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Abstract

The aryl hydrocarbon receptor (AHR) is a ligand-dependent transcription factor belonging to the bHLH/
PAS protein family and responding to hundreds of natural and chemical substances. It is primarily
involved in the defense against chemical insults and bacterial infections or in the adaptive immune
response, but also in the development of pathological conditions ranging from inflammatory to neoplastic
disorders. Despite its prominent roles in many (patho)physiological processes, the lack of high-resolution
structural data has precluded for thirty years an in-depth understanding of the structural mechanisms
underlying ligand-binding specificity, promiscuity and activation of AHR. We recently reported a cryogenic
electron microscopy (cryo-EM) structure of human AHR bound to the natural ligand indirubin, the chaper-
one Hsp90 and the co-chaperone XAP2 that provided the first experimental visualization of its ligand-
binding PAS-B domain. Here, we report a 2.75 �A resolution structure of the AHR complex bound to the
environmental pollutant benzo[a]pyrene (B[a]P). The structure substantiates the existence of a bipartite
PAS-B ligand-binding pocket with a geometrically constrained primary binding site controlling ligand bind-
ing specificity and affinity, and a secondary binding site contributing to the binding promiscuity of AHR. We
also report a docking study of B[a]P congeners that validates the B[a]P-bound PAS-B structure as a
suitable model for accurate computational ligand binding assessment. Finally, comparison of our
agonist-bound complex with the recently reported structures of mouse and fruit fly AHR PAS-B in different
activation states suggests a ligand-induced loop conformational change potentially involved in the
regulation of AHR function.
� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-

tivecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Humans are chronically exposed to a multitude of
natural and chemical substances in various ways,
r(s). Published by Elsevier Ltd.This is an open ac
including through the diet, medical therapies or
direct physical contact with the immediate
environment. By entering our body these
compounds may affect either positively or
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negatively different physiological functions, and
some of them can trigger long lasting harmful
effects. Living organisms have developed protein
sensors allowing them to adapt to their chemical
environment such as the xenobiotic receptors
CAR (constitutive androstane receptor), PXR
(pregnane X receptor) or AHR (aryl hydrocarbon
receptor).1 Also referred to as an “exposome recep-
tor”,2 AHR is a crucial chemosensory protein
involved in a wide range of physiological and patho-
logical processes in response to a myriad of natural
and chemical substances.3 It belongs to the basic
helix-loop-helix (bHLH)/PER-ARNT-SIM (PAS) pro-
tein family which is present ubiquitously in all king-
doms of life and predominantly involved in sensing
various stimuli including endogenous compounds,
foreign chemicals, light, oxygen or osmotic pres-
sure, for example.4–7 The AHR protein consists of
around 850 amino acids and can be divided into
several different domains fulfilling very specific
functions. The N-terminal part of the protein con-
sists of three structured domains. The bHLH
domain is involved in DNA recognition and dimer-
ization. The PAS region exists as a tandem of two
domains, denoted PAS-A and PAS-B, respectively,
each encompassing around fifty amino acids. PAS-
A domain is involved in heterodimerization with
other protein partners and PAS-B domain is crucial
for protein activity as it is directly responsible for
ligand binding. The C-terminal part of the protein
is predicted to be mostly disordered and includes
a transactivation domain that recruits transcriptional
coactivators to the target gene promoter leading to
induction of gene transcription.
AHR is historically known as the receptor for

numerous xenobiotics such as halogenated
aromatic hydrocarbons (HAHs, e.g. 2,3,7,8-tetra
chlorodibenzo-p-dioxin also known as dioxin or
TCDD), polycyclic aromatic hydrocarbons (PAHs),
polychlorinated biphenyls (PCBs) and other
environmental contaminants collectively referred
to as persistent organic pollutants (POPs). Hence,
initial studies have revealed the prominent role of
AHR in xenobiotic metabolism and clearance
through the regulation of the expression of
xenobiotic-metabolizing phase I (e.g. cytochrome
P450 CYP1A), and phase II (e.g. glutathione S-
transferase GST) enzymes following its interaction
with chemicals. However, in addition to promoting
their elimination, AHR is also known to act as a
mediator of the toxicity of certain POPs through
the generation of toxic metabolites, for example.8

A sustained activation of the receptor by metaboli-
cally resistant AHR ligands (e.g. TCDD), in contrast
with more rapidly metabolized compounds (e.g.
PAHs), has also been suggested as a possible
mechanism of AHR-mediated POPs toxicity.9 More-
over, it was later discovered that AHR can also play
a critical role in various physiological pathways,
including cell growth, differentiation, immune
response and barrier function, through its binding
2

to microbiome metabolites, natural products and
endogenous molecules (e.g. indole derivatives,
alkaloids or polyphenols), and the consecutive
induction of diverse sets of genes.2,10,11 For
instance, AHR activation by microbial metabolites
in the gastrointestinal tract plays an important role
in signaling between the enteric microflora and the
immune system. Because of this, the receptor is
engaged in promoting commensalism within the
human gut and dysregulation of this interaction
can lead to irritable bowel disease.12–15

