCβ-
CHn 

A324 - 
156VRADRMR162 11.0 – 15.3 10.3 – 18.4 12.2 – 22.0 11.1 – 24.4 7.8 Å 

(Benzophenone) 

 
Table 4.4: Summary of crosslink distances (in Å) measured in LRH-1 model MD simulations. 
Listed are the average or minimum and maximum Euclidean or SAS distance between BS3, 
disulfide, or benzophenone crosslink sites, respectively. For comparison, the theoretical linker 

length is provided in the last column. Note, an additional offset of ~7.2 Å (corresponding to the 
summed backbone length of two amino acid residues) has to be applied to the theoretical upper 

linker length for all K118-P742 distances because the experimentally observed crosslink site 

(E740) was absent in the LBD/PGC1a crystal structure (PDB: 5UNJ) and LRH-1 computational 
model. 
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Figure 4.11: Ensemble of LRH-1 full-length models. 
Models were obtained by modeling the NTD and hinge domain between the DBD and LBD into 

the LRH-1 docking model and optimizing the ensemble by fitting to SAXS data (see Methods 
Details). The individual domains and model components are colored as follows: red (NTD), 

orange (DBD), green (hinge), cyan (LBD), blue (PGC1α), black (DNA), magenta sticks 
(phospholipid), and gray spheres (Zn ions). 
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We then conducted MD simulations of the LRH-1 DBD-LBD docking model in explicit 

water in order to assess the stability of the predicted contacts and investigate their dynamics. 

Overall, the DBD-LBD interface remained stable and the Cβ (Figure 4.121C) and sidechain 

(Figure 4.13) distances of residue contacts at sites 1-3 remained close to their starting values in 

the docking model. In one of four separate simulation runs, site 1 and 2 contacts changed 

significantly more where their Cβ distances were above 10 Å for most of the simulation (Figure 

4.13). However, the LBD and DBD remained bound in the same relative orientation, with site 3 

contacts at the core of the interface remaining close to or below a 10 Å Cβ distance. 

We further investigated the role of the DBD-LBD interface residues in protein dynamics 

by conducting dynamical network analysis262,263. Dynamical networks describe the location and 

extent of concerted motions in a biomolecular system and can be used to identify communication 

pathways between molecular components. The network consists of a set of nodes and a set of edges 

connecting pairs of nodes. We assigned a node to every protein residue (centered at Cα) and two 

nodes to every DNA nucleotide (centered at base atoms N1/N9 and sugar phosphate P atom). An 

edge was defined between two nodes if their corresponding residues were within a distance cutoff 

of 4.5 Å for at least 75% of the trajectory, and the edge weight was determined from the pairwise 

correlation of the two residues’ coordinates. Furthermore, we identified smaller subnetworks 

denoted as communities, which partition the original network and correspond to residues that move 

in a concerted fashion. The majority of communication between communities is carried by so-  
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Figure 4.12: Predicted inter-domain contacts in the LRH-1 models. 
(A) DBD-LBD contact map suggests interactions cluster at three sites in LRH-1. An energy cutoff of -1 REU between 
two residues was used to define a contact. (B) Three-dimensional representation of DBD-LBD interaction sites. Site 1 is 
formed between the DBD FTZ-F1 helix and the C-terminal end of LBD helix 2 and helix 1-2 loop. Site 2 involves contacts 
between the DBD CTE loop and the middle region of DBD helix 2. Site 3 includes residues in the DBD core and LBD 
helix 3 and helix 11-12 loop. The sidechains of residues corresponding to the 20 most frequent contacts identified in the 
map in (A) are depicted as sticks and labeled. DBD and LBD residues are colored orange and cyan, respectively, and non-
carbon atoms are colored according to their chemical identity (O: red, N: blue, H: white). (C) Cβ atom distances of DBD-
LBD residue pairs from (B) during three separate MD simulations (MD1-3) of the LRH-1 docking model. Residue 
distances from sites 1, 2, and 3 are colored with different shades of purple, green, and orange, respectively, and plotted 
side-by-side for visualization. Representative snapshots of LRH-1 at different time steps during the MD trajectory are 
shown above the distance plot. (D) Dynamical network analysis of LRH-1 MD simulations. Subnetworks are shown with 
different colors with corresponding edges plotted onto the last snapshot from the MD simulations in (C). Critical edges 
connecting networks in the DBD with networks in the LBD as well as edges connecting nodes within the same network 
across the DBD-LBD interface are colored red and labeled by their corresponding node residues. 
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Figure 4.13: Sidechain and Cβ atom distances between DBD-LBD interface residues in MD simulations of LRH-1. (A) Sidechain distances in MD runs 1-3. 
Distances between residue pairs belonging to sites 1, 2, and 3 in the LRH-1 docking model are colored with different shades of purple, green, and orange, respectively. 
Distances were calculated between the geometric centers of mass of the respective sidechain atoms. For residues marked with an asterisk (*) in the legend in the lower 
right corner, distances were calculated to the mainchain N or O atom because of the presence of a backbone-sidechain hydrogen bond for those residue pairs in the 
Rosetta docking model. The following atoms were used for the distance calculation: R174: Cζ, Nη1, Nη2, Nε; D314: Cγ, Oδ1, Oδ2; D175: Cγ, Oδ1, Oδ2; K321: Nζ; 
M171: Cγ, Sδ, Cε; Q317: Cγ, Cδ, Oε1, Nε2; L178: Cγ, Cδ1, Cδ2; P313: N, Cα, Cβ, Cγ, Cδ; L147: Cγ, Cδ1, Cδ2; Y325: Cγ, Cδ1, Cδ2, Cε1, Cε2, Cζ, Oη; L153: N; 
Q328: Cδ, Oε1, Nε2; E154: Cδ, Oε1, Oε2; R119: Cζ, Nη1, Nη2, Nε; N332: O; S148: O; Q351: Cδ, Oε1, Nε2; V149: Cβ, Cγ1, Cγ2; F354: Cγ, Cδ1, Cδ2, Cε1, Cε2, Cζ; 
Q126: Cγ, Cδ, Oε1, Nε2; Y528: Cγ, Cδ1, Cδ2, Cε1, Cε2, Cζ, Oη; N125: Cγ, Oδ1, Nδ2; N127: Cγ, Oδ1, Nδ2; N529: N. Compare also with the corresponding Cβ-Cβ 
distances of those residue pairs displayed in Figure 4C in the main text. (B) Cβ atom and (C) sidechain distances, respectively, between DBD-LBD interface residues 
in LRH-1 MD simulation 4. The same residue pairs and sidechain atoms as in (A) were used in the distance calculation. 
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called critical nodes which lie at the interface of communities and connect them through most of 

the paths in the network. Thus, those nodes form critical edges. 

Figure 4.12D shows dynamical networks calculated from the last 700 ns of each MD 

trajectory and mapped onto the LRH-1 model after the final MD step. Communities are shown 

with different colors, and critical edges which connect communities in the DBD with communities 

in the LBD are drawn in red. Interestingly, critical edges were found between those residues 

identified before in our energy-breakdown analysis: M171, R174, D314, Q317, and K321 at site 

1, K152, Y325, and Q328 at site 2, and Q126, S148, V149, Q351, F354, and Y528 at site 3. This 

finding suggests these residues carry the majority of coupled motions between the DBD and LBD. 

Moreover, in two simulations (MD1 + MD2), the community formed by residues in LBD helices 

1, 2, and 3 extended further into the DBD and included the FTZ-F1 helix showing its motion in 

MD was strongly coupled to the motion of the LBD but detached from that of the rest of the DBD. 

These findings hint to a potential role of DBD-LBD contact sites in regulating binding affinity and 

long-range communication between LRH-1 domains. 

 

Site 1: Putative DBD FTZ-F1 helix and LBD helix 2 interaction influence LRH-1FL structure and 

function: 

To validate the structure of LRH-1FL predicted by the integrated model, we utilized site-

directed mutagenesis coupled to in vitro and cellular functional analyses, and further structural 

analyses. Given the predicted R174-D314 salt bridge within Site 1 between the DBD FTZ-F1 helix 

and LBD helix 2, was 1) present in 93.4% of the Rosetta ensemble of models, 2) had a favorable 

Rosetta energy of -6.1 ± 0.7 REU, and 3) was predicted to form a critical edge between community 

networks in MD analysis, we focused our attention on validating this inter-domain interaction 
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(Figure 4.14). In addition, R174 and D314 are conserved or of similar charge in all eight of the 

NR5A species analyzed, suggesting these residues are important for LRH-1 structure and function 

(Figure 4.14A,B).  

First, we performed PGC1a binding assays to assess whether mutating Site 1 residues 

alters LRH-1 function. The D314R mutant (KD = 2.28µM) exhibited a statistically significant 

lower binding affinity compared to WT LRH-1 (KD = 1.36µM) (P=0.0011, F-test; no overlap 

between 95% CI), albeit showing a modest 2-fold decrease (Table 4.5). Additionally, the D314R 

mutant exhibited a significantly increased Bmax compared to WT (P<0.0001, F-test, no overlap 

between 95% CI). As a control, we repeated the PGC1a binding assays with the isolated LBDs of 

WT and D314R. No detectable differences in either KD or Bmax were observed (Figure 4.15B-D), 

consistent with D314 being solvent accessible in the isolated LBD and only contributing to an 

allosteric domain interaction when present in the intact receptor. R174D had expression levels 

below amounts necessary for functional and structural analyses, preventing characterization of this 

mutant. However, the double mutant R174D/D314R could be successfully expressed, and, 

consistent with the integrated model, partially rescued PGC1a binding affinity and led to a KD and 

Bmax not significantly different from WT. Additionally, a control mutant, A324R, predicted to be 

adjacent to the putative DBD-LBD interface, failed to alter PGC1a binding. 
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Figure 4.14: R174/D314 inter-domain salt bridge influences LRH-1 structure and function. 
Sequence logos of DBD FTZ-F1 helix (A) and LBD helix 2 (B) compared between eight selected species of both LRH-1 and 
SF-1 with residues selected for mutagenesis marked by an asterisk (*). (C) Activity of DBD FTZ-F1 helix and LBD helix 2 
mutants in luciferase reporter gene activation assays. Data are the combined results of three independent experiments plotted 
as the mean ± 95% CI. *P<0.05, ***P<0.001, ****P<0.0001, ns – not significant. The expression levels were similar between 
WT* and mutants. See Figure S9. (D) Co-activator binding of LRH-1 R174-D314 salt bridge mutants measured by 
fluorescence polarization. Data points represent the average ± SEM of three independent experiments. The KD and Bmax 
parameters are plotted in (E) and (F) as mean ± 95% CI. Comparison was made by extra sum-of-squares F-test. **P<0.01. 
****P<0.0001. SAXS analysis of WT LRH-1 and mutants. (G) Experimental and calculated SAXS data with inset showing 
Guinier plots with linear fits yielding Rg values listed in Table 4.6. (H) Pairwise distance distributions resulting from Fourier 
transform of the SAXS data with Rg and Dmax parameters listed in Table 4.6. 
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Figure 4.15: Analysis of cell expression, LBD-PGC1a binding, and b-catenin regulation of LRH-1 transcriptional activity 
for LRH-1 mutants.  
(A) Total LRH-1 variant expression levels compared via western blot analysis Co-activator binding of LRH-1 WT and D314R 
LBD measured by fluorescence polarization. Data points represent the average ± SEM of three independent experiments. The 
KD and Bmax parameters are plotted in (E) and (F) as mean ± 95% CI. Comparison was made by extra sum-of-squares F-test. Side 
view of LRH-1 LBD:β-catenin co-crystal structure (PDB: 3TX7) (E) with associated cartoon depiction in (F). (G) Quantitative 
XL-MS analysis of LRH-1 K118-K335 interdomain BS3 crosslink abundance compared between complexes containing WT 
LRH-1FL and WT or mutant b-catenin. ns = not significant. (H) LRH-1 mutational analysis with constitutively active S33Y β-
catenin co-transfection in luciferase reporter gene activation assays. Data are the combined results of three independent 
experiments plotted as the mean ± SD. ns = not significant. (I) Mutational analysis of analogous sites in SF-1 showing decreased 
function and altered structure in LRH-1 in luciferase reporter gene activation assays. Data are the combined results of three 
independent experiments plotted as the mean ± SD. ns **P<0.01, ****P<0.0001, ns = not significant. 
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LRH-1 KD (μM) 95% CI (μM) Bmax 
(mP) 

95% CI (mP) R2 

WT 1.36 1.01-1.69 67.1 63.7-70.8 0.9854 
S148R 7.03 5.85-8.50 120.7 112.5-130.4 0.9925 
D314R 2.28 1.87-2.80 90.4 86.3-94.6 0.9872 
R174D/D314R 1.72 1.38-2.14 58.5 55.3-62.0 0.9839 
A324R 1.51 1.15-1.97 64.7 60.4-69.27 0.9761 

 
Table 4.5: Parameters from best fits of the PGC1α binding curves. 
 
 

To test if these changes in PGC1a affinity correlate with structural changes in LRH-1FL, 

we performed SEC-SAXS on the WT, D314R, R174D/D314R, and A324R species (Figure 

4.14G,H), revealing similar trends: compared to WT (Rg = 42.18 ± 0.37 Å, Dmax ~143 Å), D314R 

exhibited a decrease in Rg (37.85 ± 0.27 Å) and Dmax (~123 Å), which was rescued by the 

R174D/D314R double mutant (Rg = 42.71 ± 0.43 Å, Dmax ~141 Å) (Figure 4.14G,H and Table 

4.6). No structural change was found for A324 (Rg = 40.98 ± 0.22 Å, Dmax ~142 Å). Together, 

these data suggest mutations to the putative inter-domain interface alter LRH-1 structure and 

function. 

To further validate the DBD CTE loop and FTZ-F1 helix being in close proximity to LBD 

helix 2, we incorporated the UV-crosslinkable benzophenone (BpF) unnatural amino acid at A324 

(Method Details), given mutation to arginine did not alter the structure and function of the receptor 

in vitro. After expression, purification, irradiation with 365 nm light, and mass spectrometry 

analysis, a UV-dependent crosslink was observed between A324BpF to CTE residues spanning 

V156-R162 (Figure 4.16). The exact location of the crosslink could not be identified due to the 

lack of chemical specificity of BpF and the lack of a discernable fragmentation pattern within this 

sequence. Nonetheless, the presence of this crosslink further supports A324 being in close 

proximity to the DBD CTE as predicted by the integrated model (Figure 4.10B,I and 4.16A-C,L).  
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 Rg Guinier (Å)a R2 (Guinier fit)b Rg Pr (Å)c Dmax Pr (Å) quality estimated χ2 (Pr fit)e 
WTf 41.11 ± 0.41 0.98 40.84 ± 0.17 135 0.7653 2.10 

S148Rf 35.19 ± 0.89 0.98 35.52 ± 0.32 107 0.8687 1.23 

WTg 42.18 ± 0.37 0.98 42.69 ± 0.22 143 0.7699 1.20 

D314Rg 37.85 ± 0.27 0.98 39.03 ± 0.14 123 0.7625 1.05 

R174D/D314Rg 42.71 ± 0.43 0.98 43.37 ± 0.25 141 0.7476 1.39 

A324Rg 40.98 ± 0.22 0.99 42.40 ± 0.17 142 0.7394 1.70 
aRg obtained by Guinier fit. 
bPearson correlation coefficient of Guinier fit. 
cRg obtained by pairwise distance distribution function fit. 
dGNOM quality estimate; a value greater 0.75 is considered a good solution, and a value between 0.5-0.75 is considered a reasonable solution. 
eχ2 between experimental SAXS curve and SAXS curve back-calculated from pairwise distance distribution. 
fSAXS data were collected in buffer containing 10 mM Na-phosphate pH 7.0, 100 mM NaCl 
gSAXS data were collected in buffer containing 20 mM TRIS pH 7.5, 150 mM NaCl, 2% glycerol, 0.5 mM CHAPS, 5 mM DTT 

 
Table 4.6: Parameters from best fits of SEC-SAXS analysis. 
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To examine how these residues influence LRH-1 function under cellular conditions, we 

performed luciferase-based reporter gene transcription assays in HEK293T cells (Figure 4.14C). 

This mutational analysis was performed under a genetic background of LRH-1 that is unable to be 

SUMOylated at K44, K192, and K270 by mutation to arginine, denoted as 3KR/WT*. This was 

done to remove any effects SUMOylation has on LRH-1 and because these regions are located in 

highly dynamic unstructured regions revealed by HDX-MS (Figure 4.17). Consistent with the in 

vitro functional and structural data, D314R exhibited decreased induction of gene transcription 

relative to WT*, R174D/D314R rescued transcriptional activity levels not statistically different 

than WT*, and no change was observed with mutation A324R. Surprisingly, mutations R174D 

and R174E/D314E (glutamate is present at the analogous D314 position in human SF-1) resulted 

in increased transcriptional activity, as did mutation of neighboring lysines on the FTZ-F1 helix to 

alanine (K179A/K182A/K183A). Combined, these results suggest removing positive charge from 

the FTZ-F1 helix results in increased LRH-1 dependent transcriptional induction under the 

conditions tested in the assay. We also tested the relevance of surface exposed residues on LBD 

helix 6 given a 5% change in deuterium exchange was noted in the HDX-MS experiments, albeit 

at a different time point than regions used in generating the integrated model. These mutants 

(I415Q and S418D) exhibited no statistically significant changes in LRH-1 induced transcriptional 

activity, consistent with the integrated model predicting these residues to be in a substitutable 

region (Figure 4.14). Together, these data show the R174/D314 inter-domain salt bridge 

influences both the structure and function of LRH-1, confirming the prediction of the integrated 

model. 
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Figure 4.16: Site-directed XL-MS supports relative DBD-LBD domain organization predicted by LRH-1FL integrated 
structural model. (A) Chemical structure of benzophenone unnatural amino acid. (B) A324BpF site and crosslinked CTE 

peptide region displayed in the LRH-1 docking model. (C) Crosslink between A324BpF and CTE region 156VRADRMR162 

mapped schematically on the LRH-1 primary sequence. (D, F) MS-1 parent ion peaks observed in extracted ion chromatogram. 

