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A B S T R A C T   

RORγt plays an important role in mediating IL-17 production and some tumor cells. It has four functional do
mains, of which the ligand-binding domain (LBD) is responsible for binding agonists to recruit co-activators or 
inverse agonists to prevent co-activator recruiting the agonists. Thus, potent ligands targeting the LBD of this 
protein could provide novel treatments for cancer and autoimmune diseases. In this perspective, we summarized 
and discussed various modes of action (MOA) of RORγt-ligand binding structures. The ligands can bind with 
RORγt at either orthosteric site or the allosteric site, and the binding modes at these two sites are different for 
agonists and inverse agonist. At the orthosteric site, the binding of agonist is to stabilize the H479-Y502-F506 
triplet interaction network of RORγt. The binding of inverse agonist features as these four apparent ways: (1) 
blocking the entrance of the agonist pocket in RORγt; (2) directly breaking the H479-Y502 pair interactions; (3) 
destabilizing the triplet H479-Y502-F506 interaction network through perturbing the conformation of the side 
chain in M358 at the bottom of the binding pocket; (4) and destabilizing the triplet H479-Y502-F506 through 
changing the conformation of the side chain of residue W317 side chain. At the allosteric site of RORγt, the 
binding of inverse agonist was found recently to inhibit the activation of protein by interacting directly with H12, 
which results in unfolding of helix 11′ and orientation of H12 to directly block cofactor peptide binding. This 
overview of recent advances in the RORγt structures is expected to provide a guidance of designing more potent 
drugs to treat RORγt-related diseases.   

1. Introduction 

Nuclear receptors (NRs) are ligand-modulated transcription factors 
[1]. Different from other members of NRs, the retinoic acid 
receptor-related orphan receptor (ROR) γt (also called NR1F3) is only 
expressed in lymphoid organs [2]. The RORγt binds to the 
retinoid-related orphan receptor response element (RORE) within the 
nuclear DNA and then activates gene transcription (Fig. 1). As observed, 
this receptor could be constitutively active even without binding to a 
ligand [3]. So far, the RORγt is recognized to play indispensable role in 
the production of the pro-inflammatory cytokine interleukin IL-17, 
which is expressed from T-helper (Th)17 cells [3,4]. The IL-17 is 
actively involved in immunology processes, and is found as a critical 
driver of the pathogenesis of autoimmune diseases such as cancer, 
rheumatoid arthritis (RA), multiple sclerosis (MS), psoriasis and 

inflammatory bowel diseases [5–8]. Lots of studies have found that the 
RORγt is very important in multiple inflammatory and immunological 
pathways. Therefore, the receptor has been established as a suitable 
drug target for the design and discovery of novel treatments for these 
diseases [1,7,9–15]. Besides, recent studies focused on the over
expression of RORγt in tumor cells and found that the receptor plays an 
important role in metastatic castration-resistant prostate cancer 
(mCRPC) and pancreatic cancer [16–20]. 

Given the prominent role of RORγt in autoimmunity and cancer, the 
discovery of small molecules targeting the RORγt have been intensely 
pursued in the past decade [8–12,15,21–35]. We have sorted out the 
reported active and calculated drug-likeness values of some small mol
ecules (Tables S1–S17). Among these endeavors, the latest chemical 
language models have been used to automatically and intelligently 
design novel inverse agonists against RORγt [35]. Basically, an agonist 
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of RORγt can promote the formation of a coactivator complex, then 
enhance the gene transcription relative to the constitutive level of 
transcriptional activity, and an agonist could provide an unique 
approach to cancer immunotherapy [8,25]. On the other hand, an in
verse agonist of RORγt represses the formation of a coactivator complex, 
and then decreases the gene transcription relative to the constitutive 
level of transcription activity [9]. A designed small molecule which 
meets such repressing effect on RORγt could be ideally used as novel 
treatments for autoimmune diseases [15,23,26]. Interestingly, in tumor 
cell, an inverse agonist of RORγt can strongly inhibit expression of 
androgen receptor (AR) [16] and cell autophagy via increasing the 
expression of autophagy adaptor SQSTM [18], which shows robust 
antitumor activity against mCRPC (Fig. 1). Furthermore, an inverse 
agonist of RORγt in tumor cell has been reported to treat pancreatic 
cancer as well (Fig. 1) [20]. 

