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Neuronal PER-ARNT-SIM (PAS) domain protein 4 (NPAS4) is a protective transcrip-
tional regulator whose dysfunction has been linked to a variety of neuropsychiatric and
metabolic diseases. As a member of the basic helix–loop–helix PER-ARNT-SIM (bHLH-
PAS) transcription factor family, NPAS4 is distinguished by an ability to form functional
heterodimers with aryl hydrocarbon receptor nuclear translocator (ARNT) and ARNT2,
both of which are also bHLH-PAS family members. Here, we describe the quaternary
architectures of NPAS4-ARNT and NPAS4-ARNT2 heterodimers in complexes involving
DNA response elements. Our crystallographic studies reveal a uniquely interconnected
domain conformation for the NPAS4 protein itself, as well as its differentially configured
heterodimeric arrangements with both ARNT and ARNT2. Notably, the PAS-A domains
of ARNT and ARNT2 exhibit variable conformations within these two heterodimers.
The ARNT PAS-A domain also forms a set of interfaces with the PAS-A and PAS-B
domains of NPAS4, different from those previously noted in ARNT heterodimers formed
with other class I bHLH-PAS family proteins. Our structural observations together with
biochemical and cell-based interrogations of these NPAS4 heterodimers provide molecular
glimpses of the NPAS4 protein architecture and extend the known repertoire of heterodi-
merization patterns within the bHLH-PAS family. The PAS-B domains of NPAS4,
ARNT, and ARNT2 all contain ligand-accessible pockets with appropriate volumes
required for small-molecule binding. Given NPAS4’s linkage to human diseases, the direct
visualization of these PAS domains and the further understanding of their relative posi-
tioning and interconnections within the NPAS4-ARNT and NPAS4-ARNT2 hetero-
dimers may provide a road map for therapeutic discovery targeting these complexes.
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As a member of the basic helix–loop–helix PER-ARNT-SIM (bHLH-PAS) family of
transcription factors, neuronal PAS domain protein 4 (NPAS4), also known as neuronal
transcription factor or limbic-enriched PAS, was originally shown to be highly expressed in
the brain cortex and hippocampus (1, 2). The expression level of NPAS4 has been shown
to elevate rapidly in response to seizure or cerebral ischemia (3, 4), making it a critical
neuronal immediate-early gene (IEG). Functions of NPAS4 involve regulating the develop-
ment and redistribution of inhibitory synapses (5, 6), coordinating the excitatory-
inhibitory balance within neural circuits (7), linking neuronal activities to the formation of
contextual memory (8, 9), and mediating the response of the suprachiasmatic nucleus to
light (10). NPAS4-deficient mice exhibit social anxiety, hyperactivity, deficits in social
interactions, and cognitive impairments (11, 12). In addition, dysregulation of NPAS4 and
its downstream signaling pathways has been implicated in neurodevelopmental defects of
autism and schizophrenia (13, 14). Therefore, NPAS4 could be a potential therapeutic tar-
get for these unmet neuropsychiatric conditions (15).
Outside the central nervous system, NPAS4 has been detected in pancreatic β cells,

where its expression level increases under specific stimuli (e.g., endoplasmic reticulum stres-
sors) in a calcium-dependent manner (16). NPAS4 binds to the insulin gene promoter to
inhibit its transcription. Moreover, overexpression of NPAS4 prevents β-cell death induced
by the immunosuppressant tacrolimus (17), suggesting NPAS4 can function as a cytopro-
tective IEG factor for enhancing β-cell efficiency under stress. NPAS4 is also expressed in
vascular endothelial cells, where it promotes angiogenic sprouting and branch formation by
regulating the transcription of vein endiothelial-cadherin (18). Studies using xenograft
mice revealed that transplantation of breast cancer cells leads to the reduction of NPAS4
levels and its downstream target gene, brain-derived neurotrophic factor (BDNF), within
the hippocampus (19). As such, NPAS4 may be responsible for neurocognitive deficits
associated with tumor presence (a phenomenon also known as “tumor brain”). Although
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NPAS4 has not been actively pursued as a therapeutic target in
disease settings, the two tandem PAS domains (PAS-A and PAS-
B) within its polypeptide provide ligand-binding pockets, which
small-molecule drugs can potentially target (20).
Like other class I members of the bHLH-PAS family (SI

Appendix, Fig. S1A), NPAS4 protein requires heterodimerization
with corresponding class II members (21) (i.e., aryl hydrocarbon
receptor nuclear translocator [ARNT] or ARNT2) to gain the
ability to bind DNA response elements and function as a regulator
of target genes. Originally, ARNT2 was considered the preferred
NPAS4 dimerization partner (1), as ARNT2 expression is largely
restricted in the brain (where NPAS4 mainly exists) and kidney,
while ARNT is ubiquitously expressed (22). However, in the
hippocampal neurons NPAS4-ARNT and NPAS4-ARNT2 heter-
odimers are both functional and have been shown to have distinc-
tive DNA-binding patterns in response to different excitatory
stimuli (23), suggesting that these two NPAS4 heterodimers dif-
ferentially control gene expression patterns. Besides NPAS4,
ARNT2 can heterodimerize with other class I members enriched
in neurons, including single-minded homolog 1 (SIM1) (24) and
hypoxia-inducible factor (HIF)-1α (25). Although ARNT2 and
ARNT share highly conserved protein sequences (SI Appendix,
Fig. S2), their functional differences in terms of gene regulation
have also been described (23, 26, 27). Unlike ARNT, whose sin-
gle- and multidomain protein structures have been determined in
complex with several dimerization partners such as HIF-1α, HIF-
2α, HIF-3α, NPAS1, and NPAS3 (20, 28–31), no structural
information is available for either ARNT2 or NPAS4 to date.
We previously found that NPAS4 likely heterodimerizes with

ARNT in a different way compared with HIF-1α, HIF-2α,
NPAS1, and NPAS3 based on mutagenesis and coimmunopreci-
pitation (Co-IP) studies (21). Specifically, we showed that certain
surface residue mutations of ARNT that abolished its heterodime-
rization with NPAS1, NPAS3, or other class I members did not
impact heterodimerization with NPAS4 (20). However, without
structural understanding of NPAS4-ARNT, we were unable to
discern the true dimerization modality of this heterodimer. Here,
we pursued a variety of strategies to directly visualize NPAS4-
ARNT2 and NPAS4-ARNT heterodimers in their DNA-bound
complexes and further examined their molecular assemblies
through a series of biochemical and cell-based studies.

