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Abstract

The retinoic acid receptor-related orphan receptor γ (RORγ) is a ligand-dependent transcription 

factor of the nuclear receptor super family that underpins metabolic activity, immune function, and 

cancer progression. Despite being a valuable drug target in health and disease, our understanding 

of the ligand-dependent activities of RORγ is far from complete. Like most nuclear receptors, 

RORγ must recruit coregulatory protein to enact the RORγ target gene program. To date, a 

majority of structural studies have been focused exclusively on the RORγ ligand-binding domain 

and the ligand-dependent recruitment of small peptide segments of coregulators. Herein, we 

examine the ligand-dependent assembly of full length RORγ:coregulator complexes on cognate 

DNA response elements using structural proteomics and small angle x-ray scattering. The results 

from our studies suggest that RORγ becomes elongated upon DNA recognition, preventing long 

range interdomain crosstalk. We also determined that the DNA binding domain adopts a sequence

specific conformation, and that coregulatory protein may be able to ‘sense’ the ligand- and DNA

bound status of RORγ. We propose a model where ligand-dependent coregulator recruitment may 
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be influenced by the sequence of the DNA to which RORγ is bound. Overall, the efforts described 

herein will illuminate important aspects of full length RORγ and monomeric orphan nuclear 

receptor target gene regulation through DNA-dependent conformational changes.

Graphical Abstract

INTRODUCTION

RORγ (gene name RORC) is a member of the nuclear receptor (NR) superfamily, acting 

as a ligand-dependent transcription factor to regulate biological pathways involved in 

metabolism, immune function, and cancer biology. RORγ isoform 1 (RORγ1) is widely 

expressed throughout the body [1, 2] and RORγ isoform 2 (RORγ2, RORγt) is expressed 

in lymphocytes. RORγ1 regulates gluconeogenesis in hepatocytes [3] and hypertrophy 

in adipocytes to reduce insulin sensitivity [4]. RORγ1 has also been found to play 

roles in driving progression of cancer, including triple negative breast cancer [5, 6], 

castration resistant prostate cancer [7], and pancreatic adenocarcinoma [8]. RORγ2 is 

the so-called ‘master regulator’ of IL-17 producing T helper cells (Th17) [9, 10]. Th17 

cells play important roles in pathogen clearance (reviewed in [11, 12]) but can also 

drive pro-inflammatory autoimmune disorders (reviewed in [13]). Bi-allelic loss-of-function 

nonsense mutations in RORC have been observed in human patients whom present as 

immunocompromised [14]. RORγ2 also plays a critical role in thymopoesis where it 

promotes survival of double positive T cells [15, 16]. There has been significant effort 

towards development of RORγ antagonists/inverse agonists that inhibit RORγ activity 

to treat chronic autoimmune disorders. In rodents, pharmacological inhibition of RORγ 
phenocopies genetic depletion, producing resistance to autoimmune disorders [17–19] via 

inhibition of Th17 differentiation. Unfortunately, concomitant inhibition of thymopoesis 

also leads to the development of thymic aberrations and lymphoma [20–22]. Similarly, 

many clinical trials investigating oral administration of RORγ antagonists/inverse agonists 

for treatment of autoimmune disorders have been suspended due to safety concerns [23]. 

Development of a functionally selective modulator that blocks inflammatory Th17 pathways 

yet causes minimal disruption of thymopoesis could rescue RORγ as a viable drug target for 

autoimmune disorders.

Like most NRs, RORγ regulates the expression of target gene programs through a N

terminal DNA-binding domain (DBD) and a C-terminal ligand-binding domain (LBD). 
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Unlike other nuclear receptors that can recruit coregulatory protein through a disordered 

N-terminal domain called activations function 1 (AF1), RORγ has a short N-terminus 

that does not have known activity. The RORγDBD recognizes specific DNA sequences 

called RORγ response elements (ROREs) via both major and minor groove contacts 

[2]. The RORγLBD recruits coregulator proteins with chromatin remodeling capabilities 

that promote transcription of RORγ target genes through activation function 2 (AF2). 

RORγ exhibits high basal activity which indicates that it recruits coactivators in the 

absence of exogenous ligands. RORγ is known to be responsive to cholesterol biosynthesis 

intermediates [24, 25], and oxysterols [26]. Further, mutations have been found that disrupt 

binding and activation by endogenous ligands but not synthetic ligands. These mutations 

result in loss-of-function that can be recovered by synthetic ligands which supports the 

model where the basal activity of RORγ is driven by endogenous ligands [27].

Structure-function analyses of RORγ have revealed important aspects regarding ligand

dependent transactivation of the receptor. However, these studies have been limited 

to analysis of the reconstituted LBD and do not explain several important functional 

observations that have been described in the literature. First, multiple groups have found 

that RORγ target genes can be driven through two unique RORE types termed classic- and 

variant-ROREs [5, 7, 28, 29]. Although both motifs share a common core [A/G]GGTCA 

nucleotide sequence the classic-ROREs have an A-rich 5’ flanking region while variant

ROREs lack the A-rich region. However, it is unclear if regulation of the RORγ target 

gene is sensitive to RORE type. Second, loss-of-function mutations have been found in 

regions of the receptor outside of the LBD including the DBD and the unstructured 

hinge region; for example mutations at the interface between the DBD and hinge region 

cause loss-of-function in Th17 polarization but not thymocyte survival [30]. Third, the 

RORC gene products are extensively regulated spatially and temporally after translation 

by translocation, post-translational modifications, and coregulatory protein interactions. 

Uncovering and defining these processes and mechanisms could potentially lead to new 

avenues that selectively manipulate the RORγ gene program based on RORE type by 

targeting regulatory pathways (reviewed elsewhere[31]).

To address these important questions, we applied a combination of exploratory data analysis 

of RORγ target gene programs and solution-phase structural analysis of full length RORγ. 

Analysis of published ChIP- and RNA-seq datasets suggests that classic- and variant

ROREs have different genomic distributions and that functionally distinct subsets of the 

RORγ gene program could be grouped by RORE type. Characterization of the structural 

basis of RORE recognition using structural proteomics revealed that full length RORγ2 

elongates upon RORE recognition with an absence of long-range allosteric communication 

between the DBD and LBD. These data were combined with small angle x-ray scattering 

measurements to facilitate integrative modeling of the full length RORγ:RORE complex. 

To investigate coregulator engagement, we mapped ligand-dependent interactions with full 

length coactivator protein SRC3 using our structural proteomic platform. These studies 

also uncover that coregulators such as SRC3 may be able to ‘sense’ the RORE- and ligand

bound status of RORγ. Combining these observations, we propose a structural model where 

subsets of the RORγ gene program could be regulated in part through the response element 

sequence.
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RESULTS AND DISCUSSION

DNA Recognition by Monomeric NRs.

It is well documented that DNA sequence of the nuclear receptor response element can 

influence hetero- and homodimer NR activity, but this phenomenon is less understood for 

monomeric NRs such as RORγ. A key difference in monomeric receptors such as RORγ 
is the C-terminal extension (CTE) of the DBD that allows these receptors to distinguish 

between, and differentially bind to, structurally-similar response elements. The CTE is 

known to play important roles in response element binding and dimerization based on 

several structural studies (reviewed in [32]). DBDs from several monomeric receptors 

have been characterized and grouped into three classes depending on their response 

element sequence preferences and CTEs. For example; type I orphan receptor DBDs 

(including RORα and REV-ERBβ) prefer AANTAGGTCA [33, 34], type II DBDs (such 

as NGFI) prefer AAAGGTCA [35, 36], and type III DBDs (e.g. ERRβ and FTZ-F1) 

prefer CTAGGTCA [37, 38]. Interestingly, chromatin immunoprecipitation experiments 

have revealed that RORγ can recognize two classes of ROREs (see FIGURE 1A) called 

classic- and variant-ROREs. This indicates that RORγ can recognize and activate ROREs 

recognized by both type I and III DBDs. Some specific examples are that RORγ2 activates 

expression of lineage defining cytokine IL-17 in Th17 cells using a classic-RORE [39] 

while RORγ activates expression of the androgen receptor in prostate cancer using a variant

RORE [7].

RORγ response elements have distinct genomic distributions and regulate subsets of the 
RORγ target gene program:

We sought to determine if classic-ROREs and variant-ROREs could be distinguished from 

each other with exploratory bioinformatic analyses. We explored validated ChIP-seq datasets 

from disparate biological contexts and found that classic- and variant-ROREs have distinct 

genomic distributions [5, 22, 28, 29]. Briefly, we determined qualitative attributes of classic- 

and variant-ROREs by annotating ChIP peaks by RORE type and characterized global 

genomic and promoter occupancy of RORγ from Th17 cells cultured ex vivo, thymocytes, 

hepatocytes, and the triple negative breast cancer (TNBC) cell line HCC70. It should 

be noted that ‘ROREs’ identified with this analysis are simply putative RORγ binding 

sequences and are not considered bonafide response elements until functionally validated. 

