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Transcription factors are challenging to target with small-
molecule inhibitors due to their structural plasticity and lack
of catalytic sites. Notable exceptions include naturally ligand-
regulated transcription factors, including our prior work with
the hypoxia-inducible factor (HIF)-2 transcription factor,
showing that small-molecule binding within an internal pocket
of the HIF-2a Per-Aryl hydrocarbon Receptor Nuclear Trans-
locator (ARNT)-Sim (PAS)-B domain can disrupt its in-
teractions with its dimerization partner, ARNT. Here, we
explore the feasibility of targeting small molecules to the
analogous ARNT PAS-B domain itself, potentially opening a
promising route to modulate several ARNT-mediated signaling
pathways. Using solution NMR fragment screening, we previ-
ously identified several compounds that bind ARNT PAS-B
and, in certain cases, antagonize ARNT association with the
transforming acidic coiled-coil containing protein 3 tran-
scriptional coactivator. However, these ligands have only
modest binding affinities, complicating characterization of
their binding sites. We address this challenge by combining
NMR, molecular dynamics simulations, and ensemble docking
to identify ligand-binding “hotspots” on and within the ARNT
PAS-B domain. Our data indicate that the two ARNT/trans-
forming acidic coiled-coil containing protein 3 inhibitors, KG-
548 and KG-655, bind to a b-sheet surface implicated in both
HIF-2 dimerization and coactivator recruitment. Furthermore,
while KG-548 binds exclusively to the b-sheet surface, KG-655
can additionally bind within a water-accessible internal cavity
in ARNT PAS-B. Finally, KG-279, while not a coactivator in-
hibitor, exemplifies ligands that preferentially bind only to the
internal cavity. All three ligands promoted ARNT PAS-B
homodimerization, albeit to varying degrees. Taken together,
our findings provide a comprehensive overview of ARNT PAS-
B ligand-binding sites and may guide the development of more
potent coactivator inhibitors for cellular and functional studies.
* For correspondence: Kevin H. Gardner, kgardner@gc.cuny.edu.
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There has been considerable interest in targeting nonenzy-
matic protein–protein interfaces for therapeutic purposes (1, 2).
Transcription factor complexes are a primary target of this
approach, as small-molecule disruptors or degraders of such
complexes could potentially modulate the aberrant gene
expression associated with many diseases. However, with few
notable exceptions, transcription factors are perceived as
“undruggable” due to their lack of targetable catalytic sites (3).
Finding small molecules that can specifically bind to and disrupt
the large, flat surfaces involved in protein–protein or protein–
DNA interactions remains a significant challenge (4–6). Here,
we focus on the characterization of small-molecule interactions
with a transcription factor subunit, aryl hydrocarbon receptor
nuclear translocator (ARNT), as a case study of exploiting
structural facets in the development of inhibitors that target
transcription factor/coactivator interactions.

ARNT is a basic helix–loop–helix/Per-ARNT-Sim (bHLH-
PAS) transcription factor, so named for its N-terminal DNA-
binding bHLH motif and two PAS domains (PAS-A and
PAS-B), which all mediate binding the requisite DNA and
protein components required for function (7). The bHLH-PAS
proteins can be broadly divided into the signal-regulated class I
and the constitutively expressed class II subunits. ARNT is a
class II protein which serves as a “universal” binding partner to
several class I bHLH-PAS proteins, including the hypoxia-
inducible factors (HIF-a), aryl hydrocarbon receptor (AHR),
neuronal PAS proteins, and single-minded proteins (7). Once
formed, these heterodimers control a plethora of biological
processes, including hypoxia adaptation, xenobiotic meta-
bolism, and neurogenesis (7).

Twowell-characterizedARNT-containing signaling cascades
which respond to environmental stimuli are the xenobiotic-
sensing AHR and hypoxia-regulated HIF pathways (8) (Fig. 1).
For the former, AHR regulates the vertebrate xenobiotic
response pathway by its binding to a wide variety of small
molecules, ranging from pollutants (e.g., 2,3,7,8-
tetrachlorodibenzo-p-dioxincom) to dietary compounds
(9–11). In the cytosol, inactivated AHR is bound to and stabi-
lized by the heat shock protein 90 chaperone and other auxiliary
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Figure 1. Schematic diagram of the AHR and HIF pathways. In the quiescent state, AHR resides in the cytoplasm in a complex with other proteins,
including heat shock protein 90 (Hsp90), aryl hydrocarbon receptor interacting protein (AIP), and p23. Upon ligand binding, AHR translocates to the nucleus
and dimerizes with ARNT. HIF activation is oxygen-dependent, via O2-utilizing hydroxylases. Under normoxic conditions, the HIF-a subunits are rapidly
degraded and inactivated by downstream effects of hydroxylation. Under hypoxic conditions, hydroxylation fails to occur, letting HIF-a dimerize with the b-
subunit (ARNT) in the nucleus. Both AHR and HIF complexes recruit various coactivators as part of the transcription activation process. AHR, aryl hydro-
carbon receptor; HIF, hypoxia-inducible factor.
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proteins (12, 13). Ligand binding to the AHR PAS-B domain
triggers a poorly understood response which includes trans-
location of cytosolic AHR into the nucleus, where it hetero-
dimerizes with ARNT to form the functional heterodimeric
transcription factor that binds to dioxin response elements
upstream of AHR-controlled genes and initiates their tran-
scription (14). The HIF pathway, on the other hand, mediates
cellular adaptation to low oxygen levels (hypoxia) (15–17).
Under normoxia, the HIF-a subunits (HIF-1a, HIF-2a, and
HIF-3a) are rapidly degraded and inactivated through oxygen-
dependent posttranslational modification pathways; these
controls are relieved under hypoxic conditions, allowing the
HIF-a subunits to accumulate and dimerize with ARNT in the
nucleus (17). The HIF-a/ARNT heterodimer complexes bind to
hypoxia response elements upstream of HIF-controlled genes,
leading to erythropoiesis, angiogenesis, and metabolic remod-
eling (16–18).

Dysregulation of both the AHR and HIF pathways has been
implicated in many diseases. For example, AHR is an impor-
tant modulator of host–environment interactions and plays
critical roles in immune and inflammatory responses (19).
Overactivation of AHR can also stimulate tumorigenesis,
making it a promising (but still underexplored) therapeutic
target for cancer therapies (20, 21). In comparison, anomalous
HIF activities may lead to anemia, inflammation, and ischemia
(16, 22–25). Persistent HIF activation can also contribute to
tumor growth and progression, aiding tumor cell survival and
therapy resistance (22, 25, 26). While several strategies tar-
geting different parts of the HIF pathway have been tested, the
most efficacious ones focus solely on the HIF-2a isoform (18,
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27–31), including the clinically utilized HIF-2a inhibitor
WELIREG (belzutifan) (32–38).