Results

Quaternary Structure of the NPAS4-ARNT2-DNA Complex.
Sequence analysis of the C-terminal portions of NPAS4 and
ARNT2 proteins (beyond their PAS-B domains) suggested these
regions are intrinsically disordered, similar to their counterparts in
other bHLH-PAS family members (SI Appendix, Fig. S1A). There-
fore, we coexpressed and purified the NPAS4 (1-348)–ARNT2
(50-439) heterodimers consisting of the bHLH, PAS-A, and PAS-B
domains of each protein (Fig. 1A). We were unable to crystallize
the heterodimeric complexes in the absence of DNA despite
numerous attempts and therefore focused on the DNA-bound
forms. We tested various double-stranded DNA samples with dif-
ferent lengths, endings, and flanking sequences, all of which con-
tained a central E-box element. Using a 16-mer 50 overhang DNA
containing the core binding motif “GTCGTG” derived from the
promoter region of BDNF, we successfully obtained NPAS4-
ARNT2-DNA crystals that diffracted to 4.3-Å resolution at syn-
chrotron (SI Appendix, Table S1). This resolution was in a similar
range to those we and others previously reported for crystal struc-
tures of other DNA-bound multidomain ARNT heterodimers,
such as the NPAS3-ARNT (4.2 Å) (20), HIF-1α-ARNT (3.9 Å),

HIF-2α-ARNT (3.6 Å) (30), and aryl hydrocarbon receptor
(AHR)–ARNT (4.0 Å) (32) and was lower than the 2.3 to 3.2-Å
resolutions that can be obtained when DNA is not included with
these proteins (20, 30, 33).

The NPAS4-ARNT2-DNA complex structure was solved in
the space group P43212, with one complex in the asymmetric unit.
The backbone chains for all six domains plus DNA could be
clearly interpreted in our electron density maps (SI Appendix, Fig.
S3A). The overall structure of this complex revealed that the
bHLH, PAS-A, and PAS-B domains of NPAS4 were in mutual
contact, whereas the three corresponding domains of ARNT2
were spatially separated (Fig. 1B). The spatial separation of the
bHLH, PAS-A, and PAS-B domains of ARNT was observed
before in other ARNT heterodimers involving NPAS1, NPAS3,
and three HIF-α subunits (21, 31). However, when superimposing
the DNA-bound bHLH domains of NPAS4-ARNT2 with the
DNA-bound NPAS3-ARNT structure (Fig. 1C), we unexpectedly
found that the PAS-A domain of ARNT2 had a dramatic posi-
tional shift (twisted about 30°) relative to its counterpart in
ARNT (Fig. 1D). This PAS-A domain positioning creates a
unique junctional interface between NPAS4 and ARNT2 (detailed
dissection of the domain–domain interfaces is described in the
following sections).

Quaternary Structure of the NPAS4-ARNT-DNA Complex. To
learn if this distinctive positioning of the ARNT2 PAS-A domain is
also shared by the ARNT protein when heterodimerized with
NPAS4, we attempted to obtain a crystal structure of NPAS4
(1-348)–ARNT (82-465) using similar protein constructs that con-
tained the three domains from each subunit. Despite our expanded
strategy for the growth of NPAS4-ARNT-DNA crystals, which
included crystal seeding, dehydration, annealing, changing the reser-
voir contents (e.g., precipitant concentrations, additives), changing
the length and endings of DNA (e.g., blunt, sticky G/C or A/T),
and changing the length of protein constructs at their N- or
C-termini, we only obtained those diffracted to 10-Å resolution.
Inspired by the crystallization of aryl hydrocarbon receptor repressor
(AHRR)-ARNT heterodimers that introduced multiple loop trun-
cations in the ARNT protein to improve structure resolution (34),
we modified the dimeric proteins by making various truncations at
several loop regions of the ARNT PAS-A domain, as these loops
were typically invisible (lacking clear electron densities) in our previ-
ous structures of ARNT heterodimers (20, 30). These efforts led us
to protein-DNA crystals that diffracted to 4.7 Å (SI Appendix,
Table S1), using a triple-loop truncated (Δ232 to 256, Δ274 to
298, and Δ320 to 330) ARNT construct (SI Appendix, Table S2).
We could then solve the complex structure of NPAS4-ARNT-
DNA with five of the six domains being clearly interpretable in the
electron density maps (SI Appendix, Fig. S3B). However, the elec-
tron density for the ARNT PAS-A domain within this complex did
not show sufficient quality to be fully traceable. This feature likely
reflects the ARNT PAS-A domain’s structural flexibility within
the complex.

