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Molecular dynamics simulations on RORγt: insights into
its functional agonism and inverse agonism
Cong-min Yuan1, Hai-hong Chen1, Nan-nan Sun1, Xiao-jun Ma1, Jun Xu1 and Wei Fu1

The retinoic acid receptor-related orphan receptor (ROR) γt receptor is a member of nuclear receptors, which is indispensable for
the expression of pro-inflammatory cytokine IL-17. RORγt has been established as a drug target to design and discover novel
treatments for multiple inflammatory and immunological diseases. It is important to elucidate the molecular mechanisms of how
RORγt is activated by an agonist, and how the transcription function of RORγt is interrupted by an inverse agonist. In this study we
performed molecular dynamics simulations on four different RORγt systems, i.e., the apo protein, protein bound with agonist,
protein bound with inverse agonist in the orthosteric-binding pocket, and protein bound with inverse agonist in the allosteric-
binding pocket. We found that the orthosteric-binding pocket in the apo-form RORγt was mostly open, confirming that apo-form
RORγt was constitutively active and could be readily activated (ca. tens of nanoseconds scale). The tracked data from MD
simulations supported that RORγt could be activated by an agonist binding at the orthosteric-binding pocket, because the bound
agonist helped to enhance the triplet His479–Tyr502–Phe506 interactions and stabilized H12 structure. The stabilized H12 helped
RORγt to form the protein-binding site, and therefore made the receptor ready to recruit a coactivator molecule. We also
showed that transcription function of RORγt could be interrupted by the binding of inverse agonist at the orthosteric-binding
pocket or at the allosteric-binding site. After the inverse agonist was bound, H12 either structurally collapsed, or reorientated to
a different position, at which the presumed protein-binding site was not able to be formed.
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INTRODUCTION
Nuclear receptors (NRs) are ligand-regulated transcription factors
[1]. The retinoic acid receptor-related orphan receptor (ROR) γt, as
an NR, is only expressed in lymphoid organs, binds to the retinoid-
related orphan receptor response element (RORE) within DNA to
activate gene transcription, and has a constitutive level of activity
even without binding to a ligand [2]. RORγt is indispensable for
the pro-inflammatory cytokine interleukin IL-17 to be expressed
from T-helper (Th)17 cells [3]. Th17 cells play a central role in the
pathogenesis of autoimmune diseases such as rheumatoid
arthritis, multiple sclerosis, psoriasis, and inflammatory bowel
diseases, and are also actively involved in immunology processes
[4–7]. As it is so important in multiple inflammatory and
immunological pathways, RORγt has been established as a
suitable drug target for the design and discovery of novel
treatments for these diseases [1, 7–12].
Structurally, RORγt contains four different domains, namely, an

N-terminal activation domain (activation function 1, AF1), a DNA-
binding domain that binds the RORE in DNA via two zinc-finger
motifs, a hinge region, and a C-terminal ligand-binding domain
(LBD) [13–16]. The structure of the RORγt LBD features a three-
layered fold of approximately 12 α-helices and 2–3 β-strands,

making a highly conserved hydrophobic orthosteric-binding
pocket in its core structure and a protein-binding site near helix
12 (H12) for the binding of a cofactor [17–23]. The transcription
function of RORγt can be easily modulated by a small ligand called
a modulator. Once the RORγt LBD binds a modulator at its
orthosteric-binding pocket, it is enabled to recruit either a
coactivator or a corepressor to be bound at the protein-binding
site. H12 (also called activation function 2, AF2) of the LBD is the
essential structural component of the protein-binding site, and it
can adopt distinct conformations in response to the binding of
different modulators. Recent structural studies [17, 18, 20]
revealed a new allosteric-binding site at the LBD that is formed
by helices 4, 5, 11, and 12 and is far from the orthosteric-binding
pocket (Fig. 1). After the binding of an agonist at the orthosteric-
binding pocket, H12 at the LBD is stabilized in a conformation that
is ready to interact with a coactivator, such as steroid receptor
activator 2 (SRC2), at the protein-binding site. H12 can also be
destabilized or completely reorientated after an inverse agonist is
bound at the orthosteric-binding pocket or at the new allosteric
site, thus repressing the gene transcription function of RORγt
[15, 17, 19, 21]. Although this structural information has provided
profound insights into how RORγt binds with an agonist or inverse