As with many other transcription factors, AHR and HIF rely
on a variety of functionally important coactivators to execute
their programs (39–42), opening potential other opportunities
for small-molecule control of their signaling properties. These
include a group of proteins known as the coiled-coil coac-
tivators (CCCs) (41, 43–47) which are recruited via the ARNT
PAS-B domain and thus establish the ARNT PAS-B/coactivator
interaction as a potential target for therapeutic intervention (41,
44, 46). One such CCC, the coiled-coil protein CCC, has been
proposed as a primary coactivator of the AHR/ARNT complex
and interacts with the bHLH-PAS regions of both proteins (45),
suggesting that ARNT/CCC interactions could be a point of
modulation for both HIF and AHR pathways. Using NMR-
based fragment screening and in vitro interaction assays, we
identified ten compounds that bound ARNT PAS-B with
micromolar affinities, including two compounds (KG-548 and
KG-655) capable of disrupting its interactions with a fragment
of the transforming acidic coiled-coil containing protein 3
(TACC3) CCC protein (48). While characterizing the binding
sites of these ligands has been technically challenging, we
recently reported an ARNT/KG-548 cocrystal structure
showing that KG-548 binds on the surface of ARNT PAS-B
(49). Although this binding site is reasonable and appears to
be privileged for protein and small-molecule interactions (50),
validation of this binding mode is essential as binding occurs at
a dimeric interface between two ARNT PAS-B molecules that
we have not seen stably in solution (49). Further, we have been
unable to use a similar crystallographic approach to obtain
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structures of ARNT PAS-B bound to KG-655 or other com-
pounds, leaving their binding modes unclear.

To address these knowledge gaps, we investigated the
binding modes of several small molecules with the ARNT
PAS-B domain using solution NMR spectroscopy, weighted
ensemble molecular dynamics (WEMD) simulations, and
ensemble docking. We used three ligands, KG-548, KG-655,
and KG-279, as proof-of-concept small molecules to showcase
two ligand-binding modes: one on the external side of the PAS
b-sheet (consistent with our KG-548/ARNT crystal structure
(49)) and an internal cavity previously seen by X-ray diffraction
(48). Notably these three compounds differentially preferred
binding these sites, likely in correlation to their sizes and
chemical features. We also used ensemble docking to deter-
mine potential binding poses of KG-655 and KG-279 in the
internal cavity in ways that satisfied NOE-based protein/ligand
distances, showing marked distortion of the protein domain
upon ligand binding. Taken together, this study validates the
previously proposed surface-binding site for KG-548 and
provided the first direct evidence of ligand binding inside the
ARNT PAS-B domain cavity, all of which will aid designing
more potent ARNT PAS-B/coactivator inhibitors.
Results

KG-548 binds to the surface of ARNT PAS-B and promotes
homodimerization

We recently proposed KG-548 as a surface-binding ligand
based on high-pressure NMR data, contrary to our prior
assumption that this ligand binds within the 105 Å3 of inter-
connected internal cavities (49). This proposal was supported
by the crystal structure of an ARNT PAS-B homodimer
complexed with KG-548, with a single molecule of the ligand
bound near the dimerization interface generated by the b-
sheet surfaces of the two ARNT PAS-B molecules (49). While
consistent with the high-pressure NMR data, the ARNT PAS-
B domain is not known to homodimerize outside of high
concentration solutions (51) or crystallization settings. In
addition, the same site has been shown to interact with crys-
tallization reagent PEG in a previously solved X-ray structure
of an ARNT PAS-B homodimer (48). These observations raise
questions of whether KG-548 binds to the same surface site in
solution.

First, we investigated the impact of KG-548 on ARNT PAS-
B homodimerization in solution using diffusion ordered
spectroscopy (DOSY) experiments. DOSY is an NMR method
that reports on the diffusion coefficients (D) of molecules in
the sample, which are inversely proportional to the hydrody-
namic radius of the molecules (52, 53). If ARNT PAS-B
equilibrium shifts toward dimer from monomer, the
observed diffusion coefficient is expected to become smaller.
Our initial step involved measuring the diffusion coefficient of
ARNT PAS-B at three concentrations (100, 280, and 600 mM).
By assuming a 100% monomeric state at the lowest concen-
tration, we extrapolated the monomeric proportions at higher
concentrations (Table S5). This analysis indicated a
concentration-dependent trend toward dimerization for
ARNT PAS-B, as expected (51). From this foundation, we then
evaluated the monomer/dimer equilibrium of ARNT PAS-B in
the presence of 5 mM KG-548, finding that this ligand indeed
promotes homodimerization, most notably at low protein
concentration. To validate that the observed differences were
not attributable to changes in sample viscosity, we verified that
the diffusion coefficient of water remained constant at all
protein and ligand concentrations used here.

Next, we explored the importance of surface residues
located near the crystallographically observed binding site
using both protein- and ligand-observed solution NMR
methods (49). To examine binding from the perspective of the
protein, we used solution 13C/1H heteronuclear single quan-
tum coherence (HSQC) experiments to map the effects of
adding KG-548 to ARNT PAS-B, observing ligand-induced
chemical shift changes in several sites (Fig. 2A); we focused
our analyses here on Ile d1 methyl groups given their distri-
bution throughout the ARNT PAS-B domain and suitable
NMR properties (upfield 13C shifts, narrow linewidths). We
complemented this with ligand-observed 1D 19F NMR ex-
periments, taking advantage of the two trifluoromethyl groups
in KG-548 (Fig. 2A). Comparing 19F spectra acquired on KG-
548 alone and in the presence of ARNT PAS-B, we saw the
appearance of a broad, protein-dependent peak
at � −61.5 ppm, which we designate as the bound peak of the
ligand (Fig. S1). This peak showed temperature-dependent line
narrowing, consistent with fast exchange kinetics at 298.1 K
(Fig. S1). In addition, we measured a KD �350 mM binding
affinity for the ligand using 19F NMR, by titrating varying
concentrations of ARNT PAS-B (25–1000 mM) into 300 mM
KG-548 (Fig. S2).

From this foundation, we investigated the contributions to
binding of four isoleucine residues with separate Ile to Val
point mutations, including two surface Iles located at the KG-
548 binding site (I364, I458) as well as two internal ones (I396
and I457) that face the previously identified internal cavities
(Fig. 2B) (48). From both ligand- and protein-detected ap-
proaches, we observed that the I364V and I458V point mu-
tations markedly reduced KG-548 binding affinity, as seen by
both proteins showing lower bound fractions of KG-548 in
1D 19F NMR (Fig. 2C) or in the number and magnitude of
ligand-induced Ile d1 13C/1H HSQC peak shifts (Fig. 2D).
This reduction in binding was particularly stark for I458V,
with minimal chemical shift changes observed upon the
addition of the ligand, and a total loss of an upfield-shifted
Ile-methyl peak (Fig. 2D). These data and prior observa-
tions from the crystal structure led us to conclude that this
ligand-dependent upfield-shifted peak is the d1-methyl of
I458; in contrast, minimal perturbations to protein/ligand
interactions were seen for the two mutants of the cavity-
facing I396 and I457. Importantly, we confirmed that none
of the four point mutations perturbed the overall fold of
ARNT PAS-B as judged by comparisons of mutant and WT
15N/1H HSQC and 13C/1H HSQC spectra (Figs. S3 and S4).
Taken together, these solution data demonstrate the impor-
tance of the I364 and I458 side chains in binding KG-548, in
strong agreement with information provided by the crystal
J. Biol. Chem. (2024) 300(9) 107606 3



Figure 2. Isoleucine residues I364 and I458 are important to the binding of KG-548. A, 13C/1H HSQC spectra of 250 mM protein without and with 1 mM
of KG-548. Several methyl peaks (black arrows), and in particular, peaks in the Ile region, showed chemical shift perturbations in the presence of the ligand.
B, four residues were selected for Ile to Val mutagenesis studies: two surface-facing Iles (I364 and I458) and two cavity facing (I396 and I457). C, 19F NMR
spectra of 1 mM KG-548 incubated with the 250 mM of ARNT PAS-B mutants. Overlaid spectra are zoomed in on the bound fraction of the ligand. Mutations
I364V and I458V substantially reduced binding. D, 13C/1H HSQC spectra of 1 mM KG-548 added to 250 mM ARNT PAS-B mutants. Disruptions of binding were
observed for the I364V and I458V mutants, as particularly clear by the reduction/disappearance of the upfield-shifted ligand-dependent Ile d1-methyl peak.
ARNT, aryl hydrocarbon receptor nuclear translocator; HSQC, heteronuclear single quantum coherence; PAS, Per-ARNT-Sim.
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structure: these surface-orientated Ile residues are essential
for binding.