RORγt is composed of four distinct domains: the amino-terminal 
domain (A/B), the DNA-binding domain (DBD), the hinge region, and 
the ligand-binding domain (LBD) (Fig. 1) [7]. The DBD of RORγt binds to 
the ROR response elements (RORE) on DNA via two zinc-finger motifs 
[2]. The LBD region binds with an agonist to recruit a coactivator as well 
as an inverse agonist to stop the recruitment of a coactivator, and 
therefore affects the gene transcription [8,9,15,26]. During the past 
decades, numerous crystal structures of the LBD domain of RORγt in 
apo-state (without a bound ligand) and in complexes binding with 
agonist and inverse agonist have been published from different research 
labs and the R&D groups of pharmaceutical companies [11,14,36–54]. 
These x-ray structures revealed that the LBD domain of RORγt (Fig. 2) is 
featured as a three-layered fold of approximately 12 α-helices and 2–3 
β-strands. Among the core of its structure, there is a cavity with volume 
of around 940 Å3, forming a highly conserved hydrophobic 
orthosteric-binding pocket (Fig. 2A) [47]. For the apo- and 
agonist-bound state of RORγt-LBD, the binding site near the helix 12 
(H12) is ready to bind with a cofactor like steroid receptor coactivator 2 
(SRC2) [11,14,36–45]. Upon the binding of RORγt-LBD with an inverse 
agonist, the pocket is distorted through re-orientating H12 to a totally 
different position and pose (as shown in the right panel of Fig. 2) [46–52, 
54]. Recent published structures revealed a new allosteric-binding site 
at the LBD [55–60], which is located distal to the orthosteric site, and 
formed by helices 4, 5, 11 and 12 (Fig. 2B). Based on the published x-ray 
structures and the general information of how the transcriptional ac
tivity of RORγt is influenced by agonists and inverse agonists, it is really 
the time to explore the insights into the modes of action from the 
structural details of the RORγt LBD-ligand binding, which will be 
invaluable to help the design of novel small molecules as innovative 
therapeutics. This review is devoted to analyze the MOA of RORγt-li
gand binding at both orthosteric and allosteric sites, with the eventual 

aim to trigger new ideas for the rational design of more optimal drugs in 
the near future. 

2. Mode of action in agonists of RORγt 

Early studies [14,32,43] like cell-based reporter gene assays, and 
solution 13C/15N-labeled NMR sampling revealed that the RORγt is able 
to stimulate gene transcription in the absence of an exogenously added 
agonist, and its LBD in physiological solution is capable to recruit 
coactivator SRC2, indicating that the native RORγt is constitutively 
active. Cholesterol biosynthetic pathway study [14] found that the sterol 
lipids are sufficient to drive RORγt-dependent transcription, leading to 
the report that 25-hydroxycholesterol (25-HC) and other cholesterol 
biosynthetic intermediates are the natural ligands of this receptor. X-ray 
structures on both the apo-state RORγt LBD and its binding complex 
with agonists including 25-HC showed that the highly conserved 
orthosteric-binding pocket is predominantly hydrophobic with 61% of 
the total cavity volume, while the hydrophilic, basic and acidic com
positions have the volume percentage as 17%, 19% and 3%, respectively 
(Fig. 3A and B). As observed from these x-ray structures [11,37–45], the 
binding pocket is mainly composed of helices H1, H2, H3, H5 and H6, it 
extended to helices H11 and H12. At the entrance of the pocket, it sits 
mainly the hydrophilic and/or charged residues Q286, H323, R364 and 

Fig. 1. Schematic representation of RORγt receptor with its different domains and its nuclear binder RORE. In Th17 cell, the agonist of this receptor can be used for 
cancer immunotherapy, and its inverse agonist for potential treatment of autoimmune diseases. The inverse agonist of RORγt in tumor cell can be used for cancer 
therapy by tumor cell specific pathways. 

Fig. 2. Ribbon representative of RORγt LBD with its ligands. (A): RORγt LBD- 
agonist complex [43]. The agonist is bound at the orthosteric site, and shown in 
pink-colored space-filled style, while the H11 and H12 in blue ribbon, and the 
co-activator SRC2 in red. (B): RORγt LBD bound with an inverse agonist [57]. 
The inverse agonist is bound at the allosteric site, and is shown in gold-colored 
space-filled style. The distorted H11 and H12 are shown in blue ribbon. 
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R367, with surrounding water molecules to form a network of electro
static and hydrogen bonding interactions (Fig. 3A and B). As it goes 
deeper along the hydrophobic hallway of the pocket, the hydrophobic 
residues V361, M365, A368, V376, F377, F378, F388, L391 and I400 
form intra-molecular hydrophobic packing and strong inter-molecular 
hydrophobic interactions with an agonist. At the bottom of the pocket, 
hydrophobic residues L324, M358, L362, L396 and W317 act as not only 
a host for the embrace of the coming agonist, but also as a π-π stacking 
paw with residues H479, F486, H490, Y502 and F506 from the sur
rounding helices H11, H11′ and H12 (Fig. 3A, B, 3D). Such hydrophobic 
π-π packing is pivotal for the local intra-molecular interactions, making 
the H11 tightly packing around H3 and H5. This hydrophobic packing 
also makes residue H479 properly orientated toward H12, leading to the 
hydrophilic and hydrogen bonding interactions with residue Y502 of 
helix H12 (Fig. 3D and E). Once the H479-Y502 pair interactions are 
formed, the helix H12 is pulled to a position to help residue Y502 