As shown in FIGURE 1B, heatmap analysis of promoter regions revealed that classic

ROREs tend to be distributed more frequently along gene loci compared to variant-ROREs 

that appear more localized to promoters and transcription start sites. Interestingly, this trend 

of classic-ROREs being found less in promoter regions and more in intronic (within introns) 

or intergenic regions (between genes) of the genome when compared to variant-ROREs was 

observed in every biological context examined (FIGURE 1C). Although these trends suggest 

that the RORE types are distinct, they do not provide a clear model for how RORγ target 

gene programs are regulated by the two ROREs.

To determine if RORγ target gene functions could be dissected by RORE-type, we 

analyzed previously published differential RNA-sequencing of Th17 cells cultured ex vivo 
[28]. We determined that 156 RNA transcripts showed statistically significant change 
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upon knockdown of RORγ in these cells. We cross referenced the significantly altered 

gene transcripts with annotated ChIP peaks to identify 57 putative RORγ target genes. 

These included known RORγ target genes such as Il17a, Il17f, Il23R, and Il1r1. Gene 

set enrichment analysis (GSEA) showed significant enrichment of pathways related to T 

helper cell differentiation, Th17 activation, and IL-23 signaling, indicating that the analysis 

performed as anticipated (SUP.FIG. 1A). We then separated the RORγ target genes based 

on the RORE type and found a somewhat even distribution of RORγ target genes regulated 

by classic-, variant-, or both RORE types, as shown in FIGURE 1D. The ROREs that 

putatively regulate the expression of these genes are mapped to their respective loci in 

FIGURE 1E. GSEA of RORγ target genes regulated by classic-ROREs showed enrichment 

of genes involved in Th17 cell activation and IL-23 signaling pathways, both of which are 

pro-inflammatory (SUP.FIG. 1B). Interestingly, the same analysis of variant-ROREs did not 

enrich Th17 cell activation pathways but rather showed significant enrichment of the JAK/

STAT signaling pathway (SUP.FIG. 1C). Two genes contributed to the enrichment of this 

pathway, Socs2 and Ptpn1, whose gene products act as protein tyrosine phosphatases that 

inhibit JAK/STAT signaling. JAK/STAT signaling is a major signaling paradigm throughout 

the immune system (reviewed elsewhere[40]) and it is possible that RORγ could indirectly 

inhibit JAK/STAT signaling in Th17 cell differentiation through variant- but not classic

ROREs.

These observations warrant further exploration as it may be possible to regulate the 

RORγ target gene program based on RORE type. For instance, certain cytokine and 

signaling protein treatments have been shown to make Th17 cells more pathogenic 

(drive inflammatory disease) versus homeostatic (participate in pathogen clearance but not 

inflammatory disease) [41–43]. It may be possible that the signaling pathways that drive 

pathogenicity also emphasize aspects of the RORγ target gene program unequally. If cellular 

pathways exist to control RORγ activity based on RORE type, then uncovering them and 

dissecting a mechanism, would unveil new avenues for developing functionally selective 

RORγ modulators that disrupt pathogenic, but not homeostatic activities of RORγ within 

Th17 cells.

Structural analysis of full length RORγ:

First we sought to characterize the structural basis of RORE recognition by RORγ using 

differential hydrogen-deuterium exchange coupled to mass spectrometry (HDX-MS). HDX

MS monitors conformational changes via altered backbone amide hydrogen exchange 

with deuterated solvent [44]. HDX-MS has been used previously to characterize long

range allostery in heterodimeric NRs such as PPARγ:RXR [45, 46], RAR:RXR [47, 48], 

VDR:RXR [49–52], HNF-4α [53], as well as monomeric NR LRH1 [54]. Initial digestion 

optimization of RORγ2 gave limited sequence coverage in the DBD. This was likely due to 

the high positive charge density, as basic residues cause missed cleavages by pepsin [55]. To 

optimize coverage of RORγ for HDX-MS analysis, we developed a method that improved 

peptide identifications from immobilized acid-stable proteases (described in Materials and 

Methods). Using this protocol, we were able to improve RORγ coverage from 77% to 98%, 

adding coverage to the DBD and allowing for the study of DBD-LBD crosstalk.
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We first characterized how the DBD and hinge influence LBD dynamics by comparing the 

RORγLBD construct with the full length RORγ2 construct. Differential HDX-MS analysis 

revealed that the LBD within the context of full length RORγ2 was generally more protected 

from solvent exchange (and thus less dynamic) than the isolated RORγLBD (FIGURE 2A) 

with strong protection at the coactivator interaction surface (activation function 2, AF2) at 

helix 12 (H12) and the β-sheet region (BSR). Unexpectedly, and as determined from the 

deuterium build-up plots shown in Figure 2F, strong protection was observed within helix 1 

(H1) when comparing the isolated LBD with full length receptor. It is important to note that 

H1 connects the LBD to the hinge. Overall, the LBD appears to be more stable within the 

context of the full-length protein likely due to hinge-LBD contacts as described below. It is 

unlikely that this observation is due to different ligands being bound during purification as 

the two proteins are both purified from E. coli in similar growth conditions. These results 

suggest one needs to be cautious when studying ligand interactions with isolated LBDs of 

nuclear receptors.

We next characterized changes in solvent exchange of RORγ binding to a conserved 30 

bp sequence that regulates IL-17 expression through a classic-RORE [39, 56] (referred 

to hereafter as cRORE). Comparison of RORγ2 to RORγ2:cRORE revealed extensive 

protection to exchange in the DBD upon cRORE binding, with no changes observed in the 

LBD (FIGURE 2B). Analysis of deuterium build-up plots showed intermediate exchange 

kinetics of the DBD core consistent with pre-existing secondary structural elements in that 

region (FIGURE 2I). The same plots also show that protection from exchange occurs at 

both early and later time points suggesting further stabilization of these elements upon 

binding RORE. As shown in FIGURE 2J, the exchange kinetics of the C-terminal extension 

(CTE) were fast, consistent with disordered loop-like structural elements. We observed 

strong protection from exchange at the CTE at every timepoint in the presence of cRORE, 

suggesting this disordered region likely participate in engaging DNA. It is unclear whether 

these amides are protected by direct interaction with DNA or by the formation of secondary 

structure. HDX analysis revealed extensive stabilization of the DBD with no change in 

dynamics observed in the LBD. This suggests that there was no allosteric communication 

between the DBD and LBD in response to RORE recognition. Thus, it is unlikely that DNA 

binding impacts coregulator interactions mediated by the AF2 surface on the LBD.

Since RORγ2 purified from E. coli is in an inactive apo conformation, we next examined 

if the DBD dynamics are altered upon ligand binding by comparing the dynamics 

of RORγ2:cRORE ± full agonist SR19547. SR19547 had previously shown extensive 

protection to H12 which correlates with coactivator peptide affinity [27]. As shown in 

FIGURE 2C, HDX-MS analysis revealed strong protection to exchange in H12 and modest 

protection within the β-sheet region as expected, indicative of ligand binding and consistent 

with the binding pose. However, ligand binding did not alter exchange kinetics outside the 

LBD which is consistent with a lack of allosteric communication between the LBD and 

DBD. Importantly, the ligand binding signature appears to be dampened in the full-length 

protein. We interpret this to indicate that the LBD is stabilized in the context of the full

length protein and that this is driven by hinge-LBD contacts. However, we did not observe 

perturbation to exchange kinetics in these regions when we alter ligand-binding status. This 
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could be due to the experimental time window used to monitor solvent exchange where we 

do not detect changes occurring at the very fast (<10 s) or on the very slow (>4 h) regimes.

HDX-MS reveals that the RORγDBD conformation is RORE sequence-dependent.

Next, we characterized structural dynamics of RORγ2 bound to a 30 bp segment of DNA 

that was shown to regulate the androgen receptor in prostate cancer through a variant-RORE 

(referred hereinafter as vRORE) [7]. As shown in FIGURE 2D, direct comparison of 

RORγ2:cRORE to RORγ2:vRORE revealed significant differences between the complexes 

within the DBD CTE, whereas no perturbation of exchange kinetics was observed within the 

DBD core or the LBD. The exchange kinetics of the RORγDBD core are nearly identical 

regardless of the RORE type (FIGURE 2I). To confirm that these observations are due to 

the sequence of the response elements and not the sequences of the 3’ and 5’ flanking 

regions, RORE switch oligos (called SWT1 and SWT2) were generated that swapped the 

12 bp segment containing the RORE between the cRORE and vRORE oligos. Differential 

HDX-MS analysis of RORγ2:SWT1 and RORγ2:SWT2 revealed nearly identical exchange 

kinetics as was observed between RORγ2:cRORE to RORγ2:vRORE (FIGURE 2E). These 

results indicate that the DBD core is equally stabilized by both ROREs and that the DBD 

CTE is more stabilized when bound to classic-ROREs. These analyses demonstrate that 

the dynamics of the DBD are sensitive to the specific nucleotide sequence of the RORE. 

Although this observation reveals a structural mechanism for sequence specific RORE 

recognition by RORγ, the lack of communication between the DBD and LBD/coactivator 

interaction surface suggests that ligand binding is uncoupled from this mechanism and that 

the DBD and LBD are uncoupled from each other.