To determine the solution binding pose of KG-548 on the
ARNT PAS-B surface-independent of the crystal structure, we
acquired 13C, 15Ndouble-filtered 13C/1HHSQC-NOESYdata to
selectively measure intermolecular NOE correlations between
the ligand and the protein methyl groups (54–57). To guarantee
a high concentration of the bound state, we added a maximum
soluble concentration (5 mM) of KG-548 to uniformly 13C/15N-
labeled ARNT PAS-B (280 mM), optimizing our ability to
measure intermolecular NOEs between protein and ligand
protons within � 5 Å of each other. KG-548 has three hydro-
gens, including two chemically equivalent ones, resulting in two
separate peaks in the 1D 1H spectrum that we could unambig-
uously assign (Fig. 3A). NOEs to either of these ligand signals
were correlated to protein 13C chemical shifts that we assigned
by the chemical shifts seen in a 13C/1H HSQC spectrum of the
same sample (Fig. 3A), which in turn were referenced against
previously deposited side chain chemical shift assignments from
our group (51) and confirmed by mutagenesis studies as
4 J. Biol. Chem. (2024) 300(9) 107606
described above (Fig. S4). As expected, these NOESY data show
that I364 and I458 are both near the ligand-binding site.
Furthermore, strong NOE correlations were observed between
the nondegenerate proton of the ligand and methyl groups of
I364 (g2) and I458 (d1, g2), and a weaker NOE correlation was
observed between the degenerate protons and the I458 Cd1
position (Fig. 3A). Notably, the crystal structure agrees with
these distances, again confirming the validity of the surface-
binding site we previously identified (Fig. 3B).

To investigate whether we could completely disrupt the
surface-binding site of KG-548 by removing both residues I364
and I458, we purified the ARNT PAS-B I364V/I458V double
mutant and performed the same 1D 19F NMR experiments. As
shown in Fig. S5, this mutant further reduced binding
compared to either single point mutation but was insufficient
to remove binding entirely. Based on the crystal structure re-
ported earlier, several aromatic residues (F375, F444, F446,
Y456) were also found in proximity to the binding site of KG-
548 (Fig. 3B), one of which (Y456) is substantially displaced
compared to the apo ARNT PAS-B structure. We suspect that



Figure 3. KG-548 binds to the b-sheet surface of ARNT PAS-B. A, 13C, 15N double-filtered 13C/1H HSQC-NOESY experiment shows NOE correlations
between KG-548 and surface Iles I364 and I458. Assignments were made by aligning the HSQC-NOESY spectrum with the 13C/1H-HSQC spectrum of ARNT
PAS-B with KG-548. 1D 1H NMR of KG-548 is shown in the inset on the left. B, diagrams of the ARNT PAS-B crystal structure in complex with KG-548 (PDB:
8G4A). Residues within 5 Å of the ligand are highlighted with sticks (right). Distances between protons on KG-548 and surrounding methyl groups are shown
(yellow dashed lines). ARNT, aryl hydrocarbon receptor nuclear translocator; HSQC, heteronuclear single quantum coherence; PAS, Per-ARNT-Sim.
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one or more of these residues may contribute hydrophobic
interactions involved in keeping the ligand in place.

KG-655 exhibits dual binding modes
KG-655 is a structural fragment of KG-548 with a hydroxyl

replacing the tetrazole group of the latter compound (Fig. 4A).
Despite the structural similarities of these compounds, our
prior high-pressure NMR data suggested a different binding
mode between them, implicating that KG-655 binding (and
not KG-548) could reduce the void volume of ARNT PAS-B,
consistent with it being an internal binder (49). Therefore,
we set out to test this hypothesis using the aforementioned
approaches. First, we found that KG-655 also promotes ARNT
PAS-B homodimerization, but to a lesser extent than KG-548,
from DOSY experiments (Table S5). We also collected 13C/1H
HSQC spectra of the ARNT PAS-B domain in the presence of
KG-655 (Fig. 4A). At first glance, the same isoleucine residues
were perturbed, including the upfield-shifted I458 d1 methyl
group, suggesting KG-655 shares the same surface binding
interface as KG-548. We then collected 1C/1H HSQC spectra
of the four ARNT PAS-B mutants in the presence of 1 mM
KG-655, again demonstrating that the surface I364V and
I458V mutations substantially perturbed compound binding,
as particularly indicated by the reduction in peak intensity of
the I458 d1 methyl group (Fig. 4B). Interestingly, while the
I458V mutant showed almost no chemical shift perturbations
upon adding KG-548, several methyl groups showed clear
chemical shift changes when KG-655 was added, all of which
were on inward-facing side chains adjacent to the internal
cavity based on our prior ARNT PAS-B assignments (51).
Notably, these chemical shift perturbations were also seen in
the WT protein and the other three mutants in the presence of
KG-655 but not when KG-548 was added (Fig. 4B), strongly
implicating that KG-655 can access a second, distinct binding
mode. Additional support for this hypothesis was provided by
15N/1H HSQC spectra of the surface-binding disrupting
ARNT PAS-B I458V mutant in the absence and presence of
5 mM KG-655 (Fig. 4C). Again, several peaks showed broad-
ening and/or chemical shift perturbations compared to the
apoprotein, including many perturbed residues that are not
located on the b-sheet surface, consistent with a second
binding mode for KG-655.

Evidence of a dual binding mode for KG-655 was also seen
in ligand-observed 19F NMR (Fig. S1), which, like KG-548,
exhibited a protein-bound peak for KG-655 when mixed
with ARNT PAS-B (�−61.5 ppm), downfield-shifted from the
free-ligand peak. Given the similarity of the chemical shift for
this peak between KG-548 and KG-655, we again interpret this
J. Biol. Chem. (2024) 300(9) 107606 5



Figure 4. KG-655 exhibits two distinct binding modes. A, 13C/1H HSQC spectra of 250 mM with and without 1 mM of KG-655. Residues showing chemical
shift perturbations are marked with black arrows. B, 13C/1H HSQC spectra of 1 mM KG-655 added to 250 mM ARNT PAS-B mutants. Mutations I364V and I458V
disrupted KG-655 binding, similar to their effects on KG-548. Additional chemical shift perturbations were observed independent of the surface Ile mu-
tations (black arrows). C, 15N/1H HSQC spectra of ARNT PAS-B I458V with and without 5 mM of KG-655. Intermediate to fast exchange behavior was
observed, as indicated by the broadening (black circles) and/or chemical shift changes (black arrows) of apo cross-peaks in the presence of the ligand. Many
perturbed peaks are not located on the b-sheet surface (e.g., I396, E403, L408, G420). ARNT, aryl hydrocarbon receptor nuclear translocator; HSQC, het-
eronuclear single quantum coherence; PAS, Per-ARNT-Sim.
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as representing the surface-bound fraction of the ligand.
However, in addition to this peak, the free-ligand peak was also
broadened, which was not seen for KG-548. We speculate that
this broadening resulted from the second binding mode. We
again titrated ARNT PAS-B into 5 mM KG-655 in an attempt
to estimate the binding affinities (Fig. S2); we estimate milli-
molar affinity binding of this compound, but the low affinity of
this interaction and dual binding modes of KG-655 complicate
rigorous quantitation.