In its unliganded form, AHR resides in the
cytoplasm forming a complex with several other
partners including the chaperone heat shock
protein 90 (Hsp90) and the co-chaperones X-
associated protein 2 (XAP2, also known as AIP or
ARA9) and p23. Ligand binding triggers a
translocation of the complex into the nucleus
where AHR is released and interacts with the AHR
nuclear translocator (ARNT). The AHR-ARNT
heterodimer binds to the so-called “dioxin-
response element” (DRE, also known as
xenobiotic-response element XRE or aryl
hydrocarbon-response element AHRE) DNA
sequences and regulates the expression of target
genes.13,16,17 Previous structural work has revealed
how AHR and ARNT bHLH/PAS-A domains
heterodimerize and bind to DREs,18–20 but provided
no insights into the AHR cytosolic complex organi-
zation or the structural basis of ligand-binding and
receptor activation. Indeed, full-length AHR has
resisted structural studies for thirty years, and this
may be due, in part, to the unstable and
aggregation-prone nature of the protein, and more
specifically of its PAS-B domain. Using the Sf9
insect cell expression system, protein co-
expression and cryogenic electron microscopy
(cryo-EM), we recently reported the structure of
the AHR-Hsp90-XAP2 cytosolic complex bound to
the microbial metabolite indirubin.21 The structure
showed the concerted action of Hsp90 and XAP2
inmaintaining the receptor in a stable and functional
form, and revealed the molecular determinants of
indirubin recognition and binding. Following this ini-
tial study involving a natural AHR ligand, we now
report a 2.75 �A resolution structure of the AHR-
Hsp90-XAP2 cytosolic complex bound to benzo[a]
pyrene (B[a]P), a prototypical member of the PAH
family of environmental contaminants. B[a]P is a
by-product formed in various combustion pro-
cesses, including burning of fossil fuels, wood,
and other organic materials. It is present in high
levels in cigarette smoke, diesel exhaust, smoked
and grilled food products, as well as certain types
of industrial waste. Binding of B[a]P to AHR results
in several toxic effects, notably through its biotrans-
formation by AHR-induced cytochrome P450s into
the carcinogenic metabolite B[a]P-7,8-diol-9,10-
epoxide that binds covalently to DNA, thus leading
to erroneous replication and mutagenesis.8 The
structure reported here reveals the binding mode
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of B[a]P at the PAS-B that allowed a detailed struc-
ture–function analysis of the ligand-binding pocket
of AHR. The B[a]P-bound PAS-B structure was
subsequently used as a template to accurately
model and evaluate the interaction of several PAH
family members with the receptor. Last, comparison
of our structural data with the recently published
structures of AHR from various species and in dif-
ferent ligation states allowed us to provide the struc-
tural basis of ligand binding species specificities
and to suggest potential ligand-induced regulatory
structural changes.

Results and Discussion

Structure determination and architecture of the
B[a]P-bound AHR-Hsp90-XAP2 complex

Human AHR lacking the disordered
transactivation domain (residues 1–437), full
length Hsp90, XAP2 and p23 were co-expressed
using the Sf9 insect cell expression system. The
human AHR-Hsp90-XAP2 cytosolic complex was
prepared as previously described.21 Briefly, follow-
ing cell lysis and centrifugation, the protein extract
was applied onto two consecutive HisTrap and
StrepTrap affinity columns (Figure 1A, B). After
tag removal, the complex was further purified using
an ion exchange column and fractions containing
the ternary AHR-Hsp90-XAP2 or the quaternary
AHR-Hsp90-XAP2-p23 complexes were pooled
separately. Our past experience on the structural
characterization of the AHR cytosolic complex
using cryo-EM indicated that the presence of p23
generated a high heterogeneity of the sample due
to the presence of different numbers and locations
of the molecule, thereby lowering the resolution of
the final map.21 Moreover, it has been recently sug-
gested that for a similar complex between Hsp90
and the glucocorticoid receptor, the binding of p23
and immunophilin (e.g. XAP2) are mutually exclu-
sive.22 Hence, the ternary AHR-Hsp90-XAP2 com-
plex was concentrated and injected in a size
exclusion column for a final purification step and
subsequent structural studies (see Material and
Methods for details). B[a]P was added to the puri-
fied complex prior to preparation of the cryo-EM
grids. B[a]P is a highly hydrophobic molecule con-
sisting of five fused benzene rings (one benzene
ring fused to the four-member-ring pyrene), result-
ing in a planar aromatic system (Figure 2A).
Although less potent than indirubin or dioxin (Fig-
ure 2A), B[a]P is a high affinity and full agonist acti-
vating AHR with an EC50 of 26 nM (Figure 2B and
Table S1). Using differential scanning fluorimetry
(nano-DSF) that monitors the thermal stabilization
of the receptor upon ligand binding, we also con-
firmed that B[a]P binds to the purified AHR-
Hsp90-XAP2 complex (Figure 2C).
Cryo-EM data collected at TheMidlands Regional

Cryo-EM Facility in Leicester, UK, allowed us to
obtain a 2.75 �A reconstruction of the AHR
3

cytosolic complex bound to B[a]P (Figure 3A–D,
Figure S1 and Table S2). The model was built
starting from our previously published structure of
the indirubin-bound AHR-Hsp90-XAP2 complex
(PDB code 7ZUB). Reminiscent of this structure21

and of the recently reported unliganded (apo)
mouse AHR-Hsp90-XAP2-p23 structure,23 the
complex displays a fully closed, nucleotide-bound
Hsp90 dimer (molecules denoted Hsp90A and
Hsp90B) complexed with one molecule of AHR
and one molecule of XAP2 that occupy the same
side of the Hsp90 dimer (Figure 3E, F). The globular
ligand-binding PAS-B domain of AHR is stabilized
through extensive interaction surfaces with Hsp90
and XAP2, but, on the other side of the chaperone
homodimer, the high dynamics of the N-terminal
region prevented us from building a reliable model
for the DNA-binding bHLH and dimerization PAS-
A domains. In addition to the PAS-B domain, the
interfaces between AHR and the other complex
components involve a N-terminal fifteen-residue
elongated linker connecting PAS-A and PAS-B
passing through the closed Hsp90 lumen, as well
as a C-terminal mostly disordered forty-residue-
long loop connecting PAS-B to the transactivation
domain and interacting with PAS-B and XAP2.
The overall architecture of the B[a]P-bound cytoso-
lic complex does not show significant deviations
from the previously reported structure of the
indirubin-bound AHR-Hsp90-XAP2 complex, in
agreement with the similar agonistic character of
the two AHR ligands.