(E,G) MS-2 fragmentation spectrum with assigned product ions of A324BpF-CTE inter-domain crosslink and self-peptide 

crosslink. Sequence logo of (G) DBD region associated with zinc finger 2 and (H) LBD helix 12. (I) Location of the C122 and 

Y528C crosslink sites highlighted in the LRH-1 structural model. (J) MS-1 parent ion peaks observed in extracted ion 

chromatogram. (K) MS-2 fragmentation spectrum with assigned product ions of C122/Y528C inter-domain crosslink. (L) Map 

of validated C122/Y528C crosslinked residues shown schematically on the LRH-1 primary sequence. 
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Figure 4.17: SUMOylation sites are located in the highly dynamic NTD and hinge regions 
within LRH-1FL. 
HDX profiles for peptides containing SUMOylation site 1, 2, and 3 (A,B,C). Respective 
SUMOylation sites are designated in red within peptide sequence.  
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Site 2/3: Interference with putative DBD/LBD core alters LRH-1FL structure and function: 

We next focused our attention to amino acid S148 spanning Site 2 and 3 given this residue 

is 1) present in a region associated with decreased deuterium exchange in LRH-1FL, 2) buried in 

the core of the integrated model, but solvent accessible in isolated DBD crystal structures, and 3) 

located at a critical node in the MD simulation network analysis (Figure 4.12D). We noted this 

site is comprised of small polar or negatively charged amino acids in sequence alignment analysis 

(Figure 4.18A). Additionally, searching the sequence database gnomAD 264 revealed S148 is 

mutated to arginine in four individuals, although it is unknown if this mutation is associated with 

a disease phenotype (Figure 4.18B). To characterize this site and human derived mutation, we 

performed the same series of experiments to determine its effect on LRH-1 structure and function. 

S148R exhibited decreased transcriptional induction compared to WT* in cellular luciferase 

reporter assays (Figure 4.18C) and exhibited decreased affinity for PGC1a (KD ~7.0 μM) apparent 

by a rightward shift in the binding curve, although a KD was unable to be determined due to the 

lack of saturation at 20 µM LRH-1 (Figure 4.18D, Table 4.5). S148R also exhibited decreased 

DNA binding affinity in homologous competition assays as the IC50 95% confidence intervals for 

WT and S148R do not overlap (Figure 4.18E,F, Table 4.1). Additionally, the S148R mutant 

exhibited an altered structure in SEC-SAXS analysis: Compared to WT (Rg = 41.11 ± 0.41 Å, Dmax 

~135 Å), S148R had a decreased Rg (35.19 ± 0.89 Å) and Dmax (~107 Å). (Figure 4.18G,H and 

Table 4.6). Together, these data confirm that mutation of the core residue S148 alters both the 

structure and function of LRH-1, confirming the prediction made by the integrated model. 
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Figure 4.18: S148R mutant decreases LRH-1 function and alters global structure. 
(A) Sequence logo of DBD helix containing S148, with S148 position marked by an asterisk (*). (B) Map of mutations in LRH-

1 identified in greater than three individuals in the gnomAD database. (C) Mutational analysis of S148R in luciferase reporter 

gene activation assays. Data are the combined results of three independent experiments plotted as the mean ± SD. **P<0.01, 

****P<0.0001.The expression levels were similar between WT* and S148R. See Figure S9.  S148R in vitro characterization 

in fluorescence polarization. (D) PGC1a co-activator peptide binding and (E) DNA binding curves with associated parameters 

plotted as mean ± 95% confidence interval (F). Data represent the mean ± SEM from three independent experiments. SAXS 

analysis of WT LRH-1 and S148R mutant. (G) Experimental and calculated SAXS data with inset showing Guinier plots with 

linear fits yielding Rg values listed in Table 2. (H) Pairwise distance distributions resulting from Fourier transform of the SAXS 

data with Rg and Dmax parameters listed in Table 4.6. 
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Site 3: Interaction between DBD zinc finger 2 and LBD helix 11-12 linker confirmed by disulfide 

crosslinking: 

Given site 3 is spanned by DBD zinc finger 2 and the LBD helix 11-12 linker, classical 

loss of function mutations would not confirm the presence of inter-domain interactions given the 

integral roles of these regions in receptor function. Thus, to confirm this interaction, we performed 

in-cell oxidation experiments where an LRH-1 Q126C/Y528C double mutant was expressed in an 

E. coli cell line genetically altered to produce an oxidizing environment, purified to homogeneity, 

and analyzed via MS to identify disulfide bonds. The Q126/Y528 site was chosen due to 1) being 

present in 93.4% of the Rosetta ensemble of models, 2) having a predicted Rosetta energy of -3.8 

± 0.3 REU, and 3) the DbD2 prediction algorithm 265 identified this as a potential designable 

disulfide. Additionally, cysteine is present in the analogous position of Y528 in Danio rerio LRH-

1 and SF-1, suggesting this site would tolerate substitution to cysteine in human LRH-1. 

Surprisingly, instead of the expected Q126C/Y528C disulfide, we identified a high-confidence 

inter-domain disulfide crosslink between the engineered Y528C and the naturally occurring C122 

of zinc finger 2 (Figure 4.16G-K). These residues have a predicted Cβ-Cβ-distance of ~8.5 Å in 

the Rosetta model (Figure 4.12) and of minimal 4-6 Å in MD simulation (Figure 4.10B,I and 4th 

row in Table 4.4), confirming these two sites are in close proximity. Given the crosslink was not 

identified between the engineered cysteine sites, it is possible the Q126C mutation caused a 

structural rearrangement of the zinc finger given its position relative the (Cys)4 motif and should 

be viewed in light of this caveat. Together, this data supports predicted interactions in site 3 being 

present in LRH-1. 
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Interruption of the LRH-1 DBD-LBD interface results in increased flexibility and altered 

dynamics: 

To further investigate how mutation of critical node residues predicted by the MD 

simulation within Site 1 (D314R) and Site 2/3 (S148R) result in decreased particle dimensions and 

function, we performed a series of solution-based dynamics analyses. Normalized Kratky analysis 

of SAXS data allows for direct comparison of particles in solution exhibiting different shapes and 

sizes. Comparison of WT and S148R curves revealed a leftward shift in the bell-curve at low q·Rg 

values, consistent with a decrease in Rg. Additionally, scatter at higher q·Rg values exhibit an 

overall positive deflection in S148R compared to WT, consistent with increased particle flexibility 

(Figure 4.19A). Surprisingly, analysis via quantitative XL-MS revealed the K118-K335 

interdomain crosslink to increase ~54% in abundance in S148R compared to WT (Figure 4.19B). 

Similar to S148R, comparison of WT and D314R Kratky plots also revealed a leftward shift in the 

bell-curve at low q·Rg values, consistent with a decrease in Rg. Also similar to S148R, scatter at 

higher q·Rg values exhibit an overall positive deflection in D314R compared to WT albeit more 

subtle, consistent with increased particle flexibility (Figure 4.19C). Further, quantitative XL-MS 

revealed the K118-K335 interdomain crosslink to increase ~30% in abundance in D314R 

compared to WT (Figure 4.19D). To determine if the D314R mutant exhibited alterations in 

solvent exchange, we performed additional HDX-MS experiments from 3-3,000 seconds (Figure 

4.19E-G). Mutation to D314R resulted in significant destabilization of helix 2 residues spanning 

310KCEPDEPQVQAKIMA324 at all time points performed, with additional increases in deuterium 

exchange observed in helix 9 spanning residues 468QLVEGVQEQVNAAL481. Additional 

deuterium exchange increases were observed in helix 12 spanning residues 532LIEML536, although 

this change did not meet our HDX threshold criterion of >0.4 Da mass difference. Together, these  
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Figure 4.19: LRH-1 inter-domain loss of function mutants exhibit increased flexibility and 
altered dynamics. 
Normalized Kratky plots derived from SEC-SAXS of mutants S148R (A) and D314R (C) compared 
to WT. Quantitative XL-MS analysis of K118-K335 interdomain BS3 crosslink comparing S148R 
(B) or D314R (D) to WT LRH-1 peptide abundance. *P<0.05. HDX profiles for peptides shown to 
have differential solvent exchange between WT and the D314R (E-G). ***P<0.0001. 
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data support both S148R and D314R mutants exhibiting states with 1) decreased particle 

dimensions (i.e. Rg and Dmax), 2) increased flexibility (Kratky analysis), 3) the DBD and LBD in 

close proximity such that conformations capable of forming the inter-domain K118-K335 BS3 

crosslink are sampled more frequently (XL-MS analysis), and 4) not consistent with a pure bead-

on-a-string model (lack of global changes in HDX). 

 

Binding of Dax-1 alters LRH-1FL conformational dynamics and transcriptional activity while 

binding of b-catenin does not: 

Previously reported crystal structures of the LRH-1 LBD bound to interactors such as 

DAX-1182 and β-catenin183 suggest certain transcriptional co-regulators may affect the 

conformational state of LRH-1 predicted by the integrated structural model. A co-crystal structure 

of the LRH-1 LBD complexed to Dax-1 (NR0B1), a noncanonical nuclear receptor lacking a 

DNA-binding domain266 and co-repressor of LRH-1267, revealed a stoichiometry of two Dax-1 

LBDs interact with one LRH-1 LBD (Figure 4.20C). In this model, the Dax-1 unit 1 repression 

helix interacts with LRH-1 LBD helices 3,4, and 12, while DAX-1 unit 2 interacts with LRH-1 

LBD helices 7 and 11. Alignment with the LRH-1FL model reveals a putative large steric clash 

between Dax-1 unit 1 and the LRH-1 DBD, suggesting these states to be mutually exclusive, 

potentially causing LRH-1 to be forced into a bead-on-a-string like state (Figure 4.20D). This 

analysis further suggests Dax-1 not only competes for occupancy of helix 12 but would disrupt 

DBD-LBD communication. In contrast, a co-crystal structure of the LRH-1 LBD complexed to b-

catenin, a noncanonical co-activator of LRH-1, revealed the interaction to be mediated by helices 

9 and 10 (Figure 4.15E). Alignment with the LRH-1FL model reveals helices 9 and 10 are predicted 
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to be accessible for b-catenin to bind LRH-1 while the LBD and DBD could still interact in the 

range of conformations predicted by Rosetta docking and MD (Figure 4.15F).  

To interrogate whether these structural comparisons can predict changes in LRH-1FL 

conformational dynamics in the presence of those transcriptional co-regulators, we performed 

quantitative XL-MS studies using the K118-K335 BS3 inter-domain crosslink as a surrogate of 

LRH-1 DBD/LBD proximity. Consistent with our hypothesis, binding of WT Dax-1 results in 

~40% reduction in crosslink formation compared to a Dax-1 mutant lacking residues in a critical 

helix necessary for binding the LRH-1 LBD (Figure 4.20E). Additionally, comparison between 

LRH-1 complexes containing WT b-catenin and a b-catenin mutant with a decreased ability to 

bind LRH-1 resulted in no detectable change in K118-K335 crosslink formation (Figure 4.15G). 

Together, these data confirm binding of certain transcriptional co-regulators alters the quaternary 

dynamics of LRH-1, a prediction made possible by the LRH-1FL integrated structural model. 

To probe whether the ability of Dax-1 and b-catenin to influence LRH-1 transcription is 

dependent on the model-predicted DBD-LBD domain interaction, we performed cellular 

transcription assays for Site 1 (D314R) and Site 2/3 (S148R) LRH-1 mutants in the presence of 

those co-regulators. Surprisingly, Dax-1 exhibited a slightly increased ability to repress 

transcriptional activity for LRH-1 mutants D314R and S148R (Figure 4.20F). In contrast, 

overexpression of a constitutively active form of b-catenin (S33Y) did not affect transcriptional 

output of those LRH-1 mutants (Figure 4.15H). Together, these data suggest LRH-1 DBD-LBD 

interactions alter the ability of Dax-1 to regulate LRH-1 dependent transcription while these 

interactions do not alter b-catenin activity.
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Figure 4.20: LRH-1 inter-domain interactions are altered by DAX-1 and influence DAX-1 
regulation of LRH-1 activity.  
Side view of (A) the LRH-1FL integrated model, and (C) the LRH-1 LBD:DAX-1 (PDB: 3F5C) co-crystal 
structure. Schematic cartoon depictions are shown in (B) and (D). (E) Quantitative XL-MS analysis of 
LRH-1 K118-K335 interdomain BS3 crosslink abundance compared between complexes containing WT 
LRH-1FL and WT or mutant DAX-1. *P<0.05. (F) LRH-1 mutational analysis with DAX-1 co-
transfection in luciferase reporter gene activation assays. Data are the combined results of three 
independent experiments plotted as the mean ± SD. *P<0.05. 
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4.3 Discussion: 

 

Given the biomedical implications of LRH-1, we initially attempted to develop three-

dimensional models via traditional structural determination methods (X-ray crystallography and 

electron microscopy). Limited screening (~200 conditions) of conditions known to allow for 

crystal growth of protein-nucleic acid complexes did not result in crystal formation. In addition, 

initial negative-stain electron microscopy studies did not result in sufficient quality particle images 

for molecular envelope map generation, likely due to a combination a of the small size and 

flexibility of the LRH-1/CYP7A1 complex. To circumvent these challenges, we used several in-

solution biophysical methods and in combination with advanced molecular modeling were able to 

arrive at an integrated model that predicted several inter-domain structural interactions with 

functional implications. 

Our structural and functional analysis of LRH-1FL has revealed an inter-domain interaction 

between the DBD and LBD that utilizes surfaces unique to the NR5A subclass of nuclear receptors 

and is modulated by certain transcriptional co-regulators. Given LRH-1 is monomeric, lacking a 

partner nuclear receptor to stabilize the overall architecture, and ~30% of the protein is constituted 

by predicted unstructured regions, the integrated model likely predicts a state that is short lived on 

biological time scales. This is supported by the modest changes observed in deuterium exchange 

in LRH-1FL, although these sites largely influence the global ensemble of LRH-1 given the large 

structural changes observed in the S148R and D314R mutant SAXS curves. Additionally, these 

regions may be regulated in some fashion not predicted by the integrated model, as decreasing the 

positive charge of the FTZ-F1 helix by mutations R174D, R174E/D314E, and 

K179A/K182A/K183A increased LRH-1 dependent transcriptional responses. Previous reports 
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have shown a small, highly basic, transcriptional co-activator MBF-1/EDF-1 is able to associate 

with the LRH-1 FTZ-F1 helix in vitro and increase LRH-1 dependent transcriptional activity in 

cellular luciferase reporter assays268. It is possible the increase in LRH-1 dependent transcriptional 

activity observed with these mutants is due to increased association with an MBF-1 like co-

activator due to the decreased positive character of the FTZ-F1 helix, independent of the state 

predicted by the integrated model. 

Previous studies on dimeric nuclear receptors have demonstrated certain small molecule 

modulators, which bind the LBD, allosterically communicate to DBD interdomain residues to alter 

overall receptor function269. Recent studies have successfully developed an efficacious and 

selective small molecule LRH-1 agonist24. This comprehensive structure-based drug design effort 

attributed the observed increases in efficacy, in part, due to increases in communication between 

LBD helices 4-6 and 12. In light of our LRH-1FL integrated structural model, future efforts are 

necessary to determine whether the observed increases in agonist potency in cellular 

transcriptional assays may also be in part due to increased interdomain communication. Putative 

allosteric signatures unique to the intact receptor may provide insight into further rational 

improvement of LRH-1 small molecule modulators. 

Although the LRHFL integrated structural model accurately predicted several interdomain 

interactions and consequences for DAX-1 binding, it is worth noting several caveats of integrated 

models in general. First, all experimental techniques employed for modeling (XL-MS, HDX-MS, 

SAXS) are inherently low-resolution and do not provide large amounts of information when 

viewed in isolation. Second, the low-resolution restraints employed are all derived from an 

ensemble of LRH-1 complexes in-solution. In particular, XL-MS distance restraints, which are 

inherently coincidence detectors (i.e. crosslinks are enforced in modeling as restraints based on 
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their identification/presence, and not their relative abundance- major/minor species) where each 

XL-MS restraint has the possibility of being derived from a lowly-populated state within the 

ensemble not characteristic of the biologically relevant state in solution. Third, integration of 

restraints requires the assumption that all restraints describe the biologically relevant or major state 

populated in-solution. In the case of the LRH-1FL model, the initial docking protocol required 

assuming the decreases observed in HDX within helix 2 and the BS3 crosslink observed between 

K118-K335 (K335 residues within the helix2/3 loop) both describe the interdomain interaction 

between the LRH-1 DBD and LBD. Given these caveats, integrated structural models should be 

interpreted with care and rigorously tested for accuracy of their predictions, as was the case for the 

LRH-1FL docking model. 