To determine the precise binding site(s) of KG-655, we
again collected the 13C, 15N double filtered 13C/1H HSQC-
NOESY experiments using WT ARNT PAS-B. Compared to
KG-548, we saw substantially more intermolecular NOE cor-
relations between the KG-655 and the WT protein (Fig. 5, A–
C). To help with assignments, we aligned the constant time
(CT) 13C/1H HSQC spectrum of ARNT PAS-B with 5 mM
KG-655 with the HSQC-NOESY experiments showing both
H-C and H-H dimensions (Fig. 5A). Notably, all Leu and Val
methyl groups were stereospecifically assigned using CT
13C/1H HSQC spectra recorded on a 10% randomly U-13C–
labeled sample, using different signs of peaks in these spectra
to distinguish pro-R and pro-S methyl groups (58, 59) (Fig. S6).
In this way, we assigned all methyl peaks showing NOE cor-
relations with KG-655, including several residues proximate to
the internal cavity (I396, L408, V415, L418, L423, V425, I457),
a residue on the surface (I458), and an outlier (V381) that is
6 J. Biol. Chem. (2024) 300(9) 107606
distant from both binding sites. This data unambiguously
placed the second binding mode of the KG-655 inside the
ARNT PAS-B cavity.

We compiled all the observed NOE correlations that are
consistent with the cavity binding mode (listed in Table S1)
and performed ensemble docking to visualize the proposed
binding mode of KG-655 inside the cavity. To generate ARNT
PAS-B conformations with sufficiently open internal cavities
for accommodating the ligand, we applied the weighted
ensemble simulation strategy (60, 61), which enhances the
sampling of rare events (e.g., large-scale conformational tran-
sitions in proteins (62), binding processes of proteins (63, 64)
and DNA (65)) without introducing any bias into the dy-
namics. As an ensemble, the five top-scoring poses satisfied ten
of the 12 interproton distance restraints between the ligand
and receptor involving nonequivalent protons. The two un-
satisfied distance restraints involved the only two receptor
residues for which both methyl groups participate in distance
restraints (I396 and L418). In these cases, restraints were
satisfied for one methyl group but not the other, potentially
due to artifacts by spin diffusion. Figure 5D shows the two
poses with the highest number of satisfied distance restraints,
which involved either six or five of the seven receptor residues
involved in the observed NOE correlations. Given the NOE
data, we strongly believe the ligand adopts multiple orienta-
tions within the cavity to satisfy all distance restraints.



Figure 5. KG-655 binds to both the surface and internal cavities of ARNT PAS-B. A, 13C, 15N double-filtered 13C/1H HSQC-NOESY experiment revealed
residues that are close to KG-655 binding site(s), which included cavity-facing residues (I396, L408, V415, L418, L423, V425, I457) and a surface-facing residue
(I458), with one outlier distant from both sites (V381). NOE correlations are assigned by aligning the HSQC-NOESY spectra with a constant time (CT)-13C/1H
HSQC spectrum of ARNT PAS-B with 5 mM KG-655. B, 1D 1H NMR spectrum of KG-655. C, zoomed-in view of part of panel A. D, two potential binding poses of
KG-655 (green) in the hydrated internal cavity (gray) of ARNT PAS-B (magenta) from ensemble docking. Among the seven receptor residues (magenta sticks)
involved in NOE-based, ligand-receptor distance restraints, six (top pose), and five residues (bottom pose) have satisfied restraints. For each of these residues,
the shortest satisfied distance is indicated by a dashed yellow line between the methyl carbon and ligand proton. ARNT, aryl hydrocarbon receptor nuclear
translocator; HSQC, heteronuclear single quantum coherence; PAS, Per-ARNT-Sim.
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Finally, to assess whether the two binding modes are related,
we acquired the same double-filtered HSQC-NOESY experi-
ment using the ARNT PAS-B I364V/I458V double mutant,
which should severely disrupt surface binding (Fig. S7). We
concluded that the NOE correlations from the internal-facing
residues were unaffected by assigning all methyl groups close
to the ligand. As expected, the correlation between the ligand
and surface residue I458 was the only one that disappeared.
This data suggests that the disruption of surface binding did
not influence internal binding.
Conformation-destabilizing mutant Y456T substantially
disrupts KG-655 surface binding

Since the two binding modes of KG-655 are independent,
we asked whether we could remove surface binding altogether
to study the TACC3-disrupting effects of the internal binding
mode alone. As shown above, individual or paired mutations
to the key I364 and I458 residues were insufficient to eliminate
surface binding completely. We turned our attention to res-
idue Y456, another residue that showed a marked
conformational change in the crystal structure of the ARNT
PAS-B/KG-548 complex (Figs. 3B and S8). We previously re-
ported that mutations to Y456, along with other aromatic
residues in the surrounding, could destabilize the WT
conformation of ARNT PAS-B. Y456T, for example, slowly
interconverts between two stably folded conformations: a WT
conformation and an alternative “SLIP” conformation, named
for a three-residue shift in the b-sheet register (66, 67). We
demonstrated that both KG-548 and KG-655 specifically
bound the WT conformation, allowing them be used to
modulate SLIP/WT equilibrium (68). Here, we monitored the
surface-bound fraction of KG-548 and KG-655 mixed with
ARNT PAS-B Y456T mutant using 1D 19F NMR (Fig. S9).
While the binding of KG-548 was only slightly perturbed by
the mutation, the surface binding of KG-655 was substantially
weakened. This is evidenced by the near-complete loss of the
surface-bound peak of KG-655 in the 19F spectrum, with only a
very low intensity, extremely broadened signal remaining.