The AHR ligand binding PAS-B domain bound
to B[a]P

The B[a]P binding site within the AHR PAS-B
ligand-binding pocket could be easily identified
thanks to the characteristic shape of the cryo-EM
map of the ligand. Looking at the map (Figure 4A),
it appeared clearly that the bulkiest part of B[a]P
(the four-member-ring pyrene moiety) should be
positioned in the left part of the density, while the
additional benzene ring would fit well in the thinner
right part of the density. However, we observed
that flipping the molecule by 180� along its main
axis generated a second pose that fitted equally
well within the density. Because the resolution of
2.75 �A at which the structure was solved did not
allow discriminate the two orientations that differ
only slightly, we performed multiple microsecond-
long molecular dynamics (MD) simulations of the
complex between AHR PAS-B (284–399) and B[a]
P to determine which of the possible orientations
or combination of them would best explain the
experimental cryo-EM map (see Materials and
Methods for details). The stability of the ligand in
each orientation has been evaluated by monitoring
the root mean square deviation (RMSD) of the B
[a]P molecule with respect to the backbone of the
protein. In simulation, the two possible orientations
of B[a]P show comparable stability, with the most



Figure 1. Preparation of the AHR-Hsp90-XAP2 complex. (A) Schematic representation of the proteins used in
this study. AHR construct includes N-terminal Strep-tag, followed by MBP protein and TEV protease cleavage site;
bHLH (basic helix-loop-helix motif), PAS-A and PAS-B (Per-Arnt-Sim domain A and B). Hsp90 construct includes N-
terminal His-tag; NTD (N-terminal domain), CL (charged flexible linker), MD (middle domain), CTD (C-terminal
domain). XAP2 and p23 were left untagged; PPI-like (peptidyl-prolyl isomerase-like domain). TPR1, 2 and 3
(tetratricopeptide repeat motif 1, 2 and 3), a7 (C-terminal helix alpha). (B) SDS-PAGE gels showing results obtained
during the two last steps of protein purification. Fractions used for the subsequent purification step are indicated with a
red dashed line. Molecular weight protein standards are indicated on the left-hand side of each gel. Gel images are
representative of independent biological replicates (n = 3). Elution profiles from the ion exchange (Capto Q) and size-
exclusion chromatography (SEC) are shown below.
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populated configuration which is very close to the
experimental one (Figure S2A). Nonetheless, the
ligand is able to move in the pocket, exploring
alternative configurations before returning to the
experimental one in most of the replicates
(Figure S2B). Together with the fact that the
density can be more completely explained by a
mixture of the two poses, we concluded from the
MD analysis that B[a]P can bind to AHR PAS-B in
two alternative, although similar, orientations
(Figure 4A). Their position within the ligand
binding pocket is almost identical at the working
4

resolution of 2.75 �A, and their network of
interactions with surrounding residues is almost
indistinguishable, both qualitatively and
quantitatively.
The elongated ligand-binding pocket extending

between helices Ca and Fa is only partially
occupied by the ligand that is located in close
proximity to helix Fa, while the region adjacent to
helix Ca remains unoccupied (Figure 4B). The B
[a]P binding site comprises only fifteen amino acid
side chains (4.2 �A distance cut-off), in line with the
rather small size of the compound (C20H12,



Figure 2. Activity and AHR binding properties of B[a]P. (A) Chemical structures of compounds used in the
study. (B) Cell-based activity assays for three AHR ligands. The results are represented as mean value ± SD from
independent biological replicates (n = 4). (C) Nano-DSF analysis of the interaction between the AHR-Hsp90-XAP2
complexes and B[a]P. The results are representative of independent biological replicates (n = 3).
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252.31 Da). Next to helix Fa, the pyrene moiety is
primarily involved in three stacked or T-shaped p-
p interactions with F295 on one face, F351 on the
other face, and Y322 at the edge (Figure 4B, C).
The fifth benzene ring is sandwiched between
L353 and H291, and forms a fourth p-p interaction
with the latter. The remaining pocket residues
(G321, F324, I325, C333, S336, H337, I349,
S365, V381 and Q383) are engaged in van der
Waals contacts with all parts of B[a]P.
Interestingly, the unique spatial arrangement of six
amino acids on both faces of B[a]P, and
tentatively defined as the “floor” (H291, F295) and
the “roof” (I325, C333, F351, L353) of the binding
site, provides a clear explanation for the marked
preference of AHR for compounds displaying a
planar structure (Figure 4C). We exploited MD
simulations of B[a]P-bound PAS-B to estimate the
relative energetic contribution of the various
contacting residues to the interaction with the
environmental ligand. The energetic analysis
confirms that both possible orientations are not
significantly different, in fact they have similar
interaction energies with the residues of the ligand
binding pocket (Figure 4D). B[a]P is an apolar
moiety that strongly interacts with aromatic and
hydrophobic residues through van der Waals
contact, such as those corresponding to the
stacking arrangement with F295 (between �25
and �30 kJ/mol), for example. This is consistent
with what has been estimated for the interaction
between the same residue and indirubin.21

We next superimposed the B[a]P- and indirubin-
bound AHR-Hsp90-XAP2 complex structures to
5

compare the binding modes of the two ligands and
their impact on the AHR PAS-B domain structure.
Indirubin is a dietary-derived endogenous ligand of
AHR produced from tryptophan by intestinal
bacteria24 and displaying an asymmetric double
indole structure (Figure. 2A). Like B[a]P and most
AHR ligands, indirubin is a small planar molecule,
and the two compounds are of approximately the
same size. As a consequence, the binding sites of
the two ligands largely overlap, and residues inter-
acting with B[a]P are in contact with indirubin as well
(Figure 4E). Comparison of the per-residue interac-
tion energies of indirubin (Figure 6H of 21 and B[a]P
(Figure 4D) with AHR PAS-B shows that the two
ligands share pattern and magnitude of van der
Waals contacts. At variance with B[a]P, indirubin
also forms two additional electrostatic interactions
with S365 and Q383 of about 30 kJ/mol each,21

ascribable to the formation of stable hydrogen
bonds with these two amino acids that can rational-
ize the roughly two orders of magnitude higher affin-
ity of indirubin compared to B[a]P (Figure 2B).
These findings are also in qualitative agreement
with the observation that a single ligand–protein
hydrogen bond can increase binding affinity by
about one order of magnitude.25 To validate these
computational data, S365 or Q383 were mutated
into alanine, and the capacity of the corresponding
AHR mutants to bind indirubin was monitored by
nano-DSF. The data displayed in Figure 4F show
that each mutation individually decreases the inter-
action of AHR with indirubin by nearly 50%, sug-
gesting an even more drastic effect of the double
mutation. As a whole, these structural, in silico