In summary, we describe the first structural model of a full-length monomeric nuclear 

receptor in association with DNA and a co-activator peptide based on low-resolution solution-

based biophysical techniques and computational modeling. The model predicted several inter-

domain interactions between the LRH-1 DBD and LBD (Figure 4.6,4 .12). These interactions 

were confirmed to influence LRH-1FL structure and function (Figure 4.14, 4.18), although it 

remains to be seen how these interactions affect LRH-1 recruitment and transcription at a genomic 

level. Further, this work shows the DBD FTZ-F1 helix serves as a docking surface for LBD helix 

2, rationalizing the functional affects observed in previous studies showing the structural integrity 

of the DBD FTZ-F1 helix is required for LRH-1 transactivation.161 Although LRH-1 and SF-1 

share high sequence identity in the DBD and LBD, initial mutational analysis in transcriptional 

assays showed SF-1 sites analogous to S148 (T75) and D314 (D236) do not alter SF-1 dependent 

transcriptional responses (Figure 4.15I). These initial studies suggest inter-domain organization 

may not be conserved between LRH-1 and SF-1. Further, these differences may be due to the large 
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sequence divergence observed in the hinge region connecting the DBD and LBD although 

additional rigorous structural and functional studies are necessary to validate these early 

observations. Given LRH-1 and SF-1 are the only two members of the NR5A subclass, it remains 

to be seen if inter-domain interactions and communication occur in other monomeric nuclear 

receptors as they do not possess the FTZ-F1 docking helix. Overall, this work confirms inter-

domain communication occurs within a monomeric nuclear receptor and adds another structural  

model to the growing number of nuclear receptors characterized in intact states.
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4.4 Materials and Methods 
 
 
Key Resources Table 
 
Reagent 
type 
(species) 
or 
resource 

Designation Source or 
reference 

Identifiers Additional 
Information 

Gene 
(Homo 
sapiens) 

NR5A2 (LRH-1) UniProt 
database 

O00482 
 

 

Strain, 
strain 
backgrou
nd 
(Escheric

hia coli) 

BL21 dE3 
Chemically 
Competent E. coli 

Novagen 69450  

Strain, 
strain 
backgrou
nd 
(Escheric

hia coli) 

Origami 2 dE3 
Chemically 
Competent E. coli 

Novagen 71345  

Cell line 
(Homo-

sapiens) 

HEK 293T, 
Human embryonic 
kidney 

ATCC CRL-3216  

Transfor
med 
construct 
(Escheric

hia coli) 

pRSF2-LRH-1 
WT 

Suzawa, et al., 
2015. eLIFE.  

  

Transfor
med 
construct 
(Escheric

hia coli) 

pRSF2-LRH-1 
S148R 

This paper   

Transfor
med 
construct 
(Escheric

hia coli) 

pRSF2-LRH-1 
R174D 

This paper   

Transfor
med 
construct 

pRSF2-LRH-1 
D314R 

This paper   
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(Escheric

hia coli) 
Transfor
med 
construct 
(Escheric

hia coli) 

pRSF2-LRH-1 
R174D/D314R 

This paper   

Transfor
med 
construct 
(Escheric

hia coli) 

pRSF2-LRH-1 
A324R 

This paper   

Transfor
med 
construct 
(Escheric

hia coli) 

pRSF2-LRH-1 
A324TAG 

This paper   

Transfor
med 
construct 
(Escheric

hia coli) 

pRSF2-LRH-1 
Q126C/Y528C 

This paper   

Transfor
med 
construct 
(Escheric

hia coli) 

pEVOL-pBpF Addgene 31190 A gift from 
Peter Schultz 

Transfor
med 
construct 
(Escheric

hia coli) 

pET-His-MBD-
TEV- LRH-1 
DBD (aa 79-187) 

This paper  Obtained from 
VectorBuilder 

Transfor
med 
construct 
(Escheric

hia coli) 

pET-His- TEV- 
LRH-1 LBD WT 
(aa 266-541) 

This paper  Obtained from 
VectorBuilder 

Transfor
med 
construct 
(Escheric

hia coli) 

pET-His- TEV- 
LRH-1 LBD 
D314R (aa 266-
541) 

This paper  Obtained from 
Genewiz 

Transfor
med 
construct 

pET28-His-TEV- 
human b-catenin 
R1C WT 

Addgene 17200 A gift from 
Randall Moon 
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(Escheric

hia coli) 
Transfor
med 
construct 
(Escheric

hia coli) 

pET-His-TEV- 
human b-catenin 
R1C K306A / 
K345A / W383A 

This paper  Obtained from 
VectorBuilder 

Transfor
med 
construct 
(Escheric

hia coli) 

pET-His- mouse 
Dax-1 WT (aa 
205-472) 

This paper  Obtained from 
VectorBuilder 

Transfor
med 
construct 
(Escheric

hia coli) 

pET-His- mouse 
Dax-1 L279A / 
L280A (aa 205-
472) 

This paper  Obtained from 
VectorBuilder 

Transfect
ed 
construct 
(Homo-

sapiens) 

HA-LRH1 WT, 
mCherry dual 
ORF 

This paper  Obtained from 
VectorBuilder 

Transfect
ed 
construct 
(Homo-

sapiens) 

HA-LRH1 S148R, 
mCherry dual 
ORF 

This paper   

Transfect
ed 
construct 
(Homo-

sapiens) 

HA-LRH1 
R174D, mCherry 
dual ORF 

This paper   

Transfect
ed 
construct 
(Homo-

sapiens) 

HA-LRH1 
R174E/D314E, 
mCherry dual 
ORF 

This paper   

Transfect
ed 
construct 
(Homo-

sapiens) 

HA-LRH1 
K179A/K182A/K
183A, mCherry 
dual ORF 

This paper   

Transfect
ed 
construct 

HA-LRH1 
D314R, mCherry 
dual ORF 

This paper   
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(Homo-

sapiens) 
Transfect
ed 
construct 
(Homo-

sapiens) 

pcDNA3-S33Y 
human b-catenin 

Addgene 19286 A gift from 
Eric Fearon 

Transfect
ed 
construct 
(Homo-

sapiens) 

pcDNA3 human 
DAX-1 

Genscript OHu28295  

Transfect
ed 
construct 
(Homo-

sapiens) 

CYP17A1-pGL3-
Basic 

  A gift from 
Holly 
Ingraham 

Transfect
ed 
construct 
(Homo-

sapiens) 

pRL-SV40 Promega E2231  

Transfect
ed 
construct 
(Homo-

sapiens) 

pRL-TK Promega E2241  

Antibody Mouse anti-LRH-
1 primary 

R&D Systems PP-H2325-00  

Antibody Goat anti-mouse 
HRP conjugated 
secondary 

Promega W4021  

Antibody b-actin primary Millipore 
Sigma 

A3854  

Commerc
ial assay 
or kit 

Protein Assay Dye 
Reagent 
Concentrate 

Bio-Rad 5000006  

Chemical 
compoun
d, drug 

cOmplete™, 
EDTA-free 
Protease Inhibitor 
Cocktail 

Sigma 4693132001  

Chemical 
compoun
d, drug 

Adenosine 5’-
triphosphate 
disodium salt 
hydrate 

Sigma A2383 
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Chemical 
compoun
d, drug 

BS3 
(bis(sulfosuccinim
idyl)suberate) 

ThermoFisher A39266  

Other TALON metal 
affinity resin 

Takara 635503 
 

 

Other Superdex 75 
Increase 10/300 
GL 

GE Healthcare 29148721  

Other Superdex 200 
Increase HiScale 
26/40 

GE Healthcare 29321906 
 

 

Software, 
algorithm 

Prism 8 GraphPad N/A  

Software, 
algorithm 

Rosetta 3.10 Leaver Fay et 
al., 2011 

https://www.rosettacomm
ons.org/software 

 

Software, 
algorithm 

ATSAS 2.8.4 Franke D et 
al., 2017 

https://www.embl-
hamburg.de/biosaxs/softw
are.html 

 

Software, 
algorithm 

REMO Li Y et al., 
2009 

https://zhanglab.ccmb.me
d.umich.edu/REMO/ 

 

Software, 
algorithm 

BCL::Conf Kothiwale S et 
al., 2015 

http://www.meilerlab.org/i
ndex.php/ 

 

Software, 
algorithm 

AMBER16 Case DA et 
al., 2016 

http://ambermd.org  

Software, 
algorithm 

PyMOL The PyMOL 
Molecular 
Graphics 
System, 
Version 2.0 
Schrödinger, 
LLC 

https://pymol.org/  

Software, 
algorithm 

VMD Humphrey W 
et al., 1996 

https://www.ks.uiuc.edu/R
esearch/vmd/ 

 

Software, 
algorithm 

CPPTRAJ Roe DR & 
Cheatham TE 
3rd, 2013 

http://ambermd.org/Ambe
rTools.php 

 

Software, 
algorithm 

CARMA Glykos NM, 
2006 

https://utopia.duth.gr/~gly
kos/Carma.html 

 

Software, 
algorithm 

NetworkView 
plugin for VMD 

Eargle J et al., 
2012 

https://www.ks.uiuc.edu/R
esearch/vmd/plugins/netw
orkview/ 
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Method Details 
 
Constructs and Reagents: 

 

Chemicals were purchased from FisherScientific, Sigma-Aldrich, or Promega. pRSF2 full-

length human LRH-1 construct was a gift from Robert Fletterick (University of California at San 

Francisco). CYP17A1 firefly luciferase reporter construct was a gift from Holly Ingraham 

(University of California at San Francisco). Full-length human LRH-1 CMV mammalian 

expression vector, T7-inducible LRH-1 DBD bacterial expression vector, arabinose-inducible 

LRH-1 LBD bacterial expression vector, T7-inducible mouse Dax-1 WT and L279A/L280A 

bacterial expression vectors, and T7-inducible human b-catenin R1C Y306A/K345A/W383A 

bacterial expression vector was purchased from VectorBuilder (Chicago, IL). Mutagenesis of 

CMV-LRH-1, pRSF2-LRH-1, and LRH-1 LBD constructs were performed by Genewiz (South 

Plainfield, NJ). CYP7A1 promoter DNA oligonucleotide was synthesized by IDT (Coralville, IA). 

PGC1α co-activator peptide was synthesized by New England Peptide (Gardner, NJ). 

Protein Expression and Purification: 

Full-length wildtype and mutant versions of human LRH-1 (aa 1-541, UniprotKB O00482) 

were expressed via pRSF2 vector and were carried out similar to previous studies 270. Briefly, 

BL21 dE3 E. coli was transformed with pRSF2 full-length LRH-1, grown at 37 °C until OD600 

=0.8, and induced with 250 μM IPTG at 15 °C for 16-18 hours. Cells were centrifuged at 4,000xg 

at 4 °C for 20 minutes, washed with PBS, centrifuged again at 4,000 xg at 4 °C for 20 minutes, 

and stored at -80 °C. Cells were resuspended in Buffer A (20 mM TRIS pH 7.5, 300 mM NaCl, 

5% v/v glycerol, 20 mM imidazole, 2 mM CHAPS) supplemented with cOmplete Protease tablets 

(Roche, Indianapolis, IN), sonicated for 10 minutes at 4 °C, and centrifuged at 16,000xg for 20 

minutes at 4 °C. Supernatant was incubated with TALON® metal affinity resin (Clontech) for 30 
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minutes, washed with 50 column volumes of Buffer A +1 mM ATP + 5 mM MgCl2, loaded onto 

a gravity column and washed with 50 column volumes of Buffer A, and eluted with 10 mL Buffer 

A + 200 mM imidazole. Eluant was dripped directly into 25 mL Buffer B (20 mM TRIS pH 7.5, 

5% v/v glycerol, 2 mM) containing an additional cOmplete protease inhibitor tablet and 125 μL of 

0.5 mM CYP7A1 DNA oligo (Forward 5’-GTTCAAGGCCAG-3’; Reverse 5’-

CTGGCCTTGAAC-3’). Protein solution (~35 mL) was concentrated to ~0.5 mL using Amicon® 

Ultra 10K concentrators and loaded onto a Superdex 200 size exclusion column equilibrated in 

buffer necessary for subsequent experiments. Elution fractions corresponding to the expected 

molecular weight of LRH-1 with CYP7A1 DNA were collected, and the protein was concentrated 

using 0.5 mL Amicon ® Ultra 10K filter and flash frozen for storage at -80 °C. 

LRH-1 LBD (aa 266-541, UniprotKB O00482) was expressed from arabinose-inducible 

vector with an N-terminal His-TEV tag purchased from VectorBuilder. Briefly, BL21 AI E. coli 

was transformed with His-TEV-LBD vector, grown at 37 °C until OD600 =0.8, and induced with 

0.2% w/v arabinose at 15 °C for 16-18 hours. Cells were centrifuged at 4,000xg at 4 °C for 20 

minutes, washed with PBS, centrifuged again at 4 °C for 20 minutes, and stored at -80 °C. Cells 

were resuspended in Buffer A (20 mM TRIS pH 7.5, 300 mM NaCl, 5% v/v glycerol, 20 mM 

imidazole, 2 mM CHAPS) supplemented with cOmplete Protease tablets (Roche, Indianapolis, 

IN), sonicated for 10 minutes at 4 °C, and centrifuged at 16,000xg for 20 minutes at 4 °C. 

Supernatant was incubated with TALON® metal affinity resin (Clontech) for 30 minutes, washed 

with 50 column volumes of Buffer A, loaded onto a gravity column, washed with an additional 50 

column volumes of Buffer A, and eluted with Buffer A + 200 mM imidazole. Protein solution was 

concentrated to ~0.5 mL using Amicon® Ultra 10K concentrators and loaded onto a Superdex 75 

size exclusion column equilibrated in 20 mM TRIS pH 7.5, 5% v/v glycerol, 150 mM NaCl, 0.5 
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mM CHAPS. Elution fractions corresponding to the expected size of the LBD were collected, and 

the protein was concentrated using 0.5 mL Amicon ® Ultra 10K filter and flash frozen for storage 

at -80 °C. 

LRH-1 DBD (aa 79-187, UniprotKB O00482) was expressed from IPTG-inducible vector 

with an N-terminal His-MBP-TEV tag purchased from VectorBuilder. Briefly, BL21 dE3 E. coli 

was transformed with His-TEV-LBD vector, grown at 37 °C until OD600 =0.8, and induced with 1 

mM IPTG at 15 °C for 16-18 hours. Cells were centrifuged at 4,000xg at 4 °C for 20 minutes, 

washed with PBS, centrifuged again at 4 °C for 20 minutes, and stored at -80 °C. Cells were 

resuspended in Buffer A (20 mM TRIS pH 7.5, 300 mM NaCl, 5% v/v glycerol, 20 mM imidazole, 

2 mM CHAPS) supplemented with cOmplete Protease tablets (Roche, Indianapolis, IN), sonicated 

for 10 minutes at 4 °C, and centrifuged at 16,000xg for 20 minutes at 4 °C. Supernatant was 

incubated with TALON® metal affinity resin (Clontech) for 30 minutes, washed with 50 column 

volumes of Buffer A, loaded onto a gravity column, washed with an additional 50 column volumes 

of Buffer A, and eluted with Buffer A + 200 mM imidazole. Protein solution was digested with 

1/20 TEV ratio in the presence of 1 mM DTT for 16-18 hours, concentrated to ~0.5 mL using 

Amicon® Ultra 10K concentrators, and loaded onto a Superdex 75 size exclusion column 

equilibrated in 20 mM TRIS pH 7.5, 5% v/v glycerol, 150 mM NaCl, 0.5 mM CHAPS. Elution 

peaks corresponding to the expected molecular weight of the DBD were collected, and the protein 

was concentrated using 0.5 mL Amicon ® Ultra 10K filter and flash frozen for storage at -80 °C. 

His-tagged versions of WT and L279A/L280A mouse Dax-1 (aa 205-472, UniprotKB 

Q61066) were expressed from IPTG-inducible vectors purchased from VectorBuilder. Briefly, 

BL21 dE3 E. coli was transformed with His-DAX-1 vector, grown at 37 °C until OD600 =0.8, and 

induced with 100 µM IPTG at 15 °C for 16-18 hours. Cells were centrifuged at 4,000xg at 4 °C 
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for 20 minutes, washed with PBS, centrifuged again at 4 °C for 20 minutes, and stored at -80 °C. 

Protein was purified as per the same protocol as LRH-1 LBD. 

Human b-catenin R1C (aa 79-187, UniprotKB P35222) was expressed from IPTG-

inducible vector with an N-terminal His-TEV tag (WT purchased from Addgene Vector No.17200) 

(Y306A/K345A/W383A triple mutant purchased from VectorBuilder). Briefly, BL21 dE3 E. coli 

was transformed with His-DAX-1 vector, grown at 37 °C until OD600 =0.8, and induced with 250 

µM IPTG at 15 °C for 16-18 hours. Cells were centrifuged at 4,000xg at 4 °C for 20 minutes, 

washed with PBS, centrifuged again at 4 °C for 20 minutes, and stored at -80 °C. Protein was 

purified as per the same protocol as LRH-1 LBD. 