In contrast, KG-655 could still bind to the internal site
within the Y456T variant, albeit to a lesser extent than its
interactions with the WT protein (Fig. S9). We have previously
J. Biol. Chem. (2024) 300(9) 107606 7
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estimated the apparent KD of KG-655 to ARNT PAS-B Y456T
to be in the range of high micromolar to low millimolar (68).
Since KG-655 does not bind to the surface of ARNT PAS-B
Y456T, this estimation could be interpreted as the binding
affinity of the internal binding mode alone. Furthermore, KG-
655 does not contain a tetrazole group, which in KG-548
forms polar contacts with R366 on the ARNT PAS-B b-sheet
surface for heightened stability (Figs. 3B and S8). Therefore, we
hypothesize that the smaller KG-655 binds less tightly to the
surface site and relies heavily on hydrophobic interactions with
surrounding aromatic residues (Fig. 3B). Consequently,
mutating Y456 was more detrimental to KG-655 surface
binding than KG-548.
KG-279 binds primarily to the internal cavity of ARNT PAS-B

In addition to KG548 and KG-655, our lab previously
identified several other low affinity ARNT PAS-B binding li-
gands using an NMR-based fragment screen (48). We
pondered whether other ligands bound ARNT PAS-B in a
similar fashion to KG-548 and KG-655. Here, we present data
Figure 6. KG-279 shares the same internal binding site as KG-655. A, 1D 1H
identical cavity-facing residues are also in proximity to bound KG-279. The rig
(0–5 mM) into 240 mM ARNT PAS-B. The titration experiment was also used t
Residues showing NOE correlations were assigned by aligning the HSQC-NOESY
KG-279. C, two potential binding poses of KG-279 (green) by ensemble dock
docking. Among the six receptor residues (magenta sticks) involved in NOE-bas
The shortest satisfied distance for each of these residues is indicated by a da
hydrocarbon receptor nuclear translocator; HSQC, heteronuclear single quant
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from one such ligand (KG-279, Fig. 6A), which showed the
most ligand-induced chemical shift perturbations in ARNT
PAS-B with 15N/1H- and 13C/1H- based titration experiments.
From the chemical shift changes of six methyl peaks, we
estimated around 1.2 mM binding affinity (Fig. S10). While
KG-279 is not known to disrupt ARNT PAS-B/TACC3 in-
teractions, our preliminary analysis suggests it is also an in-
ternal binder (Fig. 6B). This ligand contains five peaks in 1D
1H NMR (Fig. 6A), allowing more distance restraints to be
generated using the double-filtered HSQC-NOESY experi-
ment. As with KG-655, we compiled all the NOE correlations
for KG-279 (Table S2). We found that most correlations were
from methyl-containing residues near the internal cavity, with
only a single weak correlation between the ligand and
I458 Cg2. The titration experiment with up to 5 mM of KG-
279 also did not yield the signature upfield shifted peak
(I458 Cd1) in ARNT PAS-B that represents surface binding.
Taken together, we concluded that KG-279 is primarily an
internal cavity binder, differing from both KG-548 (surface
binding only) and KG-655 (both surface and internal binding).
Figure 6C shows the top two poses from ensemble docking
NMR of KG-279. B, double-filtered HSQC-NOESY experiment showed that the
ht shows the constant time (CT)-13C/1H HSQC spectra of a KG-279 titration
o approximate the binding affinity of KG-279, which was 1.19 ± 0.07 mM.
spectrum with the HSQC spectrum of ARNT PAS-B in the presence of 5 mM
ing in the internal cavity (gray) of ARNT PAS-B (magenta) from ensemble
ed, ligand-receptor distance restraints, five residues have satisfied restraints.
shed yellow line between the methyl carbon and ligand proton. ARNT, aryl
um coherence; PAS, Per-ARNT-Sim.
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with the highest number of satisfied distance restraints, which
involved five of the six residues observed in the NOE corre-
lations. Like KG-655, docking suggests KG-279 adopts several
orientations within the internal cavity of ARNT PAS-B. Lastly,
we also tested whether this internally bound ligand would
promote ARNT PAS-B homodimerization. Initial observations
indicated that at a concentration of 2 mM, the ligand signifi-
cantly impacted the sample’s viscosity. After compensating for
this variation, our data revealed that KG-279 also promotes
homodimerization, but had the least influence compared to
that of the other two ligands (Table S5). This may reflect an
allosterically driven impact on protein dimerization or more
likely, a minor exterior binding mode populated at levels too
low to be definitively characterized by NOE-based approaches.
Taken together with data from the other ligands, these results
underscore the differential impact of ligands with different
binding modes on the dimerization process.
Discussion

Targeting ARNT/coactivator interactions represents a new
opportunity to artificially regulate bHLH-PAS–associated
signaling pathways (69). Our lab has previously studied several
such ARNT-interacting transcriptional coactivators, known as
the CCCs, named after their shared use of homodimeric coiled
coils at their C-terminal ends (41, 43–47). Mechanistically,
CCCs are likely recruited to AHR and all three HIF isoform
complexes via the ARNT PAS-B domain (41, 45, 46). Conse-
quently, disrupting ARNT/CCC interactions with small-
molecule inhibitors may represent an effective strategy to
achieve inhibition across multiple HIF complexes. This
approach also offers a novel approach to modulate the AHR-
mediated xenobiotic pathway without perturbing the ligand
recognition of the AHR subunit.

As the first step in this aim, it is critical to understand how
small molecules interact with ARNT PAS-B. Most of our
ARNT PAS-B binding small molecules previously identified
have only moderate binding affinities (48), complicating
binding site(s) characterizations. Here, we coupled NMR
chemical shift changes, NOESY distance measurements, and
ensemble docking, improving our understanding of how three
small-molecule ligands differently interact with ARNT PAS-B:
KG-548 directly interferes ARNT/coactivator association by
competing with the coactivator on the b-sheet surface; KG-655
shares the same surface-binding site as KG-548, but also binds
to the internal cavity of ARNT PAS-B; KG-279 has not been
previously identified as a coactivator inhibitor, but it binds
predominately to the water-accessible internal cavity, analo-
gous to where other PAS domains often bind natural or arti-
ficial small-molecule ligands (35, 70).

Surface-binding ligands are rare in PAS domains, with
proflavine binding to HIF-a PAS-B:ARNT PAS-A interface of
the HIF bHLH-PAS heterodimer being one of the few docu-
mented cases (71–73). Ligands bound to the surface of ARNT
PAS-B have not been reported in the past, and indeed, when
we first discovered KG-548 as an ARNT PAS-B binding ligand,
we assumed it was going into the internal cavities interpreting
from 15N/1H HSQC-based titrations (48). However, high-
pressure NMR data recently suggested that KG-548 may be
a surface-binder instead, as the pattern of pressure-dependent
chemical shift changes of KG-548–bound ARNT PAS-B
differed from that of a protein with an internally bound
ligand (49). We subsequently solved an ARNT PAS-B:KG-548
cocrystal structure, showing additional support that the ligand
was located on the surface (49). Here, we investigated the
binding process in solution using a combination of NMR ex-
periments, including most notably detecting the NOE corre-
lations between the ligand and the protein. We confirmed KG-
548 as a surface binder and demonstrated that the ligand
promotes ARNT PAS-B homodimerization, removing doubts
that the binding to the shallow surface pocket was an artifact
of the crystal packing. As noted above, one of the CCCs,
TACC3, is likely recruited to the same b-sheet surface that
KG-548 binds to, suggesting the ligand would directly compete
with the transcriptional coactivator and interfere with ARNT/
TACC3 formation (44). Interestingly, this surface has also
been shown to interact directly with the HIF-2a PAS-B
domain during HIF heterodimerization (Fig. S11) (73).
Hence, ARNT PAS-B is playing a complex role here, poten-
tially mediating the recruitment of multiple protein-binding
partners. The mechanistic details of how this is accom-
plished are beyond the scope of this manuscript but certainly
warrant further investigation.