Received: 16 March 2019 Accepted: 21 May 2019
Published online: 17 July 2019

1Minhang Hospital and Department of Medicinal Chemistry at School of Pharmacy, Fudan University, 201203 Shanghai, China
Correspondence: Jun Xu (Aline_Adam@163.com) or Wei Fu (wfu@fudan.edu.cn)
These authors contributed equally: Cong-min Yuan, Hai-hong Chen, Nan-nan Sun

www.nature.com/aps

© CPS and SIMM 2019

http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-019-0259-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-019-0259-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-019-0259-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-019-0259-z&domain=pdf
mailto:Aline_Adam@163.com
mailto:wfu@fudan.edu.cn
www.nature.com/aps


agonist and where H12 of the LBD could interact with or reorient
relative to the neighboring structural components, the mechan-
isms of these conformational changes resulting from ligand
binding remain ambiguous. For example, how does the binding of
an agonist at the orthosteric-binding pocket cause the stabiliza-
tion of H12 and therefore help the RORγt in recruiting the
coactivator? How does an inverse agonist binding at the
orthosteric-binding pocket or at the allosteric-binding site perturb
the protein-binding site? This event leads to H12 destabilization
and the coactivator not being able to bind. It has been suggested
that the binding of an agonist or inverse agonist can switch on or
off the transcriptional activity of RORγt and that the dynamic
conformational equilibrium is a fundamental attribute of this
receptor. We think it is important to understand the molecular
mechanisms underlying the conformational dynamics of RORγt
and their relationship to its transcription function [24]. Such
understanding of the dynamic conformational equilibrium is also
important and helpful for the future design of novel RORγt
modulators (agonists or inverse agonists) with better pharmaco-
kinetic and/or pharmacodynamic properties, such as improved
cellular activity, potent inhibition of IL-17 release, and better oral
bioavailability.
In the present study, we selected a system of RORγt without

ligand binding (apo-form) and three typical systems of RORγt
bound with different modulators: agonist, inverse agonist bound
at the orthosteric-binding pocket, and inverse agonist bound at
the allosteric-binding site. We conducted molecular dynamics
(MD) simulations on all four RORγt systems to track the
intramolecular and intermolecular interactions. The results from
our MD simulations confirm that the apo-form RORγt is
constitutively active. We also demonstrated that the binding of
agonist stabilizes H12 and that the binding of inverse agonist
makes H12 completely collapse or reorient to a different position.
Once H12 of RORγt is not able to partly form the presumed
protein-binding site, the transcription function of the receptor is
disrupted. These insights into the inherent conformational
dynamics of RORγt will be very helpful for the design of ligands
with greater potency and specificity (agonists and/or inverse
agonists) that could be used as potential treatments for RORγt-
related health problems.

MATERIALS AND METHODS
MD simulations
The details of the MD simulations on the RORγt protein are listed
in Table 1. Specifically, we started from crystal structures [17, 20]
by selecting four PDB systems (the linker GGGG and the co-
crystallized coactivator were removed) and named them PDB IDs.
These systems include an apo-form of the RORγt protein (PDB
entry 5VB3, resolution of 1.95 Å), the RORγt-agonist bound
complex (PDB entry 5VB7, resolution of 2.34 Å), the RORγt bound
with an orthosteric inverse agonist (PDB entry 5VB5, resolution of
2.23 Å), and the RORγt bound with an allosteric inverse agonist
(PDB entry 5C4O, resolution of 2.24 Å). Each of the selected
protein structures was visually checked and prepared by using the
Protein Preparation Wizard encoded in the Schrodinger 3.5 soft-
ware package [25]. Protonation states of ionizable residues and
histidine residues were predicted according to the microenviron-
ment and pKa values calculated with the PROPKA algorithm
(http://propka.org) at pH= 7.0. Missing side chains and hydrogen
atoms for each structure were complemented and minimized with
restraints. To prepare the molecular topology files for each ligand,
we directly extracted the ligand structure from the cocrystal
structure and then generated the topological files using the
PRODRG program [26]. Then, each system of protein structures
was solvated in a cubic SPC water box with at least 10 Å from the
box boundary to any residue. Na+ and Cl− ions were added to
neutralize each solvated system and to maintain the ionic
concentration at 0.15 M.
All MD simulation courses were carried out by using the