Because we did not encounter such a problem in our previous
work on other ARNT heterodimers, we carefully examined all these
complex structures and found that besides its intrinsic interactions
with other domains within the heterodimers, the ARNT PAS-A
domain could also form interactions with symmetric molecules in
the crystal lattice. These additional interactions more or less exist in
the ARNT heterodimers with three HIF-α subunits, NPAS1, and
NPAS3 (20, 30, 31). They not only might help crystal packing but
also might help stabilize the conformation of the ARNT PAS-A
domain, at least to some extent. In contrast, in the structure of the
AHRR-ARNT heterodimer, the ARNT PAS-A domain only
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interacts with AHRR PAS-A, not with any symmetric molecules.
This might explain why the electron density of the ARNT PAS-A
domain was relatively poor in the AHRR-ARNT heterodimer, even
when their overall resolution reached 2.4 Å (34). Therefore, we real-
ized that although the diffraction of NPAS4-ARNT-DNA crystals
could be slightly improved by the loop truncations of the ARNT
PAS-A domain, the pattern of crystal packing involving this domain
had to be modified to clearly visualize its conformation.
To potentially alter the way of protein packing in crystalliza-

tion, we took an alternative strategy of preparing a four-domain
heterodimeric complex consisting of the bHLH and PAS-A
domains of both ARNT (82-345) and NPAS4 (1-205). This
strategy successfully led to crystals of DNA-bound complexes
diffracted to around 4-Å resolution (SI Appendix, Table S1). It
is noteworthy that in this complex we did not introduce any
truncations within the ARNT PAS-A domain. We now found
complete electron densities for all of the protein segments in
this structure, including the PAS-A domain of ARNT (Fig. 1E
and SI Appendix, Fig. S3C). More importantly, when compar-
ing this four-domain structure with the above-mentioned par-
tially solved six-domain NPAS4-ARNT structure, we noticed
that their DNA, both bHLH domains, and more importantly
NPAS4 PAS-A domain could be easily superposed between the
two structures (SI Appendix, Fig. S3D). These results suggest

that the missing ARNT PAS-A domain in the six-domain
structure likely would have the same overall structure that we
observed in the four-domain complex and guided us in finally
solving the six-domain NPAS4-ARNT-DNA structure (Fig. 1F
and SI Appendix, Fig. S3E and Table S1).

A Side-by-Side Comparison between Two NPAS4 Heterodimers.
With an understanding of the DNA-bound six-domain structures,
we were finally able to make the comparison between two NPAS4
heterodimers (NPAS4-ARNT2 versus NPAS4-ARNT). As shown
in Fig. 2A, the NPAS4 subunit adopted a similar overall confirma-
tion within two complexes, with a root mean squared deviation
(RMSD) value of 1.8 Å for all the Cα atoms. Meanwhile, we
noticed that ARNT surface residues directly involved in the heter-
odimerization seen in our previous ARNT heterodimers (20, 30)
were fully conserved in ARNT2 (SI Appendix, Fig. S2). However,
despite this conservation, ARNT2 and ARNT surprisingly did
not interact with NPAS4 in an identical manner (Fig. 2A). One
important difference is that their PAS-A domains occupy notably
different positions and orientations in these two NPAS4 hetero-
dimers (Fig. 2B). However, since ARNT2 and ARNT proteins
have a very high sequence identity at their N-terminal segments
(91% for bHLH, 78% for PAS-A, and 79% for PAS-B; SI
Appendix, Fig. S2), it was not surprising that each of these single

Fig. 1. Overall structures of the NPAS4 heterodimers. (A) Schematic representation of the domain arrangements of NPAS4, ARNT2, and ARNT proteins. TAD,
transactivation domain. The locations of TADs are only shown as indicative. (B) Overall structure of the NPAS4-ARNT2-DNA complex in two views. (C) Superimposi-
tion of NPAS4-ARNT2-DNA and NPAS3-ARNT-DNA (PDB: 5SY7) structures. (D) An enlarged view of the superimposed PAS-A domains of ARNT2 and ARNT from the
two heterodimers. (E and F) Overall structures of four-domain (E) and six-domain (F) NPAS4-ARNT heterodimers both in complex with DNA. Colors used in labels
match those used in figures for the same components.
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domains showed little structural differences in the two complexes,
except for certain loop regions (RMSD values of 1.0 Å, 0.7 Å,
and 0.8 Å for Cα atoms of bHLH, PAS-A, and PAS-B domains,
respectively; Fig. 2C).
To examine the domain–domain interactions in two NPAS4

heterodimers, we numbered their six domain–domain interfaces
and calculated the buried surface areas in each case (Fig. 2D and
SI Appendix, Fig. S4A). Using the program PISA (35), the overall
buried heterodimer interface areas of NPAS4-ARNT2 and
NPAS4-ARNT were about 3,030 Å2 and 3,400 Å2, respectively
(with their loop regions near the interface equally trimmed), sug-
gesting a slightly smaller interaction area in NPAS4-ARNT2 than
in NPAS4-ARNT. Since the heterodimer interfaces mainly consist
of four domain–domain interfaces (i.e., Interfaces 1∼4, as indi-
cated in Fig. 2D), we examined each of them closely to under-
stand their individual contributions to the buried area difference.
We found that the buried areas of Interface 2 (1,054 Å2 versus
1,160 Å2) and Interface 3 (128 Å2 versus 268 Å2) were notably
smaller in NPAS4-ARNT2 than in NPAS4-ARNT (SI Appendix,
Fig. S4A). The formation of both of these interfaces depends on
the PAS-A domains of ARNT2 or ARNT (Fig. 2D), and the dif-
ferential positioning of their PAS-A domains appears to account
for the different buried surfaces in these two heterodimers
(Fig. 2B).
We next conducted cell-based studies to examine how each of

