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Assembly and function of bHLH–PAS complexes
Jennifer L. Fribourgha and Carrie L. Partcha,b,1

The basic helix–loop–helix-PER-ARNT-SIM (bHLH–PAS)
family of transcription factors coordinates the expression
of distinct transcriptional programs to control processes
from development to the hypoxia response and beyond.
Despite differences in their target genes and modes of
regulation, these transcription factors share a common
domain architecture, consisting of a bHLH DNA-binding
domain followed by tandem PAS domains and intrinsically disordered C-terminal regulatory domains. In PNAS,
Seok et al. present the structure of the core bHLH-PAS
dimer of the aryl hydrocarbon receptor (AHR)–aryl hydrocarbon nuclear receptor translocator (ARNT) transcription
factor bound to DNA (1). This study provides a foundation
for understanding how AHR–ARNT specifically recognizes its consensus DNA motif and highlights how
changes in interdomain contacts may communicate information about ligand binding to regulate subcellular
localization and transcriptional activation.
The bHLH–PAS family is defined by formation of
heterodimers comprising class I and class II subunits.
Class I proteins are typically regulated by tissue or
environmental-specific factors, whereas class II proteins
are expressed ubiquitously. Examples of class I proteins
include AHR (regulated by xenobiotics), hypoxiainducible factor-α (HIF-α, regulated by hypoxia), neuronal PAS domain proteins (NPAS, developmentally regulated), and circadian locomotor output cycles protein
kaput (CLOCK, circadian rhythms). ARNT is the predominant class II subunit found in bHLH–PAS complexes,
whereas the related protein brain and muscle ARNTlike 1 (BMAL1) appears to be primarily dedicated to
CLOCK to regulate circadian rhythms. Although cellular
studies have largely outlined the different regulatory
mechanisms that control heterodimerization, subcellular localization, and activity of these complexes, the
structural basis for their assembly and diverse functions
has been unclear.
The structure of AHR–ARNT by Seok et al. (1) adds
to a recent bounty of bHLH–PAS structures, providing
several key insights that address these fundamental
questions. As the newest representative of ARNTcontaining bHLH–PAS complexes (2–4), this structure
solidifies earlier observations noting a similar global