It is unsurprising that KG-655, a structural fragment of KG-
548, would share the same surface binding mode with the
larger compound. However, interestingly, we found that KG-
655 also binds to an internal cavity of ARNT PAS-B, inde-
pendent of surface binding. The smaller size of KG-655 is
likely responsible for this internal binding mode, as KG-548’s
tetrazole group was replaced with a hydroxyl group (Figs. 2A
and 4A). The apo form of ARNT PAS-B contains two adjacent
cavities, a larger 65 Å3 water-containing cavity and a 40 Å3

secondary cavity. While these cavities are small, their locations
are analogous to the larger 300 Å3 cavity inside the HIF-2a
PAS-B domain (35), which is the binding site of the clinically-
used HIF-2a inhibitor, belzutifan (37, 74). Therefore, an
ARNT PAS-B internal cavity binder could theoretically block
ARNT/coactivator association through a similar mechanism,
complementing the direct competition possibly by something
binding externally on the ARNT PAS-B b-sheet surface. To
our knowledge, this is the first time that direct evidence has
been reported showing a ligand could enter the ARNT PAS-B
internal cavities. We believe this is a starting point for devel-
oping tool compounds and leads for therapeutic strategies that
complement the previously described ligands targeting the
HIF-a counterparts.

We attempted to test whether we could isolate the internal
binding mode for KG-655 by eliminating the surface binding
of the ligand. Initially, we removed the two critical surface
isoleucine residues, which was insufficient to abolish surface
binding entirely (Fig. S5). Surprisingly, we found that a
conformation destabilizing mutant Y456T could disrupt the
surface binding of KG-655, but not KG-548. The Y456T mu-
tation enables ARNT PAS-B to adopt two slowly
J. Biol. Chem. (2024) 300(9) 107606 9
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interconverting confirmations, including a WT state that re-
sembles the WT protein (66). KG-655 could not bind to the
surface of this mutant, including the WT fraction. The mu-
tation, however, had little effect on KG-548, suggesting the
surface binding of KG-655 was less stable, which correlates
with KG-548 being the more efficacious inhibitor. This
observation, coupled with the fact that internal-binding ligand
KG-279 does not inhibit ARNT PAS-B/TACC3 association,
strongly suggests that the surface binding mode is responsible
for the inhibitory effects of KG-548 and KG-655. However, we
must note that testing these ligands’ effects on TACC3 binding
affinities is a complex endeavor due to these compounds’ low
potency and solubility. Further studies will be required to
separately evaluate the two binding modes reported and
determine their specific role in inhibition.

To visualize the proposed binding mode of KG-655 in the
internal cavity of ARNT PAS-B, we performed molecular
docking to an ensemble of ARNT PAS-B conformations
generated by a WEMD simulation, as mentioned above.
Consistent with our NOE-based ligand-receptor distances,
the two top-scoring poses reveal two different orientations of
KG-655 in the cavity. Furthermore, in each of these poses,
the internal cavity is partially open to solvent (23% gain in
solvent accessible surface area), and this opening appears to
involve partial unfolding of the Fa helix in which the per-
centage of contacts that are present in the ARNT PAS-B
crystal structure 4EQ1 has dropped to as little as 64%.
Interestingly, we observed ARNT PAS-B precipitation when
a high concentration (≥5 mM) of KG-655 was added. Pre-
cipitation was also seen when the ligand was added to the
surface binding impaired Y456T mutant, consistent with
internal binding requiring partial unfolding of the protein.
Additionally, we also noticed substantial line broadening in
15N/1H HSQC spectra of ARNT PAS-B in the presence of
KG-655 (Fig. 4C). Since the internal binding of the ligand is
in the fast exchange regime, the line broadenings have likely
resulted from partial unfolding, in agreement with the
simulation data.

In closing, the importance of ARNT/coactivator in-
teractions in mediating HIF and AHR activities are funda-
mental. Targeting ARNT PAS-B/CCC complexes with
artificial inhibitors could provide a new avenue to modulate
both pathways for therapeutic purposes. While the ligands
used here may not be suitable for practical applications, our
study has revealed two “hotspots” on and within the ARNT
PAS-B domain where ligands are likely to bind, laying the
foundation for constructing novel therapeutic strategies.
Notably, both hotspots provide multiple directions to grow our
lead compounds to improve their binding affinities, particu-
larly when combined with inspiration from natural PAS-
binding ligands that span internal and external sites, such as
heme and flavin adenine dinucleotide (71). Additionally, the
ability of these compounds to encourage ARNT PAS-B
homodimerization suggests potential alternative methods for
modulating ARNT activity, via small molecules that reinforce
or recruit specific ARNT binding partners to the b-sheet
surface. Finally, this work provides a clear example of how
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NMR approaches, combined with computation, can be used to
readily characterize weak protein–ligand interactions even
with limited experimental data.

Experimental procedures

Protein expression

WT human ARNT PAS-B (residues 356–470) and point
mutants (I364V, I396V, Y456T, I457V, I458V, I364V/I458V)
were cloned into the pHis-parallel bacterial expression vector
(75). His6-tagged ARNT PAS-B proteins were overexpressed in
BL21 (DE3) Escherichia coli (Agilent). Uniformly labeled
(U-13C,15N) proteins were obtained by growing cells in M9
minimal media supplemented with 3 g/L U-13C6-D-glucose
and 1 g/L 15NH4Cl. To obtain stereospecific NMR assignments
of prochiral methyl groups of valines and leucines, a fractional
13C-labeling strategy was used with 10% (0.3 g/L) of U-13C6-D-
glucose and 90% (2.7 g/L) of unlabeled D-glucose added to the
M9 minimal media (76). For all expressions, cells were induced
with 0.5 mM IPTG at 37 �C after reaching A600 of 0.6 to 0.8.
Cells were incubated overnight (16–18 h) at 18 �C and har-
vested by spinning at 4 �C, 4658g for 30 min. Pellets were
flash-frozen with liquid nitrogen and stored at −80 �C until
purification.

Protein purification

Protein pellets were resuspended in lysis buffer (50 mM
Tris–HCl, pH 7.4 at room temperature (RT), 150 mM NaCl,
10 mM imidazole, 1 mM DTT, 1 mM PMSF), lysed by soni-
cation, and centrifuged at 47,850g for 45 min. Purification
started with an initial affinity chromatography step using a
gravity column with nickel-Sepharose high-performance resin
or HisTrap HP (Cytiva). First, protein-bound columns were
washed with the wash buffer (50 mM Tris–HCl, pH 7.4 at RT,
150 mM NaCl, 1 mM DTT) with increasing concentration of
imidazole (up to 150 mM). Next, His6-tagged proteins were
eluted with the elution buffer (wash buffer + 500 mM imid-
azole) and subsequently diluted 1:10 with cleavage buffer
(50 mM Tris–HCl, pH 7.5 at RT, 0.1 mM EDTA). His6 tags
were cleaved by adding His6-tobacco etch virus protease and
incubating overnight at 4 �C. Cleaved tags and tobacco etch
virus protease were removed by a second Ni2+ affinity column
purification. ARNT PAS-B proteins were further purified using
a size-exclusion column (HiLoad 16/600 Superdex 75 or 200
pg, Cytiva) in the final buffer for later analyses (44.7 mM Tris–
HCl, 5.3 mM phosphate, pH 7.0 at RT, 17 mM NaCl, 1 mM
DTT). Proteins were concentrated with an Amicon-stirred
ultrafiltration unit with a 10 kDa filter to 320 to 400 mM.
Samples were flash-frozen with liquid nitrogen and stored
at −80 �C.