the domain–domain interfaces observed in NPAS4-ARNT2 and
NPAS4-ARNT contributed to the stability of their full-length het-
erodimers in the cellular setting. Co-IP assays were performed in
HEK293 cells expressing NPAS4 with a series of single mutations
positioned at its domain interfaces (Fig. 2E). Among the four het-
erodimeric domain interfaces (i.e., Interfaces 1∼4), some NPAS4
mutations at Interfaces 1, 2, and 3 destabilized the heterodimeriza-
tion to different extents, whereas the two mutations at Interface
4 did not show many discernable effects (Fig. 2E). These results
confirmed our previous findings that ARNT2 or ARNT point
mutations at Interfaces 3 and 4 could not disrupt their dimeriza-
tion with NPAS4 as efficiently as mutations at other interfaces
(20). We also found that NPAS4 mutation L74D at Interface
2 exhibited varied effects for ARNT2 and ARNT, likely due to
the distinct positioning and conformation of their PAS-A domains
(Fig. 2B and SI Appendix, Fig. S4B).
We then tested the effects of the above NPAS4 interface muta-

tions on the transcriptional activities of both NPAS4-ARNT2 and
NPAS4-ARNT (Fig. 2F). NPAS4 has been shown to act as a
transcriptional activator on its target gene BDNF. We constructed
a luciferase reporter based on a short DNA sequence containing
the NPAS4-binding site from the BDNF promoter region and
conducted assays in HEK293 cells, which showed no background
luciferase activity in the absence of NPAS4 overexpression. As
shown in Fig. 2F, the two NPAS4 mutations L23D and L40D at
Interface 1 dramatically decreased the transcriptional activities of
both NPAS4 heterodimers. Unlike mutation L23D, which clearly
abolished heterodimerization in Co-IP, L40D did not fully dis-
rupt the interactions between NPAS4 and its partners (Fig. 2E).
Based on the structural information, the NPAS4 residue L40 is
adjacent to the ARNT2 residues R75 and K78 (both conserved in
ARNT as R101 and K104; SI Appendix, Fig. S4C). We speculate
that after mutation of L40D, this site may form favorable salt
bridges with R75 or K78, which could interfere with DNA bind-
ing but not dimerization. However, mutations at Interfaces 2∼4
were not very effective in the reduction of transcriptional activities,
although some of the mutations were indeed capable of disrupting
heterodimerization to variable extents (Fig. 2 E and F). As both
ARNT and ARNT2 proteins are expressed in HEK293 cells, we

were not able to accurately discriminate the varied effects of
NPAS4 mutants on transcriptional activities of two heterodimers
even when we overexpressed ARNT and ARNT2, respectively.

Since we crystallized the two NPAS4 heterodimers in com-
plexes with the same double-stranded DNA, we wanted to mea-
sure and compare the DNA-binding affinities of these two
complexes using a fluorescence polarization assay. ARNT hetero-
dimers are known to recognize the canonical E-box motif
“XXXGTG,” with the bHLH domain of ARNT specifically inter-
acting with the DNA base pairs of “GTG” through the H94,
E98, and R102 residues (30). Although ARNT2 possesses a nearly
identical sequence as ARNT at the bHLH domain (SI Appendix,
Fig. S2), including the above nucleotide-interacting residues, dis-
sociation constant (Kd) values for NPAS4 (1-348)–ARNT2
(50-439) and NPAS4 (1-348)–ARNT (82-465) were measured as
46.8 ± 3.9 nM and 13.1 ± 0.4 nM, respectively (Fig. 2G), sug-
gesting a lower affinity for the NPAS4-ARNT2 heterodimer. Tak-
ing these findings into account, we speculate that the protein
sequence of bHLH domains may not be the only factor determin-
ing the binding ability of NPAS4 heterodimers to DNA and that
other domains outside the bHLH may further contribute to
DNA-binding affinity. Consistent with this expectation, we previ-
ously showed that the HIF-2α PAS-A domain within the HIF-
2α–ARNT heterodimer also contributes to DNA binding (30). In
our two NPAS4 heterodimers, the different PAS-A sequences and
conformations of ARNT2 versus ARNT might potentially influ-
ence overall DNA binding. Meanwhile, whether and how the
structural discrepancies between two NPAS4 heterodimers further
contribute to the functional differences in their DNA binding site
recognition, coactivator recruitment, and/or transcriptional signa-
tures remain fascinating questions that warrant deeper investiga-
tions in the future.