XL-MS analysis of RORγ RORE binding:

We performed differential XL-MS analysis of RORγ2, RORγ2:cRORE, and 

RORγ2:vRORE and compared relative changes in crosslink abundance as a measure of 

side chain residency and reactivity using label free quantitation. In these experiments we 

identified and quantified 131 crosslinks that are represented in the heatmap shown in 

FIGURE 3A. The identified crosslink sites involved several regions of interest, including the 

DBD core, the C-terminal extension, multiple regions within the hinge, and multiple sites of 

the LBD. This analysis demonstrated that there are more RORγ2 crosslinks detected in the 

absence of DNA than in the RORγ2:vRORE and RORγ2:cRORE complexes. The identified 

crosslinks were placed into 5 groups based on a k-means clustering algorithm [58]. Clusters 

1 and 2 contained crosslinks that were less abundant in samples treated with either vRORE 

or cRORE. Cluster 3 contains crosslinks that did not change in abundance when RORγ2 

was bound to either RORE. Cluster 4 was a smaller group of crosslinks that increased in 

abundance in both vRORE and cRORE treatment groups. Interestingly, crosslinks in cluster 

5 were not found in the absence of DNA or in the RORγ2:vROREcomplex, yet were 

abundant in the RORγ2:cRORE complex. To gain better insight into the conformational 

changes of RORγ upon RORE recognition, we mapped the crosslinks from each cluster 

to the primary sequence of RORγ2 (FIGURE 3B). Cluster 1 crosslinks that show a 

large decrease in abundance in presence of RORE, mapped to DBD-hinge and DBD-LBD 

interdomain crosslinks. The 2nd cluster of crosslinks with somewhat lower abundance in 

the presence of ROREs mapped back to the CTE-hinge. There were also some AF2-hinge 
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crosslinks in this cluster. The presence of interdomain crosslinks in RORγ2 in the absence 

of DNA indicates that the receptor samples conformations where the DBD is in close 

proximity to the LBD and portions of the hinge. To reconcile this with our HDX-MS results, 

we interpret this to mean that apo RORγ samples conformations that include DBD and LBD 

proximity that result in crosslink formation but do not alter LBD backbone dynamics in 

the ensemble. The decrease in interdomain crosslink abundance can be broadly interpreted 

to indicate that the DBD becomes more distant from the hinge and LBD and that RORγ 
elongates upon RORE recognition.

The 3rd cluster of crosslinks that did not change substantially in all sample groups mapped 

to hinge-LBD crosslinks. This observation would suggest that regions of the hinge are in 

proximity of the LBD regardless of DNA-bound status. The smaller 4th cluster consist 

mainly of hinge-hinge crosslinks. The changes in intra hinge-hinge crosslinks may be 

the consequence of rearrangement of RORγ upon RORE recognition in general, as they 

do differ between complexes with vRORE and cRORE. Interestingly, the 5th cluster that 

is found exclusively in the RORγ2:cRORE complex is exclusively CTE-DBD crosslinks. 

These observations again highlight that the C-terminal extension can only crosslink with 

the DBD core when bound to a classic-RORE, suggesting that the C-terminal extension 

is proximal to the DBD core only when bound to cRORE but not vRORE. Overall, these 

findings are consistent with the HDX-MS data and suggest that the uncoupling of the 

RORγDBD and LBD is likely driven by an elongation that separates the DBD from the 

LBD.

SAXS Illuminates Shape and Volume of RORγ2:RORE Complexes.

To further investigate if the conformational changes and domain-domain proximity 

observed by HDX- and XL-MS are consistent with an elongated multi-domain structure, 

we performed small angle X-ray scattering (SAXS) experiments using RORγ:RORE 

complexes. Unfortunately RORγ2 is not stable through freeze-thaw cycles, so we were 

unable to measure SAXS for the protein in the absence of RORE. The RORγ2:cRORE 

complex was monodispersed, and the scattering pattern was consistent with a lack of 

interparticle interactions or aggregation (FIGURE 4A). Analysis of the Guinier region (low 

q) showed that the radius of gyration and maximum distance were measured to be ~55 Å and 

~200 nm, respectively. These measurements are comparable to other NR:DNA complexes 

reported previously [59]. As shown in FIGURE 4B, the pair distance distribution analysis 

shows a monomodal distribution with a rightward tail which indicates that the complex is 

more similar to a ‘rod-like’ shape than a globular sphere or ‘dumbbell’ type shapes that 

would have a gaussian or bimodal pair distance distribution, respectively. Similar analyses of 

the RORγ2:vRORE complexes, resulted in data nearly superimposable to that obtained with 

the cRORE indicating unsubstantial change in the overall volume and shape of the different 

complexes. Importantly, these data support that there is no global conformational change of 

RORγ2 when bound to classic- or variant-ROREs.

To extract additional volume and dynamics estimates from the RORγ2:RORE SAXS 

analyses, several computational analyses were performed. First, ab initio modeling using 

DENSS [60] generated model electron densities to create the pairwise distance distribution 
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plot shown in FIGURE 4B. Over 50 electron densities were averaged into a single model 

presented in FIGURE 4C. Using the gold standard Fourier shell correlation approach [61], 

the resolution of the reconstructions is estimated to be ~30 Å and there was unsubstantial 

qualitative differences between the density reconstructions between the RORγ2:cRORE 

and RORγ2:vRORE complexes. Interestingly, the electron density reconstructions appear 

to have two lobes. Second, we performed an ensemble modelling technique called EOM 

[62] that incorporates a priori information including structures and domain architecture 

of RORγ. Specifically, the RORγDBD:RORE and RORγLBD domains were treated as 

rigid bodies separated by a flexible hinge. Using this approach over 30,000 models were 

generated with a calculated theoretical SAXS plot for each structure. The theoretical SAXS 

curves were then fitted to the experimental SAXS plot where models that disagreed with the 

experimental data were removed. This approach yielded 4 structures that offer explanation 

of the observed SAXS plot and density reconstruction. To illustrate the results, the 4 

structures were docked into the electron density reconstructions as shown in SUP.FIG. 1A. 

To demonstrate the diversity of the resulting ensemble of models, the structures were aligned 

to the RORγDBD:RORE as shown in SUP.FIG. 1B. In this view, the RORγLBD appears 

to sample several different orientations in space relative to the DBD:RORE. This approach 

highlights how the density might be better explained by multiple models rather than a 

single model. Third, to better understand how the XL-MS and SAXS results constrain the 

structure of RORγ2, we developed a Rosetta modeling pipeline that is shown in SUP.FIG. 

1C. Briefly, the EOM analysis was repeated 12 times in total to generate 65 different LBD 

and DBD:RORE pairs that agree with the SAXS data. Using RosettaScripts, we remodeled 

the hinge region and relaxed the structures. The XL-MS results were incorporated as Cα 
distance flat harmonic penalties to the Rosetta energy function as previously described [63]. 

This process was repeated until 14,417 structures were generated. Each structure was then 

evaluated for agreement with the SAXS data using Crysol 3.0 [64] (reported as SAXS χ2). 

The results from this workflow are represented as a dot plot which is shown in FIGURE 4D. 

The results suggest that the experimental constraints guide RORγ2 models to two opposing 

extremes. The first general model suggests that RORγ2 can be more globular which, while 

satisfying the crosslinking constraints, does not agree with the SAXS data (FIGURE 4E 

top). The second general model suggests that RORγ2 can be elongated which agrees with 

the SAXS measurements but violates most of the crosslinking Cα distance constraints 

(FIGURE 4E middle). Importantly, there were models that were adequate in explaining 

both sets of experimental constraints and those structures were generally in between both 

extremes and are shown in FIGURE 4E bottom. We then examined the top scoring models 

by filtering for structures that were in the top 10% of SAXS (SAXS χ2 < 13.2) and crosslink 

(crosslink constraint penalty < 14,800) agreement (SUP.FIG. 2D). This approach resulted 

in 22 structures that are shown in FIGURE 4F. Overall, this integrated modeling analysis 

suggests that the LBD becomes distant from the DBD upon RORE recognition and that 

experimental measurements constrain the hinge and LBD in proximity of the 5’ end of the 

DNA response element. This model does explain why conformational changes in the DBD 

do not influence the dynamics of the LBD, as there is no direct contact, and the regions 

separating these domains is mostly disordered and not capable of transmitting DNA-bound 

status allosterically.
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Reconstituting full length RORγ:coactivator complexes on RORγ response elements.

Although the results presented so far suggest that RORγ2 recognition of ROREs is not 

directly regulated by ligand-binding, indirect regulation mechanisms could exist through 

ligand-dependent coregulator interactions. RORγ2 has been shown to recruit members 

of the p160 steroid receptor coactivator (SRC) family and histone acetyltransferases 

to facilitate transactivation of its target gene program and this process is thought to 

require RORγ2 to be bound to a ligand. Specifically, RORγ1 and RORγ2 have been 

found to interact with SRC1 [65, 66], GRIP/SRC2 [18], SRC3 [67], and P300 [68]. 