BS3 Crosslink Identifications via Mass Spectrometry: 

For BS3 (bis(sulfosuccinimidyl)suberate) crosslinking reactions, full-length LRH-

1/CYP7A1 complex was prepared in crosslinking buffer (20 mM HEPES, 150 mM NaCl, 5% 

glycerol). BS3 crosslinker was freshly dissolved in crosslinking buffer at a final concentration of 

2.5 mM. 5 μM full-length LRH-1/CYP7A1 complex with 25 μM PGC1α peptide was incubated on 

ice for 15 minutes to allow for complex to form. BS3 crosslinker was added to solution at a final 

concentration of 250 μM and allowed to react for 1-2 hours at 4 °C. Reactions were quenched for 

15 minutes at room temperature with the addition of 50 mM TRIS pH 7.5. Control reactions were 

performed in tandem without the addition of BS3 crosslinker. Reactions were separated via SDS-

PAGE to separate monomeric species from aggregates. Monomeric protein bands were excised 

and subjected to in-gel trypsin digestion. Peptides were autosampled onto a 200 mm by 0.1 mm 

(Jupiter 3 micron, 300A), self-packed analytical column coupled directly to a QExactive mass 

spectrometer (ThermoFisher) using a nanoelectrospray source and resolved using an aqueous to 

organic gradient. Tandem MS/MS (MS2) spectra were collected in a data dependent manner over 
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the course of a 70 min gradient using a full MS1 resolution of 70,000, 1e6 AGC target and MS2 

resolution of 17,500, 1e5 AGC target with a loop count of 20. 

To identify cross-linked peptides, spectra were extracted into MGF format, and analyzed 

via pLink2 with the following parameters- MS1 tolerance: 15 ppm; MS2 tolerance: 25 ppm; 

missed trypsin cleavage: 3; oxidation of methionine: variable; carbamidomethylation of cysteine: 

fixed; BS3 specificity: N-terminal amine or lysine271. Positive crosslink identifications via pLink2 

were confirmed to not be present in control reaction and exhibit idot product mass predictions 

>0.90 via analysis of extracted ion chromatograms using Skyline272. 

LRH-1 Inter-domain BS3 Crosslink validation via +/- PGC1α peptide: 

K118-K335 inter-domain crosslink was further verified by performing additional reactions 

as previously described +/- BS3 crosslinker in the presence and absence of 25 μM PGC1α peptide. 

Reactions were performed in triplicate for 1 hour at 4 °C, quenched with 50 mM TRIS pH 7.5 at 

room temperature, separated via SDS-PAGE, and subjected to in-gel trypsin digestion. Mass 

spectral data were collected as described above with the following differences. Data were acquired 

on a QExactive plus mass spectrometer (ThermoFisher) with an MS1 AGC target of 3e6. 

MS-1 parent ion peaks of inter-domain crosslink were extracted via Skyline272 and 

normalized to a non-reactive peptide peak (28RHGSPIPARG37). AUCs were compared using a 

two-tailed t-test with GraphPad Prism 8 (GraphPad Software, Inc. La Jolla, CA). 

LRH-1 Inter-domain BS3 Crosslink quantitation for S148R and D314R mutants: 

K118-K335 inter-domain crosslink levels were quantitated as described in +/- PGC1α 

peptide experiments, with the exception of all were conducted in the absence of the PGC1α 

peptide. 
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LRH-1 Inter-domain BS3 Crosslink quantitation in the presence of WT and mutant 

DAX-1: 

K118-K335 inter-domain crosslink levels were quantitated as described in +/- PGC1α 

peptide experiments, with the following exceptions:  1) LRH-1 was present at final concentration 

of 2.5 μM and WT or mutant DAX-1 was present at final concentration of 10 μM and 2) samples 

were processed using S-trap spin columns with trypsinization rather than being run through SDS-

PAGE excised, and in-gel trypsinized. 

LRH-1 Inter-domain BS3 Crosslink quantitation in the presence of WT and mutant b-

catenin R1C: 

K118-K335 inter-domain crosslink levels were quantitated as described in +/- PGC1α 

peptide experiments, with the following exceptions: 1) LRH-1 was present at final concentration 

of 2.5 μM and b-catenin R1C was present at final concentration of 5 μM, and 2) samples were 

processed using S-trap spin columns with trypsinization rather than being run through SDS-PAGE 

excised, and in-gel trypsinized. 

Benzophenone Crosslinking Mass Spectrometry: 

For production of A324BpF full-length LRH-1, the following modifications were made to 

the full-length LRH-1 production and purification protocol. pRSF2 LRH-1 A324BpF was co-

transformed with pEVOL-pBpF into BL21 dE3 E. coli 273. Cultures were grown as previously 

described except for the addition of 0.2% arabinose upon IPTG induction, in addition to the 

cultures being grown in the dark. Purification was conducted as previously described except for 

protein was kept in the dark, including FPLC purification with A280 lamp off. Protein was flash 

frozen for storage at -80 °C.  
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Photo-crosslinking reactions were performed in crosslinking buffer with 5 μM full-length 

LRH-1/CYP7A1 complex with 25 μM PGC1α peptide and placed in 96 well plates (total volume 

50 μL). Reactions were conducted on ice at 4 °C and initiated via exposure to 365-nm light for 3 

hours by placement under a Black-Ray 100 Watt UV lamp. Control reactions were simultaneously 

kept in the dark on ice at 4 °C. Reactions were separated via SDS-PAGE, excised, and subjected 

to in-gel trypsin digestion. Mass spectral data were collected as described above with the following 

differences. Data were acquired on a QExactive plus mass spectrometer (ThermoFisher) with an 

MS1 AGC target of 3e6 and a repeat count of 15. 

To identify cross-linked peptides, spectra were extracted into MGF format, and analyzed 

via CrossFinder with the following parameters- MS1 tolerance: 15 ppm; MS2 tolerance: 25 ppm; 

missed trypsin cleavage: 3; oxidation of methionine: variable; carbamidomethylation of cysteine: 

fixed, BpF specificity: non-specific274. Positive crosslink identifications via CrossFinder were 

compared to control reactions via analysis of ion chromatograms using Skyline272. 

Q126C/Y528C Engineered Disulfide Detection: 

For production of Q126C/Y528C full-length LRH-1, the previous protocol was followed 

except for protein was expressed in Origami 2 dE3 E. coli.  Purified protein was taken directly off 

S200 size exclusion column and was split into +/- 10 mM DTT. The following extraction was 

performed in duplicate for each sample group. Protein sample was treated with 100% TCA to a 

final concentration of 25% TCA overnight to precipitate protein. Samples were centrifuged at 

16,000 x g at 4 °C for 30 minutes. Pellets were washed with cold acetone, resuspended in 

solubilization buffer (100 mM TRIS pH 6.5, 8 M urea), and reacted with 2 mM N-ethylmaleimide 

for 2 hours at 37 °C. Samples were then diluted to 2 M urea with 100 mM TRIS pH 6.5 and treated 

with 1/20 w/w trypsin for 12 hours. Samples were next diluted to 1 M urea with 100 mM TRIS pH 
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6.5 and treated with 1/40 w/w GluC for 12 hours. Reactions were quenched with 5% formic acid 

and stored until further processing. Mass spectral data were collected as described above with the 

following differences. Data were acquired on a QExactive plus mass spectrometer (ThermoFisher) 

at 140,000 with an MS1 AGC target of 3e6, an MS2 AGC target of 5e4, and a repeat count of 15. 

To identify cross-linked peptides, spectra were extracted into MGF format, and analyzed 

via pLink2 with the following parameters- MS1 tolerance: 15 ppm; MS2 tolerance: 25 ppm; 

missed protease cleavage: 3; N-ethylmaleimide modification of cysteine: variable. Crosslink 

identifications via pLink2 were further filtered for monocrosslink identifications with 1 or less 

missed cleavage site (Trypsin or GluC) per peptide. Positive crosslinks were confirmed to not be 

present in control reaction with DTT, exhibited idot product mass predictions >0.90, and had MS2 

spectra with the major fragmentation ions series identified via analysis of extracted ion 

chromatograms using Skyline 272 and fragmentation pattern analysis via pLink-SS275 and 

xiSPEC276. 

Hydrogen-Deuterium Exchange Mass Spectrometry (data were collected and analyzed by the 

Burke lab of the University of Victoria): 

HDX-MS reactions were performed in a similar manner as described previously 277,278. 

In brief, HDX reactions for the isolated domains experiments were conducted in a final reaction 

volume of 50µL with a molar quantity of 30pmol of intact, full-length WT LRH-1, LRH-1 

DBD, or LRH-1 LBD, all expressed in bacteria. The reaction was started by the additions of 

48.5 µL of D2O buffer (100mM NaCl, 50mM pH7.5 HEPES, 89% D2O (V/V)) to 1.5 µL of 

protein solution (final D2O concentration of 86%). The reaction allowed to proceed for 3s at 

4°C (referred to as 0.3 sec in figures, as this is roughly the temperature corrected exchange time 

for 20°C), and 3, 30, 300, or 3000 s at 20°C, before being quenched with ice cold acidic quench 
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buffer, resulting in a final concentration of 0.6M guanidine-HCl and 0.9% formic acid post 

quench. HDX-MS experiments for LRH-1 in the presence of PGC1a coregulator peptide were 

conducted in the same manner, with the exception being that the final reaction volume was 

15µL with a molar quantity of 31pmol of full length LRH-1. Protein was then incubated with 

300pmol of PGC1a peptide or an equivalent volume of buffer for two minutes prior to the 

addition of D2O buffer (final D2O concentration of 83% in the 15 µL reaction). HDX-MS 

experiments for comparing LRH-1 to LRH-1 D314R were conducted in the same manner as the 

others but with a final reaction volume of 10 µL with a molar quantity of 31 pmol of LRH-1 

and LRH-1 D314R. The reaction was started by adding 9µL of D2O buffer to 1 µL of protein, 

resulting in a final D2O concentration of 80%.HDX-MS experiments for comparing full-length 

WT and D314R LRH-1 were conducted in the same manner as all other HDX experiments with 

the exception of a final reaction volume of 10 µL and molar quantity of 31 pmol of LRH-1. The 

reaction was initiated with the addition of 9 µL of D2O buffer to 1 µL of protein, resulting in a 

final D2O concentration of 80%.HDX-MS experiments for comparing LRH-1 to LRH-1 D314R 

were conducted in the same manner as the others but with a final reaction volume of 10 µL with 

a molar quantity of 31 pmol of LRH-1 and LRH-1 D314R. The reaction was started by adding 

9µL of D2O buffer to 1 µL of protein, resulting in a final D2O concentration of 80%HDX-MS 

experiments for comparing LRH-1 to LRH-1 D314R were conducted in the same manner as the 

others but with a final reaction volume of 10 µL with a molar quantity of 31 pmol of LRH-1 

and LRH-1 D314R. The reaction was started by adding 9µL of D2O buffer to 1 µL of protein, 

resulting in a final D2O concentration of 80%. All conditions and timepoints were created and 

run in triplicate. Samples were flash frozen immediately after quenching and stored at -80°C 
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until injection onto the ultra-performance liquid chromatography (UPLC) system for proteolytic 

cleavage, peptide separation, and injection onto a QTOF for mass analysis, described below. 

Protein samples were rapidly thawed and injected onto a UPLC system kept in a Peltier 

driven cold box at 2°C (LEAP). The protein was run over two immobilized pepsin columns 

(Applied Biosystems; Porosyme 2-3131-00) and the peptides were collected onto a VanGuard 

Precolumn trap (Waters). The trap was eluted in line with an ACQUITY 1.7 μm particle, 100 × 

1 mm2 C18 UPLC column (Waters), using a gradient of 5%-36% B (Buffer A 0.1% formic acid, 

Buffer B 100% acetonitrile) over 16 min. MS experiments were performed on an Impact HD 

QTOF (Bruker) and peptide identification was done by running tandem MS (MS/MS) 

experiments run in data-dependent acquisition mode. The resulting MS/MS datasets were 

analyzed using PEAKS7 (PEAKS) and a false discovery rate was set at 1% using a database of 

purified proteins and known contaminants. HDExaminer Software (Sierra Analytics) was used 

to automatically calculate the level of deuterium incorporation into each peptide. All peptides 

were manually inspected for correct charge state and presence of overlapping peptides. 

Deuteration levels were calculated using the centroid of the experimental isotope clusters. 

Differences in exchange in a peptide were considered significant if they met all three of the 

following criteria: > 5% change in exchange, > 0.4 Da mass difference in exchange, and a p-

value < 0.01 using a two-tailed Student’s t-test. Peptides were included in modeling if 1) >5% 

decreased in HDX was observed on multiple peptides, 2) a change being observed at similar 

time points (300 or 3,000 seconds) and 3) either a p-value < 0.01 using a two-tailed Student’s t-

test or > 0.4 Da mass difference in exchange. The full set of HDX-MS source data is provided 

in the supplement and at https://doi.org/10.5281/zenodo.3405545. In addition, a summary table 

of all HDX-MS processing parameters is included as described in279. 
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Small Angle X-ray Scattering Data Collection and Analysis: 

SAXS data were collected at the SIBYLS beamline 12.3.1 of the Advanced Light Source 

at the Lawrence Berkeley National Laboratory280,281 using 1.127 Å wavelength and Pilatus 2M 

detector at a 2.105-m sample-to-detector distance, with resulting scattering vectors (q = 4π sinθ / 

λ, where 2θ is the scattering angle) ranging from 0.01 to 0.4 Å-1. SEC in line with SAXS was 

performed to ensure the aggregation-free state of the sample. A Shodex KW-802.5 SEC column 

was pre-equilibrated with either 20 mM TRIS pH 7.5, 150 mM NaCl, 2% glycerol, 0.5 mM 

CHAPS, 5 mM DTT or 10 mM Na-phosphate pH 7.0, 100 mM NaCl with a flow rate of 0.5 

mL/min. 100 μL sample (7.5 mg/mL) was run through the SEC and 3 second X-ray exposures 

were collected continuously during a ~25 minute elution. The SAXS frames recorded prior to the 

protein elution peak were used to subtract all other frames. The background-subtracted frames 

were investigated by Rg and scattering intensity at q = 0 Å-1 (I(0)) derived via the Guinier  

approximation I(q) = I(0) exp(-q2Rg2/3) with the limits qRg <1.3. Data were processed using 

SCÅTTER3.0 for buffer subtraction and ATSAS 2.8.4 for particle parameter analysis. 

Rosetta computational docking of LRH-1 DBD and LBD (Rosetta modeling was performed by 

Georg Küenze of the Meiler lab of Vanderbilt University): 

Molecular models of the DBD-LBD complex of LRH-1 were developed by computational 

docking with Rosetta (version 3.10)260 integrating restraints from BS3 crosslinking, H/D exchange 

(HDX), and SAXS (Figure S3). Prior to docking, crystal structures of the DNA-bound DBD (PDB: 

2A66)161 and the P6L ([(2S)-3-[[(2R)-2,3-dihydroxypropoxy]-hydroxy-phosphoryl] oxy-2-

hexadec-6-enoyloxy-propyl] octadec-8-enoate)- and PGC1α-bound LBD (PDB: 1YOK for LBD, 

PBD: 5UNJ for PGC1α) 250,253 were energy-minimized with Rosetta using the Ref2015282 (Rosetta 

energy function) energy function. Missing LBD residues K335, H336, and E337 were added by 
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comparative modeling based on another LRH-1 LBD crystal structure (PDB: 4DOS)170 using 

RosettaCM283. The structure of the DBD was extended by one additional N-terminal residue (E83) 

and six C-terminal residues (K179-A184) guided by the structure of the homologous SF-1 protein 

(PDB: 2FF0, 92% sequence identity to human LRH-1)248 and PSIPRED284 secondary structure 

prediction using RosettaRemodel256. This was done to stabilize the structure of the C-terminal 

helix in the DBD because preliminary MD simulations had indicated that this helix lacked 

interaction with the rest of the DBD and was prone to unwinding in MD. Conformations of the 

P6L ligand were calculated with BCL::CONF generator285, and a library of 2,000 lowest-energy 

conformers was used in Rosetta modeling. Furthermore, the coordination geometry of the two 

ZnCys4 sites in the DBD was fixed by applying constraints between each of the two Zn ions and 

their coordinating cysteines. 