packing with M358, it forms a protein binding site ready to recruit a 
coactivator SRC2 (Fig. 3E). It has been predicted that the triplet 
H479-Y502-F506 interactions contributed −12.90 kcal/mol energy to 
stabilize the local structures between H11, H11′, H12 and the neigh
boring helices [47]. His479-Tyr502-Phe506 cluster is thought to act as 
an agonist lock in RORγt, which is critical for the agonism and inverse 
agonism of RORγt binding in both the orthosteric site and the allosteric 
site [61]. 

Based on these general features of orthosteric binding site at the 
RORγt LBD structure, an agonist is expected to form hydrophilic/ 
charged interactions at the entrance of the pocket, then fills the hy
drophobic cavity along the hallway of the pocket. More importantly, the 
bound agonist is supposed to match very well with the packing paw at 
the bottom of the pocket, it enhances the hydrophobic cluster as shown 
in Fig. 3D, and greatly to stabilize the triplet H479-Y502-F506 in
teractions (Fig. 3D and E). As shown in Fig. 3, the reported typical 

Fig. 3. Cartoon representation for orthos
teric binding site at the RORγt LBD-agonists. 
(A) Colored ribbon for RORγt LBD showing 
residues important for agonist binding, 
rendered from x-ray structure (PDB code 
5YP6). The recruited coactivator SRC2 is 
shown as red ribbon. (B) The molecular 
surface of the binding pocket was colored by 
the electrostatic potentials, and sliced 
through the pocket entrance. (C) Typical 
agonists bound inside the orthosteric pocket, 
overlapped from x-ray structures (PDB codes 
as: 3KYT, 4XT9, 4WPF, 5APH, 5IZ0, 5UFO, 
5YP6, 6E3G, 6NWU). (D) A hydrophobic π-π 
cluster interactions were formed by F506, 
Y502, H479, W317, F486, H490 and W314 
in the agonist-bound RORγt LBD structures. 
(E) Local representative for the enhanced 
triplet H479-Y502-F506 interactions 
(dashed lines with labeled distances in Å) 
and the stabilized helix H12 (PDB code 
5YP6).   

Fig. 4. Chemical structures of compounds 1–3 and the cocrystal structures with RORγt-LBD. (A) Structures of agonist 1–3. (B) Structural overlay of 2 (PDB code 
4XT9, in cyan stick), 3 (PDB code 4NIE, in wheat stick) and 20-hydroxycholesterol (PDB code 3KYT, in orange stick). 
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agonists [11,14,36,38–41,44,45] fit comfortably inside the orthosteric 
binding pocket (Figs. 2A and 3C), with minor adaptive movements of 
side-chain in residues H323, A324 and M365 around the pocket 
entrance of the receptor (Fig. 3A). The enhanced RORγt-dependent gene 
transcription after agonist binding is mostly due to the hydrogen 
bonding between the agonist and the residues around the pocket 
entrance, the hydrophobic stacking with the residues in hydrophobic 
hallway of pocket, it further stabilized triplet H479-Y502-F506 (Fig. 3A, 
D, 3E). 

As an typical example, the thiazole amide RORγt agonists defines the 
binding mode of RORγt agonists. Starting from the novel RORγt inverse 
agonist hit (1) (Fig. 4A) (inhibitory pIC50 of 6 in a FRET assay), the 
substitution at 5-position of the thiazole ring with a bulky phenyl group 
led to the discovery of compound 2 (Fig. 4A), and compound 2 struc
turally occupies the hydrophobic pocket near AF2 domain (H12) and 
thus activates RORγt by stabilizing the AF2 domain toward steroid re
ceptor co-activator (SRC) recruitment. Correspondingly, Compound 2 is 
transformed to be a partial agonist, which activates RORγt with a pEC50 
of 5.5 in dual FRET assay and decreases much of maximum percentage 
of inhibition in FRET assay. Compounds 2 exhibits partial agonistic 
activity because its 5-phenyl moiety only partially occupies the hydro
phobic pocket. The derivative compound 3 and the 20-hydroxycholes
terol exhibit agonistic activity due to almost complete occupancy at 
the binding site (Fig. 4A and B). Besides, the hydrogen bonding in
teractions with R367 and π-π stacking interactions with L287, F377 and 
F388 enhance the binding of both compounds 2 and 3 with RORγt LBD 
(Fig. 4B) [11,37,61]. 