Interestingly, there is anecdotal evidence that different SRCs drive subsets of RORγ target 

genes. Specifically, it has been suggested that RORγ2:SRC3 (NCOA3) interactions drive 

‘pathogenic’ Th17 responses [69], whereas RORγ2:SRC1 interactions drive thymopoesis 

and physiological Th17 responses [66, 67]. Interestingly, to date, RORγ-SRC interactions 

have only been explored structurally using small peptides derived from coregulatory 

protein NR interaction motif (NR-box) or with small receptor interaction domains (RIDs) 

from the large coregulatory proteins. To further expand on these studies presented here, 

we chose to characterize the ligand-dependent interactions of RORγ2:cRORE with the 

full-length coactivator SRC3 using HDX- and XL-MS. We chose this system because 

RORγ2:cRORE:SRC3 is a complex implicated in driving pathogenic Th17 immune 

responses [56, 67].

Mapping SRC3 interaction surface on RORγ with HDX-MS.

RORγ2:cRORE was reconstituted and treated with synthetic agonist SR19547 (5-fold molar 

excess) followed by incubation with recombinant full length SRC3 (1.5-fold molar excess) 

or protein buffer control and the complexes were analyzed by differential HDX-MS. As 

shown in FIGURE 5A, substantial perturbation in solvent exchange was observed only 

in the RORγLBD. As expected, there was strong protection to solvent exchange in H12 

(FIGURE 5C) at all timepoints suggesting stabilization of the secondary structural elements 

in this region. Significant protection to solvent exchange was also observed within H1’, 

suggesting additional SRC3 contact sites on the RORγLBD (FIGURE 5B). This protection 

was observed at every timepoint; however, the slope of the deuterium build-up curve was 

unchanged. This indicates that amides that were not previously involved in hydrogen bonds 

(disordered) became ordered leading to stable secondary structure.

Mapping ligand-dependent RORγ-SRC3 contacts with differential XL-MS.

RORγ2:cRORE was incubated with SRC3 ± SR19547. The samples were crosslinked with 

DSSO and subject to MS analysis. This resulted in the identification and quantification of 

141 crosslinks including 117 intra- (SRC3-SRC3 and RORγ2-RORγ2) and 24 inter-protein 

(RORγ2-SRC3) crosslinks. The label-free quantitation results from this analysis are shown 

as a volcano plot in FIGURE 6A. Overall, we observed that the abundance of intra-protein 

crosslinks did not change between SR19547- and DMSO-treated samples (1 > log2 fold 

change > −1), and that inter-protein crosslinks were enriched in SR19547-treated samples 

(log2 fold change > 1). These results indicate that several regions of SRC3 have greater 

resident occupancy with RORγ when RORγ is bound to a ligand, an observation consistent 

with ligand-dependent RORγ:SRC3 interaction. To further explore the contact surface 
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for this protein-protein interaction, we mapped the crosslinks to the primary sequence of 

RORγ and SRC3 based on fold change values. Crosslinks of similar abundances in both 

DMSO only and SR19547-treated samples are shown in FIGURE 6B. These crosslinks 

mostly consisted of inter-protein crosslinks. The crosslinks enriched in the SR19547-treated 

samples consisted of exclusively inter-protein crosslinks (FIGURE 6C).

This analysis and visualization revealed interesting and important aspects of the 

RORγ2:SRC3 interaction. Unexpectedly, SRC3 makes contacts in both the RORγDBD 

and LBD. More surprisingly, the HAT interaction domain of SRC3 makes contacts with 

the CTE of the RORγDBD. Recruitment of HATs to this domain of SRC3 is essential 

for the protein to influence chromatin structure. While HDX-MS analysis demonstrated 

that SRC3 interactions do not stabilize the backbone dynamics of DBD CTE, XL-MS 

reveals that the HAT interaction domain of SRC3 is in proximity of the DBD of RORγ2. 

This would suggest that DNA-binding may influence how RORγ2 acts as a substrate for 

coregulator-mediated post translational modifications. Second, the first and second NR-box 

motifs of SRC3 contact RORγ2. This indicates that RORγ2 may have a preference for 

interacting with these motifs rather than the third NR-box motif.

CONCLUSION

Structural analysis of intact NR:coregulator complexes has been notoriously difficult as 

there is a tradeoff between obtaining high resolution and capturing dynamics. Several 

studies have captured high resolution structures of NR heterodimers [46, 70, 71]. While 

high resolution structures often provide insight and hypotheses testable by mutagenesis, 

they can also fail to explain all observations made during solution-phase analyses. For 

example, in contrast with the PPARγ:RXR:PPRE crystal structure that suggested a 

compacted shape, solution-phase SAXS experiments suggested a more dynamic complex 

[59]. In addition, it was unclear that the ligand-dependent recruitment of coactivators to 

the PPARγ:RXR heterodimer is positively cooperative with DNA binding [45]. Likewise, 

the SAXS-derived structures of RAR:RXR heterodimer differ significantly from co-crystal 

structure solutions [48]. Also, crystallization of NR:coregulators has involved the reduction 

of coregulators to short peptide fragments, preventing quaternary structure determination of 

NR:coregulator complexes. We, and others, have demonstrated how multiple complementary 

structural proteomic techniques in combination with solution phase analysis can advance our 

understanding of full length NR:coregulator interactions [51, 54].

Characterization of NR-coregulator interactions using single particle cryogenic electron 

microscopy (cryo-EM) has been sufficient to provide some structural insight to cooperation 

between DNA binding and coactivator recruitment; however, there remains an inverse 

correlation between dynamics and resolution. For example, the VDR:RXR heterodimer 

contains smaller intrinsically disordered domains than most NRs, cryo-EM efforts produced 

structures with a resolution of 10–12 Å, insufficient for precise determination of the 

mechanism of allostery [71]. Cryo-electron microscopy studies have also been attempted 

for AR:SRC3:P300 and ER:SRC3:P300, but the inherent disorder and dynamics of these 

systems has greatly limited resolution to around 30–40 Å [72, 73]. At this resolution, 

the general shape of the complex can be determined, but specific contact sites cannot be 
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assigned to regions based on the density. Structural proteomic techniques such as HDX- and 

XL-MS can complement these efforts as they can precisely characterize interactions between 

proteins in the solution phase even when overall 3D structural information is limited or 

absent. While the HDX- and XL-MS platform provides no inherent atomic structural 

information, observations of intra-protein crosslinks infer that the amino acids involved 

in the crosslink must at some point come within ~30 Å to form the crosslinking reaction 

transition state. Thus, our platform not only allows more precise analysis of protein-protein 

interactions but can also serve as a valuable complement to existing structure determination 

techniques by providing information about the solution-phase structural dynamics of large 

macromolecular complexes. For example, HDX-MS analysis revealed two contact sites 

in the RORγLBD that stabilize backbone dynamics and thus drive formation of the 

NR:coregulator complex whereas XL-MS revealed nine additional contacts sites between 

SRC3 and RORγ2 to complement the HDX-MS findings. As expected, we observed 

crosslinking of NR-box motifs 1 and 2 to the RORγ2 AF2 surface, likely driving the 

stabilization observed by HDX-MS in H12. This information would be difficult to ascertain 

from low resolution structural analyses alone.

The results presented here provide important context to full length monomeric NRs 

structure and function. Using similar techniques, Seacrist et al. found that monomeric NR 

LRH1 adopted a more globular complex on DNA such that the LRH1DBD transmitted 

information to the LRH1LBD [54]. In contrast, our studies suggest that RORγ becomes 

elongated upon DNA recognition effectively uncoupling the two domains. Regardless, it 

is still possible that the RORγLBD regulates the RORγDBD activity indirectly through 

coregulators. Previous studies further support this model as it has been shown that the 

RORγDBD CTE is acetylated by P300 and this activity correlates with reduced DNA 

binding affinity [74]. Our XL-MS results show that SRC3 makes multiple ligand-dependent 

contacts with RORγ2:cRORE with a specific contact between the HAT interaction domain 

of SRC3 and the CTE of RORγ2. This finding is intriguing as it opens the possibility that 

SRC3 may interact with RORγ2 in a RORE-dependent manner or that DNA binding may 

influence coregulator association with HATs. Given that our structural proteomic approach 

is generalizable, it can be broadly applied to many different RORγ2:coregulator complexes 

to explore ligand- and RORE-dependent regulation of RORγ, which is a focus of future 

studies.

MATERIALS/METHODS.

Exploratory analysis of Classic- and Variant-ROREs:

Data for the corresponding sequencing experiments were downloaded from the SRA 

database. The sequence adapters were trimmed and aligned to the respective genome (either 

mm9 or hg38) using bowtie2 [75]. Peak calling was done using the MACS2 algorithm [76] 

the peaks containing classic(AAATAGGTCA) or variant- (BBCTAGGTCA [B indicates T, 

G, or C]) ROREs (depicted in FIGURE 1A) were annotated using HOMER [77]. Qualitative 

analyses of RORE containing peaks was done using ChIPseeker [78] implemented in R 

Studio (version 1.3.1073). To determine differentially expressed genes in RORC knockdown 

Th17 cells, RNA-seq datasets quasi-aligned and quantified using salmon [79] and statistical 
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analyses of the quantified read counts was done using DESeq2 [80] implemented in R 

Studio. The genes that were significantly different were then discarded if there was no 

RORE containing peak within 10 kbp of the transcription start site. We performed pathway 

analysis using Ingenuity Pathway Analysis software (QIAGEN).