Figure 3. Cryo-EM data and overall architecture of the B[a]P-bound complex. (A) Representative micrograph
of the sample. The scale bar represents 20 nm. (B) Representative 2D class averages. 2D class averages exhibit
different projections corresponding to each orientation. (C) Euler angle distribution for the final reconstruction. The
model is shown in two orthogonal views. (D) Local resolution estimation diagram of the final map (global map). (E) A
composite map of the AHR-Hsp90-XAP2 complex in two orthogonal views. Hsp90A (light blue), Hsp90B (dark blue),
XAP2 (purple), AHR (orange). The same color scheme is used throughout the manuscript unless stated otherwise.
(F) The atomic model of the complex in cartoon representation (the orientation of the molecule same as in E.
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and biochemical data highlight the importance of
hydrogen bonding in the interaction between indiru-
bin and AHR, and are consistent with the weaker
binding affinity of compounds not engaged in such
type of contacts (e.g. B[a]P). Note in this respect
that picoberin, a compound resembling indirubin
and predicted to interact with AHR through a very
similar mechanism, including hydrogen bonding
with S365 and Q383, was recently shown to bind
to the receptor with an affinity in the picomolar
range.26 Comparison of the indirubin- and B[a]P-
bound PAS-B structures also revealed only minor
side chain reorientations between the binding sites
(Figure 4E), and a well conserved conformation of
6

the PAS-B domain with a RMSD value of 0.47 �A
over 136 equivalent Ca atoms (Figure S3).
As a whole, our structural studies allowed define a

bipartite ligand-binding pocket consisting of (i) a
primary binding site that provides the necessary
molecular environment to control ligand-binding
specificity and affinity, and discriminating AHR
binders based on their aromaticity and planar
shape, and (ii) a secondary binding site in the
region adjacent to helix Ca that is vacant in the
presence of B[a]P or indirubin and allowing AHR
to accommodate larger compounds. Such
organization of the ligand-binding pocket could
explain the high binding promiscuity of AHR which



Figure 4. Interaction between B[a]P and the PAS-B domain of AHR. (A) Two orthogonal views of the cryo-EM
map for the region corresponding to B[a]P. The experimental cryo-EM map and MD simulations suggest that B[a]P
can adopt two alternative orientations (shown as cyan sticks) (B) Close-up view of the B[a]P binding site. Amino acid
residues in contact with the ligand are shown as cyan sticks. (C) Amino acid residues forming the roof (upper layer)
and the floor (lower layer) of the ligand binding site. (D) Van der Waals and electrostatic interaction energies between
B[a]P and the AHR residues. Data are presented as mean ± standard deviation of MD simulation replicas (n = 10). (E)
Superimposition of the B[a]P- (cyan) and indirubin-bound (purple) structures. Hydrogen bonds are indicated as
dashed lines. (F) Nano-DSF analysis of the interaction between the AHR-Hsp90-XAP2 S365A and Q383A mutant
proteins and indirubin. The results are representative of independent biological replicates (n = 3).
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can be bound and activated by a vast array of
compounds, ranging from small indole derivatives
with a molecular weight below 200 Da to large
molecules of around 600 Da, like for example
bilirubin.3
Structure-activity analysis of B[a]P and
structurally related compounds

B[a]P is the main representative of the PAHs
family of compounds which are conjugated
aromatic chemicals composed of multiple benzene
rings. They are POPs of critical concern due to
their widespread environmental occurrence and
toxicity.27,28 PAHs are carcinogenic and genotoxic
agents strongly suspected to be involved in the
development of breast, colorectal, lung or prostate
cancers.29 Our cryo-EM data revealed the binding
mode of B[a]P at AHR PAS-B. We thus took advan-
tage of this knowledge to assess the interaction
between some B[a]P congeners and AHR through
computational approaches. Using the HAhLH
reporter cell line, we first investigated the activity
of two B[a]P-related compounds belonging to the
PAH family, the benzo[k]fluoranthene (B[k]F) and
benzo[a]anthracene (B[a]A). With an EC50 value
of around 1.5 nM, B[k]F is the most potent AHR
agonist followed by B[a]P (EC50 26 nM), and finally
B[a]A (EC50 0.8 lM) (Figure 5A and Table S3). We
next carried out MD simulations of AHR PAS-B in
complex with either B[k]F or B[a]A, superimposing
them to the structures of B[a]P, in order to evaluate
their binding modes and their relative binding ener-
gies. Starting from the experimental pose of B[a]P
allowed us to model poses of alternate ligands that
are stable in the microsecond timescale (RMSD of
around 0.1 nm for B[k]F and RMSD of around
0.2 nm for B[a]A, Figure 5B). Overall, the interaction
energies of the three ligands with AHR PAS-B is in
qualitative agreement with the measured biological
responses, in fact B[k]F has the lowest (most favor-
able) interaction energy, while B[a]A has the highest
(least favorable) one (Figure 5C). Energetic analy-
sis at the residue level indicates that the interaction
pattern of all three compounds is similar (Figure 5D)
although B[a]A forms weaker interactions with sev-
eral pocket residues, namely H291, P297, F324,
L353, and Q383, in qualitative agreement with a
lower affinity. This trend is further corroborated by
the geometric analysis of the interactions with aro-
matic sidechain with the largest energy contribu-
tions (i.e. H291 and F295) suggesting that stacked
(F295) or T-shaped (H291) arrangements are
observed for all the ligands but less pronounced in
the case of B[a]A (Figure S4). Even though these
results do not consider other factors that could influ-
ence the binding free energy of the ligands for the
protein (e.g. solvation effects), they show that the
B[a]P-bound PAS-B structure can be exploited as
a model for the assessment of ligand binding rela-
tive stability.
8