A total of 40,000 LRH-1 DBD-LBD models were created per docking run starting from 

random orientations of the DBD and LBD with no prior contact. The BS3 crosslinking and HDX 

data were implemented in docking as follows: BS3 crosslinks were translated to Cα atom pair 

distance restraints with a harmonic penalty function that was zero below 26 Å and grew 

quadratically beyond that distance. The upper bound distance of 26 Å was chosen by adding a 

tolerance of 2 Å to the theoretically maximum length of two fully extended lysine sidechains and 

BS3 crosslinker (24 Å) following recommendations by259. The experimental crosslink between 

K118 (LRH-1) and E740 (PGC1α) was mapped to the first residue (P742) in the PGC1α model 

and the upper bound distance was increased to 32 Å because the first two PGC1α residues were 

missing in the LRH-1 LBD crystal structure (PDB: 5UNJ)253. HDX data were used as additional 

model filter by enforcing that at least one amino acid from every peptide region with decreased 

HDX signal in DBD+LBD samples versus samples containing only DBD or LBD was part of the 
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model inter-domain interface. The interface was defined as every residue i in the DBD or LBD 

that fulfilled at least one of the two criteria: (1) had an atom within 5.5 Å distance of any residue j 

in the second domain, or (2) had a Cβ atom within 9 Å distance to the Cβ atom of any residue j 

and a Cα-Cβ-vector pointing towards the other domain (i.e. with a Cβ(i) - Cα(i) - Cα(j) angle below 

75°). Docking models which passed this HDX interface filter and had a BS3 crosslink restraint 

penalty <200 REU (Rosetta energy units) and a Rosetta DDG score <0 REU were clustered based 

on their Cα atom root-mean-square distance deviations (Cα-RMSD) using a cluster radius of 3 Å. 

About ten lowest-scoring models from the largest 10-20 model clusters were selected and used to 

seed another round of docking. This procedure was repeated twice while the BS3 crosslink distance 

cutoff and the cluster radius were gradually decreased to 0 REU and 2 Å in the final round of 

docking. Only small initial random rotations and translations with standard deviations of 8° and 

3 Å were applied to the DBD and LBD prior to the second and third docking run. Inspection of the 

cluster centroids after the third round of docking showed that 17 of the 20 largest clusters shared 

very similar domain orientations and that ~40% of models fell within the largest cluster indicating 

convergence in docking (Figure 4.8C). Likely DBD-LBD residue contacts were then determined 

by a pairwise breakdown of the Rosetta energy across the DBD-LBD interface and counting all 

residue pairs with a Rosetta score <-1.0 REU within the 5,000 models with lowest DDG score from 

the largest docking cluster. Agreement of the LRH-1 docking model with the BS3 XL-MS data 

was evaluated by measuring the Euclidean Cα-Cα and Nζ-Nζ (Nζ-N in case of K118-P742) 

distance, and solvent-accessible surface (SAS) Nζ-Nζ (Nζ-N) distance between crosslinked 

residues in MD simulations (see below) of the LRH-1 model (Figure S4+S5, Table S2). SAS paths 

were calculated with the program Xwalk257. To more accurately analyze the SAS crosslink 
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distance between K118 and the PGC1α N-terminus at E740, two additional residues were modeled 

into the PGC1α peptide in selected MD snapshots using RosettaRemodel256. 

LRH-1 models were validated against SAXS data after docking because it was assumed 

that the long NTD (residues M1 - L82) and inter-domain hinge (residues L185 - P298), which are 

not seen in the DBD and LBD crystal structures and predicted to be disordered, made significant 

contributions to the SAXS intensity. To take structural flexibility of those regions into account in 

modeling, 900 conformations of the NTD and hinge domain were built into 50 lowest-ddG-scoring 

models from the largest cluster after the final round of docking using the RANCH286 program from 

the ATSAS287 package to yield 45,000 full-length LRH-1 models. The Cα atom trace 

conformations were converted into all-atom representation using REMO288 and their geometry was 

further minimized with Rosetta. Theoretical SAXS profiles for every full-length LRH-1 model 

with bound DNA and P6L were simulated using CRYSOL289. The pool of LRH-1 models was then 

regularized by running 100 cycles of a genetic algorithm as implemented in GAJOE286 with 1000 

generations per cycle and disallowing self-repetition of SAXS curves to find a likely LRH-1 

ensemble that minimized the SAXS χ2 value. The LRH-1 docking model with lowest DDG score 

and an ensemble of ten LRH-1 full-length models with minimal χ2 were used for final analysis and 

running MD simulations. Those models are provided with the supporting material to this paper 

and can be obtained from PDB-Dev290 under accession code PDBDEV_00000035. SAXS data 

reported in this paper are available from SASBDB291 under accession number SASDG85. MS data 

reported in this paper as well as LRH-1 starting structures and Rosetta input scripts used in model 

building are available from: https://doi.org/10.5281/zenodo.3405545. 
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ClusPro computational docking of LRH-1 DBD and LBD: 

 To complement Rosetta docking simulations, additional docking simulations were 

performed with the web-based server ClusPro.261 Rosetta optimized LRH-1 DBD (1 N-terminal 

residue (E83) and 6 C-terminal residues (K179-A184) were incorporated/minimized based on the 

SF-1 DBD NMR structure)248 and LBD (3 additional residues spanning the helix 2/3 linker (K335, 

H336, E337) were incorporated/minimized using RosettaRemodel)256 models were used as starting 

models for ClusPro docking. Docking poses were required to meet the following distance 

restraints: 7-25 Å Cα-Cα BS3 crosslink residues pairs and 8-15 Å between V156-A324 (as an 

estimate from benzophenone crosslink). Models were scored after simulation for SASD for 

crosslink restraints using Xwalk.257 

Molecular Dynamics simulation of the LRH-1 DBD-LBD complex models (simulations were 

performed by Georg Küenze of the Meiler lab of Vanderbilt University): 

All-atom MD simulations of models of the LRH-1 DBD-LBD complex were conducted 

with AMBER 16292 employing the ff14SB 293 force field for proteins, the OL15294 force field for 

DNA, the TIP4P/Ew295,296 water model with parameters for monovalent ions from Joung and 

Cheatham 297,298, and the Zinc AMBER force field (ZAFF) 299 for the two ZnCys4 sites in LRH-1. 

Assignment of atom types and calculation of atomic point charges for the P6L ligand was carried 

out with Antechamber300 using the general AMBER force field (GAFF)301 and the AM1-BCC302 

charge model. LRH-1 docking models were embedded in an octahedral TIP4P/Ew water box and 

65 Na+ and 45 Cl- ions were added to neutralize the system’s charge and adjust the ionic number 

to the experimental salt concentration of 150 mM NaCl. SHAKE303 bond length constraints were 

applied to all bonds involving hydrogen. Nonbonded interactions were evaluated with a 10 Å 
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cutoff, and electrostatic interactions were calculated with a particle-mesh Ewald summation 

method304,305. 

The MD system was first minimized for 10,000 steps using steepest descent followed by 

10,000 steps of conjugate gradient minimization. With protein, DNA and P6L restrained to their 

initial coordinates, the system was then heated to 310 K over 500 ps in the NVT ensemble using a 

step size of 1 fs and an Andersen thermostat with a heat bath coupling time constant of 1 ps. After 

switching to the NPT ensemble, positional restraints on protein, DNA and P6L were gradually 

removed over 6 ns while Langevin dynamics with a collision frequency of 2.0 ps-1 was used for 

temperature regulation. Production MD was conducted for 800 ns using a step size of 2 fs, constant 

pressure periodic boundary conditions, isotropic pressure scaling and Langevin dynamics. To 

avoid that the elongated LRH-1 DBD-LBD complex would rotate outside of the simulation box 

during MD, very weak harmonic restraints with a force constant of 0.02 kcal mol-1 Å-1 were applied 

to the deoxy-ribose phosphate backbone atoms of the DNA. Four independent MD simulations 

starting from different members of the selected ensemble of ten LRH-1 models were carried out 

yielding 3.2 μs of trajectory data. 

Analysis of molecular dynamics simulations (analysis was performed by Georg Küenze of the 

Meiler lab of Vanderbilt University): 

Analysis of MD trajectories with CPPTRAJ (version 18.0) 306 included calculation of Cα 

atom root-mean-square deviations (Cα-RMSD) and root-mean-square fluctuations (Cα-RMSF), 

measurement of DBD-LBD residue pair and crosslink Cα-Cα and Nζ-Nζ distances, and calculation 

of the change in solvent-accessible surface area (ΔSASA) to assess stability of the LRH-1 DBD-

LBD docking model. Dynamical network analysis was performed with the Network View 

plugin262 in VMD307. A node in the network was assigned to every amino acid in LRH-1 and 
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PGC1α peptide centered at their Cα atom, and two nodes were assigned to every DNA residue – 

one centered at the P atom of the sugar-phosphate moiety and another centered at the N1 (dC, dT) 

or N9 (dA, dG) atom of the N-glycosidic bond. The P6L phospholipid ligand was represented by 

ten nodes – one for the glycerol headgroup, one for the phosphate group, two for the glycerol 

backbone, and three for each fatty acid tail. Network edges were defined between nodes whose 

residues were within 4.5 Å distance for at least 75% of the MD trajectory and the last 700 ns of 

simulation were used in the analysis. Edge weights were derived from the pairwise residue 

correlation matrix calculated with the program Carma 308. Network communities were determined 

by applying the Girvan-Newman algorithm309 implemented in the program gncommunities as part 

of the Network View plugin262. 

Fluorescence Polarization Co-activator Peptide Binding Assays: 

Full-length LRH-1/CYP7A1 promoter complex or LRH-1 LBD was serially diluted in 

assay buffer (20 mM TRIS pH 7.5, 150 mM NaCl, 0.5 mM CHAPS) in black-walled 384 well 

plates. N-terminally FAM-labeled PGC1α co-regulator peptide (Sequence: +H3N-

EEPSLLKKLLLAPA-CO2-) was added to a final concentration of 50 nM. Fluorescence 

polarization measurements were collected using a BioTek Neo plate reader (BioTek Instruments, 

Winooski, VT). Data are the results of three independent experiments  performed at least in 

duplicate in a total volume of 50 μL. Data were fitted to a single-site equilibrium binding equation 

with GraphPad Prism (GraphPad Software, Inc. La Jolla, CA) to determine KD  and Bmax 

parameters. 

Fluorescence Polarization DNA competition Binding Assays: 

Unlabeled CYP7A1 DNA oligonucleotide was serially diluted into assay buffer (20 mM 

TRIS pH 7.5, 150 mM NaCl, 0.5 mM CHAPS) in black-walled 384 well plates. Full-length LRH-
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1/CYP7A1 promoter complex with FAM-labeled oligo was added to a final concentration of 50 

nM. Fluorescence polarization measurements were collected using a BioTek Neo plate reader 

(BioTek Instruments, Winooski, VT). Data are the results of three independent experiments 

performed in triplicate in a total volume of 50 μL. Data were fitted to a single-site competition-

binding curve with GraphPad Prism (GraphPad Software, Inc. La Jolla, CA) to determine IC50 

parameters. 

Cellular Transcriptional Assays: 

Transactivation of wild type, 3KR LRH-1 and 3KR LRH-1 mutants were measured using 

luciferase-based reporter gene assay. HEK293T cells were seeded into 24-well plates and 

incubated at 37 °C in complete media (DMEM supplemented with 10% FBS and 1% 

penicillin/streptomycin) until ~70% confluent. Each well was then transiently transfected using 

PolyJetTM with plasmids encoding firefly luciferase under the control of the mouse CYP17A1 

promoter (300 ng/well), Renilla luciferase under constitutive activation via either the SV40 

promoter or TK promoter (30 ng/well), and LRH-1 plasmids under constitutive activation via 

CMV promoter (180 ng/well). Transfection was ended after 4 hours of incubation at 37 °C via 

replacement of media with complete media. Cells were incubated for an additional 44 hours, 

washed with PBS, and frozen at -80 °C until luciferase analysis. Luciferase activity was measured 

using a Biotek® luminescence detector. Statistical analyses were performed using GraphPad Prism 

(GraphPad Software, Inc. La Jolla, CA) via a one-factor analysis of variance (ANOVA) followed 

by Bonferonni-corrected multiple comparison tests. Data are the result of three independent 

experiment performed in quadruplicate. Co-regulator transactivation studies (human b-catenin 

S33Y and WT human DAX-1) were performed as above with additional 180 ng/well of 

transcriptional co-activator plasmid. 
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Western Blot Analysis of LRH-1 Mutants: 

LRH-1 variant protein expression levels were measured using western blot analysis. 

HEK293T cells were seeded into 6-well plates and incubated at 37 °C in complete media (DMEM 

supplemented with 10% FBS and 1% penicillin/streptomycin) until ~70% confluent. Each well 

was then transiently transfected using PolyJetTM with an LRH-1 plasmid under constitutive 

activation via CMV promoter (1.0 µg/well). Transfection was ended after 4 hours of incubation at 

37 °C via replacement of media with complete media. Cells were incubated for an additional 44 

hours, trypsinized to remove from 6-well plate, washed with PBS, and frozen at -80 °C until 

western blot analysis. Cells were disrupted in lysis buffer (10 mM HEPES pH 7.5, 500 mM NaCl, 

5 mM EDTA, 1% NP-40, 0.1% SDS) in the presence of cOmplete Protease tablets (Roche, 

Indianapolis, IN), incubated on ice for 30 minutes, and centrifuged at 17,500xg for 15 minutes at 

4 ºC. The supernatant was quantified for total protein content via BCA assay. 5 µg total protein of 

each LRH-1 variant was loaded onto SDS-PAGE and was sequentially blotted for LRH-1 and b-

actin. 

Lipid Mass Spectrometry Quantification: 

IPA (100 uL) was added to 100uL of each sample (~17 µM protein for both FL and LBD 

LRH-1), along with 10uL of SPLASH LipidoMIX Internal Standard (Avanti, USA). Samples were 

vortexed, kept on ice (30 min), and centrifuged (10 min at 15K rpm) to clear the sample of 

precipitated protein and DNA oligo. Direct infusion-mass spectrometry (DI-MS) (sample flow 5 

uL/min) were performed on Agilent 6560 Ion Mobility LC/Q-TOF (Agilent, Santa Clara, CA, 

USA). Data was acquired in negative full scan mode using Agilent’s Jet Stream ESI source, with 

a capillary voltage of 3.5 kV, gas temperature at 300°C with flow of 13 L/min, sheath gas 

temperature at 300°C with flow of 12 L/min. Flow injection analysis- mass spectrometry (FIA-
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MS) and product ion scan (PIS) were performed on Agilent 6470 Triple Quadrupole (Agilent, 

Santa Clara, CA, USA) equipped with Agilent 1290 Infinity II UHPLC system (Agilent, Santa 

Clara, CA, USA). FIA was performed at 100 μL/min using 10 mM ammonium acetate in 50% 

isopropanol, 30% methanol, 20% acetonitrile and 10% water for 1 min; injection volume: 10 μL, 

autosampler temperature: 4°C.Data was acquired in negative PIS mode using Agilent’s Jet Stream 

ESI source, with a capillary voltage of 2.5 kV, gas temperature at 300°C with flow of 8 L/min, 

sheath gas temperature at 300°C with flow of 7 L/min. Data was processed and analyzed using 

Agilent’s MassHunter Workstation Data Acquisition, MassHunter Qualitative Analysis, Microsoft 

Excel, GraphPad Prism (GraphPad Software, Inc. La Jolla, CA).  

PE and PG species were identified by high resolution accurate mass measurements, and 

fatty acyl chain constituents were confirmed by MS/MS and annotated as described by Liebisch, 

Ejsing and Ekroos, 2015. 

Bioinformatics Sequence Alignment: 

The following LRH-1 and SF-1 sequences were aligned using ClustalOmega: Homo 

sapiens LRH-1 (O00482), Pan troglodytes LRH-1 (XP_001142695), Mus musculus LRH-1 

(P45448), Rattus norvegicus LRH-1 (Q9QWM1), Bos taurus LRH-1 (NP_001193745), Equus 

caballus LRH-1 (XP_023488164),  Sus scrofa LRH-1 (AFD98842), Danio rerio LRH-1 

(AAI63522), Homo sapiens SF-1 (Q13285), Pan troglodytes SF-1 (XP_016817123), Mus 

musculus SF-1 (P33242), Rattus norvegicus SF-1 (P50569), Bos taurus SF-1 (NP_776828), Equus 

caballus  SF-1 (NP_001075320),  Sus scrofa SF-1 (NP_999344), and Danio rerio SF-1 

(NP_997999). Sequence logo of amino acid frequencies for regions of interest were generated 

using WebLogo3311. 
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CHAPTER 5 

 

STRUCTURAL AND FUNCTIONAL CHARACTERIZATION OF HUMAN IPMK 

 

5.1 Introduction: 

 

As an essential gene in mammalian development with ubiquitous expression in all 

eukaryotes216, IPMK has important functions at the nexus of many important signaling, metabolic 

and regulatory pathways, exerting influence through both kinase-dependent and independent 

roles312.  The kinase activity of IPMK is a well-characterized node connecting inositol 

polyphosphate to lipid phosphoinositide signaling, and is critical for AKT activation313, Wnt 

signaling314, PLC-mediated IP3/Calcium signaling216,315–317, nuclear receptor transcriptional 

activation17, mRNA export318, and many other roles312,319. However, IPMK also has enzyme-

independent roles, which utilize protein-protein interactions to regulate several crucial signaling 

proteins. IPMK acts in an enzyme-independent manner interacting with the p53 tumor suppressor, 

acting as a transcriptional co-activator for p53211,320. IPMK participates in mTOR signaling by 

serving as a classic adaptor protein, connecting mTOR and Raptor in mammalian cells321. IPMK 

has been shown to mediate LKB1 regulation of AMPK by directly interacting with AMPK, which 

prevents AMPK phosphorylation and activation in response to several metabolic signals, including 

glucose9,322 and metformin323. Further, IPMK binds and stabilizes the TRAF6 ubiquitin ligase 

signaling scaffold in macrophages, preventing ubiquitination of the TRAF6 protein to maintain 

signaling217. Thus, these important studies have established several roles IPMK plays via kinase-

dependent and –independent mechanisms. 
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 IPMK non-catalytic functions are mediated in part by N-terminal and internal loop regions 

that are both predicted to display properties characteristic of intrinsically disordered proteins. 