Materials:

Unless otherwise stated, chemicals were purchased from Sigma-Aldrich (St. Louis, MO). 

SDS-PAGE analyses were done using 4–12% AnyKD™ gels (Biorad) according to the 

manufacturer’s protocol. Yeast extract, HEPES base, and HEPES free acid were purchased 

from Research Products Incorporated. Dioxane free isopropyl-β-thiopyranoside (IPTG) was 

purchased from Biosynth. Dithiothreitol was purchased from Fisher Scientific. Agar was 

purchased from Invivogen and prepared according to manufacturer’s instructions. Terrific 

broth (12 g tryptone [Fluka], 24 g yeast extract [Research Products Incorporated], 4 mL 

glycerol [Fisher Scientific], 9.4 g K2HPO4, 2.2 g KH2PO4 per liter of media) was prepared 

in house.

Sample Preparation:

RORγ Cloning and Expression.—RORγ2 was codon optimized (Genewiz) and 

subcloned into the pESUMO vector using XhoI and XbaI. The RORγ1 construct was 

generated by PCR insertion with the Q5 mutagenesis kit (New England Biolabs). Both 

constructs were transformed in BL21 (DE3) expression E. coli and selected on Luria broth 

agar plates containing 100 ug/mL ampicillin. 6–8 colonies were picked for primary culture 

in 250 mL of terrific broth and cultured for 16 h at 37°C. 15 mL of primary culture 

was diluted into 1 L of terrific broth supplemented with 30 μM ZnCl2 and 50 ug/mL 

carbenicillin. The secondary culture was incubated at 37°C with shaking at 200 RPM until 

the optical density at 610 nm reached 0.5 after which the temperature was dropped to 

16°C. protein expression was induced by addition of IPTG to 250 μM and the culture 

was incubated at 16°C for 8 h and then 4°C until harvest. The cells were harvested by 

centrifugation (4000 rcf for 10 minutes at 4°C), resuspended in ice cold NiNTA buffer 1 (50 

mM HEPES pH 8.0 at 4°C, 500 mM NaCl, 10% glycerol, 25 mM imidazole) supplemented 

with 1X SigmaFast protease inhibitor cocktail, and pelleted again by centrifugation (4000 

RCF for 10 minutes at 4°C). Harvested cells were flash frozen in liquid nitrogen and stored 

at −80°C until purification.

HisSUMO-RORγ purification.—RORγ constructs have poor stability through freeze

thaw cycles without the HisSUMO solubility tag or without being bound to DNA. To 

accommodate this, RORγ1 and RORγ2 constructs were purified in two stages. The 

first stage was to isolate highly pure HisSUMO-RORγ by affinity purification, and the 

second stage was RORγ:RORE complex formation followed by tag cleavage and removal. 

Harvested cell pellets were resuspended in ice cold NiNTA buffer 1 supplemented with 

1X SigmaFast protease inhibitor cocktail, DNase, and lysozyme in a ratio of 4 mL of 

buffer per gram of cell pellet. The cells were lysed using a microfluidizer operating at 

15,000 PSI and cooled to 4°C. The lysate was clarified by centrifugation (30,000 RCF 

for 30 minutes at 4°C) and the resulting supernatant was filtered with 0.45 μM cellulose 

vacuum funnel (Millipore). NiNTA resin (Qiagen) pre-equilibrated with NiNTA buffer 1 was 
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added to the filtered supernatant (1 mL column volume per 40 mL supernatant) and the 

slurry was incubated at 4°C for 30 minutes with gentle rotation. The slurry was added to 

a flex column and the flow through was discarded. The column was washed 3 times with 

10 column volumes of NiNTA buffer 1. The eluate was collected after adding 3 column 

volumes of NiNTA buffer 2 (50 mM HEPES pH 8.0, 500 mM NaCl, 10% glycerol, 250 mM 

imidazole) and incubating the slurry for 10 minutes. The elution was repeated twice, and 

the 3 eluates were pooled. The NiNTA eluate was slowly diluted 10X with ion exchange 

buffer 1 (25 mM HEPES pH 8.0, 100 mM NaCl, 1 mM TCEP, 5% glycerol). The protein 

solution was passed over a 5 mL HiTRAP heparin sulfate pre-equilibrated with ion exchange 

buffer 1 using an AKTA Pure™ fast protein liquid chromatography system sample pump 

operating at 5 mL/min. The column was washed with 5 column volumes of ion exchange 

buffer 1 using a gradient pump operating at 5 mL/min. The protein was eluted in a linear 

gradient of ion exchange buffer 2 (25 mM HEPES pH 8.0 at 4°C, 1000 mM NaCl, 1 mM 

TCEP, 5% glycerol) over 30 column volumes where 2 mL fractions were collected in glass 

vials. HisSUMO-RORγ elutes over 4 column volumes at ~50% ion exchange buffer 2. 

After ion exchange, fractions containing HisSUMO-RORγ were pooled and concentrated 

until the protein concentration was ~ 2 mg/mL (~30 μM) based on absorbance at 280 nm 

with an extinction coefficient of 36330 cm−1M−1 (both RORγ1 and RORγ2 only have 2 

tryptophan residues). The sample was split into 350 μL aliquots, flash frozen, and stored 

at −80°C until further use. The typical yield of this preparation is ~ 4–6 mg of highly 

pure HisSUMO-RORγ per liter of expression media. Samples were taken throughout the 

purification process and analyzed by SDS-PAGE to assess purity.

RORγ:RORE complex purification.—Synthetic dsDNA oligos were designed based on 

sequences of well-characterized and functionally relevant RORγ response elements. The 

sense and anti-sense oligos were synthesized, annealed, and HPLC purified (Integrated DNA 

Technologies). The lyophilized DNA was resuspended in molecular biology grade water 

to a concentration of 150 μM based on absorbance at 260 nm. To form RORγ2:RORE 

complexes, 100 μL of RORE was added to 33 μL of 4X HBS (200 mM HEPES pH 7.5, 

2M NaCl). The 30 μM HisSUMO-RORγ samples were thawed at room temperature, mixed, 

centrifugated (20,000 RCF for 3 minutes at 20°C) and added to the salt normalized RORE 

solution where the final concentration of RORE was an approximate 1.5 molar excess to 

RORγ. HisSUMO-RORγ2:RORE complexes were formed over a 30 minute incubation at 

room temperature (RT). We confirmed protein-DNA complex formation by DNA retardation 

gel electrophoresis and analytical size exclusion chromatography. The HisSUMO solubility 

tag was cleaved enzymatically by addition of 10 μL of 20 μM His-tagged SUMO protease 

and incubating for 10 minutes at RT. RORγ2:RORE solutions were purified, and buffer 

exchanged using size exclusion chromatography using an ÄKTA Pure™ system operating 

at RT. The solutions were manually injected onto a Superdex 200 10/300 (General Electric) 

pre-equilibrated with HEPES buffered saline (25 mM HEPES pH 7.5 at RT, 150 mM NaCl, 

50 μM TCEP, 2% glycerol), eluted with an isocratic pump operating at 1 mL/min, and 

200 μL fractions were collected in polypropylene 96 well plates. Fractions containing the 

RORγ2:RORE of interest were pooled (typically 1.6 mL) and kept on ice. The yield was 

determined based on UV-Vis spectroscopy where the extinction coefficient of the DNA at 

260 nm was used to determine concentration. The total complex recovery estimates typically 
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ranged from 70–80%. To prepare the samples for XL- and HDX-MS, the samples were 

concentrated to ~10 μM using 0.5 mL Amicon Ultra™ spin filtration devices with 50 kDa 

molecular weight cut off. To prepare the samples for HT-SAXS, dithiothreitol was added to 

5 mM and the sample was concentrated to ~1.0–2.0 mg/mL (30–40 μM) using a separate 

spin filtration device. The spin column flow through was used as the buffer blank control for 

SAXS measurements. The samples were snap frozen in liquid nitrogen and stored at −80°C.