architecture among heterodimers that share an ARNT
subunit (Fig. 1). Notably, the PAS-A domains of AHR,
NPAS3, and HIF1-α all make direct contacts with their
own bHLH domains that tether the N-terminal PAS domain in close proximity to DNA. It appears that ARNT
and BMAL1 confer distinct differences in the global architecture of the bHLH–PAS heterodimers via the spatial
arrangement of their PAS domains (Fig. 1). Specifically,
the PAS-A and PAS-B domains of ARNT are completely
separated in space from one other, whereas the PAS
domains of BMAL1 make numerous interdomain contacts that orient the CLOCK–BMAL1 heterodimer more
linearly away from DNA (2, 5). Although the structure of
AHR–ARNT by Seok et al. (1) lacks the PAS-B domains, its
similarity in packing of the AHR and ARNT PAS-A domains suggests that the overall architecture of the heterodimer will be similar to NPAS1/3–ARNT and HIF1/2α–ARNT complexes (2–4). Therefore, it appears that differences in both class I and class II subunits lead to two
distinct global architectures for the bHLH–PAS family.
Given the recent discovery of cross-talk between AHR
(6) and HIF-α (7–9) with BMAL1, it will be interesting to
see which structural cues predominate in the architecture
of these “mixed” bHLH–PAS heterodimers, or whether
they have an entirely new global architecture.
Understanding subtle structural differences in the
modes of DNA recognition by members of the bHLH–
PAS family is crucial because of the vastly different
transcriptional programs they regulate. In general
terms, a bHLH domain contains four to six basic amino
acids that are used to bind DNA, located within a HLH
dimerization domain. How is specificity conferred by
these transcription factors that have DNA-binding domains that are essentially structurally identical? Presumably, subtle sequence variations in the bHLH
domain allow for selection of specific DNA consensus
sequences. The study by Seok et al. (1) provides important insight into how AHR–ARNT selectively recognizes the dioxin-response element (DRE) over the
closely related hypoxia-response element (HRE). The
authors observed that residue R39 of AHR makes numerous contacts with the GC sequence in the canonical DRE, TTGCGTG, whereas ARNT recognizes the
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Fig. 1. The global architecture of bHLH–PAS heterodimers. From Left to Right, the structure of ARNT-containing complexes: AHR–ARNT
bound to DNA encoding the DRE (PDB ID code 5V0L), NPAS3–ARNT bound to DNA encoding the HRE (PDB ID code 5SY7), and HIF1-α–ARNT
bound to the HRE (PDB ID code HZPR). On the far right, the CLOCK–BMAL1 bHLH–PAS structure (PDB ID code 4F3L) is aligned to the bHLH
domain of the CLOCK–BMAL1 bHLH–E-box DNA structure (PDB ID code 4H10).
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GTG half-site (1). Correspondingly, mutation of R39 eliminated
high-affinity recognition of the DRE, highlighting subtle changes
in the bHLH domain that encode for specific recognition of consensus motifs. Sequences outside the bHLH may also play a role in
DNA recognition for some bHLH–PAS complexes: the structure of
HIF2-α–ARNT bound to DNA depicts contacts between the PAS-A
domain of HIF2-α that appear to expand its recognition of DNA
beyond the consensus HRE motif (3). Therefore, changes in the
global architecture of bHLH and PAS domains across the family
could play an underappreciated role in the recognition of DNA
and gene regulation. Coming to a better understanding of this will
require more DNA-bound structures at higher resolution to resolve
potential functional roles for the PAS-A domain in DNA recognition.
AHR has a special role within the bHLH–PAS family as a sensor
of chemically diverse xenobiotics and endogenous ligands (10).
The AHR PAS-B binds these compounds directly to regulate nuclear entry and association with ARNT, but the partially structured
nature of this domain in its unliganded state has precluded its
structure determination thus far. Perhaps coexpression of AHR
and ARNT in the presence of xenobiotic analogs might allow determination of this holy grail of bHLH–PAS complex structures.
Notably, ligand binding by AHR leads to release of its molecular
chaperones and exposure of a nuclear localization signal in the
bHLH domain; upon nuclear entry, AHR heterodimerizes with
ARNT to fulfill its transcriptional obligation. To explore the structural basis for this potential communication between the PAS and
bHLH domains, Seok et al. (1) explored the importance of interdomain interactions observed in their structure. Notably, perturbation of the bHLH–PAS-A interface in AHR appears to disconnect

ligand binding from exposure of the nuclear localization signal,
allowing for constitutive nuclear localization independent of ligand binding in vivo (1). This finding suggests that allosteric channels between these domains in AHR are important for ligand
sensing and nuclear localization.
Currently, AHR is the only mammalian bHLH–PAS transcription factor known to be regulated by binding of endogenous
ligands, although at least one bHLH–PAS protein in insects binds
developmentally regulated hormones (11). Does AHR-like ligand
binding by PAS domains regulate other members of this protein
family? Leveraging the existence of buried, hydrophilic cavities in
PAS-B domains, Gardner and colleagues identified a series of
small molecules that selectively target the HIF2-α or ARNT
PAS-B domain to regulate heterodimer formation (12–14) or recruitment of coactivator proteins (15, 16). A careful analysis of
PAS domains in CLOCK, BMAL1, NPAS1, NPAS3, ARNT, HIF1-α,
and HIF2-α identified potential ligand-binding pockets in both
PAS-A and PAS-B domains, suggesting the broad potential for
ligand binding in these transcription factors (4). Advances in the
structural biology of a native, ligand-binding bHLH–PAS complex, AHR–ARNT, by Seok et al. (1) brings us one step closer to
understanding native ligand binding by PAS domains and highlights the potential for discovery of ligands that similarly regulate
other bHLH–PAS transcription factors.
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