Unique Tertiary Architecture of the NPAS4 Protein. Next, we
studied the NPAS4 subunit within the heterodimers to identify its
unique structural features. As shown in Fig. 3A (and SI Appendix,
Fig. S5), the NPAS4 PAS-A domain forms direct interfaces not
only with the β-sheet face of its PAS-B domain but also with the
α2 helix of the bHLH domain (i.e., Interfaces 5 and 6, respec-
tively, in Fig. 2D). Consequently, the NPAS4 subunit adopts an
overall compact structure constrained by these internal domain–
domain interfaces. Among the class I bHLH-PAS proteins that
can heterodimerize with ARNT or ARNT2 (SI Appendix, Fig.
S1A), such as HIF-1α, HIF-2α, HIF-3α, NPAS1, and NPAS3,
all of whose structures we previously analyzed as six-domain
ARNT heterodimers (20, 30, 31), there is a significant similarity
between the three HIF-α isoforms and the NPAS1 and
NPAS3 protein structures with respect to their intramolecular
domain–domain junctions. For simplicity, we chose HIF-2α and
NPAS3 to directly compare with NPAS4 by superimposing their
structures at the PAS-A domains (Fig. 3B). A short α-helix (Dα)
within the NPAS4 PAS-A domain and its following loop flipped
out toward the beginning of the α2 helix of the bHLH domain in
NPAS4 (Interface 6 in Fig. 3C). Moreover, the PAS-A/PAS-B
interface of NPAS4 was clearly different from those of HIF-2α
and NPAS3 due to the presence of an additional α-helix (Jα) at
the tail end of the NPAS4 PAS-B domain (Interface 5 in Fig. 3C
and SI Appendix, Fig. S5). This α-helix inserted in between the
PAS-A and PAS-B domains of NPAS4 and created an interface
by bridging an otherwise large gap between the two domains.
When superimposing representative PAS-B structures of class
I bHLH-PAS proteins known to date, we found that NPAS4
uniquely contained this long α-helix at the C terminus of the
PAS-B domain (Fig. 3D). It should be noted that at this location
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Fig. 2. Comparative analysis of two NPAS4 heterodimers. (A) Superimposition of NPAS4-ARNT2-DNA and NPAS4-ARNT-DNA structures. The NPAS4-ARNT-
DNA structure presented here is a merged model from both the six- and four-domain complexes. Colors used in labels match those used in figures for the
same components. (B) An enlarged view of the superimposed PAS-A domains of ARNT2 and ARNT in two NPAS4 heterodimers. (C) Direct comparison of
single-domain structures of ARNT2 (blue) and ARNT (green). (D) The spatial arrangements for each of the six domain–domain interfaces in NPAS4-ARNT2
(Top) and NPAS4-ARNT (Bottom) heterodimers. Each interface is further noted in the table below. (E) Co-IP experiments showing the effects of NPAS4 muta-
tions at Interfaces 1∼6 on the stabilities of heterodimers formed with ARNT2 or ARNT in cells. The band densities of precipitated proteins are quantified
based on experimental results in triplicate (also shown in SI Appendix, Fig. S8). *P < 0.05. (F) Luciferase reporter assays evaluating the effects of NPAS4
interface mutations on transactivation of NPAS4-ARNT2 and NPAS4-ARNT heterodimers. NC, negative control (transfection of an empty vector instead of
those harboring NPAS4); WT, WT NPAS4. Data are an average of three independent experiments, *P < 0.05. (G) DNA-binding affinities of two NPAS4 hetero-
dimers measured using fluorescence polarization. The Kd values of NPAS4-ARNT2 and NPAS4-ARNT binding to the same NPAS4 response element were
46.8 ± 3.9 nM and 13.1 ± 0.4 nM, respectively. Error bars, mean ± SD; n = 3 (biological replicates); conc., concentration.
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the CLOCK protein also possesses an α-helix, which is much
shorter and adopts a different orientation (33). In addition, while
the Gβ strand of the PAS-B domain in all other class I proteins
breaks into two short strands (Gβ1 and Gβ2), NPAS4 is also the
only one having this Gβ strand as an undivided structural element
(Fig. 3D), due to the unique presence of an extra residue at this
position in NPAS4 (SI Appendix, Fig. S6).
Since both ARNT2 and ARNT wrap around NPAS4, we

wanted to know how mutations at intra-NPAS4 domain interfa-
ces would influence the heterodimers as a whole. Therefore, we
mutated several residues of NPAS4 at Interfaces 5 and 6 (Fig. 2D
and SI Appendix, Fig. S4 D and E) and tested their effects using
the above-mentioned Co-IP and luciferase reporter assays (Fig. 2
E and F). Interestingly, these point mutations profoundly dis-
rupted the heterodimerization of both NPAS4-ARNT2 and
NPAS4-ARNT (Fig. 2E), suggesting that a proper domain inte-
gration within the NPAS4 protein might be a precondition for its
ability to heterodimerize with either ARNT2 or ARNT. It is note-
worthy that two mutations near Interface 5 (F147S and V283D)
showed less impactful effects on NPAS4’s binding to ARNT2
than to ARNT (Fig. 2E), implying a possible better accommoda-
tion of ARNT2 in heterodimerization. The buried surface area of
Interface 5 in NPAS4-ARNT2 (756 Å2) is relatively larger than
that of NPAS4-ARNT (681 Å2) (SI Appendix, Fig. S4A), which
we speculate might contribute to the more drastic effects of
F174S and V283D mutations on the disruption of the NPAS4-
ARNT complex than that of NPAS4-ARNT2. This discrepancy
may also relate to the smaller heterodimer interface area in
NPAS4-ARNT2 than in NPAS4-ARNT (SI Appendix, Fig. S4A).
In the luciferase reporter assays, we found that NPAS4 mutations
at Interface 5 reduced more than half and those at Interface 6
reduced more than 90% of transcriptional activities for both

heterodimers compared with the wild-type (WT) NPAS4 (Fig.
2F). These results confirmed that the intraprotein domain
arrangement of NPAS4 is indispensable for its heterodimerization
and transcriptional activity.

The F147S variant has been highlighted in a human genome
database, and a previous study confirmed that this mutation could
reduce both the transcriptional activity of NPAS4 and its dimer-
ization with the ARNT2 subunit (36). A location at the dimeric
interface was proposed for NPAS4 residue F147 based on homol-
ogy modeling in that study (36). However, we found that in the
structure of the NPAS4-ARNT2 heterodimer, F147 located at the
Gβ strand of NPAS4 PAS-A domain, with its side chain residing
at the inner face of the β-sheet (SI Appendix, Fig. S4D). Since
F147 is very close to the tail Jα of the PAS-B domain mediating
the intraprotein PAS-A/PAS-B interface, it is not surprising that
this F147S mutation would compromise the proper domain
arrangement of NPAS4.