Purification of SRC3.—A full-length human SRC3 DNA construct containing an amino

terminal poly-6x-histidine and a carboxyl terminal FLAG tag, was provided by Dr. Bert 

O’Malley (Baylor College of Medicine, Houston, TX) and used for the construction of a 

recombinant baculovirus with the Invitrogen Bac-to-Bac expression system as previously 

described [81]. Insect cells (Sf9) at a density of 1×106 cells/ml were infected with the 

recombinant baculovirus at a MOI of 2.0 for 48 hours at 27°C using Grace’s Insect Medium 

(Invitrogen) containing 10% heat-inactivated fetal bovine serum. The cells were harvested 

at 48 hours and washed in PBS and flash frozen as a solid pellet at −80°C. Cells from 

2-liters of Sf9 culture were lysed with a glass-Teflon pestle Dounce homogenizer in 100 

ml of 50 mM sodium phosphate buffer, pH 7.5, supplemented with 500 mM NaCl, 1 M 

Urea, 10% (v/v) Glycerol, 5 mM 2-mercaptoethanol and 1X Pierce© protease inhibitor 

cocktail (Thermo Scientific). The lysate was clarified by centrifugation 100,000 × g for 30 

min and passed over a HisTrap HP column (Cytiva) using an ÄKTA Pure chromatography 

system. Bound proteins were eluted with a linear imidazole gradient (50–500 mM) and as 

determined by immunoblot, peak SRC3 containing fractions were pooled and dialyzed in 

20 mM HEPES buffer, pH7.5 supplemented with 200 mM NaCl, 1 M Urea, 10% (v/v) 

Glycerol, 1 mM 2-mercaptoethanol and concentrated by 15 mL Amicon ultra centrifugal 

filtration device with 100 kDa MWCO. Samples were further purified by size-exclusive 

chromatography on a preparative HiLoad 16/600 Superdex 200 pg column (Cytiva). Peak 

SRC3 fractions were pooled, dialyzed and concentrated in storage buffer containing 20 mM 

HEPES, pH7.5, 200 mM NaCl, 1M Urea, 5% Glycerol and 1 mM TCEP and flash frozen at 

−80°C in small aliquots that were thawed only a single time.

Monoclonal Antibody to Steroid Receptor Coactivator 3 (SRC3).—A mouse 

monoclonal antibody (Mab) to human SRC3 was prepared by previously described methods 

[82]. Balb/C female mice (age 6–8 weeks) were immunized with recombinant baculovirus 

expressed full-length SRC3, spleen cells were fused with Sp2/0 mouse myeloma cells and 

hybridomas were growth selected, cloned and screened by ELISA against the immunogen. 

Positive clones by ELISA were further screened by immunoblot and immunofluorescence 

assay in wild type and SRC3 knock-out Hela cells. Clone 1208/D1 that expresses an IgG2a 

isotype gave a high level of specificity and selectivity for SRC3. The 1208/D1 Mab was 

produced from a 2L hybridoma culture in vitro and purified to a concentration of 1.8mg/ml 

by ammonium sulfate precipitation and Protein G Sepharose affinity chromatography. 

Immunoblotting was performed as previously described at a MAb concentration of 2ug/ml 

[82]. The SRC3 1208/D1 Mab was further characterized and used in Cryo-EM structural 

studies of ER and AR coactivator complexes [72, 73].

Strutzenberg et al. Page 15

J Mol Biol. Author manuscript; available in PMC 2022 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hydrogen Deuterium Exchange Mass Spectrometry:

Peptide Identification: Typical HDX-MS peptide identification was performed using a 

previously described automated liquid handling robot coupled to an Agilent 1260 HPLC and 

either a Q Exactive (QE) Orbitrap mass spectrometer (Thermo Fisher) [83]. Briefly, 25 μL 

of 2 μM RORγ2 in HBST buffer (25 mM HEPES pH 7.9, 150 mM NaCl, 1 mM TCEP, 2% 

glycerol) was mixed with 25 μL of quench buffer (5M urea, 25 mM TCEP, 1.0% TFA) and 

immediately injected for in-line immobilized pepsin or NepII digestion. Following digestion, 

peptides were desalted on a trap column (1 × 10 mm C8 HypersilGold, Thermo) and 

separated on an analytical column (1 × 50 mm C18 HypersilGold, Thermo) using a linear 

60-minute linear gradient of 5–40% solvent B (solvent A is 0.3% formic acid and solvent 

B is 0.3% formic acid 95% acetonitrile). On the QE, master scans were collected at 70,000 

K resolution at 400 m/z. Product ion spectra were acquired in data-dependent mode such 

that the top 10 most abundant ions selected for the product ion analysis by higher-energy 

collisional dissociation (HCD) between survey scan events. Following MS2 acquisition, the 

precursor ion was excluded for 16 s. The resulting MS/MS data files were submitted to 

Mascot (Matrix Science) for peptide identification. Peptides included in the HDX analysis 

peptide set had a MASCOT score greater than 20 and the MS/MS spectra were verified by 

manual inspection. The MASCOT search was repeated against a decoy (reverse) sequence 

and ambiguous identifications were ruled out and not included in the HDX peptide set.

Method to Improve Sequence Coverage: Although pepsin digestion provided 

adequate coverage of the RORγLBD, we found that sequence coverage of the DBD was 

poor. We hypothesized that this was due to a high charge density of the DBD as pepsin 

cannot cleave at basic residues [55]. We tried using Nep2 that is capable of cleaving at 

basic residues [84] and found improved DBD coverage but worsening coverage of the 

LBD. We hypothesized that HCD fragmentation of high charge state peptides yielded poor 

fragmentation patterns that were not amenable for database searching. To address these 

issues, we conceived a strategy to improve coverage using a split charge-state dependent 

acquisition. To simulate peptide separation during HDX-MS data acquisition, the process 

was repeated, but the peptides were separated over a 5-minute gradient and only MS1 

scans were collected. Like before, quenched protein samples were injected, desalted, and 

eluted with a 5 min gradient. Instead of analyzing the eluate on the QE (Thermo Fisher), 

the samples were diverted away and collected in a 1.5 mL Eppendorf tube. The peptide 

samples were evaporated to dryness using a SPD1010 SpeedVac (thermo) and reconstituted 

in 25 μL of 0.2 % TFA. 1 μL of each peptide sample (~250ng) was injected for LC-MS 

analysis using a Ultimate3000 HPLC system coupled to the Orbitrap Fusion (Thermo). 

Peptide samples were loaded onto a μPAC trapping column (PharmaFluidics) desalted with 

loading buffer (2% ACN, 0.1% TFA) flowing at 20 μL/min for 3 minutes. The samples 

were then separated on a 50 cm μPAC analytical column with a 90-minute gradient (2–30% 

B in 60 minutes, 30–60% B in 30 minutes; buffer A is 0.1% formic acid and buffer B 

is 80% acetonitrile and 0.1% formic acid). HPLC eluate was interfaced to on an Orbitrap 

Fusion Lumos (Thermo) via a nanospray ionization source operating at 2500 V. Master 

scans were collected on the Orbitrap mass analyzer at 120,000 K resolution at 400 m/z 

once per second. Candidate precursors above the 1E5 signal threshold were filtered based 

on monoisotopic mass distribution and then added the dynamic exclusion list for 30 s. 
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Precursor ions were filtered based on charge such that precursors with a charge state whose 

charges were between +1 and +4 were fragmented by HCD and precursors with charges 

of +5 to +8 were selected for EThcD. All MS2 spectra were collected in the ion trap 

mass analyzer operating in normal mode. Raw files containing mixed method fragmentation 

techniques were processed using Proteome Discoverer (version 2.2.0.338). Only methionine 

oxidation was included as a dynamic modification during database searches. MS2 spectra 

were split based on fragmentation technique. HCD and EThcD MS2 spectra were submitted 

for b/y and c/z ion searches, respectively, with Sequest HT. The databases used for searching 

contain the target protein and the reverse decoy sequence. All peptide spectral matches were 

considered for final false discovery rate determination. The PD result file was imported 

into Skyline (University of Washington) [85] as a spectral library. Transition settings were 

adjusted such that all MS1 scan resolution reflected the settings of the mass spectrometer 

HDX-MS conditions (70,000 K resolution in this case). T0 control data (5-minute gradient) 

collected on the QE was imported as a result file. Precursors were selected based on their 

fragmentation pattern, mass error (< 10 ppm), isotope distribution (idotp score > 0.9), and 

whether the flanking cleavage sites abide the “cleavage rules” for pepsin [55] or NEP2 [84]. 

Peptides were mapped to the primary sequence using a previously described algorithm [86] 

implemented in HDX-Workbench (Omics Informatics LLC, version 4.2.4). Fast gradient 

MS1 data was loaded as a 0s on-exchange or T0 control in Workbench. The T0 control was 

then searched for corresponding ions within a 10-ppm difference from theoretical mass of 

the identified peptide set sequences. From these settings the amino acid sequence coverage 

was calculated.

HDX-MS analysis: Unless otherwise stated, sample handling and peptide separation were 

conducted at 4°C. For differential HDX, 50 μL aliquots of 9 μM RORγ2:RORE complexes 

were thawed. Next, 5 μl of sample was diluted into 20 μl D2O buffer (25 mM HEPES 

pH 7.9, 150 mM NaCl, 1 mM TCEP) and incubated for various time points (0, 10, 30, 

60, 300, 900, and 3600 s) at 4°C. The deuterium exchange was then slowed by mixing 

with 25 μL of cold (4°C) 5 M urea, 25 mM TCEP, and 1% TFA. For SRC3 interaction 

mapping, RORγ2:cRORE was purified and concentrated to 10 μM and treated with 50 μM 

SR19547 for 10 minutes on ice. The RORγ2:cRORE:SR19547 solution was then diluted 

with 1:1 with 12 μM SRC3 in protein buffer (50 mM HEPES pH 8.0, 100 mM NaCl, 

5 mM DTT, 1M urea, 5% glycerol) or with protein buffer alone. The complexes were 

incubated for another 30 minutes on ice prior to starting the D2O exposure time course. 