Molecular dynamics (MD) simulations [21,22,31] on the RORγt LBD 
revealed how the apo-state could be constitutively active and how an 
agonist could enhance the RORγt-dependent transcription activity. In 
the apo-state, the structure of RORγt LBD is dynamically stable, partic
ularly the helix H12. Only the helix 2 around the entrance of the binding 
pocket, and the helix H11′ are flexible to some extent. At the time scale 
of ~500 ns, the bound agonist could form a quite stable hydrophobic 
cluster with residues H479 and W317, and a local hydrophobic network 
among helices H11, H11′ and H12. The H479-Y502 pair interaction 
survives 98.2% during the whole simulation, which is ever stronger than 
that in the apo-state structure with survival percentage of 85.2%. A 
recent reported [44] 500 ns MD simulations also confirmed that a bound 
agonist could stabilize the H479-Y502 hydrogen bonding. These MD 
simulation results [21,22,31,44] at atomic level helped pretty better 
understanding of mode of action for RORγt agonism and are consistent 
with the reported structural indications for the RORγt-dependent tran
scription activity [14,36,39,40,43,45]. 

3. Mode of action for inverse agonists at orthosteric site 

As previous studies [4–7,9,13,14,16] showed that an inverse agonist 
of RORγt is more interesting and potent to repress high production of 
IL-17 and AR expression, thus could be used as direct treatment for some 
autoimmune diseases and cancers. Such pharmaceutical potential has 
been driving huge amounts of endeavor in designing novel and effective 
inverse agonist toward RORγt receptor [17,38–42,44,46–52,54,62–87]. 
Based on the above-described structural features of RORγt, an inverse 
agonist is supposed to be big enough to fill the binding pocket, and 
perturb the local packing paw with helices H11, H11′ and H12 (Fig. 3A). 
Most importantly, the inverse agonist should be able to weaken the 
hydrophobic cluster and destabilize the triplet H479-Y502-F506 in
teractions (Fig. 3D), of which is the point of Achilles heel for RORγt-
dependent gene transcription activity. As we explored from these 
reported x-ray structures, the binding of inverse agonists at orthosteric 
site is featured in these different MOAs: (1) the binding of inverse 
agonist blocks the entrance of the agonist pocket in RORγt; (2) the in
verse agonist directly breaks the H479-Y502 pair interactions; (3) the 
inverse agonist destabilizes the triplet H479-Y502-F506 interaction 
network through perturbing the conformation of the side chain in M358 

at the bottom of the binding pocket; (4) and the inverse agonist de
stabilizes the H479-Y502-F506 triplet through changing the conforma
tion of the side chain of residue W317 side chain. 

Blocking the pocket entrance. As shown in Fig. 5, these inverse 
agonists [44,46,49–54,63–68] do not penetrate very deep into the 
binding pocket, so the H479-Y502-F506 triplet can still survive but is 
obviously weakened. On the contrary, these inverse agonists interact 
very tightly and extensively with residues around the pocket entrance 
through hydrogen bonding, electrostatic and local hydrophilic network 
involving water molecules (Fig. 5). Typical inter-molecular interactions 
include the hydrogen bonding with residues Q286, H323, E379 and 
S404; directly or water mediated bridged; electrostatic interactions with 
residues R364 and R367; and hydrophobic packing with residues M365 
and F388 (Fig. 5C, D, 5E). After these inverse agonists sealed the pocket 
entrance (Fig. 5A), the natural ligands like 25-HC [36] is not able to 
competitively bind with the RORγt LBD any more. Therefore, the native 
constitutive activity of the receptor is stopped. 

The above MOA can be exemplified by the complex structure of 
compound 4 [62] with RORγt. This compound has the inhibitory IC50 of 
31 nM from a SRC recruitment assay (Fig. 6A). Structurally, the left-side 
terminal indane ring of compound 4 is unable to reach the depth of 
binding pocket and perturb the conformation of triplet 
H479-Y502-F506. Compound 4 blocks the pocket entrance through 
hydrogen bonding with F377, E379 and water molecules (Fig. 6B). The 
derivative compound 5 turned out to be able to fully occupy the binding 
pocket at the original position of ninhydrin, which stabilizes the triplet, 
and thus exhibited agonistic activity with a EC50 of 53 nM in a SRC 
recruitment assay (Fig. 6A). 