Consistent with secondary structure prediction algorithms, these regions have not been resolved in 

X-ray crystal structures of inositol kinase family members solved to date199,200,203,204,324,325. 

Although it is well established that disordered protein domains generally participate in protein-

protein interactions326–329, what role the IPMK disordered regions might play in modulating IPMK 

kinase activity has not been thoroughly explored16.  

Here, a highly engineered human IPMK lacking its two disordered domains was designed 

and designated as ΔIPMK. To determine if the absence of these disordered domains alters IPMK 

enzyme activity on the well-known substrate PIP2, detailed kinetics analyses were performed and 

compared to wildtype activity levels. Surprisingly, ΔIPMK has a 1.8-fold higher turnover number 

(kcat) on PIP2 than wild type IPMK. In addition, an engineered ΔIPMK with an additional 33 N-

terminal amino acid extension beginning at G37 (extΔIPMK) also has a 1.8-fold increase in kcat, 

suggesting this increase in activity is due to replacement of the native internal loop, not the 

unstructured N-terminus.  Further, removal of the disordered domains from IPMK does not 

dramatically alter IPMK structure, as a 2.5 Å crystal structure of ΔIPMK maintains all the 

consensus features of the IPK-superfamily fold. Comparison of the ΔIPMK structure with other 

superfamily structures suggested a short N-terminal sequence of IPMK that is disordered in most 

structures could participate in ATP-nucleotide binding. This sequence was removed from ΔIPMK, 

and the KM for ATP increased 4.9-fold for ΔIPMK compared to wild type IPMK. In addition, 

adding back a portion of the N-terminus containing the ATP clamp partially rescued the increase 

in KM for ATP. Taken together, these data suggest the disordered domains of IPMK play an 
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important role in modulating the in vitro kinase activity of IPMK, through multiple kinetic 

mechanisms. 

 

5.2 Results: 

 

Human IPMK lacking intrinsically disordered domains is a more efficient PI3-kinase than wild 

type. 

All crystal structures of IPK-superfamily kinases have a consensus ATP-grasp fold 

structurally conserved between family members199,200,203,204,324,325. However, there are two 

intrinsically disordered domains in several members of the superfamily: an N-terminal disordered 

domain and an internal loop within the kinase-domain that occurs between S279 and Q373 in 

human IPMK (Figure 5.1A). This kinase-domain internal loop contains a nuclear localization 

signal and a CK2 phosphorylation site330. Both the N-terminal and internal loop disordered 

domains participate in IPMK interactions with p53211, TRAF6217, AMPK9, and Raptor321 in GST-

pull down and/or functional assays, to various degrees and levels of specificity, and are usually 

required but not sufficient for full IPMK non-catalytic functions. Although the disordered 

domain’s non-catalytic functions are well established, it is unclear if they modulate IPMK kinase 

activity. 

 To examine if removal of the two IPMK disordered domains alters IPMK kinetic properties 

on the PIP2 substrate, the entire disordered N-terminus of human IPMK was replaced with a 6X 

Histidine tag starting at D70. Additionally, the kinase-domain internal loop was replaced with a 

small synthetic Glycine-Serine linker [S279-(GGGGS)2-C373] (Figure 5.1A, 5.2). This 

engineered protein was designated ΔIPMK. ΔIPMK was expressed in bacteria and purified to 
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homogeneity for crystallographic and enzyme kinetic analyses. Further, an engineered ΔIPMK 

with a 33 amino acid N-terminal extension beginning at G37 (extΔIPMK) was similarly purified 

and examined. It is worth noting several variations of the boundaries for this precise engineered 

IPMK yielded significantly less amounts of soluble IPMK protein when expressed in bacteria 

(Table 5.1). 

 These kinetic studies showed although ΔIPMK has an almost identical KM for PIP2 as the 

wild type enzyme (both about ~38 μM), the kcat increases 1.8-fold for ΔIPMK to 7.4 s-1 (Table 5.2)  

When compared to the wild type IPMK kcat for PIP2 (4.4 s-1), the increased kcat drives a 1.8-fold 

higher catalytic efficiency (kcat/KM) of ΔIPMK over wild type IPMK (Figure 5.1B, Table 5.2). 

The extΔIPMK construct behaved almost identical to ΔIPMK with respect to the PIP2 substrate in 

these assays. Thus, both ΔIPMK and extΔIPMK (Figure 5.1A) appear to be more catalytically 

efficient than wild type IPMK at phosphorylating PIP2 to PIP3. 

 

Table 5.1: Engineered Human IPMK expression in E. coli and crystallization. 

Table S1, Seacrist & Blind

N-term Domain
Boundary

Internal-Loop
Boundaries Tags Internal-Loop

Linker
Relative

Expression Crystals

D70 S279-C373 N-term 
6XHis (GGGGS)2 +++ Yes

G37 S279-C373 C-term 
6XHis (GGGGS)2 + None

M1 Q262-P370 N-term 
6XHis-MBP None - n.d.

G59 Q262-P370 N-term 
6XHis MBP None - n.d.

Table S2, Seacrist & Blind

Enzyme PI(4,5)P2
Apparent KM

PI(4,5)P2
Apparent kcat

Apparent 
kcat/KM

WT / construct
kcat/KM ratio

Human WT IPMK 39μM 4.5 s-1 116,000 M-1 s-1 1.00

Human ΔIPMK 36μM 7.3 s-1 203,000 M-1 s-1 0.57

Human extΔIPMK 37μM 7.5 s-1 204,000 M-1 s-1 0.57

Table S1.  Human IPMK construct expression in bacteria and crystallization. 

Table S2. PI(4,5,)P2 kinetic parameters describing PI(4,5,)P2 phosphorylation activity of 
indicated human IPMKs used throughout this study.

Table S4, Seacrist & Blind
Table S4.  ATP kinetic parameters describing ATP hydrolysis activity of indicated human IPMK 
constructs used throughout this study. 

Enzyme ATP
Apparent KM

ATP
Apparent kcat

Apparent 
kcat/KM

WT / construct
kcat/KM ratio

Human WT IPMK 61μM 4.4 s-1 71,000 M-1 s-1 1.00

Human ΔIPMK 300μM 7.4 s-1 25,000 M-1 s-1 2.84

Human extΔIPMK 94μM 7.3 s-1 80,000 M-1 s-1 0.89
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Figure 5.1: Removal of IPMK disordered domains confers a 1.8-fold increase in PIP2 catalytic 
efficiency. A. Primary organization comparison between ΔIPMK (top) and Wild type IPMK 
(bottom). Gray represents disordered regions in all previous structures of IP3K superfamily 
members, ΔIPMK does not possess residues 1-69 and 279-373 of the full-length WT human IPMK. 
Red represents catalytic regions, blue the IP-helices that bind substrate and green an artificial linker 
sequence added to maintain protein stability. The green artificial (Gly4-Ser)2 linker was inserted 
between residues 279 and 373. B. ΔIPMK and extΔIPMK kinetic parameters on PIP2 micelles, 
compared to WT IPMK kinetics. Velocities were fit to nonlinear Michaelis-Menten curves using 
Graphpad prism.  
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Figure S1, Seacrist & Blind

Figure 5.2: Sequence alignment of full length human IPMK and ΔIPMK. ΔIPMK does 
not possess residues 1-69 and 279-373 of the full-length human IPMK sequence. Red 
represents catalytic regions, blue the IP-helices that bind substrate and green an artificial linker 
sequence added to maintain protein stability. The green artificial (Gly4-Ser)2 linker was 
inserted between residues 279 and 373. 
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Table 5.2:  Kinetic parameters of WT IPMK, extΔIPMK, and ΔIPMK. Graphical 
representations and precise boundaries of each construct are provided in Figure 1. Means ± SE 
using membrane capture assay, as described in Methods section. 
 

Crystallography shows ΔIPMK maintains the ATP-grasp fold.  

 In parallel with the kinetic studies, crystals of the ΔIPMK protein were produced for X-ray 

structure determination of the enzyme. The growth of these crystals required the presence of the 

ATP-analog adenylyl-imidodiphosphate (AMP-PNP), inositol-(1,3,4,6)-phosphate (IP4) substrate 

and 1mM MnCl2, although these ligands were not detectable in the electron density maps. The 

ligands may have been lost in the 30-minute cryo-protectant soak prior to cryopreservation for X-

ray diffraction analysis. Fifteen molecules of buffer components were ordered in the structure. 

Three of the 6 amino acids of the His-tag in ΔIPMK were weakly ordered in a position next to the  

β1 strand where nucleotide is predicted to be, if the nucleotide were not lost during 

cryopreservation. Nevertheless, we were able to solve the structure of human apo-ΔIPMK by 

molecular replacement using the yeast IPMK as the search model. Table 5.3 contains data 

collection and structure refinement statistics.  

 Analysis of the fold of ΔIPMK revealed the expected ATP-grasp domain structure (two α+ 

β subdomains coordinating nucleotide substrate) (Figure 5.3). As with all other members of this 

superfamily, ΔIPMK has an N-terminal domain consisting of β-sheets 1-3 and α-helix 1, the IP-

binding loop consisting of α-helix 2, and a C-terminal domain consisting of the remaining β-sheets 

4-7 and α-helices 1, 3, 4, 5 and 6 (Figure 5.3B). Two ΔIPMK monomers are in each asymmetric  

Kinase kcat (s-1) KM,ATP 
(μM) 

kcat/KM,ATP 
(M-1s-1) 

ATP kcat/KM 
Change Relative 

to WT 

KM,PIP2 
(μM) 

kcat/KM,PIP2 
(M-1s-1) 

PIP2  kcat/KM 
Change Relative 

to WT 

WT IPMK 4.4 ± 0.2 61 ± 6 7.1 x 104 1.0 39 ± 5 1.2 x 105 1.0 

extΔIPMK 7.5 ± 0.3 94 ± 11 8.0 x 104 1.1 37 ± 5 2.0 x 105 1.8 

ΔIPMK 7.4 ± 0.8 300 ± 64 2.5 x 104 0.4 36 ± 4 2.0 x 105 1.8 
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Figure 5.3: Crystal structure of the catalytic core of Human ΔIPMK. A. Ribbon diagrams 
of the overall structure of the catalytic core of human ΔIPMK and the unstructured kinase-
domain internal loop shown in red, N-terminal kinase lobe shown in cyan, inositol phosphate-
binding helix shown in blue. B. Topology map of IPMK, color scheme identical as in A., 
generated using TopDraw. C. Overall structure of the crystallographic IPMK dimer in the 
asymmetric unit, with the dimerization interface boxed, note that ΔIPMK dimerization is not 
detectable by size exclusion chromatography. D. Magnification of panel C, showing 
hydrophobic residues that mediate the crystallographic dimer interface along the IP helix, 
hydrophobic residues indicated. 
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unit of the P21212 space group crystals, with a crystallographic dimerization interface mediated 

mainly through contacts in the IP-binding helix (Figure 5.3C). The residues participating in this 

interface are I92, V96, P100 and L101 (Figure 5.3D). We have not observed ΔIPMK to exist as a 

dimer in size exclusion chromatography, suggesting the dimer in our asymmetric unit is 

crystallographic. The coordinates for this structure have been deposited within the Protein Data 

Bank (PDB ID: 6E7F). 

 

ΔIPMK core-kinase structure is similar to other IPK-superfamily members.  

Comparing ΔIPMK to other IPK-superfamily members, ΔIPMK shares an expected high 

degree of structural homology to other superfamily members. The structure reported here is in 

close agreement with the other recently published crystal structures of human IPMK, with a root 

mean square deviation (RMSD) of 0.48 Å324. Superposition over the Cα backbone of ΔIPMK with 

the human H. Sapiens IP3K gave an RMSD of 1.041 Å (Figure 5.4A). As expected, human IP3K 

diverges most significantly with ΔIPMK in the IP-binding loop, where IP3K has a much larger 

sequence that contains 2 alpha helices that are not seen in IPMK (Figure 5.4A, boxed helix). 

Superpositions of the human ΔIPMK with the parasitic amoeba E. histolytica IP6K produced an 

RMSD of 1.145 Å (Figure 5.4B), with plant A. thaliana IPMK produced an RMSD of 1.028 Å 

(Figure 5.4C) and with the yeast S. cerevisiae IPMK structure yields an RMSD of 1.10Å (Figure 

5.4D). A more thorough comparison of the differences between these structures has been 

extensively addressed elsewhere324,  however we note the larger IP-binding loops of IP3Ks have 

been proposed to prevent IP3K activity on membrane phosphoinositides199, and our ΔIPMK 

structure further supports that hypothesis. 
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PDB ID  6E7F (apo-ΔIPMK)  
Space group                     P 21 21 2  

Unit cell parameters (Å) 

 
a=95.66, b=109.36, c= 73.6 

 

 

Data collection   

Wavelength (Å) 0.97872  

Resolution range (Å) 43.82 - 2.5 (2.589-2.5)  

Number of observations 167,813  

Number of unique reflections 26,381 (2,694)   

Completeness (%) 

Multiplicity 

99.96 (100.0)
 

6.4 (5.3) 

 

Mean I/σ(I) 18.76 (4.25)  

Rmerge 0.08007 (0.3281)  

Rmeas                                                                                0.08719 (0.362)   

Rpim                                                                                0.03411 (0.1499)  

 
Model and refinement statistics 

 

Resolution (Å) 2.50  

Number of reflections (total) 27,376 (2,694)  

Number of reflections (test) 1,364 (131)  

Rwork 0.2274 (0.2967)  

Rfree 0.2824 (0.3549)  

 
Stereochemical parameters 

  

RMSD bond length (Å) 0.01  

RMSD bond angle (°) 1.37  

Average isotropic B 
value, (Å

2
) 

Average isotropic B 
value, macromolecules (Å

2
) 

57 

56.86 

 

Average isotropic B value, ligands (Å
2
)  114.22  

Average isotropic B value, solvent (Å
2
) 52.61  

Number of non-hydrogen atoms 

Number of macromolecule atoms 

3,923 

3,836 

 

Number of solvent atoms 

Number of ligand atoms 

Number of protein residues 

Ramachandran favored (%) 

72 

15 

469 

92.56 

 

Ramachandran allowed (%) 

Ramachandran outliers (%) 

Clashscore 

6.13 

1.31 

17.73 

 

 

Table 5.3: Summary of crystal parameters, data collection and refinement statistics for 
PDB entry 6E7F. Outermost shell shown is shown in parentheses. 
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B
Human ΔIPMK
E.Histolytica IP6K 22

RMSD = 
1.117Å 

C
Human ΔIPMK
A.Thaliana IPMK 19

RMSD = 
1.03Å 

D
Human ΔIPMK
S.cerevisae IPMK 21

RMSD = 
0.995Å 

A
Human ΔIPMK
Human IP3K 20

RMSD = 
0.995Å 

IP-helix 
Extension

Figure 5.4: The overall fold of ΔIPMK is conserved within the Inositol Phosphate Kinase 
Superfamily.  A. Superposition of ΔIPMK (blue) and human IP3K (dark green) bound to 
AMPPNP, Mn2+, and Ins(1,4,5)P3 (PDB: 1W2C) with pruned RMSD of 0.995 Å, determined using 
PyMOL. Human IP3K has a significantly larger inositol phosphate-binding region compared to 
ΔIPMK (green box), which has been ascribed to preventing IP3K from phosphorylating PIP2 in 
membranes. B. Superposition of ΔIPMK (blue) and E. histolytica IP6K (orange) bound to ATP and 
Ins(1,4,5)P3 (PDB: 4O4D) with pruned RMSD of 1.170Å. C. Superposition of ΔIPMK (blue) and 
apo-A. thaliana IPMK (magenta) (PDB: 4FRF) with pruned RMSD of 1.045Å. D. Superposition of 
ΔIPMK (blue) and S. cerevisiae IPMK (red) (PDB: 2IF8) with pruned RMSD of 0.995 Å. All were 
structures generated using PyMOL and any internal loop regions disordered in these structures are 
represented by dashed lines connecting to the next ordered amino acid. 
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ΔIPMK has higher KM for ATP.  