The time course consisted of 5 time points (0, 10, 60, 400, 2820, 14400 s). Quenched 

samples were immediately injected into the HDX platform. Upon injection, samples were 

passed through an immobilized pepsin column (2 mm × 2 cm) at 50 μl min−1 and the 

resulting peptides were captured on a 2 mm × 1 cm C8 trap column (Agilent) and 

desalted for 2.5 minutes. The protease column was housed in a chamber that maintained 

temperature at 18°C. Peptides were separated across a 2.1 mm × 5 cm C18 column (1.9 

μl Hypersil Gold, ThermoFisher) with a linear gradient of 4–40 % CH3CN and 0.3 % 

formic acid, over 5 minutes. Mass spectrometric data were acquired using an Orbitrap mass 

spectrometer (Q Exactive, Thermo Fisher). The intensity weighted mean m/z centroid value 

of each peptide envelope was calculated and subsequently converted into a percentage of 

deuterium incorporation. This was accomplished determining the observed averages of the 
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undeuterated and fully deuterated spectra and using the conventional formula described 

elsewhere [87]. Corrections for back-exchange were determined empirically using a Dmax 

control. Briefly, this sample was generated by mixing 5 μL of protein sample with 20 μL of 

deuterated buffer and incubated at 37 °C overnight before being queued to for subsequent 

quenching, and injection.

Data Rendering: The HDX data from all overlapping peptides were consolidated to 

individual amino acid values using a residue averaging approach. Briefly, for each residue, 

the deuterium incorporation values and peptide lengths from all overlapping peptides 

were assembled. A weighting function was applied where shorter peptides were weighted 

more heavily, and longer peptides were weighted less. Each of the weighted deuterium 

incorporation values were then averaged to produce a single value for each amino acid. The 

initial two residues of each peptide, as well as prolines, were omitted from the calculations. 

This approach is similar to that previously described [88]. HDX analyses were performed in 

triplicate, with single preparations of each purified protein/complex. Statistical significance 

for the differential HDX data is determined by t-test for each time point and is integrated 

into the HDX Workbench software [89].

Crosslinking Mass Spectrometry.

Crosslinking reaction and sample preparation: RORγ2:RORE samples were 

crosslinked in HBST buffer using disuccinimidyl sulfoxide (DSSO, Cayman chemicals). 

The reactions were initiated by spiking 1 μL of 75 mM DSSO (Thermo Fisher) in DMSO 

into a 50 μL solution containing 10 μM protein and mixing. The final molar ratio of 

crosslinker:protein was 150:1. The reactions were incubated at 25 °C for 45 minutes before 

being quenched by the addition of Tris pH 8.0 to 50 mM. For SRC3-RORγ2 crosslinking 

reactions, 12 μM SRC3 protein samples were dialyzed with HBST (25 mM HEPES pH 

7.5 at 25°C, 150 mM NaCl, 1 mM TCEP) for 4 h at 4°C. Dialysis buffer was exchanged 

every 2 h. The dialyzed SRC3 protein was added 1:1 to RORγ2 such that the total protein 

concentration was 10 μM. The DSSO crosslinking reaction was done using a 150 molar fold 

excess of DSSO to total protein. The crosslinking reaction proceeded for 30 minutes at room 

temperature. The crosslinking reaction was quenched by the addition of TRIS (pH 8.0) to 

50 mM. Each crosslinking reaction was done in triplicate and the reaction replicates were 

pooled after quenching. The presence of crosslinked protein was confirmed by comparing 

to the no crosslink negative control samples with SDS-PAGE and Coomassie staining. Non

crosslinked negative controls were generated using the same procedure with vehicle instead 

of 75 mM DSSO. The remaining DSSO-crosslinked and non-crosslinked samples were then 

acetone precipitated at −20 °C overnight and the protein isolated by centrifugation at 16,000 

rcf for 5 minutes at 4 °C. After decanting, the pellets were dried for 15 minutes before 

being resuspended in 12.5 μL of resuspension buffer (50 mM ammonium bicarbonate, 8 M 

urea, pH 8.0). ProteaseMAX (Promega) was added to 0.02% and the solutions were mixed 

on an orbital shaker operating at 400 RPM for 5 minutes. After resuspension, 87.5 μL of 

digestion buffer (50 mM ammonium bicarbonate, pH 8.0) was added. Protein samples were 

reduced by adding 1 μL of 500 mM DTT and incubating the protein solutions in an orbital 

shaker operating at 400 RPM and 56°C for 20 minutes. After reduction, 2.7 μL of 550 mM 

iodoacetamide was added and the solutions were incubated at room temperature in the dark 
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for 15 minutes. Reduced and alkylated protein solutions were digested using trypsin at a 

ratio of 1:200 (w/w trypsin:protein) and incubating at 37 °C. After 4 h trypsin digestion, 

reactions were split into 50 μL aliquots and chymotrypsin was added to one aliquot to a 

final ratio of 1:100 (w/w chymotrypsin:protein). Trypsin and trypsin-chymotrypsin serial 

digestion reactions were then incubated at room temperature overnight and acidified by 

addition of TFA to 1 %. Samples were then frozen and stored at −20 °C until analysis.

Liquid Chromatography and Mass Spectrometry: Peptide samples were thawed, 

mixed, and spun down at 16,000 rcf for 5 minutes. 10 μL of peptide samples were loaded 

in an Ultimate 3000 autosampler (Dionex, ThermoFisher). Approximately 500 ng of each 

peptide sample was injected in triplicate. Peptides were trapped on a μPAC trapping column 

(PharmaFluidics) using a load pump operating at 20 μL/min. Load pump buffer contained 

2 % acetonitrile and 0.1 % TFA. After a 3-minute desalting period, peptides were then 

separated using linear gradients (2–30 % Solvent B over 1–60 minutes, 30–95 % solvent 

B over 60–90 minutes) at 1 μL/min on a 50 cm μPAC C18 column (PharmaFluidics). 

Gradient solvent A contained 0.1% formic acid and solvent B contained 80% acetonitrile 

and 0.1% formic acid. liquid chromatography eluate was interfaced to an Orbitrap Fusion 

Lumos (ThermoFisher) via nano spray ionization source. Crosslinks were identified using 

a previously described MS2-MS3 method [90]. Master scans of m/z 375–1500 were taken 

in the orbitrap mass analyzer operating at 60,000 resolution at 400 m/z, 400,000 automatic 

gain control target. Maximum ion injection time was set to 50 ms and advanced peak 

detection was enabled. Precursor ions with charge state 4–8 were selected via quadrupole 

for CID fragmentation at 25 % collision energy and 10 ms reaction time. Fragment ion 

mass spectrum were taken on the orbitrap mass analyzer operating at 30,000 resolution at 

400 m/z, 50,000 automatic gain control target, and maximum injection time was set to 150 

ms. Doublet pairs of ions with the targeted mass difference for sulfoxide fragmentation [91] 

(31.9721 Da) with charge states were selected for HCD fragmentation at 35 % collision 

energy. MS3 scans were collected in the ion trap operating in ‘rapid’ mode at automatic gain 

control target and maximum ion injection time set to 20,000 and 200 ms respectively.

Data analysis: Crosslinks were identified using the XlinkX algorithm [92] implemented 

on Proteome Discoverer (version 2.2). Crosslinks were considered for lysine, threonine, 

serine, and tyrosine residues and the validation strategy was set to ‘simple’ where relaxed 

and strict false discovery rates were set to 0.05 and 0.01, respectively. During database 

searches, the target and decoy databases only contained sequences for the proteins that were 

analyzed, and the maximum missed cleavages was set to 8. Cysteine carbamamidylation and 

methionine oxidation were considered as a fixed and a dynamic modification, respectively. 

Mass tolerances for precursor FTMS, fragment FTMS, and fragment ITMS were set to 10 

ppm, 20 ppm, and 0.5 Da, respectively. Peak areas for identified crosslinks were quantified 

using Skyline (version 19.1) using a previously described protocol [93]. Crosslink spectral 

matches found in Proteome Discoverer were exported and converted to sequence spectrum 

list format using Excel (Microsoft). Crosslink peak areas were assessed using the MS1 

full-scan filtering protocol for peaks within 8 minutes of the crosslink spectral match 

identification. Peaks areas were assigned to the specified crosslinked peptide identification 

if the mass error was within 10 ppm of the theoretical mass, the isotope dot product 
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was greater than 0.95, and if the peak was not found in the non-crosslinked negative 

controls. Pair-wise comparisons were made using ‘MSstats’ package [94] implemented in 

the Skyline browser to calculate relative fold changes and significance (multiple testing 

adjusted P-values). Significant changes were defined as log2 fold change was less than −1 or 

greater than 1 and −log10 adjusted P-value was greater than 1.3 (P value < 0.05). The results 

from skyline were exported and are reported in an Excel spreadsheet. Data manipulation, 

cluster analysis, heatmap plots, and volcano plots were generated with the ‘ggplots2’, 

‘gplot’, ‘reshape2’, and ‘factoextra’ packages implemented in R Studio. Crosslinks were 

mapped to protein sequence using crosslinkviewer [95].