Comparison of NPAS4-ARNT with Other ARNT Heterodimers.
In our prior mutagenesis study, NPAS4, one of the least conserved
members in the phylogenetic tree of the bHLH-PAS family (SI
Appendix, Fig. S1B), showed more resistance to heterodimerization
disruption when ARNT mutations were introduced at the dimer
interfaces relative to other class I members (20). To unveil the
possible reason behind this phenomenon, we directly compared
NPAS4-ARNT with the other ARNT heterodimeric structures
solved previously. We chose NPAS3-ARNT and HIF-2α–ARNT
structures as representatives for the comparison, since these two
were also solved when DNA elements were bound. When we
superimposed NPAS3-ARNT with HIF-2α–ARNT by the
bHLH domains and DNA (Fig. 4A and SI Appendix, Fig. S7A),
the RMSD value was only 1.9 Å for all the Cα atoms. When we

Fig. 3. The unique structure of NPAS4 subunit alone. (A) Overall structure of NPAS4 subunit within the NPAS4-ARNT2 heterodimer, shown in two views and
with each domain labeled. (B) Superimposition of the NPAS4 (magenta), HIF-2α (cyan), and NPAS3 (orange) structures, each from their DNA-bound hetero-
dimers. (C) Conformation comparisons of Interface 5 (PAS-A/PAS-B) and Interface 6 (bHLH/PAS-A) in NPAS4, HIF-2α, and NPAS3 subunits in the enlarged
views. (D) Superimposition of PAS-B domain structures of class I bHLH-PAS proteins, including NPAS4 (magenta), HIF-2α (cyan), NPAS3 (orange), NPAS1
(limon), HIF-1α (light blue), and CLOCK (forest). The unique single-stranded conformation of Gβ in the NPAS4 PAS-B domain (magenta) is highlighted in two
enlarged views at the bottom.
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compared each of these structures with NPAS4-ARNT, the differ-
ences were substantially larger, with RMSD values of 4.2 Å and
3.4 Å, respectively. These values and their different domain
arrangements as shown in Fig. 4A (and SI Appendix, Fig. S7A) all
suggest that NPAS4-ARNT is notably more divergent from the
previous ARNT heterodimers.
One key feature of ARNT in all the heterodimeric structures

is that its bHLH, PAS-A, and PAS-B domains are spatially dis-
placed from each other (21), providing ARNT with a high
degree of flexibility to accommodate its 10 different dimerization
partners (SI Appendix, Fig. S1A). As described in the previous
section, NPAS4 protein exhibits a very unique domain arrange-
ment, especially at its PAS-A/PAS-B domain interface (Fig. 3 A
and C). Presumably as a result, the three domains of ARNT
wrapping around NPAS4 take on distinct conformations in the
accommodation. Through a direct comparison of the dissected
heterodimeric domain interfaces (i.e., Interfaces 1∼4 as shown in
Fig. 4B and SI Appendix, Fig. S7B), we found that among them,
Interfaces 2 and 3 of NPAS4-ARNT are each quite different
from those of NPAS3-ARNT and HIF-2α–ARNT. When
taking a closer look, we noticed that ARNT utilizes a different
set of residues to form Interfaces 2 and 3 with NPAS4 compared
with those for NPAS3 or HIF-2α (SI Appendix, Fig. S2). Inter-
estingly, some of these NPAS4-contacting ARNT residues (e.g.,
I178, F303, and V304) are not fully conserved in ARNT2 (cor-
responding to residues V152, Y277, and A278), which may
account for the variations of these two interfaces between
NPAS4-ARNT and NPAS4-ARNT2.
To experimentally confirm the observation that NPAS4 inter-

acts with ARNT differently in comparison with other class I
members, we mutated several ARNT interface residues and
checked their influences on the dimerization of NPAS4-ARNT
and NPAS3-ARNT using Co-IP. As shown in Fig. 4C, these
mutations at Interfaces 1∼3 caused contrasting effects on ARNT’s
dimerization with NPAS4 and NPAS3. These results all indicate
that NPAS4 heterodimerizes with ARNT in a distinct manner
compared to other class I members of this family.

Discussion

The bHLH-PAS proteins are heterodimeric transcription factors
with distinct cellular enrichments and unique target genes, poten-
tially acting as sensitive monitors and transducers of environmen-
tal or physiological stimuli, including day-night cycles, hypoxia,
xenobiotics, cellular metabolites, and neuron-specific signals
(37–39). The unifying architectural feature of this family is that at
the N-terminal segments they all possess the same three domains
(i.e., bHLH, PAS-A, and PAS-B), where the PAS domains have
the capacity to harbor small molecules and the entirety of the
three domains are involved in dimerization (21). While the corre-
sponding domain–domain interfaces do form (i.e., the bHLH/
bHLH, PAS-A/PAS-A, and PAS-B/PAS-B interfaces numbered as
1, 2, and 4 in Fig. 2D) in the dimerization, there are additional
and variable interprotein or intraprotein domain interfaces (e.g.,
Interfaces 3, 5, and 6 in Fig. 2D). This interesting phenomenon
that not all heterodimers are identically assembled was first noticed
when we reported the six-domain structure of HIF-2α–ARNT
and compared it with the six-domain structure of circadian regula-
tor CLOCK-BMAL1 (brain and muscle ARNT-like protein 1,
also called ARNTL) (30, 33). The dramatically different quater-
nary architectures between HIF-2α–ARNT and CLOCK-
BMAL1 indicate how the class II members ARNT and BMAL1
each specifically choose different class I members for heterodimeri-
zation, thus dividing the whole family into two major groups

(SI Appendix, Fig. S1A). However, recent studies have also
revealed the cross-talk and even direct interactions of BMAL1
with AHR or HIF-1α (40–42), which could potentially drive a
multitude of signal-responsive functions, with further dimerization
modalities to be explored among the bHLH-PAS proteins.