Gromacs 5.1.4 package applied with the GROMOS96 43A1 force
field [27]. Based on each of the prepared systems, energy
minimization was performed first for the solvent molecules,
including ions, and then on the protein and ligand molecule with
constraints on protein backbone atoms [28]. After these two
rounds of energy minimization, the whole system was minimized
again without any constraints. During the energy minimization, we
used the steepest descent algorithm and conjugate gradient
algorithm successively [27]. Afterwards, each system was equili-
brated at 50, 100, 200, and 310 K for 10 ps each, followed by NPT
equilibration for 20 ps at 310 K. The Langevin Nose ́–Hoover
thermostat [29, 30] and the Parrinello–Rahman method [31, 32]
were employed to maintain each system at a constant tempera-
ture and a constant pressure of 1 atm. All bonds were constrained
by the LINCS algorithm [33]. The van der Waals interaction cutoff
was set to 12 Å, while long-range electrostatic interactions were
calculated using the particle mesh Ewald method [34, 35] with a
grid size of 1.2 Å. The time step was set as 2 fs with coordinates
saved every 10 ps for the purpose of analysis. The periodic
boundary conditions were implemented in all directions along the
simulation box. After equilibration of the system, the production
MD simulations were run for 150 ns for each system.

Data analysis
We performed all the analyses based on the trajectories of the MD
production stage. The conformations of each trajectory were
clustered by the tools inside the Gromacs 5.1.4 package. The
representative structure of each system was derived from the
largest conformational cluster based on the MD trajectories [36].
The DSSP program [37] was applied to standardize the secondary
structure assignment of two helices (H11’ and H12). To reveal the
most important internal motion of each simulated system, we
performed principal component analysis (PCA) [38–40] on the MD
trajectories. Briefly, we used the starting system as the reference
structure and performed a least square fitting of the MD trajectory
to the reference structure [41, 42]. The covariance matrix was built
and diagonalized, and the first principal component was plotted
by the convenient tools implemented inside the Gromacs 5.1.4
package. All the structural graphics were processed with the
PyMOL software [43].

Fig. 1 Orthosteric-binding site (yellow) and allosteric-binding site
(green) of RORγt protein. X-ray structures superimposition of PDB
5VB5 (yellow) and 5C4O (green) based on their Cα atoms
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RESULTS AND DISCUSSION
Stability of the simulation systems
For the purpose of comparing the simulated structures, we
superimposed the starting structure of each system onto the apo-
form structure, 5VB3. As shown in Fig. S1 of the Supporting
Information, the X-ray structures of the apo-form in 5VB3, agonist-
bound form in 5VB7, and form bound with an inverse agonist at
the orthosteric-binding pocket in 5VB5 could be superimposed
very well (Fig. S1a) with small overall positional root-mean square
deviation (rmsd) values (rmsd for Cα atoms of 5VB7 vs. those of

5VB3 was 0.367 Å, 5VB5 vs. 5VB3 as 0.178 Å). The Cα rmsd between
the 5C4O protein structure bound with the inverse agonist at the
allosteric-binding site and the 5VB3 structure is 0.66 Å (Fig. S1b),
and an obvious difference exists at H11, H11‘, and H12 (Fig. S1c).
Figure 2 shows the time-dependent rmsd curve of Cα atoms for

each simulated system based on the starting X-ray structure. As
the simulations progressed, each of the systems fluctuated for a
short period of time, ca. 5–10 ns, and then the rmsd curve became
very flat until the end of simulation at 150 ns. However, in the
5VB5 system, the rmsd curve flattened at approximately 60 ns,

Table 1. Detailed information of MD simulations for the four RORγt systems

Systems System size (Å) Residues Ligand* Type Binding site

5VB3 53*56*42 265-507 - apo -

5VB7 56*55*43 265-507

N

N N

O
O

921

 

agonist

5VB5 56*53*43 265-507 Cl

H
N

O

NH

O
N

O

92A

orthosteric 

5C4O 43*63*46 267-507 F3C

Cl

N
O

N

COOH

4F1

inverse 
agonist

allosteric

Fig. 2 Positional rmsd (in Å) for Cα atoms of each of the simulated systems along the simulation time (ns), and labeled with the PDB IDs
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which was attributed to collapsed H11‘ and H12 (the details will be
discussed later). In general, each of the simulations proceeded
smoothly, and the protein structure was quite stabilized by the
solvent molecules.