Comparison of human, mouse and fruit fly
AHR PAS-B structures

Structural analyses of the AHR PAS-B domains
from two different species and in different ligation
states have been recently published, providing us
with the opportunity to carry out a comparative
study with the hope to gain insights into the
mechanisms of AHR activation and ligand-binding
specificity. On one hand, structures of the fruit fly
AHR PAS-B domain (DmPAS-B) in its unliganded
(apo) and a-naphthoflavone (aNF)-bound forms
have been solved by X-ray crystallography,30 while
on the other hand, the structure of the unliganded
mouse AHR PAS-B domain (MmPAS-B) was
solved by cryo-EM in the context of the
AHR-Hsp90-XAP2-p23 cytosolic complex.23 Super-
imposition of the PAS-B structures of the various
organisms revealed that they all exhibit the canoni-
cal fold of PAS domains comprising a five-stranded
antiparallel b-sheet (Ab, Bb, Gb, Hb and Ib) flanked
by four consecutive a-helices of variable lengths
(Ca, Da, Ea and Fa), plus an additional helix Ja
present at the carboxy-terminus of the domain
(Figure 6A). aNF-bound DmPAS-B, apo DmPAS-
B and apoMmPAS-B superimposed on their human
counterpart (HsPAS-B) with RMSD values of
0.91 �A, 1.37 �A and 1.99 �A, respectively. Interest-
ingly, in contrast with mammalian AHRs, the
transcriptional activity of invertebrate AHRs (e.g.
fruit fly or C. elegans) is ligand-independent,31,32

and it was previously shown that DmPAS-B is
unable to bind any known human AHR ligands such
as indirubin or B[a]P, for example.30 aNF was
recently identified as a “neutral” DmAHR ligand that
is unable to modulate the transcriptional activity of
the receptor either positively or negatively.30 Com-
parison of the B[a]P-bound HsPAS-B and aNF-
bound DmPAS-B structures revealed that both
ligands bind to the primary binding site defined
above, occupying similar space and lying in the
same plane (Figure 6B). However, among the fif-
teen residues contributing to the B[a]P binding site
in HsPAS-B, only five are strictly conserved in Dm-
PAS-B (Figure 6C, D). Note that two of the con-
served residues belong to the “floor” of the binding
site (H291, F295; human numbering), while none
of the conserved residues belong to the “roof”.
The most notable differences are the substitutions
F351/Y334 (roof), C333/V316 (roof), L353/Y336
(roof), S365/T348 andQ383/H366 (Hs/Dm number-
ing) that all generate steric clashes with B[a]P (Fig-
ure 6C). Other differences are the substitutions
P297/L281, F324/L307, I325/V308 (roof), S336/
A319 and V381/C364 (Figure 6D). Moreover, the
volume of the ligand-binding pocket, comprising
both the primary and secondary binding sites and
determined by CASTp,33 appeared to be much
smaller in DmPAS-B (440 �A3) than in its human
counterpart (682 �A3), in agreement with the much
higher ligand-binding capacity of the latter. The sit-
uation is very similar in C. elegans where the



Figure 5. Modeling of the interaction between B[a]P congeners and AHR PAS-B. (A) Chemical structures of
benzo[k]fluoranthene (B[k]F) and benzo(a)anthracene (B[a]A), and cell-based activity assays for B[a]P, B[k]F and B
[a]A. The results are represented as mean value ± SD from independent biological replicates (n = 4). (B) Histogram of
the RMSD of the positions of B[k]F and B[a]A with respect to the backbone of AHR PAS-B observed in MD
simulations. Data are presented as mean ± error of the mean of MD simulation replicas (n = 10). (C) Total interaction
energies between ligands and AHR PAS-B. Data are presented as mean ± error of the mean of MD simulation
replicas (n = 10). (D) Van der Waals and electrostatic interaction energies between ligands and PAS-B individual
residues. Data are presented as mean ± error of the mean of MD simulation replicas (n = 10).
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PAS-B domain displays many sequence differ-
ences, particularly in the “floor” and “roof” regions
where four out of the six human residues are not
conserved in the worm (Figure 6D, E). As a whole,
these data provide a rational basis to explain the dif-
ferent ligand-binding properties of AHR from vari-
ous species and highlight the critical role of the
“floor” and “roof” residues in this process.
We next analyzed various AHR PAS-B structures

in the light of their respective functional states.
Indeed, because DmAHR is a constitutively active
receptor and considering that aNF binding has no
effect on its transcriptional activity, we reasoned
9

that the DmPAS-B (both apo and ligand-bound)
together with the B[a]P-bound HsPAS-B structures
would represent the active form of the domain,
whereas the structure of the unliganded MmPAS-B
could be viewed as an inactive conformation. As
indicated by the RMSD values obtained from
superimpositions of the four structures, all AHR
PAS-B domains share a well conserved fold.
However, a careful visual inspection revealed that
the loop connecting helices Da and Ea (Da-Ea
loop) follows a significantly different path in apo
MmPAS-B (inactive form) when compared with the
B[a]P-bound HsPAS-B structure (active form),
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most particularly between R318 and F324 (human
numbering) (Figure 7A). We noticed that three
residues, namely G321, Y322 and F324, that are
involved in close contacts with B[a]P, are displaced
by several �A in the apo MmPAS-B (G315, Y316,
F318), suggesting that ligand-binding stabilizes a
particular conformation of the loop. In line with this
interpretation, a loop arrangement similar to that
found in the agonist-bound HsPAS-B structure was
also observed in the apo and ligand-bound
DmPAS-B structures (active forms) with G304
(G321 in human) and Y305 (Y322 in human)
interacting with the ligand aNF (Figure 7B). Our
structures of the B[a]P- and indirubin-bound
HsPAS-B also revealed that the Da-Ea loop serves
as a docking surface for the C-terminal extension
connecting PAS-B to the transactivation domain.
This forty-residue-long sequence forms a long loop
folding back onto the PAS-B domain (Figure 7C)
and participates in the interface with XAP2
(Figure 3F). In contrast, the intramolecular
interaction between the PAS-B Da-Ea loop and the
C-terminal linker is not visible in the unliganded
MmPAS-B structure, suggesting that it could be
dependent on the presence of a ligand stabilizing a
productive conformation of the Da-Ea loop.
In summary, this comparative structural analysis