Within the ARNT group of heterodimers (SI Appendix, Fig.
S1A), we previously found initial evidence that while several class
I members heterodimerized in a similar way (such as HIF-1α,
HIF-2α, NPAS1, NPAS3, and SIM1), there were clear distinc-
tions for NPAS4 and AHR (20). Here, by directly comparing the
structure of NPAS4-ARNT with other ARNT heterodimers, we
found that indeed the NPAS4-ARNT heterodimer contains dis-
tinctive properties at both interprotein and intraprotein levels
(Figs. 3 and 4B). One unique feature of NPAS4 is the long
α-helix Jα at the C terminus of its PAS-B domain, which inserts
into the large gap between NPAS4’s PAS-A and PAS-B domains
(Fig. 3 A and C). Interestingly, we found that this Jα is also pre-
sent in the predicted NPAS4 structure by the new AlphaFold2
algorithm (43), suggesting that the formation of this α-helix may
be an intrinsic and preexisting feature of NPAS4 that does not
simply form upon dimerization. We found that the proper
domain arrangement internal to NPAS4 is a key prerequisite for
heterodimerization with ARNT (Fig. 2E) and may actually define
their distinct interprotein domain interfaces, especially as involving
the ARNT PAS-A domain. While ARNT is a common partner
for many class I members, we found that the precise mode of its
heterodimerization to different partners is not identical.

In addition to ARNT, ARNT2 also forms functional hetero-
dimers with NPAS4, particularly in neuronal cells and tissues.
Distinct stimulus-responding NPAS4 heterodimers have been
reported in hippocampal neurons (23). Action potentials induce
NPAS4-ARNT2 to preferentially bind to promoter regions,
whereas excitatory postsynaptic potentials induce NPAS4-ARNT
to bind at enhancers. Despite their highly conserved protein
sequences (SI Appendix, Fig. S2), ARNT2 and ARNT exhibit var-
iable DNA-binding abilities in their complexes with NPAS4
(Fig. 2G), and their distinct quaternary architectures could be the
reason behind these differences (Fig. 2A). ARNT is known to
recruit coactivators by its PAS-B domain (44, 45). Although there
is no evidence as to whether the PAS-A domain is also able to do
so, we speculate that the distinct manners in which ARNT and
ARNT2 heterodimerize with NPAS4 may modulate the transcrip-
tional output of these complexes differentially, especially as their
PAS-A domains employ distinct conformations (Fig. 2B). Future
studies including the exploration and identification of interacting
proteins for these two complexes are warranted to better reveal the
physiological roles of the two NPAS4 heterodimers.

As mentioned earlier, due to the presence of two ligand-
binding domains in NPAS4’s PAS domains and its linkage to
neuropsychiatric and metabolic diseases, this protein could be
viewed as a novel and actionable drug target. Like other members
of the bHLH-PAS family (20), the PAS-B domains of NPAS4
and ARNT2 contain sizable cavities [146 Å3 and 160 Å3, respec-
tively, as calculated using PyVOL (46)] for the binding of small
molecules. Since NPAS4 plays a protective role in different cells
(including neurons, pancreatic β cells, and endothelial cells) and
its down-regulation is linked to the progression of diseases, ago-
nists that enhance NPAS4 activity may be beneficial in treating
unmet psychiatric and other diseases. We previously reported
agonists for HIF-2α and more recently identified a physiological
agonist for HIF-3α, all of which bind to the PAS-B domains of
HIF-α proteins and enhance transcriptional activities by promot-
ing the stability of their heterodimerizations with ARNT (31, 47).
Besides the intraprotein cavities, the quaternary structures of two
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NPAS4 heterodimers provide opportunities to target the
protein–protein interfaces (PPIs). For example, surface cavities
formed near these PPIs can be potentially targeted in the rational
design of small molecules changing heterodimer stabilities. In
addition, the different dimeric interfaces, especially those involving
the PAS-A domains of ARNT or ARNT2, could become good
target PPIs to discover selective small molecules for these NPAS4
heterodimers. The structural studies presented here provide the
initial framework to help drive future discoveries of therapeutic
NPAS4-targeting drugs.

Materials and Methods

Plasmid Construction and Site-Directed Mutagenesis. For protein overex-
pression in Escherichia coli, DNA fragment encoding mouse NPAS4 (Uniprot
accession number Q8BGD7) was cloned into the pSJ2 (C-terminal His-tagged)
vector; those encoding ARNT (Uniprot accession number P53742) and ARNT2
(GenBank accession number AAH54546.1) were cloned into pMKH (with no tag)
vector. For Co-IP studies, full-length NPAS4 and NPAS3 were cloned into the

pCMV-Tag1 vector (C-terminal HA-tagged), whereas ARNT and ARNT2 were
cloned into the pCMV-Tag4 vector (C-terminal Flag-tagged). Site-directed muta-
genesis was conducted by PCR using paired primers with desired mutations and
confirmed by DNA sequencing. To construct a luciferase reporter containing the
NPAS4 response element, three tandem repeats of the BDNF promoter core
region (48) were subcloned into the pGL3 vector. More details about the expres-
sion vectors and protein sequences are provided in SI Appendix, Table S2.

Protein Expression and Purification. The plasmid pSJ2-NPAS4 was cotrans-
formed with pMKH-ARNT or pMKH-ARNT2 into Transetta (DE3) competent cells
(TransGen Biotech). Similar to the procedure previously described (30), recombi-
nant protein complexes were expressed at 16 °C overnight and then purified
with a three-step chromatography protocol using Ni Bestarose FF (Bestchrom),
SP Sepharose (Solarbio), and a Superdex 200-pg gel-filtration column (Cytiva).
To prepare the DNA-bound NPAS4-ARNT and NPAS4-ARNT2 complexes, the syn-
thetic 16-mer double-stranded DNA (F: 50-GGAGGTCGTGAGTGAT-30 and R: 50-
CCATCACTCACGACCT-30) was mixed with the heterodimeric proteins at a molar
ratio of 1.2:1. Subsequently, the mixture of protein-DNA complex was further
purified by gel filtration in running buffer containing 20 mM Tris (pH 8.0) and
150 mM NaCl.