Conformational dynamics of the Apo-form of RORγt
In a recent report on the X-ray structure of RORγt [20], it was
claimed that the apo-form, i.e., the ligand-free structure, was able
to maintain an active state based on two observations. The first
observation was that H12 was in an active conformation similar to
the conformation of H12 in the coactivator-bound structure (PDB
entry 3L0L). H12 was stabilized by intramolecular interactions of
the triplet residues His479–Tyr502–Phe506. Another observation
was from the solution NMR studies, which showed distinctive
chemical shift perturbations at the backbone atoms with titration
of coactivator SRC2. To confirm that the apo-form RORγt is active
and ready to bind coactivator if provided, we performed PCA and
DSSP [37] calculations to track the secondary structure of H11‘ and
H12 based on the MD trajectory. As shown in Fig. 3a, the plot of
PCA results suggests that the apo-form RORγt does have some
structural flexibility and that the helices H2 and H11‘ are the most
flexible parts of the structure. As helix H2 is located at the
entrance of the orthosteric-binding pocket, its structural fluctua-
tion indicates that the orthosteric-binding pocket is open and

ready to accept a ligand. The secondary structure contents of H11‘
and H12 (Fig. 3b) indicate that H11‘ uncoiled entirely, from helix to
random coil, at approximately 60 ns into the MD trajectory. As a
result of the structural change in H11‘, the helix H11 tilted toward
the helix H12. During this process, H12 was maintained as a
regular α-helix and packed well with H11 (Fig. 3b).
Tracking of the positions of the triplet residues His479–Tyr

502–Phe506 from the MD trajectory reveals the important details
of their intramolecular interactions. As shown in Fig. 4, residue
His479 from H11 formed a constant hydrogen bond with the
hydroxyl group at the side chain of Tyr502 from H12 (Fig. 4b),
being maintained for 85.2% of the MD trajectory (black curve of
Fig. 4a). The side chain of His479 also formed a typical edge-to-
face and/or face-to-face π–π interaction with the aromatic side
chain of Phe506 (blue curve of Fig. 4a) for 85.9% of the the MD
simulations (the cutoff distance from the center of the His479 side
chain to the center of the Phe506 side chain was 6.5 Å). There was
also an intermediate π–π stacking interaction between the
aromatic side chain of Tyr502 and the side chain of Phe506 that
was present 95.6% of the whole MD trajectory (red curve of
Fig. 4a, and cutoff distance from the center of the Tyr502 side
chain to the center of the Phe506 side chain was 6.5 Å). All of
these data of tracked distances suggest that the triplet residues
His479–Tyr502–Phe506 had strong intramolecular interactions.

Fig. 3 Results of structural monitoring of the apo-form RORγt 5VB3 from the MD trajectory. a The plot of PCA analysis for the whole LBD
structure, where the H2 and H11‘ are labeled. b The tracked changes in the secondary structure of H11‘ and H12, which were calculated by
using the DSSP software [37]. Left panel: a typical conformation of H11–H11‘–H12 (colored in cyan) derived from the largest conformational
cluster of the MD trajectory, is superimposed onto the starting X-ray structure (colored in purple). Right panel: secondary structure changes of
H11‘ and H12 along the simulation time
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Such hydrogen-bonding and aromatic packing interactions are
the most important structural determinants allow H12 to maintain
a regular α-helix structure.

Mode of action for RORγt binding an agonist
As reported in previous structural studies [7, 13, 20–23], the
sandwich-like RORγt LBD contains an orthosteric-binding pocket
formed by helices H2, H3, H5, and H11 at its central layer. This
pocket is mainly hydrophobic and large enough (~940 Å3) to
accommodate ligands of various sizes and shapes [13, 20, 22]. As
shown in Fig. 5a, for the binding structure derived from the
trajectory of the MD product, agonist 921 sits very well inside this
orthosteric-binding pocket, with its pyridine head group located
near the entrance of the pocket and its phenyl tail reaching the
bottom of the binding site (Fig. 5a). The isobutylene group of
agonist 921 packs tightly with hydrophobic side chains of residues
Val376, Leu387, Leu391, and Leu396. The tracked dynamics from
MD simulations (Fig. 5b) show that most of these receptor-agonist
interactions are persistent. For example, the pyridine head group
formed a constant hydrogen-bonding interaction with the