Compound sources

KG-279 (5-chloro-1,3-benzodioxole) and KG-655 (3,5-
bis(trifluoromethyl)phenol) were purchased from Sigma-
Aldrich, while KG-548 (5-[3,5-bis(trifluoromethyl)phenyl]-
1H-tetrazole) was purchased from Fluorochem.
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NMR spectroscopy

NMR experiments were performed on 700 or 800 MHz
Bruker Avance III cryoprobe-equipped spectrometers, oper-
ating at 298.1 K unless otherwise noted. For all experiments
with fixed protein concentrations, protein samples at 240 to
280 mM were prepared by adding 5% (v/v) D2O, 1% dime-
thylsulfoxide, and up to 5 mM of ligands (KG-279, KG-548, or
KG-655). Two hundred microliters or 500 ml of the prepared
samples were added to 3 mm or 5 mm NMR sample tubes,
respectively. Standard 1D 1H and 19F experiments, as well as
15N/1H and 13C/1H HSQC experiments, were acquired with
3 mm NMR tubes, while double-filtered HSQC-NOESY and
CT (CT)-13C/1H HSQC experiments were acquired with 5 mm
tubes. Unless specifically mentioned, all 13C/1H HSQC spectra
were collected at 278.1 K to maximize the visibility of an
upfield-shifted ligand-bound protein peak. All filtered HSQC-
NOESY and 13C/1H HSQC experiments used to assign the
NOE correlations were collected at 298.1 K, as were ligand
only 1D 1H NMR spectra.

Chemical shift assignments of the ARNT PAS-B WT
backbone amides and side chains were obtained from
previously published work (BMRB entry 6597) (51). Addi-
tionally, for mapping the chemical shift perturbation and
assigning the bound state, CT 13C/1H HSQC were recorded
using ARNT PAS-B WT (280 mM) and the ligands (KG-655
and KG-279) at concentrations of 0, 0.25, 0.5, 1, 2, and
5 mM. 1H and 13C resonances of ARNT PAS-B interacting
with KG-279, KG-548, and KG-655 were assigned using the
standard F3-double-filtered NOESY-HSQC 3D experiment
in the Bruker pulse sequence library (hsqcgpnowgx33d)
(54–57). An NOE mixing time of 110 ms and a recycling
delay of 1.5 s were used. Acquisition times for the indirect
dimensions were 9.16 ms (t1), 13.4 ms (t2), and 68.7 ms (t3).
Finally, binding was also monitored using 15N/1H HSQC
chemical shift perturbation and comparisons of the ligand
19F chemical shift and linewidth in the free and bound
state. Stereospecific assignments of valine and leucine
methyl groups were achieved using an elegant approach
developed by Wüthrich and co-workers, exploiting sign
differences between the two methyl signals seen in
CT-13C/1H HSQC spectra acquired with a 26.6 ms CT on a
10% 13C fractionally labeling sample (58, 59). All NMR data
were processed with NMRFx Analyst and analyzed using
NMRviewJ (both packages available at https://nmrfx.org)
(77, 78).

The effect of ligand binding on ARNT PAS-B homodime-
rization was evaluated by DOSY NMR. 100, 280, and 600 mM
protein samples were prepared by adding 5% (v/v) D2O, 2%
dimethylsulfoxide-D6 and 5 mM KG-548, 5 mM KG-655, or
2 mM KG-279. 1D 1H NMR spectra were obtained at varying
gradient strengths (2–98%, 16 points, 512 scans) to evaluate
diffusion in the presence of ligand at varying protein concen-
trations and processed in Bruker TopSpin (Bruker Spec-
trospin). Diffusion coefficients (D) were obtained by plotting
the relative intensities (I), determined by integrating a portion
of the aliphatic region (1H 1–3 ppm), versus the gradient
strengths (g) and fitting to the following equation using Grace
(https://plasma-gate.weizmann.ac.il/Grace/), where Io is the
intensity at the lowest gradient strength, g is the gyromagnetic
ratio of proton (26,752 rad/sec×G), d is the gradient pulse
width (3.6 ms), and D is the diffusion delay time (99.9 ms) (52):

I ¼ Io × e
−Dg2g2d2

�
D − d

3

�
(1)

The binding affinities of ARNT PAS-B against KG-548 and
KG-655 were estimated using 1D 19F NMR. Varying concen-
trations of ARNT PAS-B (25 mM, 50 mM, 100 mM, 200 mM,
500 mM, and 1 mM) were prepared by adding 5% (v/v) D2O,
2% dimethylsulfoxide-D6 and 300 mM ligand (KG-548 or KG-
655). 1D 19F NMR spectra were obtained (4096 scans) at each
concentration and processed using Bruker TopSpin and
NMRFx (78). Binding affinities were determined by plotting
the intensity of the small-molecule fluorine peaks (dobs) versus
the concentration of ARNT PAS-B ([L]t) in Grace. The
resulting plot was fit to the following equation to derive
binding affinity (Kd) and maximal peak intensity (dmax), where
[P]t is the concentration of small molecule (300 mM) (79):

dobs¼dmax

n�½P�tþ½L�tþKd
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−
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The binding affinity of KG-279 was calculated from the
ligand-induced chemical shift changes of selected methyl
peaks in a ligand-titration CT 13C-1H HSQC experiment. The
analysis was performed in NMRviewJ using the Quadratic10
equation (77) and further validated using Grace.
WEMD simulation

To sample the opening of the internal cavity in the ARNT
PAS-B domain, we initiated a WEMD simulation from an
equilibrated structure of the receptor in explicit solvent using
the WESTPA 2.0 software package (https://westpa.github.io)
(80) and the GPU-accelerated Assisted Model Building with
Energy Refinement (AMBER) 22 dynamics engine (81). To
prepare this equilibrated structure, we carried out the
following steps. Heavy-atom coordinates for ARNT PAS-B
were extracted from the crystal structure (PDB code 4EQ1
(48)), and hydrogens were added according to neutral pH
using the Reduce tool, as implemented in MolProbity (82). The
protein was modeled using the AMBER ff19SB force field (83)
and solvated in a truncated octahedral box of optimal point
charge water molecules (84) with a 12-Å clearance between the
protein and the edge of the box. To ensure a net neutral charge
for the simulation system, 5 Na+ and 3 Cl- counterions were
added. Additional ions were included to yield the same salt
concentration as our NMR experiments (17 mM NaCl). The
J. Biol. Chem. (2024) 300(9) 107606 11
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solvated system was energy-minimized and then equilibrated
in three stages. In the first stage, we performed 20 ps of dy-
namics in the canonical NVT ensemble with a constant
number of particles N, volume V, and temperature T of 25 �C,
applying positional restraints of 1.0 kcal mol−1 Å−2 to all heavy
atoms of the receptor. In the second stage, we maintained
positional restraints on the receptor and equilibrated the sys-
tem for 1 ns in the isothermal-isobaric NPT ensemble with a
constant number of particles N, pressure P of 1 bar, and
temperature T of 25 �C. In the final stage, we removed all
positional restraints and equilibrated the system for 1 ns in the
NPT ensemble. Constant temperature and pressure were
maintained using a weak Langevin thermostat (frictional co-
efficient of 1 ps−1) and Monte Carlo barostat (pressure changes
attempted every 0.2 ps), respectively. To enable a time step of
2 fs, bonds involving hydrogens were restrained to their
equilibrium values using the SHAKE algorithm (85). Long-
range electrostatic interactions were treated using the parti-
cle mesh Ewald method (86) while short-range, nonbonded
interactions were truncated at 10 Å.