Directly breaking the H479-Y502 pair interactions. The inverse 
agonists [41,47,69–72] go through the hydrophobic hall of the binding 
pocket using their slim hydrophobic group in the structure, move the 
side chain of M365 to a pretty flat conformation, and finally reach the 
bottom of the binding site in RORγt LBD (Fig. 7A, C, 7D). The tail group 
of these inverse agonists push away residue H479 side chain and direct 
intercalate into the H479-Y502-F506 triplet (Fig. 7B, C, 7D), even some 
inverse agonists gain a hydrogen bond with H479 side chain (Fig. 7D). 
Such binding mode disrupts the triplet interactions, and therefore, 
destabilize the constitutively active conformation of RORγt (Fig. 7B). 
Such structural perturbation is also confirmed in our recent MD simu
lations [22] on the inverse agonist bound RORγt LBD (PDB code: 5VB5). 
We have found that the H479 side chain is forced by the bound inverse 
agonist to turn away from Y502 side chain, helix H11 moves outwards 
about 5.1 Å, and H11’ and H12 are structurally uncoiled. 

Compound 6 (digoxin) is a traditional reverse agonist of RORyt 
(Fig. 8A). Digoxin could displace SRC3-1b co-activator peptides (IC50 of 
1.8 μM) from the RORγt LBD and facilitate its interaction with co- 
repressor NCOR2 peptides (IC50 of 3.9 μM) [88]. Inside the binding 
pocket, digoxin maintains hydrogen bonds with R367, F377 and H479 
or indirect hydrogen bonds with V361 and E379. Wherein digoxin 
induced the significantly conformational change of the side chain of 
H479 in helix 11 of RORyt through the formation of a hydrogen bonding 
interaction with H479. Thus, digoxin disrupted the hydrogen bonding 
and π-π interactions of the H479-Y502-F506 triplet and inactivated the 
protein (Fig. 8B). 

Perturbing the conformation of M358. As observed from the x-ray 
structure of apo-state and agonist-bound RORγt LBD [47], residues 
M358 and W317 are very important to act as the packing paw from 
helices H5 and H3, with the helices H11, H11′ and H12 (Fig. 3A, D, 3E). 
Among the inter-helical packing, residue M358 interacts directly with 
H479 and F506, and provides a solid support for the bottom of the 
binding pocket (Figs. 3A and 9B). Perturbing such local interaction 
network would directly affect the formation of the H479-Y502-F506 
triplet (Fig. 9), and therefore disrupt the H12 to take part in the for
mation of coactivator binding site [40,42,46,54,74–76]. A recently re
ported [40] x-ray structure of RORγt LBD bound with a synthetic inverse 
agonist revealed that residue M358 is obviously a trigger to induce 
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inverse agonism of the receptor (Fig. 9B). A specifically designed 
U-shaped inverse agonist [76] with a IC50 of 3.6 nM in a reporter gene 
assay pushed M358 outward from the bottom of the binding pocket 
(Fig. 9C), and destroyed the helical structures of H11′ and H12, although 
the inverse agonist maintains a hydrogen bond with the side chain of 
H479. As shown in Fig. 9B, after binding with an inverse agonist, the 
side chain of M358 is forced to change from gauche-to trans-
conformation. The conformational change in M358 makes its side chain 
directly clash with the side chains of H479 and F506, and dramatically 
changes the orientation of H11 or even destroy the helical structures of 
H11 and H11’ (Fig. 9A and B). 

Interfering the conformation of W317. A series of x-ray structures 
of RORγt LBD reveal another mechanism of inverse agonism through 
interfering the conformation of the side chain of W317 [17,38,39,42,45, 
48,62,74,75,78–86]. These inverse agonists orientate inside the binding 
pocket in a way (Fig. 10) that is different to some extent from those 

inverse agonism through perturbing the side chain of M358 (Fig. 9). 
That is, taking more advantage of hydrophilic interactions with Q286, 
R364 and R367, but not E379; packing better with hydrophobic side 
chains of F378, F388, F401, C320 and L324 along the hydrophobic hall 
way; and pushing away the side chain of W317 from its gauche-
conformation to mostly the trans-conformation (Fig. 10B). Meanwhile, 
due to the leftover space around M358, the side chains of H479 and L483 
are pulled closer to the bottom of the binding pocket (Fig. 10B). Origi
nally in the apo-state and agonist-bound RORγt LBD (Fig. 3D), the W317 
is parallelly packed with the side chain of F486, and contacts 
head-to-head with the side chain of F498 [22,39,42,43]. This was very 
critical for the orientation of helices H11, H11′ and H12. When the side 
chain of W317 is pushed to trans-conformation by the binding of the 
inverse agonist (Fig. 10B), this residue comes in direct steric clash with 
the side chain of F498 at H11’. Such steric clash shifts the H11 up about 
5.0 Å (Fig. 10C and D), and makes the helical structures of H11’ and H12 