backbone amide hydrogen atom of Gln286 for 93.5% of the
simulation, and the phenyl ether group of agonist 921 formed π–π
interactions with the aromatic side chain of Trp317 96.7% of the
time and with the His479 side chain 98.7% of the simulation time.
The π–π interactions of the phenyl head of 921 with His479 and
Trp317 form a hydrophobic cluster. His479 is in the middle of the
cluster and forms a face-to-face π–π interaction with both the side
chain of Trp317 and the phenyl head of 921, indicating the
important role of His479.
Since agonist 921 is bound tightly at the orthosteric-binding

pocket, we wanted to know how the agonist binding affects H12
and the protein-binding site. For this purpose, we tracked the
changes of the triplet His479–Tyr502–Phe506 through the MD
trajectory. As shown in Fig. 6, these typical intramolecular
interactions are conserved in the presence of agonist 921. The
His479–Tyr502 hydrogen-bonding interaction survived well,
retained for 74.8% of the simulation (based on the same criterion
as in Fig. 4). The π–π interactions between the side chains of the
His479–Tyr502 pair remained for 98.2% of the simulation, and
100% for the Tyr502–Phe506 side chain interactions.

Fig. 5 RORγt 5VB7 binding with agonist compound 921, and the intermolecular interactions. a The agonist 921 (shown in ball-and-stick style)
at the orthosteric-binding pocket displayed with important residues. Hydrogen bonds are represented as red dashed lines. b The tracked
distances between the important residues and the agonist 921. The His479—921 stands for the distance from the center of His479 side chain
to the center of the phenyl group at the tail of agonist 921, the Trp317—921 stands for the distance from the center of Trp317 side chain to
the center of the phenyl group at the tail of 921, and the Gln286—921 for the distance from the backbone nitrogen atom of Gln286 to the
nitrogen atom at the pyridine head group of agonist 921

Fig. 4 The dynamics of the triplet H479-Y502-F506 in 5VB3 system along the MD trajectory. a Tracked distances between each pair of these
three residues. b The hydrogen-bonding interaction between the side chain of His479 from H11 and the side chain of Tyr502 from H12, which
is represented as red dashed line, with the cutoff criterion that the distance from the nitrogen atom at His479 side chain to the oxygen atom
at the Tyr502 side chain is less than 3.5 Å. These triplet residues are shown as sticks and the protein as ribbon in cyan color
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In addition to the persistence of the triplet interactions, we
tracked the secondary structures of H11‘ and H12, which are
presented in Fig. 7a. H12 is able to orientate in a position very
similar to that in the starting structure (left panel of Fig. 7a), and
keeps its helical structure (right panel of Fig. 7a). The PCA plot
(Fig. 7b) shows that the agonist-bound RORγt LBD is much less
flexible than the apo-form RORγt (Fig. 4a). Although H11‘ is flexible
to some extent (Fig. 7b), it is mostly helical throughout the MD
simulations (right panel of Fig. 7a). As shown in Fig. 7c, the
hydrophobic cluster at the protein-binding site is also well
maintained, with two hydrophobic residues (Leu501 and
Leu505) from H12. This dynamic information of the RORγt
5VB7 system denotes the mode of action for agonism of RORγt.
That is, after agonist 921 is bound inside the orthosteric-binding
pocket, H12 is stabilized by the triplet His479–Tyr502–Phe506
interactions and maintains its structure as a typical helix. The
stabilized H12 helps to form the protein-binding site so the
receptor is ready to recruit a coactivator such as SRC2.

Inverse agonism for RORγt by the binding at the orthosteric
pocket
RORγt is constitutively active [2]. The results of our MD simulations
on the apo-form structure confirmed that the orthosteric-binding
pocket is mostly open (Fig. 3a) and that the triplet
His479–Tyr502–Phe506 residues interact with each other through
hydrogen-bonding and aromatic π–π packing (Fig. 4). A straight-
forward way to interrupt the transcription function of RORγt is to
design organic molecules that are able to more fully occupy the
large orthosteric-binding pocket so that its unique triplet
interactions are destabilized or lost. Following this strategy, many
more efforts have been focused on the discovery of RORγt inverse
agonists in recent years [8–10, 12, 14, 18–23]. Compound 92A is a
typical inverse agonist, and it sterically clashes with the side chain
of His479 [20]. As shown in Fig. 8, regarding the dynamics of
RORγt-92A binding, the side chain of His479 was forced to turn
away from the side chain of Tyr502 after 92A was bound. Instead,
the imidazole group of His479 formed one hydrogen bond with
the backbone oxygen atom of Leu475 for 85.3% of the simulation
time and formed one hydrogen bond with the amide linker of 92A
(-N⋯H–N- type, 71.8%). The para-chloride-substituted phenylethyl
group of the inverse agonist 92A also protruded into the steric
gap between the side chains of His479 and Trp317 and formed π–
π stacking interactions with them for 91.6% and 99% of the
simulation, respectively.