Our WEMD simulation of ARNT PAS-B was run using a 1D
progress coordinate consisting of the solvent-accessible sur-
face area of residues lining the internal cavity of the receptor
that contains crystallographic water molecules. These residues
were selected based on visual inspection of the internal cavity
and consisted of residues F363, S365, F373, I396, R409, S411,
F412, V415, V425, F427, F429, M439, T441, S443, I457, C459,
and N461. The minimal adaptive binning scheme (87) was
applied to the progress coordinate using 15 bins, a target
number of eight trajectories per bin, and a resampling time
interval s of 100 ps for each weighted ensemble (WE) iteration.
Our WE simulation was run for 600 iterations (total simula-
tion time of 8 ms) to achieve reasonable convergence of the
probability distribution as a function of the progress
coordinate.
Ensemble docking

We determined binding poses of the KG-655 and KG-279
ligands in the internal cavity of the ARNT PAS-B receptor
by docking each ligand to an ensemble of receptor confor-
mations with NOE-based distance restraints between the
ligand and receptor (Tables S1 and S2). For the KG-655 and
KG-279 ligands, 12 and 28 NOE-based distance restraints,
respectively, were generated by qualitative analysis of NOESY
peak intensities, using these to establish upper limits of 2.8/
3.5/5.0 Å for strong, medium, and weak peaks; lower limits
were always set to be 1.8 Å as van der Waals contact distance.
The ensemble of receptor conformations consisted of ten
conformations from a representative, continuous pathway
generated by our WEMD simulation mentioned above with
varying extents of solvent-accessible surface area for the in-
ternal cavity, ranging from 220 to 290 Å2. To generate this
ensemble, we first clustered a representative, continuous tra-
jectory from our WEMD simulation using a quality threshold
clustering algorithm (88) and then selected the conformation
closest to the centroid for each of the resulting clusters,
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yielding an ensemble of ten receptor conformations. For the
clustering calculation, the similarity metric was the heavy-
atom RMSD of the protein from the initial, equilibrated
structure with a quality threshold (cluster radius) of 2 Å.

All docking calculations were performed using the
HADDOCK software package (https://www.bonvinlab.org/
software/haddock2.2) (89). As implemented in HADDOCK,
our docking protocol consisted of three stages: (i) randomi-
zation of orientations and rigid-body energy minimization
with ambiguous interaction restraints between the ligand and
receptor to generate 1000 docked poses for each of the ten
receptor conformations (total of 10,000 models), (ii) semi-
flexible simulated annealing in torsion space of the 1000 top-
scoring poses, and (iii) refinement of each top-scoring pose
using a short molecular dynamics simulation with an 8-Å shell
of explicit solvent at 25 �C and position restraints on non-
interface atoms.

For the first stage of the docking calculation, ambiguous
ligand-receptor restraints were specified for a set of “active”
NOE-based methyl-containing residues of the receptor that
interact with the ligand. For the KG-655 ligand, seven active
residues were specified: I396, L408, V415, L418, L423, V425,
and I457. For the KG-279 ligand, the same active residues were
specified except for L418. For the subsequent stages of the
docking calculation (semiflexible annealing and water refine-
ment) we specified unambiguous ligand-receptor restraints as
a set of interheavy-atom distances that were obtained by
extending each NOE-derived interproton distance by 1 Å to
implicitly account for the two C-H bonds. For the KG-655 and
KG-279 ligands, this set consisted of 19 (12 involving
nonequivalent heavy atoms) and 31 distances (28 involving
nonequivalent heavy atoms), respectively. Parameters for the
receptor and ligand were taken from the optimized potentials
for liquid simulations united-atom force field (90) and default
HADDOCK settings for protein-ligand docking were applied.
For each ligand, the resulting 1000 top-scoring poses from the
docking calculation were clustered using the RMSD of the
ligand from the best-ranked pose after alignment on the Ca

atoms of the receptor and a clustering cut-off of 1.5 Å. To
avoid double-counting certain docked poses due to the 2-fold
symmetry of the KG-655 ligand, the ligand RMSD involved
only three heavy atoms that lie along the symmetry axis: two
carbon atoms of the aromatic ring and the oxygen on the
hydroxyl substituent of the ring. For the KG-279 ligand, the
ligand RMSD involved all heavy atoms of the ligand. The
resulting nine clusters were then ranked by the average
HADDOCK score of the top four poses of each cluster. We
selected the top-scoring pose of each cluster; for the first
cluster, the pose with the second-best score was selected due
to the best-scoring pose having unfavorable electrostatic in-
teractions. We also discarded models with NOE distance vi-
olations >0.3 Å. These two filters reduced the 1000 docked
poses for each ligand to a final set of five poses.

For each ligand, we further refined the final five poses with
all-atom models by adding in nonpolar hydrogens and running
a 21-ns conventional molecular dynamics (cMD) simulation
for each pose using the AMBER 20 dynamics engine (81). All
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cMD simulations were run in the NPT ensemble (25 �C and
1 atm) with the AMBER ff19SB force field (83) for the ARNT
PAS-B receptor, generalized AMBER force field 2 (91) pa-
rameters for the small-molecule ligands, optimal point charge
model for the explicit water molecules (84), Joung-Cheatham
parameters for neutralizing Na+ and Cl- ions (as created for
the TIP4P-EW model) (92), and NOE-based interproton dis-
tance restraints between the ligand and receptor using square-
bottom wells that account for the corresponding lower and
upper bounds. Distance restraints were gradually applied
during the first 10 ns by increasing the force constant from 0.2
to 2 kcal mol−1 Å−2; a force constant of 2 kcal mol−1 Å−2 was
then applied throughout the latter 10 ns. Finally, the force
constant was gradually reduced to zero during a 1 ns simula-
tion while applying positional restraints of 1.0 kcal mol−1 Å−2

to all receptor heavy atoms except for the active side chains.
Generalized AMBER force field 2 ligand parameters (Tables S3
and S4) were derived by fitting partial atomic charges to
electrostatic potentials using the restricted electrostatic po-
tential method (93); electrostatic potentials were calculated at
the HF/6-31G* level of theory using the Gaussian 16 A03
software package (https://gaussian.com/gaussian16).

Prior to running the above cMD simulation, the ligand-
receptor system was prepared by immersing the system in a
truncated octahedral box of water molecules with a 12 Å
clearance between the system and the edge of the box. To
ensure a net neutral charge, 5 Na+ and 3 Cl- counterions were
added. Additional ions were included to yield the same salt
concentration as our NMR experiments (17 mM NaCl). The
solvated system was energy-minimized and equilibrated using
the same protocol described above for WE simulations of the
ligand-free receptor with the exception of applying the
following during all three stages of equilibration: positional
restraints of 1 kcal mol−1 Å−2 to all heavy atoms of the receptor
except for the active sidechains involved in NOE-based
interproton distance restraints and interproton distance re-
straints with a force constant of 0.2 kcal mol−1 Å−2.
Data availability

All data that support the findings of this study are available
upon request.
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