suggests that binding of an agonist to AHR PAS-B
could trigger a conformational change of the Da-
Ea loop with possible consequences on protein
interactions and receptor activation. Note in
addition that data obtained from a previous
molecular modeling study comparing the structural
dynamics of the Da-Ea loop in HIF-2a, another
member of the bHLH/PAS family, and in AHR
suggested that this long and flexible “belt” could
contribute to the plasticity of the ligand-binding
pocket and to the ability of AHR to accommodate
a wide diversity of ligands.34 Finally, using MD sim-
ulations we previously found that the AHR PAS-B
region encompassing helices Ca and Da exhibits
a high degree of flexibility in the unliganded form
and undergoes stabilization upon ligand binding,
thus suggesting a potential entry site for the
ligand.21 The flexibility of the Da-Ea loop that
directly follows helix Da suggests that it could be
Figure 6. Comparison of the AHR ligand-binding site f
[a]P-bound (PDB code 8QMO), fruit fly apo (PDB code 7VN
(PDB code 8H77) AHR PAS-B structures showing the we
showing that B[a]P (cyan) and aNF (red) bind to the same
and fruit fly receptors, respectively. (C) Superimposition of h
fly aNF-bound (PDB code 7VNH, yellow) AHR PAS-B structu
ligand-binding pockets of the two receptors species. (D) S
numbering), mouse, C. elegans and fruit fly. Residues that a
in red. Residues involved in the interactions with B[a]P are m
the “roof” of the B[a]P binding site are indicated by a red b
Superimposition of human B[a]P-bound (PDB code 8QMO,
PAS-B showing some of the many residue differences in th

3
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involved in the regulation of ligand entry as well.
Together, these observations suggest a ligand-
related regulatory role for the Da-Ea loop.

Concluding remarks

AHR plays many important roles in the
environmental adaptation, normal physiology and
development of diverse pathological conditions.
To achieve these functions AHR binds and is
activated by a multitude of environmental and
natural substances. First identified in 1976 as a
dioxin-binding protein,35 it was later cloned in
199236 and found to be a member of the bHLH/
PAS family of transcription factors. Although the
3D structures of many PAS domains have been
reported, either as isolated domains or in the con-
text of full-length proteins,37 thus providing a wealth
of information regarding their mechanisms of dimer-
ization, ligand- and DNA-binding or protein–protein
interactions, many attempts at solving the structure
of the entire AHR or of its isolated PAS-B domain
have failed for thirty years. The reasons why AHR
PAS-B is more prone to aggregation than other
PAS domains are still not fully understood, but co-
expression of proteins of the core AHR cytosolic
complex in the Sf9 insect cell expression system
allowed to circumvent this problem. Using this
approach, we were able to solve high-resolution
cryo-EM structures of human AHR in complex with
one representative natural ligand, indirubin,21 and
one prototypical exogenous ligand B[a]P (this
work). The obtained structures show that the two
types of ligands bind to the same subsite of a larger
PAS-B binding pocket that is perfectly designed to
accommodate small planar mostly aromatic com-
pounds in a highly specific fashion. In agreement
with the prevalently aromatic nature of AHR ligands,
the binding mechanisms involve a number of p-
stacking and C–H/p interactions, in addition to van
der Waals and a few hydrogen bonds. The struc-
tures also reveal that the size of the ligand-binding
pocket largely exceeds that of indirubin and B[a]P
indicating how bigger compounds can bind to
AHR PAS-B by exploiting the pocket extension left
empty in the presence of these two small ligands
rom various species. (A) Superimposition of human B
A) and aNF-bound (PDB code 7VNH), and mouse apo
ll conserved fold of PAS domains. (B) Close-up view
region of the PAS-B ligand-binding pocket in the human
uman B[a]P-bound (PDB code 8QMO, orange), and fruit
res showing some of the many residue differences in the
equence alignment of AHR PAS-B from human (with
re strictly conserved between all species are highlighted
arked with a blue star. Residues defining the “floor” and
old line above or below the blue star, respectively. (E)
orange), and C. elegans (AlphaFold model, violet) AHR
e ligand-binding pockets of the two receptors species.
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and referred to as the secondary binding site. A
detailed view of the ligand binding modes at the Hs-
PAS-B allowed us to explain interspecies differ-
ences in activation of AHR by these compounds
(this work)21 and will provide a solid framework for
future docking studies, as exemplified by our work
on the B[a]P congeners reported here. Overall,
the near atomic-level information provided by our
structures will likely facilitate rational design of dif-
ferent classes of ligands for therapeutic use and will
aid the development of structure-based in silico
methods aimed at predicting the interaction of
AHR with natural, chemical or environmental com-
pounds. Although the current study was aimed pri-
marily at deciphering the mechanisms underlying
the ligand-binding specificity and promiscuity of
AHR, the important question of how interaction with
an agonist triggers receptor activation was also
addressed thanks to the recent report of several
AHR PAS-B structures from two different organ-
isms and in various activation states.22,29 It is
believed that ligand binding induces conformational
changes in AHR PAS-B that could be transduced
Figure 7. Comparison of Da-Ea loops in various AHR P
bound (PDB code 8QMO) and mouse apo (PDB code 8H77)
Da-Ea loops in the two structures and large differences in th
of human B[a]P-bound (PDB code 8QMO), fruit fly apo (PD
PAS-B structures showing a similar conformation of the Da
(PDB code 8QMO), indirubin-bound (PDB code 7ZUB) a
structures showing the docking site of the C-terminal exte
structures.

12
through Hsp90 to the N-terminal part of the receptor
to expose the nuclear localization signal (NLS) to
the importin complex, thereby triggering transloca-
tion of the complex to the nucleus.13,16,17 Several
lines of evidence suggest a ligand-dependent rear-
rangement of the Da-Ea loop that might play a role
in various processes, including ligand recognition
and binding, protein–protein interaction, and possi-
bly receptor activation. These hypotheses rely, in
part, on the comparison of recently reported crystal-
lographic or cryo-EM structures, some of which
being solved at a medium (around 4�A) resolution.23

Further structural and functional studies will be
required to substantiate the involvement of the
Da-Ea loop in the regulation of AHR function.
Materials and Methods