Fig. 5. Mechanism of RORγt inverse ago
nism through blocking the entrance of the 
binding pocket by a class of inverse agonists. 
(A) Typical binding structures of RORγt LBD 
with inverse agonists, retrieved from PDB 
codes 4YMQ, 5NI5, 5NI7, 5NI8, 6E3E, 6ESN, 
6FGQ, 6R7A, 6R7J, 6R7K, 6P9F, 6U25, 
6O3Z, 7JTW, 7JYM, 7KCO, 7KQJ, 7KXD, 
7KXE, 7KXF, and 7LUK. The inverse agonists 
are shown as yellow sticks in the binding 
pocket. (B) Structural comparison between 
the RORγt LBD binding with an inverse 
agonist (PDB code 4YMQ, colored in cyan) 
and that of the same receptor binding with 
an agonist (PDB code 5YP6, green ribbon). 
The root-mean square deviation (RMSD) is 
only 0.2 Å, and the H12 is survived from the 
binding of the inverse agonist. (C) Local 
view of the inverse agonists blocking the 
pocket entrance, and the surrounding hy
drophilic and charged residues of RORγt. 
Red spheres represent the water molecules 
from X-ray structures. (D) Atomic in
teractions between the RORγt LBD and the 
inverse agonist, derived from the x-ray 
structure (PDB code 4YMQ). Dashed lines 
represent the hydrogen bonds with labeled 
distances (Å). (E) Another example derived 

from the x-ray structure (PDB code 6ESN) showing details of inter-molecular interactions (with distances labeled in Å).   

Fig. 6. Structures of compounds 4–5 and their cocrystal structures with RORγt-LBD. (A) Structures of inverse agonist 4 and agonist 5. (B) Binding model of 
compound 4 to the RORγt LBD (PDB code 6E3E, in wheat stick). Protein structure and binding pocket are colored in gray and hydrogen bond is colored in yellow. 
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severely disrupted or totally uncoiled (Fig. 10C and D) [38,77,79,82,84, 
85]. 

Among these discovered inverse agonists, the pyridin-substituted 
benzamide compound as revealed in PDB 6CN6 is able to shift ~110◦

in the conformation of the side chain of W317, and also maintains a 
hydrogen bond with the side chain of H479 in RORγt LBD, showing great 
potency (IC50 = 5.0 nM by TR-FRET cofactor recruitment assay) with 
RORγt receptor(Fig. 11A) [83]. A recently identified inverse agonist 
with thiazole skeleton was able to exceptionally tune the conformation 
of both the side chain of M358 and the side chain of W317 (Fig. 11B), 
showing high level affinity (Kd = 0.48 nM by ThermoFluor assay) with 
RORγt receptor [84]. One more typical example is a recently designed 
N-aryl imidazole compound as a class of potent RORγt inverse agonist 
(Fig. 11C) [85]. This class of compounds embed very deep inside the 

binding pocket, tune the side chain of W317 to the trans-conformation, 
and maintained a hydrogen bond with the side chain of H479 in RORγt 
LBD. Based on this mechanism, compound revealed in PDB 6Q7H shows 
inverse agonistic activity with a IC50 of 31 nM in a TR-FRET assay. All 
these three classes of compounds are evaluated to be potent, selective 
and bioavailable RORγt inverse agonists. In our recent study [21], we 
explored the mode of action of our newly discovered N-sulfonamide 
tetrahydroquinoline derivatives by performing ~100 ns MD simulations 
on the molecular-modeled RORγt LBD binding structures. Our MD re
sults described dynamic process of how the binding of an inverse agonist 
could change the conformation of the side chain of W317, perturb the 
hydrophobic cluster around W317 (Figs. 3D and 10B), and how the 
helical structures of H11, H11′ and H12 got distorted and collapsed. We 
found that residue W317 did act as the inducer to destabilize the H11’ 

Fig. 7. Inverse agonists breaking the H479-Y502-F506 triplet interactions of RORγt. (A) X-ray binding structures of RORγt LBD with inverse agonists, the PDB codes 
are 5VB5, 5VB6, 5UFR, 5UHI, 6A22, 6BN6, 6NAD, and 6Q2W. These inverse agonists are shown in green sticks in the binding pocket. The helix H11 is shifted 
obviously, and the H12 is mostly distorted. (B) Comparison at the local structures of the H479-Y502-F506 triplet, M358 and W317 of these x-ray structures, with that 
of the same receptor binding with an agonist (PDB code 5YP6, green ribbon). The side chain of H479 is pushed away from the bottom of the binding pocket by the 
bound inverse agonists, although the M358 and W317 could maintain at almost the same positions. (C) Atomic interactions between the RORγt LBD and the inverse 
agonist, derived from the x-ray structure (PDB code 5VB6), of which the inverse agonist could gain a hydrogen bond with the H479 side chain. Dashed lines represent 
the hydrogen bonds with labeled distances (Å). (D) Typical example of the x-ray structure of RORγt LBD bound with an inverse agonist (PDB code 6BN6). The details 
of inter-molecular interactions include the hydrogen bonding of the inverse agonist with the H479 side chain with distances labeled in Å. 