Due to such intercalation of the inverse agonist 92A into the
triplet His479–Tyr502–Phe506 of the RORγt LBD structure, it
could be reasonably expected that the local structures around
H11, H11‘, and H12 were seriously perturbed or distorted, and
thus, H12 was destabilized. As shown in Fig. 9 for the structural
information along the MD simulations, the helix H11 moved
outwards approximately 5.1 Å (left panel of Fig. 9a), which
would very possibly push away the H11‘ and H12 from their
original position. As a result of such a steric push, H11‘ and H12
uncoiled after ~60 ns of the MD simulations (as shown in the
right panel of Fig. 9a, and the blue curve in Fig. 2 shows the
rmsd change at approximately 60 ns of the MD trajectory).
Furthermore, a PCA plot (Fig. 9b) shows that the overall RORγt
5VB5 structure is much more flexible than the apo-form RORγt
5VB3 structure (Fig. 3a), particularly at the local regions of H2,
H4, H11‘, and H12. The destabilized and distorted H11‘ and H12
would definitely make the RORγt LBD not able to recruit any
cofactor molecule.

Inverse agonism for RORγt from the binding at the allosteric site
The structural dynamics of the apo-form RORγt 5VB3 system
(Fig. 3a), the agonist-bound 5VB7 system (Fig. 7b), and the inverse
agonist-bound 5VB5 system (Fig. 9b) show that the activation
function loop H11‘ is always flexible and possibly acts as a hinge
between helices H11 and H12. It will be beneficial to design a
small molecule to directly intercalate among the triplet
His479–Tyr502–Phe506 residues and reorientate H12. This strat-
egy to design novel inverse agonists will be more advantageous
than the design of inverse agonists binding at the orthosteric-
binding pocket, at least avoiding the possible competitive
binding with natural ligands such as cholesterol [21]. Fortunately,
and surprisingly, a recent study [17] identified an allosteric-
binding site that was induced by the inverse agonist 4F1 and
formed among the helices H4, H5, and H11, loop H11‘ and helix
H12. We performed MD simulations on the 5C4O system for
the RORγt LBD bound to the inverse agonist 4F1 [17] to test the
dynamics of the binding structure and stability of the
reorientated H12.
As shown in Fig. 10, the inverse agonist 4F1 binding at this

allosteric-binding site formed extensive interactions with residues
Val480, Leu483, Gln484, Ala497, Phe498, and Leu505 and Phe506
from H12. In particular, the 2,6-disubstituted benzene ring of
compound 4F1 formed a good π-π stacking interaction with the
aromatic side chain of Phe506. The sulfonyl head of compound

Fig. 6 a The tracked distances for the triplet H479–Y502–F506 of agonist-bound RORγt 5VB7 system through the MD trajectory. b The
hydrogen-bonding interaction between the side chain of His479 from H11 and the side chain of Tyr502 from H12 is represented as red dashed
line, and the cutoff is 3.5 Å for the distance from the nitrogen atom at His479 side chain to the oxygen atom at the Tyr502 side chain. These
triplet residues are shown as sticks and the protein as gold ribbon
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4F1 also formed hydrogen-bonding interactions with the back-
bone amide hydrogen atom of Ala497 (54% of the simulation
time), amide hydrogen atom of Phe498 (26%), and side chain of
Gln329 (1.5%).

Due to the binding of inverse agonist 4F1 at the allosteric-
binding site, H12 is reorientated to a different position from that in
the apo-form RORγt 5VB3 system (Fig. S1). We tracked the
secondary structures of H11‘ and H12 and the molecular motion of

Fig. 8 The binding mode of an inverse agonist in the RORγt 5VB5 system. a The inverse agonist 92A (shown in ball-and-stick style) at the
orthosteric-binding pocket, the important residues interacting with 92A are displayed in stick style. Hydrogen bonds are represented as red
dashed lines. b The tracked distances between the important residues and the inverse agonist 92A. The His479—Leu475 stands for the
distance from the nitrogen atom at the His479 side chain to the backbone oxygen atom of Leu475, the His479—92A(H) stands for the tracked
distance of the hydrogen-bonding interaction as shown in (a), and the His479—92A(π), Trp317—92A for their π–π stacking interactions,
respectively