Small Angle X-ray Scattering.

Data Collection and Analysis: Dilution series of RORγ2:RORE complexes were 

prepared in 96 well plates with buffer controls (flow through of concentrator device) 

flanking the dilution series. The highest concentrations ranged from 1.16 to 1.62 mg/mL. 

The shipping and handling conditions were simulated, and the samples were confirmed to 

be stable with no detectable aggregates based on analytical size exclusion chromatography. 

SAXS data collection was done in a high throughput format at the Advanced Light Source 

beam line 12.4 as previously described [96]. Briefly, SAXS was captured in 0.3 second 

exposures for 10 s (32 frames total). This data was manually examined and merged using 

Primus software [97] (part of the ATSAS package of SAXS analysis software [98]). Radius 

of gyration was determined using the Guinier approximation [99] and the Dmax was 

determined by distance distribution analysis [100]. The fitted models from pair distance 

distribution analysis were used as inputs for ab initio electron density reconstruction using 

the DENSS algorithm [60]. Briefly, 50 electron density models were generated and averaged 

using EMAN2 [101]. The resolution of the electron densities were determined using the 

gold standard Fourier shell correlation analysis [61].

Modeling of RORγ2:RORE Complexes.

Ensembles of models were generated an algorithm that has been previously described [62]. 

Rigid body models of the LBD were generated from the co-crystal structure (PDB 3L0L) 

and DBD:RORE were generated by homology modelling. The RORγDBD homology model 

was generated by Modeler [102] using PDB 1HLZ as a template. Model double stranded 

DNA oligos were generated using Haddock 3D-DART server [57]. The rigid bodies were 

connected by the hinge domain that was considered a random coil. These constraints were 

used to generate 10,000 models and corresponding theoretical SAXS curves. A genetic 

algorithm that selects combinations of models that collectively fit the experimental SAXS 

data was run 12 times. This analysis yielded 65 different conformations of RORγ2:RORE. 

We used these 65 structures as starting models for a simple Rosetta modeling pipeline that 

rebuilt the hinge region, performed a simple minimization, and then scored the structure 

using Rosetta energy function REF2015 [103]. Data from XL-MS was incorporated into the 

scoring function as a flat harmonic Cα distance constrain penalty as previously described 

[63]. Since the Rosetta pipeline is scalable, we used it to diversify the starting models to 

14,417 structures. We scored each of the structures for SAXS agreement using a program 

called CRYSOL 3.0 [64]. The convergence of the models was assessed by examining the 

Strutzenberg et al. Page 20

J Mol Biol. Author manuscript; available in PMC 2022 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



models that were in the top 10% of SAXS χ2 and crosslink Cα distance constraint scores. 

Models and electron densities were visualized using UCSF Chimera[104].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

• Reconstitution of full length RORγ:RORE:Coregulator complexes in vitro

• Combination of SAXS and XL-MS provides a strategy to develop models of 

intact nuclear receptors

• Putative structural models of full length RORγ on cognate response element

• HDX- and XL-MS show DNA-dependent conformational changes of RORγ

• XL-MS analysis show that full length coregulators may be able to ‘sense’ 

RORγ DNA bound status
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FIGURE 1: 
Genomic distributions of RORE and influence on RORγ target gene program. The motif 

logos for classic and variant ROREs are shown in panel A. Representative heatmaps of ChIP 

peaks containing classic- and variant-RORE are shown on the left and right respectively in 

panel B. Each row is a 10 kb promoter region centered on the TSS indicated by a dashed 

line. Red segments are 1 kb segments that contain a classic- or variant-RORE. An overview 

of global RORE annotation from disparate biological contexts is shown as a horizontal bar 

chart in panel C. Samples for triple negative breast cancer (TNBC) originated from the 

HCC70 cell line [5]. Naïve T cells were isolated form C57BL/6 and polarized toward Th17 

ex vivo [28]. Thymocytes and hepatocytes were isolated from C57BL/6 and C57BL/6J mice, 

respectively [22, 29]. RORγ target genes within Th17 cells cultured ex vivo were annotated 

based on an analysis of previously published RNA-seq and ChIP-seq datasets [28] and are 

shown in panels D and E. Genes identified by RORγ knockdown were first identified based 

on differential RNA-seq. The RORγ target genes were identified by cross referencing for 

ChIP peaks containing ROREs within loci that were reduced by RORγ knockdown. The 

target genes were then classified by the RORE type that may be regulating the expression 

of the loci and this is shown as a Venn diagram in panel D. Representative ChIP-peaks are 

mapped onto putative target gene loci in panel E. Target genes are labeled above the peaks 

and the scale of the genomic segment is shown on the top right inserts. The locations of 

classic- and variant-ROREs identified are indicated by blue and red circles, respectively.
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FIGURE 2: 
Characterization of RORγ2 bound to classic- and variant-ROREs by HDX-MS. An 

overview of differential HDX-MS experiments performed are shown in panels A-E. Each 

specific experiment is shown in each column and the cartoon on top depicts the two samples 

that are being compared. HDX-MS data is overlayed onto RORγLBD crystal structure 

(PDBID:3L0L) of and a RORγDBD homology model (templated from RevERα DBD 

PDBID:1HLZ) complexed with a synthetic RORE (modeled using 3D-DART [57]). Each 

color indicates change in percent deuterium incorporation (Δ%D) according to the color 

scale shown below. Representative deuterium build-up plots for peptides are shown in 

panels F-J. The legend for the deuterium incorporation plots is shown on the bottom right.
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Figure 3: Conformational changes of RORγ2 upon RORE recognition determined by XL-MS.
All quantifiable crosslinks are depicted in a heatmap in panel A. Each row of the heatmap 

represents a single crosslink species and each column represents a single replicate from 

RORγ2 (no RORE), RORγ2:vRORE, or RORγ2:cRORE as depicted on the top of the 

panel. The crosslinks were clustered into 5 groups using k-means clustering and the 

clustering results are shown in panel B. The groups of crosslinks were mapped to the 

primary sequence of RORγ2. The boundaries of the DBD and LBD are indicated by pink 

bars.
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FIGURE 4: SAXS analyses of RORγ2:RORE complexes.
SAX scatter plots for RORγ2:cRORE and RORγ2:vRORE are shown in panel A. Pair 

distance distribution analysis is shown in panel B. Electron densities from ab initio 
modeling using DENSS are shown in panel C. The results from a modeling procedure 

using Rosetta are displayed as a dot plot in panel D. Each dot represents a structural 

model of RORγ2:RORE. Each structure is scored based on agreement with SAXS (SAXS 

χ2, Y-axis), XL-MS (Cα distance flat harmonic penalty, X-axis), and total Rosetta energy 

function score (colored coded according to legend at the bottom). Representative structures 

and data fittings are shown in panel E. Experimental and representative SAXS plots are 

shown on the left and representative atomic models and crosslink constraints are shown on 

the right. The 33 models that scored in the top 10% of both SAXS and XL-MS agreement 

are show in panel F.
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FIGURE 5: Characterization of full-length SRC3 interactions with RORγ:RORE complex by 
HDX-MS.
The differential HDX of RORγ2:cRORE:SR19547 ± SRC3 was measured at 5 timepoints 

ranging from 10 s to 4 h. The Overlay of HDX data onto crystal structure(3L0L) of 

RORγLBD (top) and homology structure (template PDB: 1HLZ) for RORγDBD (middle) 

according to scale shown below in panel A. Representative deuterium build-up plots for 

peptides spanning helix 1’ are shown in panel B. Representative deuterium build-up plots 

for peptides covering helix 12 are shown in panel C.
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FIGURE 6: 
Mapping ligand-dependent SRC3-RORγ2 contacts by differential XL-MS. RORγ2:cRORE 

was incubated with SRC3, treated with agonist SR19547 or DMSO only, and crosslinked. 

The crosslink abundance was determined using label-free quantitation and the results 

comparting the agonist and vehicle treatment groups is shown as a volcano plot in panel 
A. Crosslinks are represented as dots where the area corresponds to the XlinkX score (the 

confidence of the identification). The crosslinks are colored black and red if they are intra- 

or inter-protein crosslinks, respectively. The crosslinks whose abundance did not change 

substantially with agonist treatment are mapped to the primary structure of SRC3 and 

RORγ2 in panel B. The crosslinks whose abundance were significantly higher in the agonist 

treated group were mapped back to the primary sequence of RORγ2 and SRC3 in panel 
C. The boundaries of the RORγ2 DBD and LBD are indicated by pink bars. The NR-box 

LXXLL motifs of SRC3 and the C-terminal histone acetyl transferase (HAT) interaction 

domain are indicated by pink bars.
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