Protein expression and purification

Protein expression and purification were carried
out for the AHR, Hsp90, and XAP2 complex,
AS-B structures. (A) Superimposition of human B[a]P-
AHR PAS-B structures showing the different paths of the
e positioning of equivalent residues. (B) Superimposition
B code 7VNA)- and aNF-bound (PDB code 7VNH) AHR
-Ea loops. (C) Superimposition of human B[a]P-bound
nd unliganded mouse (PDB code 8H77) AHR PAS-B
nsion on the Da-Ea loop in the human agonist-bound
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following an established protocol.21 In brief, Spo-
doptera frugiperda Sf9 cells were co-transfected
with a plasmid construct and flashBAC ULTRA viral
DNA. Protein expression was induced by infecting
the cell culture with the second passage stock of
the virus. After 36 hours, the cells were harvested,
and subjected to immediate protein purification
without storage. For the purification process, the
cell pellets were resuspended in a freezing buffer
containing 2 mM PMSF (Sigma-Aldrich), DNase
(Sigma-Aldrich), and a protease inhibitor cocktail
tablet (Roche). Sonication was used for cell lysis,
followed by centrifugation, filtration, and application
of the supernatant to a HisTrap HP column (Cytiva).
After washing the column, the protein complexes
were eluted using an imidazole buffer. Subse-
quently, the eluted fractions were applied to a
Strep-Tactin column and eluted with biotin (IBA Life-
sciences). The protein was then incubated with TEV
protease to ensure tag cleavage. The sample
underwent filtration and was loaded onto a Capto
HiRes Q column (Cytiva), separation of protein
complexes was achieved using a NaCl gradient.
Next, the fractions containing the desired protein
complexes were pooled, concentrated, and further
purified using a size exclusion column. Throughout
the protein purification steps, a constant tempera-
ture of 4 �C was maintained. The purified protein
fractions were either used immediately or stored
at �80 �C. Protein concentration was determined
using the absorption coefficient obtained from
ProtParam.

Sample preparation for cryo-EM and data
collection

Benzo[a]pyrene was purchased from Sigma-
Aldrich (catalog number B1760). The
compound was dissolved at 20 lM in DMSO
(Sigma-Aldrich) and added to the protein
solution at a 5x molar excess and 0.25% (v/v)
final DMSO concentration. Before preparation
of the grids, the complexes were incubated on
ice for 1 h to allow sufficient time for binding.
Cryo-EM data collection was performed at The
Midlands Regional Cryo-EM Facility in
Leicester, UK using FEI Titan Krios
transmission electron microscope (Thermo
Fisher Scientific) operating at 300 kV and
equipped with BioQuantum K3 direct electron
detector camera and GIF BioQuantum energy
filter (Gatan) set to a slit width of 20 eV. EPU
v.2.11 software was used for automatic data
collection. Images were collected at nominal
magnification of 105,000 x in counting mode
with a calibrated pixel size of 0.835 �A, 2 s
exposure time and an accumulative dose of 43
e-/�A2 and 50 frames per movie. The applied
defocus range varied between �0.8 and �2.3
in 0.3 mm internals. Details of the data
collection parameters are presented in
Supplementary Table S2.
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Cryo-EM data processing

In this study, RELION3.138 was employed for the
cryo-EM data processing. This included gain cor-
rection, drift correction, motion correction, dose
weighting, and alignment performed on 9,849
micrographs using MotionCor2.39 For each micro-
graph, initial contrast transfer function (CTF) values
were estimated using CTFFIND4.1,40 and low-
quality images were discarded. Subsequently,
reference-free particle picking was carried out in
RELION using the Laplacian-of-Gaussian auto-
pickingmode, resulting in the selection of 6.3 million
particles that were 4x binned (3.34�A/pix). After two
rounds of 2D classification with these particles, a
subset of 6.2million particles was selected. 3D clas-
sification was then applied to the chosen particles,
and one class containing 1.8 million particles
(30.5%) was identified for further analysis. This
class was reprocessed with 2x binning (1.67 �A/
pix) for another round of 3D classification, resulting
in the categorization of particles into three classes
totaling 807,352 particles. These particles were
subsequently subjected to re-extraction without bin-
ning (0.835�A/pix), followed by another round of 3D
classification, resulting in the selection of 630,113
particles. The chosen particles were employed in
a 3D refinement process, utilizing a 20 �A low-pass
filtering, leading to the generation of a 3.7�A resolu-
tion map. To ensure accurate particle alignment, an
additional round of 3D classification was performed
without alignment. After performing CTF refine-
ment, Bayesian polishing with dose weighting, and
a final 3D refinement round, a high-quality global
map with a resolution of 2.76 �A was successfully
obtained for further comprehensive analysis.
Model building and refinement

The initial model used was the AHR-Hsp90-XAP2
model, which included indirubin (PDB access code
7ZUB). The model for B[a]P and the constraints
file were generated through Grade
(https://grade.globalphasing.org). Indirubin in the
ligand binding pocket of the AHR PAS-B domain
was replaced with B[a]P. The electron density of
the ligand was adequate to assign it as B[a]P;
however, it was insufficient to distinguish between
the two possible mirror orientations. The model
refinement was conducted using Phenix. To
calculate the model versus map Fourier Shell
Correlation (FSCs), Phenix was employed.
Additionally, Molprobity was utilized to validate the
geometry of the final structure.
Thermal stability measurements (nano-DSF)

Thermal denaturation of the complexes in the
presence of B[a]P was analysed using a Tycho
NT.6 device (NanoTemper Technologies). The
protein sample was diluted in the buffer containing
20 mM Bis-Tris–HCl pH 7.0, 50 mM NaCl, 10 mM

https://grade.globalphasing.org
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KCl, 10 mM MgCl2, 20 mM Na2MoO4 and 2 mM
BME to a final protein concentration of 2.5 lM. B
[a]P solution at 20 mM was prepared in DMSO
and added to the sample to a concentration of
12.5 lM. For the experiments with AHR S365A
and Q383A mutant proteins, the samples were
prepared the same way except the final
concentration of indirubin was set at 2.5 lM.
DMSO alone was used as a reference at a
concentration of 5% (v/v). Upon addition of the
ligand, samples were incubated at room
temperature for 10 min. Denaturation curves were
recorded in a range from 35 to 95 �C with 1 �C/
min steps and plotted as a first derivative of the
fluorescence ratio at 330 nm/350 nm against
temperature. All measurements were performed in
triplicates.
Reporter cell line assay