In comparing our structure to other IPK-superfamily members, we noted two IPK-

superfamily members contain extended N-terminal regions that are ordered in two of the crystal 

structures, and covers part of the nucleotide-binding pocket, as highlighted in the human IP3K 

structure (Figure 5.5A,B). This region is disordered in all other IPK-superfamily members except 

in two recently reported structures of human IPMK (PDB:5W2H and 5W2I), where a homologous 

region of the N-terminus, residues I65-P69 in human IPMK, is also similarly ordered over the 

nucleotide-binding pocket (Figure 5.5C,D) 324. We found the N-terminal I65 residue is in 

reasonable Van der Waals contact distance to the 4’ and 5’ carbons of the ribose unit of ADP (4.2Å 

– 3.8Å) (Figure 5.5C), but the equivalent sequence in the ΔIPMK construct was removed and 

replaced with an N-terminal histidine tag (Figure 5.5D and 5.2), further suggesting an ATP-

stabilizing effect of the I65-P69 sequence. Further, removal of this sequence suggests minimal 

impact on catalysis with respect to PIP2 (i.e. under ATP saturating conditions), as ΔIPMK exhibits 

a similar KM for PIP2 compared to WT IPMK while simultaneously not affecting turnover number 

(i.e. extΔIPMK  and ΔIPMK exhibit similar kcat values) (Figure 5.1B, Table 5.2). Nevertheless, in 

our electron density maps we observed weak electron density occupying a similar space as the I65-

P69 sequence (Figure 5.5D). This density could only be attributed to 3 amino acids of the 6-

histidine tag (Figure 5.5D). The weak density occupies a comparable space to the ordered I65- 

P69 sequences in the two other structures mentioned above (Figure 5.5A-C). Thus, we 

hypothesized the native N-terminal I65-P69 sequence might function to stabilize ATP binding in 

human IPMK. ΔIPMK would be predicted to have an increased KM for ATP compared to wild 

type, since the I65-P69 sequence was removed from ΔIPMK. Indeed, ΔIPMK has a KM for ATP 

of 300 μM (Figure 5.5E), while the ATP KM for wild type IPMK is 61 μM (Table 5.2), 
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demonstrating ΔIPMK has a 4.9-fold increased KM for ATP than wild type, despite ΔIPMK having 

an identical KM and 1.8-fold increased kcat for the PIP2 kinase substrate (Table 5.2). When the I65-

P69 sequence was added back to ΔIPMK using the extΔIPMK construct (Figure 5.1A) the KM for 

ATP was rescued to 94 μM, only a 1.5-fold increase from the wild type IPMK (Table 5.2).  

Consistent with these results, a previous study deleted the kinase-domain internal loop 

alone from human IPMK (residues 266-371) but left all N-terminal IPMK sequences native, and 

showed the KM for ATP only increased about 2.3-fold for this mutant16, suggesting removal of the 

kinase-domain internal loop region alone can also change the KM for ATP. Because the change in 

KM for ATP in ΔIPMK (both disordered domains removed) is 4.9-fold higher versus only a 1.5-

fold change when only the kinase-domain internal loop region is removed16, the data suggest that 

changes to the N-terminal disordered domain immediately preceding the kinase domain have a 

stronger influence in determining the ATP-dependent KM. The data also suggests a synergistic 

effect occurs between both disordered domains to alter the IPMK ATP-dependent KM. Taken 

together, these crystallographic observations and enzyme kinetic data suggest the native N-

terminal sequences of human IPMK can form a previously uncharacterized and structurally 

conserved ATP clamp, stabilizing ATP binding to IPMK.  
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C

I65

ADP

IPMK 18 PDB: 5W2I 

A BHuman IP3K-B 36 Putative N-terminal “ATP Clamp”

E

D IPMK 18

ΔIPMK

I65ATP ClampATP Kinetics:

ΔIPMK
extΔIPMK
WT IPMK

Figure 5.5: Deletion of IPMK disordered domains perturbs KM for ATP. A. Ribbon 
diagram of IP3K-B bound to ATP with Ins(1,4,5)P3 modeled into the inositol binding site 
(PBD: 2AQX)338. B. Enlarged view of the IP3K-B ATP binding site boxed in A. shows the 
ordered N-terminus potentially acting as an ATP clamp to stabilize ATP binding. C. ATP 
binding site from the crystal structure of human IPMK bound to ADP324, highlighting Van der 
Waals interaction distances of I65 sidechain (grey sticks) to 5’ (4.2Å) and 4’ (3.8Å) carbons of 
the ribose moiety in ADP (sticks). D. N-terminus of ΔIPMK structure (blue) superposed on 
IPMK structure (magenta). Orange box shows the ordered ΔIPMK His-tag residues (depicted 
as blue sticks) in a similar position as the I65 ATP-clamp highlighted in C. E. Enzyme kinetic 
data fit to nonlinear Michaelis-Menten curves describing WT IPMK, extΔIPMK, and ΔIPMK 
kinetic parameters on ATP with saturating PIP2. Velocities were fit using Graphpad prism.  
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5.3 Discussion: 

 

Here, we report removal of the disordered domains of human IPMK (ΔIPMK) results in an 

enzyme that is more catalytically efficient than wild type IPMK, driven by a 1.8-fold increase in 

kcat. Since the KM for PIP2 is not significantly different between ΔIPMK, extΔIPMK, or wild type 

IPMK (Table 5.2), IPMK disordered domains are not likely involved with PIP2 substrate binding. 

In support of this claim, as !! =	 "!"#	"#$%""
, KM,WT = KM,extΔIPMK = KM,Δ for PIP2, and kcat,WT IPMK < 

kcat,extΔIPMK = kcat,Δ for PIP2, kcat does not substantially influence the IPMK KM for PIP2. Therefore, 

IPMK KM,PIP2 ≈ KD, PIP2, which suggests removal of the native IPMK internal loop and replacement 

with a glycine-serine linker does not alter the binding affinity of IPMK for PIP2. If the IPMK 

disordered domains did affect PIP2 binding, the PIP2 KM would be expected to change for both 

extΔIPMK and ΔIPMK compared to wild type IPMK. In agreement with our data, a previous study 

suggested completely removing the human IPMK internal loop domain (residues 266-371) does 

not alter substrate binding, since removal of the domain alone only nominally increased IPMK 

enzyme substrate KM for the Inositol (1,4,5) trisphosphate (IP3) substrate (0.35 μM for WT vs. 0.4 

μM for mutant)16. Thus, the data clearly suggest neither of the two disordered domains in human 

IPMK affect substrate binding to the IP-helix.  

 As an alternative hypothesis, the IPMK disordered domains could be predicted to alter ATP 

binding, even when excess ATP is present as is the case for PIP2 kinetics experiments. However, 

the KM for ATP is actually increased 1.5-fold for extΔIPMK and 4.9-fold for ΔIPMK, despite the 

enzyme becoming faster. Thus, the data suggest the disordered domains actually increase IPMK 

binding affinity for ATP because the KM for ATP decreases with increasing proportions of the 

disordered domains present (i.e. KM,WT < KM,extΔ << KM, Δ). 
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The structure of ΔIPMK allowed us to highlight regions of IPMK previously established 

to be required in GST pull-down assays for full co-precipitation with p53 (Figure 5.6A,B). The 

p53-IPMK interaction was shown to modulate p53 activity, and p53 requires the IPMK IP-binding 

loop and ATP cleft to fully interact with IPMK. This model predicts interaction of p53 with IPMK 

would down-regulate IPMK kinase activity, consistent with p53 serving an anti-proliferative role 

during stress responses. Similar analyses using AMPK (Figure 5.7A) and TRAF6 (Figure 5.7B) 

were also consistent with protein-protein interactions inhibiting IPMK kinase activity, although 

this remains to be determined.  

Taken together, the crystallographic and kinetic data are consistent with a model of IPMK 

where the disordered domains allosterically modulate kinase activity, through a mechanism that 

does not alter kinase substrate binding affinity (i.e. PIP2), increases ATP nucleotide binding 

affinity (i.e. decreases KM), and decreases the turnover number (i.e. kcat) (Figure 5.8A,B). This 

could represent biologically relevant regulation, given intrinsically disordered domains are well 

known to serve as protein-protein interaction scaffolding domains. Proteins that interact with 

IPMK disordered loops could compete for disordered domain binding, freeing IPMK from 

allosteric inhibition (Figure 5.8C). However, it is not clear from a structural perspective how any 

allosteric mechanism could work. Both disordered domains are present in the yeast IPMK203 

crystal structure (although no electron density is observed in these regions), and yet the fold of the 

yeast IPMK with disordered domains is very similar to human IPMK without the disordered 

domains. It remains possible that small perturbations in the side chain interactions between the 

IPMK core kinase domain and disordered domains could regulate catalytic rate. Thus, solution-

based biophysical dynamics data may be required to resolve this question, such as heteronuclear 

spin quantum coupling NMR studies to determine sites of contact and electron paramagnetic 
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resonance (EPR) based double electron-electron resonance (DEER) spectroscopy measurements 

to determine long-range distances between residues.  

A recently published structure of apo-human IPMK had a similar but non-identical 

construct design as reported here324, and comparison of our 2.5 Å apo-ΔIPMK structure to the 1.8 

Å apo-HsIPMK structure (PDB: 5W2G) reveals almost identical results, with an RMSD of 0.48 Å 

over the 161 identical residues of the IPMK Cα backbone, despite different space groups and 

different numbers of molecules in the crystallographic asymmetric units. Further, the 

crystallization conditions reported here required acidic mother liquor (sodium citrate pH 3.5), 

while the conditions reported for H.s.IPMK are far milder (MES-imidazole pH 6.0 or HEPES pH 

7.5). Despite these differences, the final structures derived from these crystals are very similar. 

Thus, the independently solved structures make a strong case the native structure of the human 

IPMK core kinase domain is accurately represented with these models, at least as examined by X-

ray crystallography.  
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Figure 5.6: p53 interaction site superimposes onto ΔIPMK ATP- and substrate-binding sites. A. 
Surface and B. cartoon ribbon representations of ΔIPMK, with ADP and Ins(1,4,5)P3 modeled into the 
structure. The IPMK interaction site with p53 has been mapped to IPMK exon 412, the residues of exon 
4 are highlighted in orange, with the remainder of the IPMK kinase domain depicted in light blue. Both 
ADP and an inositol phosphate kinase substrate were modeled into the structure for reference, the 
position of the p53 interaction site predicts p53 could function to sterically interfere with IPMK kinase 
activity. 
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Figure S2, Seacrist & Blind

Figure 5.7: Protein-protein interaction sites superimpose onto IPMK ATP- and substrate-
binding sites. Surface (left) and ribbon (right) representations of ΔIPMK, with ADP and Ins(1,4,5)P3 
modeled into the structure. A. IPMK interaction site with AMPK has been mapped9 to IPMK exons 4 
and 6, depicted as orange. With the remainder of the IPMK kinase domain is depicted in light blue. 
Both ADP and an inositol phosphate kinase substrate were modeled into the structure for reference. 
C. IPMK interaction site with TRAF6 has been mapped217 to exons 4 and 6, depicted as orange. Note 
that in both cases, binding of these proteins to IPMK would be predicted to sterically interfere with 
IPMK kinase activity. 
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In two of the structures of human IPMK (PDB: 5W2H, 5W2I), a short 5-amino acid N-

terminal sequence (I65-P69) was ordered directly above the ATP binding site324. These residues, 

particularly I65, form a roof atop the ATP binding pocket, with the well-resolved I65 side chain 

in reasonable Van der Waals distance (4.2Å – 3.8Å) from the nucleotide ribose sugar C4’ and C5’ 

positions (Figure 5.5C) 324. Similar sequences over the ATP-binding sites are ordered in the crystal 

structure of the IPK-superfamily members human IP3K199,200 and the amoeba IP6K325, but are 

disordered in all other structures. These crystallographic observations suggested residues I65-P69 

of human IPMK might form an ATP-clamp helping to hold ATP in the nucleotide-binding pocket 

(Figure 5.8E), and that removal of the clamp would increase the KM for ATP (Figure 5.8D). The 

I65-P69 ATP-clamp sequence was deleted from the ΔIPMK construct reported here, and 

accordingly observed a 4.9-fold increase in the KM for ATP in ΔIPMK, but only a 1.5 fold increase 

in ATP KM was observed when the ATP-clamp sequence was restored using the extΔIPMK 

engineered protein.  
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Figure 5.8: Model of intrinsic regulation of IPMK catalysis and ATP-binding. A. Removal of 
disordered domains (blue) from ΔIPMK results in a catalytically faster enzyme. B. When present, 
the disordered domains (blue) may allosterically modulate the core kinase domain of IPMK that 
results in a slower enzyme. C. Proteins (green) could interact with the internal loop region of IPMK, 
removing the inhibition of the disordered domains, resulting in activation of IPMK catalysis.  D. 
Removal of disordered domains from ΔIPMK results in less stable ATP binding. E. When present, 
the disordered domains stabilize ATP binding through the N-terminal regions that includes the I65-
P69 ATP-clamp sequence (blue). F. Proteins that interact with the disordered N-terminal region of 
IPMK (red) could regulate the structural positioning of the ATP clamp sequence, hence regulating 
IPMK ATP-binding in certain cellular compartments where ATP concentrations are low.  
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It is unknown if the ATP clamp sequence can alter IPMK activity in mammalian cells. 

Since intracellular ATP levels normally range between 2-10 mM331–333, one might expect shifting 

the KM for ATP from 61 μM to 300 μM to have little if any regulatory capacity on IPMK kinase 

activity. However, ATP concentrations in certain subcellular compartments can exist below the 

level of detection for ATP biosensors with dissociation constants for ATP below 10 μM331,334, and 

ATP levels can change in subcellular compartments as measured with biosensors by over 1,000-

fold332,333,335. IPMK shuttles between the nucleus and the cytoplasm330, but often localizes to the 

nucleus with a speckled, uneven distribution313. The I65-P69 sequence is not ordered in most IPK-

superfamily structures, suggesting the I65-P69 sequence is dynamic. It is tempting to speculate 

IPMK ATP binding could be regulated by structural perturbations induced in the I65-P69 ATP 

clamp caused by protein-protein interactions with the N-terminal intrinsically disordered domain 

of IPMK (Figure 5.8F). In this model, the positioning of the I65-P69 ATP-clamp over the 

nucleotide could be modulated by proteins interacting with the disordered N-terminus of IPMK 

(Figure 5.8F). This model predicts proteins discovered to interact with the N-terminus of human 

IPMK might function to discourage ATP binding to IPMK, perhaps regulating IPMK kinase 

activity in certain sub-cellular compartments when ATP levels drop. This type of regulation is 

further supported by GST-pull down interaction data showing proteins require the substrate- 

binding helix and the ATP binding cleft to fully interact with IPMK (Figure 5.6).  

 From a structural perspective, it is important to note all the published crystal structures of 

IPK-superfamily members appear to be extremely similar with or without small molecule ligands 

bound to the kinase, e.g. superposition of the recently published IPMK (PDB:5W2I) bound to 3 

ligands (ATP-analog, 2 Mg2+ ions and diC4-PIP2) and the apo-ΔIPMK reported here has an RMSD 

over the Cα backbone of 0.414Å. Similarly, superposition of ΔIPMK vs. ADP/Mn2+-bound S. 
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cerevisiae IPMK203 has an RMSD of 0.995Å over the Cα backbone. These data suggest the IPK-

superfamily of kinases do not undergo large conformational changes upon small molecule ligand 

binding. However, it remains possible these ligands induce conformational dynamics less well 

suited to be detected by X-ray crystallography and which could become apparent if solution 

biophysical approaches were applied. 

 The crystallographic and kinetic studies presented here show the disordered domains of 

human IPMK can inhibit IPMK in vitro kinase activity on PIP2 not by altering PIP2 binding, but 

by somehow decreasing the turnover number. We also show that removal of the IPMK disordered 

domains discourages ATP binding to IPMK in vitro. The data are consistent with a new model 

where the disordered domains of IPMK modulate its kinase activity, through multiple, distinct 

kinetic mechanisms. Crystallographic studies confirmed removing the disordered domains does 

not alter the overall fold of the IPMK kinase-domain, however the structural basis of how IPMK 

disordered domains alter the kinase activity remains to be determined.  
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5.4 Materials and Methods: 
 
 
Protein Expression and Purification:  

 The human ΔIPMK expression vector was constructed by VectorBuilder (Santa Clara, 

CA). Briefly, human IPMK (NCBI nucleotide accession NM_152230.4) 70-279 and 373-416 

interrupted with a (Gly4-Ser)2 linker was inserted into an IPTG inducible N-terminal His-TEV 

expression vector. This expression vector was transformed into chemically competent BL21 dE3 

E. coli cells. An overnight Terrific Broth (Sigma) culture under ampicillin selection of transformed 

E. coli was inoculated into 4L of Terrific broth, grown at 37°C to OD600=0.8, and induced with 

1mM IPTG at 15°C overnight. Cells were resuspended in Buffer A (20 mM Tris pH 8.0, 300 mM 

NaCl, 20mM imidazole, 5% glycerol, 5 mM βME) with protease inhibitor tablets (Roche) and 

frozen at -80° C until ready for use. Cells were lysed via sonication at 4°C for 10 minutes and 

centrifuged at 16,000xg for 20 minutes at 4°C. Supernatant was incubated with TALON® metal 

affinity resin (Clontech) for 1 hour, washed with 20 column volumes of Buffer A, and eluted with 

Buffer A + 200mM imidazole. Eluted protein was loaded directly onto a SEPAX SRT-10 SEC-

300 sizing column and desalted into Buffer B (20 mM Tris pH 8.0, 5% glycerol, and 5mM βME). 

Protein fractions were then loaded onto a MonoQ 5/50 GL anion exchange column (GE Life 

Sciences) using an AKTA PURE (GE Life Sciences) and eluted using a gradient of Buffer B + 

10mM NaCl. ΔIPMK peaks were concentrated to 10mg/mL and used for both enzyme assays and 

crystallization experiments. 