Fig. 7 The monitored structural information of the agonist-bound RORγt 5VB7 from MD trajectory. a The changes in the secondary structure of
H11‘ and H12, which were tracked and calculated by using the DSSP software [37]. Left panel: one typical conformation of H11–H11‘–H12 (in
gold color) derived from the largest conformational cluster of the MD trajectory, is superimposed with that in the starting X-ray structure (in gray
color). Right panel: secondary structure contents of H11‘ and H12 tracked along the MD simulations. b The PCA plot for the dynamics of the
whole structure, and the H11‘ is labeled. c The representative hydrophobic cluster (V332, L353, and L501, L505 from H12, shown as sticks) at the
protein-binding site of RORγt 5VB7 system, to be ready to match the typical hydrophobic motif LXXLL in a coactivator like SRC2 [20].
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the RORγt LBD in the 5C4O system. The results are shown in
Fig. 11. As expected, H12 survived as a regular α-helix throughout
the MD simulation, while H11‘ existed as a loop (Fig. 11a). A PCA
plot (Fig. 11b) shows that the structure of H2 and the neighboring

β-sheet are obviously flexible, which are similar to what was
observed in the apo-form RORγt 5VB3 system (Fig. 3a), mostly
because the orthosteric-binding pocket is empty in the 5C4O
system. Since H12 is reorientated and not able to form the

Fig. 10 The binding of the inverse agonist at the allosteric-binding site of the RORγt 5C4O system. a The inverse agonist 4F1 (shown in ball-
and-stick style) at the binding site, the important residues interacting with 4F1 are displayed in stick style. Hydrogen bonds are represented as
red dashed lines. b The tracked distances between the important residues and the inverse agonist 4F1

Fig. 9 Structural dynamics of the inverse agonist 92A binding at the orthosteric-binding pocket of RORγt 5VB5 system. a The tracked
secondary structure of H11‘ and H12 in the RORγt 5VB5 system, which were calculated by using the DSSP software [37]. Left panel: one typical
conformation of H11–H11‘-H12 (colored in blue) derived from the largest conformational cluster based on the MD trajectory, is superimposed
with that in the starting X-ray structure (in yellow color). Right panel: secondary structure contents of H11‘ and H12 tracked along the time of
MD simulations. b The PCA plot for the dynamics of the receptor, also labeled the structural parts with obvious motion at H2, H4, H11‘,
and H12
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protein-binding site, as observed in the apo-form RORγt
5VB3 system, it is definitely impossible for RORγt to recruit a
coactivator, and therefore, its transcription function would be
completely disrupted.

CONCLUSION
In summary, by performing MD simulations on the four different
RORγt systems, we explored the molecular mechanisms of the
agonism and inverse agonism of this receptor. We found that the
orthosteric-binding pocket of the apo-form RORγt structure 5VB3
is mostly open and ready to accept an agonist, making the apo-
form RORγt somewhat constitutively active. Once an agonist is
bound at the orthosteric-binding pocket in the RORγt
5VB7 system, the helical structure of H12 is stabilized by strong
triplet His479–Tyr502–Phe506 intramolecular interactions. The
stabilized H12 helps RORγt to form the protein-binding site and
therefore makes the receptor ready to recruit a coactivator
molecule. The transcription function of RORγt can be interrupted
by the binding of an inverse agonist at the orthosteric-binding
pocket. The inverse agonist 92A, which is bound at the
orthosteric-binding pocket in the RORγt 5VB5 system, clashed
sterically with the side chain of His479, destabilized the triplet
His479–Tyr502–Phe506, and completely collapsed the structure of

H11‘ and H12. The transcription function of RORγt can also be
interrupted by the inverse agonist 4F1 binding at the allosteric-
binding site in the RORγt 5C4O system. The inverse agonist 4F1
directly intercalated into the triplet His479–Tyr502–Phe506,
reorientated H12, and destroyed the presumed protein-binding
site. The tracked intermolecular and intramolecular interactions
from the MD simulations explicitly demonstrate the conforma-
tional dynamics and molecular mechanisms of how the RORγt
receptor is activated by binding an agonist at the orthosteric-
binding pocket and how the RORγt is inversely agonized by
destabilizing H12 or reorientating H12 to a different position.
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