HAhLH reporter cells were seeded in 96-well white
opaque tissue culture plates at a density of 50,000
cells per well in 150 ll of the test medium. Test
compounds were prepared at 4� concentration in
the same medium, and 50 ll per well were added
24 h after seeding. Cells were incubated for 8 h in
the presence of the compounds at 37 �C. At the
end of incubation, the medium containing test
compounds was removed and replaced with test
culture medium containing 0.3 mM luciferin and
luminescence was measured in intact living cells
for 2 s. Experiments were performed in
quadruplicate for each ligand concentration. Each
compound was tested in at least four independent
experiments. Results were expressed as a
percentage of maximal luciferase activity. Maximal
luciferase activity (100%) was obtained in the
presence of 10 nM dioxin. Dose response curves
were modeled using GraphPad Software (version
5.0 Inc., San Diego, CA). Effective concentrations
(ECs) are derived from the Hill equation. For a
given compound, EC50 is defined as the
concentration inducing 50% of its maximal effect.
The EC50 values were calculated including the
adjustment for the basal activity of the cell line.
Molecular dynamics simulations

MD simulations were performed with GROMACS
2022.41 As we have recently done for the modeling
of the complex between PAS-B and indirubin,21 we
have modeled the protein with the ff19sb force
field,42 the water molecules with the OPC force
field,43 while GAFF244 was used to model the
ligands (see Tables S4–S6 for ligand parameters).
Parameters for protein and water molecules have
been assigned with the tleap utility in AmberTool-
s2045 in AMBER format and then converted to
GROMACS format with the amb2gro_top_gro.py
script included in AmberTools20. Parameters for
the ligand have been estimated with the tools in
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AmberTools20 and then converted to GROMACS
format with the parmed library included in
AmberTools20. Charges for the ligands have been
estimated at the AM1-BCC level. In MD simulations
of the full complex, five replicates of 100 ns have
been performed for each configuration of B[a]P fol-
lowing the same protocol that has been used in the
MD simulations of the full complex with indirubin.21

MD simulations of complexes of PAS-B (284–399)
with the ligands (B[a]P, B[a]A, and B[k]F) were
prepared with the following protocol. The complex
was solvated in a rhombic dodecahedron box of
around 330 nm3 and the net charge was
neutralized with 0.1 M of NaCl. We performed an
energy minimization with the steepest descent
algorithm, followed by 100 ps equilibration in the
NVT ensemble (T = 300 K) and 10 ns of
equilibration in the NPT ensemble (P = 1 atm)
restraining the positions of the heavy atoms of
protein and ligand molecules. The velocity-rescale
algorithm46 was used to control temperature, while
the Parrinello-Rahman algorithm47 was used to con-
trol pressure. All bonds involving hydrogen atoms
were constrained with the LINCS48 algorithm which
allowed for a time step of 2 fs for the integration of
the equations of motion. A cut-off of 1 nm was used
for Lennard-Jones interactions, while electrostatic
interactions were computed with the particle mesh
Ewald49 algorithmwith a direct space cut-off of 1 nm.
We initially performed MD simulations of B[a]P-

bound PAS-B complexes without any restraints on
the positions of the atoms, but we noticed that the
ligand was leaving the experimental pose, with
rearrangements of some of the side chains of the
protein interacting with the ligand. These motions
are not seen in the simulations of the full complex,
indicating that the presence of the other molecules
in the full complex stabilizes the configurations of
PAS-B and of B[a]P observed in the experimental
structure. In order to reproduce the presence of
the full complex, we applied a soft position
restraint (10 kJ/mol/nm2) on the heavy atoms of
PAS-B that have an average RMSF < 0.1 nm in
the simulations of the full complex in order to have
fluctuations comparable to those observed in the
full complex (Figure S5). We then performed 10
one-microsecond long simulations of each
possible orientation, saving 1 configuration every
10 ps for further analysis.
The initial configurations of B[a]A and B[k]F in

complex with PAS-B have been estimated by
superimposing these ligands to B[a]P in both of
the possible configurations with the LS-align tool50

available online as a web-server. In order to let the
ligand adjust in the structure of PAS-B, before the
production run two additional steps of equilibration
have been added after the NPT stage with position
restraints on all heavy atoms of protein and ligand.
We ran 1 ns equilibration with a position restraint
on the heavy atoms of the protein and no restraint
on the position of the ligand, followed by 1 ns equi-
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libration with a position restraint of the heavy atoms
of the main chain of the protein and no restraints on
protein side chain atoms nor on ligand atoms. We
then performed 10 1-microsecond long simulations
for each ligand applying the soft position restraint
(10 kJ/mol/nm2) on the same heavy atoms of
PAS-B as done for the complex with B[a]P in order
to mimic the presence of the full complex.We saved
configurations every 10 ps for further analysis. Com-
parison between the ligands has been performed
selecting the pose with the lowest average pro-
tein–ligand interaction energy.
Heavy atoms of PAS-B on which we applied a soft

position restraint were defined after computing the
root mean-square fluctuations (RMSF) of heavy
atoms using the gmx rmsf tool in GROMACS
2022. The motion of the ligands has been
quantified by computing the root mean-square
deviation (RMSD) with respect to the backbone
atoms of PAS-B by means of the gmx rms tool
available in GROMACS 2022. Van der Waals and
Coulomb interaction energies between the ligands
and the residues of the ligand pocket of PAS-B
have been estimated with the gmx energy tool in
GROMACS 2022. Relative orientations and
minimum distances between the planar ligands
and the rings of the aromatic amino acids of the
ligand pocket were evaluated by means of gmx
gangle and gmx mindist tools in GROMACS 2022,
respectively. Distance-angle probability
distributions have been normalized by a factor
D2sin(h)51 in order to obtain a flat distribution in case
of neither distance nor angle preference.
Accession numbers

Atomic coordinates for the B[a]P-bound AHR-
Hsp90-XAP2 complex have been deposited in the
Protein Data Bank (PDB code 8QMO). The cryo-
EM map obtained in this study has been
deposited in the Electron Microscopy Data Bank
(EMDB code EMD-18498).
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[a]pyrene; MD, molecular dynamics
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Glossary

Exposome: The exposome is defined as the composite of every exposure to

which an individual is subjected from conception to death. The chemical

exposome is a fraction of the exposome that can be summarized as the

sum of all xenobiotics that humans are exposed to throughout a lifetime
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