IPMK Kinase Assays:  

 IPMK activity on PI(4,5)P2 (PIP2) kinase assays were performed using radiolabeled 

nitrocellulose capture assays as previously described17. In all kinetics experiments, lyophilized 

dipalmitoyl PIP2 under a vacuum was resuspended in water and sonicated with dioleyl-
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phosphatidylserine (DOPS) to form micelles. The final concentration of all enzymes was 10 nM, 

added to reactions with in vitro kinase buffer (50 mM HEPES pH 7.5, 5 mM MgCl2). Cold ATP 

was used at 10 mM final concentration to saturate the enzyme with respect to ATP when measuring 

PIP2 kinetics, and 300 μM PIP2 was used to saturate IPMK with respect to PIP2 when determining 

ATP kinetics. Cold ATP was spiked with purified 0.25 μCi/μL [32P]γ-ATP (Perkin Elmer) in 

reactions. All reactions were initiated by addition of ATP, incubated at 37°C for one minute, and 

quenched by dotting onto nitrocellulose paper. One minute was determined empirically to 

maximize signal/noise while remaining within the steady state of the reaction. Radioactivity 

incorporation was detected using a phosphorimaging screen, scanned on a Typhoon 

phosphoimager and quantified using ImageJ.  Data were processed using a standard Michaelis-

Menten curve fit using GraphPad Prism.  

Crystallization:  

 ΔIPMK crystallization conditions were screened with the Joint Center for Structural 

Genomics (JCSG) Core Suite using the TTP Labtech Mosquito® with 100nL drops via sitting drop 

vapor diffusion at a final protein concentration of 3.33 mg/mL. Crystals formed after 3 days in 

0.1M sodium citrate pH 3.5, 0.8M (NH4)2SO4 in the presence of 1 mM AMPPNP, 1 mM MnCl2, 

and 0.73 mM Ins(1,3,6)P4. Crystals were cryo-protected in crystallization buffer + 25% ethylene 

glycol for 30 minutes, and flash frozen in liquid nitrogen for X-ray diffraction data collection. 

Crystal Data Collection, Structure Determination, and Refinement:  

 Diffraction data were collected using APS beamline 21-ID-F and processed with 

HKL2000. Initial phases were determined using the BALBES automated molecular replacement 

pipeline, which empirically determined the S. cerevisiae IPMK bound to ADP (PDB: 2IF8) as the 

highest confidence search model. The initial structure was rebuilt using COOT and refined with 
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phenix.refine in the Phenix software suite. Structural model figures were generated with Pymol 

and UCSF Chimera. Of note, 6 Ramachandran outliers were observed. Two of these six were part 

of the artificial and very poorly ordered His-tag (Chain A: H-13, and Chain B: H-13).  One of the 

remaining four outliers is a native IPMK amino acid (Chain B: S261), however S261 is the second 

to the last assignable residue preceding the highly disordered and unassignable Ser/Glycine linker 

region, itself in a region of low density. Inclusion of the artificial Ser/Gly linker in the construct 

was required for crystallization, as also noted by others324. The remaining three Ramachandran 

outliers are all native IPMK amino acids (Chain A: S188; Chain B: K136, C220, S261), are also 

most likely due to poor electron density in these three areas of the model. None of the outlier amino 

acids are in an obvious crystallographic interface between asymmetric units, or in any interface 

between Chains A and B. Structure factors and atomic coordinates were deposited in the Protein 

Data Bank (PDB) with accession code PDB: 6E7F. 
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CHAPTER 6 
 
 

PERSEPCTIVES AND FUTURE DIRECTIONS 
 
 

6.1 Introduction: 

 

 The studies described in this dissertation have resulted in three broad discoveries that have 

contributed to both the nuclear receptor and inositol kinase fields. First, these studies describe the 

first structural model of an intact monomeric nuclear receptor. (Figures 4.1-4.18). The model 

predicts the NR5A subclass specific FTZ-F1 helix of the LRH-1 DBD directly interacts with LBD 

helix 2. Several lines of evidence support the model predicting a relevant interdomain orientation, 

although the frequency LRH-1FL samples conformations similar to the model remains unknown. 

Additionally, interruption of the predicted LRH-1FL interdomain interface results in condensation 

of the overall complex, an unexpected finding requiring further study.  

 Second, comparison between the LRH-1FL integrated model and crystallographic models 

of the LRH-1 LBD bound to DAX-1182 (Figure 4.20) and  b-catenin183 (Figure 4.15) accurately 

predicted structural and functional consequences of co-regulator binding to LRH-1FL. 

Interestingly, these initial studies suggest the conformation predicted by the LRH-1FL model may 

be relevant with certain transcriptional co-regulators, while not biologically relevant in complexes 

with others.  

 Third, structural comparison between the IPMK core kinase domain crystallographic 

model and other members of the inositol kinase family reveal a conserved architecture, with no 

overt structural changes. The studies also suggest IPMK disordered domains may modulate the 

activity of IPMK, in addition to serving as protein-protein interaction sequences. Although these 
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crystallographic models have provided a wealth of information on the overall fold of inositol 

kinases, future solution-based studies are necessary to determine structural dynamics required for 

substrate binding, substrate turnover, and product release. The three aforementioned discoveries 

will be further discussed along with future studies necessary for the overall full-length nuclear 

receptor and inositol kinase fields. 

 

Integrated structural modeling of intact receptors: 

 

 As with all structural models of biomolecules, whether derived from X-ray crystallography, 

nuclear magnetic resonance, cryo-electron microscopy, or a combination of techniques to result in 

an integrated structural model, it is necessary for structural models to be rigorously examined for 

functional relevance. Further, the extent of validation for models derived from integrating sparse 

datasets may far exceed the extent necessary for traditional approaches. This assertion is supported 

by the additional validation experiments that were required and the continual reassessment of the 

model in light of results during the progression of development of the LRH-1FL model. 

Given the initial integrated structural model was derived from decreased differential 

solvent accessibility filters observed in HDX-MS experiments (Figure 4.2) and distance restraints 

derived from chemical crosslinking experiments (Figure 4.4), additional Rosetta docking 

simulations were conducted in the absence of the LRH-1 – PGC1a crosslink distance restraints. 

The highest scoring model was identical in domain orientation to our final LRH-1FL model. In 

addition, a potential alternative lower-scoring model (depicted in the figure below) was observed, 

in which LRH-1 LBD helix 2 (H2) contacts the core of the DBD in contrast to our final model 
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where helix 2 contacts the FTZ-F1 helix (Figure 6.1). However, several pieces of experimental 

data led us to exclude this alternative model:  

 
1) The alternative model exhibited a less favorable predicted Rosetta interface energy for the DBD-

LBD interaction (~10 Rosetta energy units less) than our final model (Figure 4.6). 

 

2) The alternative model did not predict a salt bridge between R174-D314, while the final LRH-

1FL model accurately predicts this interaction as confirmed by loss of function in PGC1a binding, 

SAXS, and cellular transcription for the single D314R mutant and partial rescue of function of the 

named properties for the charge-swapping D314R/R174D mutant (Figure 4.14).  

 

3) In the alternative model, D314 was predicted to be solvent exposed and made no contacts. This 

is inconsistent with observed loss of function in PGC1a binding assays, cellular transcriptional 

assays, and structural changes observed in SAXS and XL-MS for the D314R mutant (Figure 4.14). 

 

4) The alternative model predicted helix 6 residues I415 and S418 to contact the FTZ-F1 helix. 

Mutation of these residues (I415Q and S418D) did not result in observed changes in LRH-1 

dependent transcriptional activity in luciferase reporter assays (Figure 4.14).  

 

5) Site-specific BpF substitution at residue A324 of helix 2 identified a UV-dependent crosslink 

to DBD CTE residues 156VRADRMR162. This data is consistent with the final LRH-1FL model, 

while inconsistent with the alternative model (Figure 4.16).  
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6) Cysteine crosslink experiments detected disulfide bond formation between C122 of zinc finger 

2 and Y528C. Although this was not the expected disulfide bond based on the experimental design, 

this data does support the orientation of the final LRH-1FL model while simultaneously being 

inconsistent with the alternative model (Figure 4.16).  

 

7) The final LRH-1FL model predicts binding of DAX-1 to interfere with LRH-1 DBD-LBD 

communication, while in the alternative model the DAX-1 binding site on the LRH-1 LBD is not 

in steric clash with the LRH-1 DBD. XL-MS experiments of LRH-1FL in the presence of DAX-1 

resulted in changes in LRH-1 DBD-LBD crosslink formation which can be explained by the final 

LRH-1FL model presented, but not the alternative model (Figure 4.20). 

 

  
 

 

Altogether, the validation data are consistent with the final LRH-1FL model while simultaneously 

also inconsistent with the alternative LRH-1FL, suggesting the alternative model is likely not 

biologically relevant, while theoretically possible in silico. The LRH-1FL modeling case illustrates 

Figure 6.1: Alternative LRH-1FL inconsistent with several pieces of experimental 
validation data. 
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how diligence and care is necessary when interpreting integrated structural models derived from 

sparse datasets. 

In contrast to studies outlined in this dissertation, the reported integrated structural model 

of the estrogen receptor did not provide comparable levels of validation data.93 Here, the authors 

performed loss-of-function alanine mutation of residues predicted to participate in interdomain 

interactions in cellular transcriptional assays, with cursory in vitro functional assays.93 If residues 

are occluded from solvent in intact nuclear receptors, but solvent accessible in individual domain 

crystallographic models as predicted by the integrated structural model, mutation of these residues 

are expected to alter the global structure of the complex in SEC-SAXS analyses. These data were 

not acquired for loss-of-function mutations for the estrogen receptor, although were requested by 

reviewers and rebutted by the authors of the study from review of the online peer review file.93 In 

contrast, the studies outlined in this dissertation show mutation of predicted interfacial residues in 

LRH-1 alter the global structure of the LRH-1 complex in SEC-SAXS (Figure 4.14, Figure 4.18). 

In addition to the SEC-SAXS mutagenesis studies showing the LRH-1 ensemble exhibits 

an altered global structure, these studies also showed LRH-1 exhibits a condensed, albeit more 

flexible state (Figure 4.19). This is also consistent with BS3 interdomain crosslink abundance 

increasing with both S148R and D314R compared to WT (Figure 4.19). Interestingly, these data 

are not consistent with the expected result of mutation of interdomain residues resulting in a 

complex with more bead-on-a-string-like character (i.e. increased Rg and Dmax in SAXS analysis 

and decreased interdomain crosslink abundance). In contrast, increased particle expansion has 

been observed for the estrogen receptor unstructured N-terminal domain upon addition of a 

denaturant.336 Future studies are necessary using techniques such as double electron electron 
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resonance (DEER) or single molecule FRET (smFRET) to determine how these mutations alter 

interdomain distances within LRH-1 at the population level.  

 

6.3 Biological implications of LRH-1FL integrated structural model: 

 

 Unexpectedly, binding of DAX-1 alters the frequency the LRH-1 BS3 K118-K335 

crosslink is formed, suggesting binding of DAX-1 alters LRH-1 global dynamics and possibly 

inducing a bead-on-a-string like model (Figure 4.20). Future studies are necessary to investigate 

how binding of DAX-1 alters the overall global structure of full-length LRH-1 using approaches 

similar to the studies outlined in this dissertation. Additionally, DAX-1 repression of LRH-1 

dependent transcription was shown to be susceptible to mutations in the LRH-1 interdomain 

interface (Figure 4.20), while b-catenin activation of LRH-1 dependent transcription was shown 

to be resistant to mutations in the LRH-1 interdomain interface (Figure 4.15). Future studies are 

necessary to determine which LRH-1 transcriptional co-regulators are susceptible to alterations in 

the interdomain interface predicted by the integrated structural model. Once identified, additional 

studies may be undertaken with LRH-1 mutants in animal models to dissect which LRH-1 genetic 

programs contribute more or less under disease conditions. Together, these studies will determine 

if co-regulators may alter the global structure of LRH-1 and if signaling by co-regulators expressed 

at endogenous levels is affected by LRH-1 global structure consistent with the integrated structural 

model. 
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6.4 Structural biology of inositol kinase family members: 

 

 Crystallographic analysis of the IPMK core kinase domain model discussed in this 

dissertation confirmed IPMK exhibits the conserved inositol kinase fold (Figure 5.3) and 

disordered domains alter IPMK kinase activity (Figure 5.1). Although several studies employing 

X-ray crystallography have elucidated the mode both substrates and products bind to inositol 

phosphate kinases, these studies suggest conformational changes do not occur in this kinase family 

during enzymatic turnover. To confirm these structural observations are not an artifact of lattice 

forces, additional solution-based structural studies such as HDX-MS, NMR, and DEER are 

necessary to determine whether coordinated motions occur throughout the enzymatic cycle.  

The aforementioned studies are of particular interest for future selective small molecule 

inhibitor development, as molecular motions may be specific to certain inositol kinase family 

members. This is most notable in the case of IP52K (Figure 3.6) as ATP and Ins(1,3,4,5,6)P5 are 

less solvent accessible compared to nucleotides and inositol phosphates bound to both IP3K 

(Figure 3.4) and IPMK (Figure 5.3), suggesting the kinase may open and close during the 

enzymatic cycle. These structural details may aid in the development of inhibitors specific to 

particular inositol kinase family members. Development of selective chemical probes capable of 

selectively inhibiting certain inositol kinase family members will be instrumental in elucidating 

the biological roles each inositol phosphate species contributes to, a long-standing enigma in the 

field.  
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To circumvent the need for laborious development of chemical probes with sufficient 

kinase specificity to address biological questions, several groups have employed the use of a 

chemical genetic strategy to probe protein kinase inhibition.337 Within this paradigm, the 

gatekeeper residue directly above the ATP-binding site is identified in the kinase of interest, which 

can be identified via a combination of homology sequence alignment and structure-based 

identification.337 Mutation of this site from a large/hydrophobic residue present in most kinases 

creates a hole in the ATP-binding site, which allows for commercially available compounds 

designed to fill the hole to specifically engage the kinase of interest, thus circumventing the need 

for design of specific inhibitors for proof-of-concept studies.337 Although this strategy may be 

employed for any kinase of interest in theory, several kinases do not tolerate substitution at this 

site due to significant increases in their associated ATP-dependent KM, resulting in abolishment of 

enzymatic activity. Additional challenges in employing this approach include engineering the 

biological system of interest (e.g. human cell lines or transgenic mouse models) to contain the 

Figure 6.2: Preliminary Engineering efforts for development of L130G Analog Sensitive 
IPMK. A. Initial L130G IPMK ATP kinetic parameters fit to nonlinear Michaelis-Menten curve 
using GraphPad prism. Data represent two independent reactions at each time point. KM and Vmax 
parameters represent mean ± SE. B. Preliminary titration optimization of PP1 inhibition of L130G 
IPMK. Data represent three independent reactions at each inhibitor concentration. IC50 parameter 
represents 95% CI.  
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mutant kinase of interest, although still less labor intensive than development of specific chemical 

inhibitors. Preliminary in vitro PI3K activity studies suggest mutation of the identified gatekeeper 

residue to L130G in IPMK does significantly decrease ATP-dependent enzymatic activity but may 

exhibit sufficient residual activity to employ the chemical genetic strategy (WT ATP KM ~61 µM, 

Vmax = 2.6 µmol/min; L130G ATP KM ~94 µM, Vmax = 1.4 µmol/min) (Figure 6.2A). Preliminary 

inhibition studies using the chemical genetic bump inhibitor PP1 showed the L130G mutant IPMK 

exhibits an IC50~63 nM, suggesting the inhibition strategy may be viable (Figure 6.2B). Additional 

studies are necessary to reproduce the preliminary in vitro data described. Incorporation of the 

chemical genetic mutation into the IPMK gene in either cell lines or transgenic mice lines may 

provide tools necessary for elucidating the temporal implications for inhibiting generation of 

higher-order inositol species, a long-standing question in the inositol phosphate field.  

In addition to chemical inhibitor development, additional studies of IPMK are necessary to 

determine whether IPMK phosphorylation of membrane bound PI(4,5)P2 has a biological role 

given IPMK exhibits a KM ~36 µM. These studies may be accomplished through back-

complementation of IPMK-null cell lines with IPMK mutants deficient in PI(4,5)P2 activity while 

retaining inositol kinase activity. Altogether, the proposed future studies will determine the 1) how 

the inositol kinase enzymatic reaction occurs, 2) the biological roles each of the inositol phosphates 

play in eukaryotic biology, and 3) which enzymatic activities of IPMK are biologically relevant. 

 

6.5 Conclusions: 

 

 Efforts described in this dissertation have contributed to both the nuclear receptor and 

inositol kinase fields and illustrate the need for utilization of structural techniques tailored to the 
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question of interest. The LRH-1FL integrated structural model and co-regulator binding 

comparisons were only made possible from prior studies elucidating the structures of individual 

domains through X-ray crystallographic analysis.161,165,248  Engineering of the IPMK core kinase 

domain crystallography construct relied heavily on prior publications describing IPMK 

homologs.13,14 Together, these studies illustrate the scientific progression made through 

characterization of biological macromolecules, a progression necessary for understanding the 

molecular mechanisms underlying biological function and development of therapeutics using 

structure-based drug design.  
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