Fig. 8. Structure of compound 6 and its cocrystal structures with RORγt-LBD. (A) Structure of inverse agonist 6. (B) Superposition of the RORγt LBDs in complex with 
6 (PDB code 3B0W, compound 6 in wheat stick and protein in gray cartoon) and protein in the agonistic state (PDB code 3L0L, in pink cartoon). Hydrogen bonds are 
indicated by yellow dashed lines and π-π stacking is indicated by blue dashed lines. 
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Fig. 9. RORγt inverse agonism by perturbing the M358 side chain. (A) X-ray structures of RORγt LBD binding with inverse agonists, retrieved from PDB codes as 
4ZJW, 5ETH, 5IXK, 5NTQ, 5ZA1, and 6B33. These inverse agonists are shown in pink sticks in the binding pocket. The helices H11′ and H12 are obviously uncoiled. 
(B) These X-ray structures are compared with that of the same receptor binding with an agonist (PDB code 5YP6, green ribbon), at the local structures around 
residues W317, M358 and H479. The M358 side chain is pushed outward to trans-conformation. (C) Atomic interactions for the RORγt LBD and the inverse agonist at 
the binding pocket, this is derived from the x-ray structure (PDB code 6B33), of which the inverse agonist could maintain a hydrogen bond with the H479 side chain. 
Dashed lines represent the hydrogen bonds with labeled distances (Å). 

Fig. 10. RORγt inverse agonism by 
interfering the W317 side chain. (A) X- 
ray structures of RORγt LBD binding 
with inverse agonists from typical x-ray 
structures (PDB code: 3B0W, 4QM0, 
4WQP, 4ZJR, 4ZOM, 5APK, 5AYG, 
5M96, 5NTK, 5NTP, 5W4R, 5X8Q, 
6BR2, 6BR3, 6CN5, 6CN6, 6CVH, 6IVX, 
6J1L, 6NWT, 6Q6M, 6Q6O, 6Q7A, and 
6Q7H). These inverse agonists are 
colored in cyan sticks inside the binding 
pocket. The helices H11′ and H12 are 
obviously uncoiled. (B) These X-ray 
structures are compared with that of the 
same receptor binding with an agonist 
(PDB code 5YP6, green ribbon), at the 
local structures around residues W317, 
M358 and H479. The W317 side chain is 
pushed outward to trans-conformation 
as the red arrow indicated. The H479 is 
pulled much in close the bottom of the 

binding pocket. (C) A typical RORγt LBD bound with an inverse agonist (PDB code: 6CN6, shown in purple ribbon), which lost the structure of H11′ and H12, is 
superimposed to the agonist-bound receptor (shown as green ribbon) with the geometric RMSD of 0.46 Å. (D) Local view of the helix H11 of the superimposed 
structures.   

Fig. 11. Representative examples of 
inverse agonists tuning the conforma
tion of W317 side chain to block the 
activity of RORγt-dependent gene tran
scription. Viewing after clock-wise 90◦

rotation relative to the position as 
shown in Fig. 10A small molecules are 
shown in cyan-colored stick style, and 
dashed lines for hydrogen bonds with 
labeled distances (Å). (A) The benza
mide compound pushed W317 away but 
kept hydrogen bonding with H479 side 
chain. (B) The thiazole compound 
pushed away side chains of both W317 
and M358. (C) The smaller imidazole 
compound binds similarly as that of the 
benzamide compound, also hydrogen 
bonded with H479.   
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and H12, and deactivate RORγt receptor. These MD insights have 
reasonably explained the observed different conformations of W317 in 
the reported x-ray structures as discussed above, and demonstrated their 
inverse agonism through the tuning the side chain of W317 in RORγt. 

4. Mode of action for inverse agonists at allosteric site 

While great efforts were spent on the design of inverse agonists 
binding at the orthosteric binding pocket at RORγt LBD, a new type of 
inverse agonists were discovered to bind at the allosteric site (Figs. 2B 
and 12) [55–60,87], which occupies the site originally for the coac
tivator in the apo-state and active RORγt receptor (Figs. 2A and 3A). This 
site is formed by the helices H4, H5, H11 and H12. The bound inverse 
agonists interact directly with H12, resulting in unfolding of helix 11′

and orientation of H12 to directly block cofactor peptide binding 
(Fig. 12A, B and 12D). As this conceptually new binding site is not 
overlapped with the orthosteric site (Fig. 12D), the obvious advantage of 
such inverse agonism is that the inverse agonists could more effectively 
inhibit the RORγt-dependent gene transcription. Such inhibition is also 
independent on the concentration of natural ligands of RORγt like 
cholesterol or 25-HC, as such type of inverse agonists do not compete 
with these previous found agonists in the orthosteric binding pocket [11, 
37,39,40,44,45,87]. On the contrary, the binding at these two sites is 
structurally cooperative as revealed in a recent co-crystallization and 
MD simulations study [87]. It demonstrate that the binding of an agonist 
at the orthosteric site helps to stabilize the allosteric site, and thus en
hances the affinity of the bound inverse agonist at the allosteric site. 

As depicted in Figs. 12C and 13, these inverse agonists could fit very 
well inside this small allosteric binding site, form hydrophobic in
teractions with side chains of W317, I328, M358, L501, Y502, L505, and 
F506, while the H479 side chain is pushed down to the bottom of the 
orthosteric pocket of RORγt LBD [55,57,59]. The polar groups of these 
inverse agonists could form hydrogen bonds with the backbone –NH 
group of residues of A497 and F498, the side chain of Q329, and strong 
hydrophilic interactions with Q484. Among them the compound 
MRL-871 as revealed in PDB 4YPQ, which acts as the first allosteric 
inhibitor identified, have IC50 values of 7 nM in a cofactor peptide 
recruitment assay [55]. Then Glenmark Pharmaceuticals used the 

MRL-871 core as the basis for an in silico scaffold hopping screen and 
contributed to the development of a series of structures based on thie
nopyrazole scaffold. The compound as revealed in PDB 6TLM shows the 
highest potency with IC50 of 425 ± 61 nM in a TR-FRET coactivator 
recruitment assay. In our MD simulations [22] on the PDB 5C4O system 
[55], we found that the H11′ acts as a long arch connecting H11 and 
H12, and H12 could survive well as a regular helix during the whole 
simulation time of 100 ns. We also found that the most flexible com
ponents in the 5C4O system are the helix H2 and the neighboring 
β-sheets at the entrance area of the orthosteric binding pocket of the 
receptor [22]. 

5. Conclusion and perspective 

RORγt plays an important role in multiple inflammatory and 
immunological pathways, the desire to discover small molecules tar
geting the RORγt has been intensely pursued in the past decades. 

Based on the published x-ray structures, we explored the binding 
details of RORγt with a series of small molecules. For sure, the MOA 
insights from these structures have been driving the novel design and 
optimization of hundreds of highly potent agonists and inverse agonists. 
The results from computational studies using the tool as molecular dy
namics simulations also provided further understanding of the binding 
features of RORγt with ligands. 

Among the discovered hundreds of highly potent ligands, some of 
which have become excellent clinical drugs such as pyrazinone deriva
tive BI 730357 [28]. However, it is really very challenging to transform 
the potent lead compounds through multiple pharmaceutical tests of 
both in vitro and in vivo, into clinically useful agents. Currently, drug 
discovery and development targeting RORγt needs new crues and di
rections. For this purpose, we think that the MOA insights together with 
the artificial intelligence (machine learning and deep learning) aided 
drug design [35] will definitely lend a helping hand. 

Associated content 

The Supporting Information is available free of charge on the ACS 
Publications website. Also provided are the properties and druglikeness 

Fig. 12. Representation for allosteric binding site at the RORγt LBD and its binding with inverse agonists. (A) RORγt LBD is shown in colored ribbon, with important 
residues for inverse agonist binding, rendered from x-ray structure (PDB code 6SAL). (B) The binding site shown as molecular surface and sliced through the top 
entrance. (C) Reported inverse agonists bound inside the allosteric site, the binding site is shown as molecular surface and colored in electrostatic potentials with red 
for negative and blue for positive. The small molecules are superimposed from x-ray structures (PDB codes: 4YPQ, 5C4O, 5C4S, 5C4T, 5C4U, 5LWP, 6SAL, 6TLM, 
6UCG, 7NEC, 7NP5 and 7NP6). (D) Relative positioning of the allosteric binding site to the orthosteric binding pocket, shown in differently colored molecule surface. 
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MOA modes of action 
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Th T-helper 
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MS multiple sclerosis 
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PD pharmacodynamic 
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SAR structure-activity relationship; 
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