Fig. 4. Comparative analysis of the NPAS4-ARNT and NPAS3-ARNT heterodimers. (A) Superimposition of NPAS4-ARNT-DNA and NPAS3-ARNT-DNA structures.
The NPAS4-ARNT-DNA structure presented here is a merged model from both the six- and four-domain complexes. (B) Direct conformation comparison of
dimeric interfaces (Interfaces 1∼4) in two heterodimers. (C) Co-IP experiments showing the effects of ARNT mutations at Interfaces 1∼3 on the stabilities of its het-
erodimers formed with NPAS4 and NPAS3. Colors used in labels match those used in figures for the same components. The band densities of precipitated pro-
teins are quantified based on experimental results in triplicate (also shown in SI Appendix, Fig. S9). *P < 0.05. Error bars, mean ± SD.; n = 3 (biological replicates).
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Crystallization and X-ray Data Collection. NPAS4-ARNT2-DNA crystals were
grown at 16 °C in sitting drops formed by an equal volume of complex (4 mg/mL)
and a reservoir consisting of 200 mM sodium citrate tribasic, 12% PEG3350.
Crystallization of the DNA-bound six-domain NPAS4-ARNT heterodimer was carried
out similarly by mixing an equal volume of complex (4 mg/mL) and a reservoir
solution containing 120 mM ammonium tartrate dibasic, 9% PEG3350. Finally,
the DNA-bound four-domain NPAS4-ARNT crystals were grown in drops formed by
an equal volume of complex (2 mg/mL) and a reservoir consisting of 50 mM
sodium citrate tribasic, 8% PEG3350. Before being flash frozen in liquid nitrogen,
all crystals were soaked in the reservoir plus 25% glycerol as the cryoprotectant.
Diffraction data for the NPAS4-ARNT2-DNA and NPAS4-ARNT-DNA crystals were
collected at the Shanghai Synchrotron Radiation Facility (SSRF) on the BL02U1 and
BL19U1 beamlines (49). The data were subsequently processed using the
HKL3000 program (50).

Structure Determination and Refinement. The structures of the NPAS4-
ARNT2-DNA and NPAS4-ARNT-DNA complexes were all solved by the molecular
replacement method with Phaser (51), using the HIF-2α–ARNT-DNA structure
(Protein Data Bank [PDB] accession number 4ZPK) as a search model (30). Further
manual model building was facilitated using Coot (52), combined with structure
refinement using Phenix (53). The diffraction data and final statistics are summa-
rized in SI Appendix, Table S1. The Ramachandran statistics are 94.9%/0%, 93.
9%/0.2%, and 94.1%/0% (favored/outliers) for the structures of NPAS4-ARNT2-
DNA and the six-domain and four-domain NPAS4-ARNT-DNA complexes, respec-
tively. All the structural figures were prepared using PyMol (Schr€odinger, LLC).

Fluorescence Polarization DNA-Binding Assay. The 21-mer fluoresceinated
double-stranded DNA was prepared by combining a 6-FAM–labeled forward
strand (50-GGATGAGGTCGTGAGTGATGA-30) with the unlabeled reverse strand
(50-TCATCACTCACGACCTCATCC-30) in the annealing buffer of 10 mM Tris
(pH 7.5), 1 mM ethylene diamine tetraacetic acid (EDTA), and 2 mM MgCl2. In
the binding assay, 2 nM DNA was incubated with purified protein complexes for
30 min, whereas the final protein concentrations were varied by serial dilution
in the binding buffer consisting of 20 mM Tris (pH 8.0), 50 mM NaCl, and 10
mM dithiothreitol. The fluorescence polarization signals were recorded using a
Spark microplate reader (Tecan) and processed as previously described (30).

Co-IP. HEK293 cells (Procell, CL-0001) were seeded in 6-cm dishes and cultured
in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum
(Thermo Fisher Scientific) at 37 °C with 5% CO2. One day later, cells were cotrans-
fected with 800 ng pCMV-Tag1-NPAS4 or pCMV-Tag1-NPAS3 (WT or mutants) as
well as 800 ng pCMV-Tag4-ARNT (WT or mutants) or pCMV-Tag4-ARNT2 plasmids
using 3.2 μL jetPRIME reagent (Polyplus-transfection). After a 4-h incubation
time, the medium was refreshed. Another 24 h later, cells were harvested and
immunoprecipitation was performed similarly to our previous work (20). After the
protein concentration measurement for each sample, a fraction of supernatant

was saved as input for Western blot examinations using anti-Flag polyclonal anti-
body (Proteintech, 20543–1-AP) and anti-HA polyclonal antibody (Proteintech,
51064–2-AP). Immunoprecipitation was performed with the supernatant and
anti-Flag affinity gel suspension (Beyotime, P2271) according to the manufac-
turer’s instructions, followed by Western blot using anti-HA polyclonal antibody
(Proteintech, 51064–2-AP). Horseradish peroxidase–conjugated goat anti-rabbit
immunoglobulin G antibody (D110058) was purchased from Sangong Biotech.
The primary and secondary antibodies were used as 1:1,000 and 1:6,000 dilu-
tions, respectively. All Co-IP experiments were performed independently at least
three times. Band quantification was conducted with Image J software (https://
imagej.nih.gov/ij/), and further statistical analysis was performed using the
paired Student’s t-test, with respect to the corresponding control sample in
each experiment.

Luciferase Reporter Assay. HEK293 cells were seeded in 48-well plates and
1 d later transfected with 40 ng of pCMV-Tag1-NPAS4 (WT, mutants, or empty
vector) and 80 ng pCMV-Tag4-ARNT or ARNT2 plasmids, 1 ng pRL (control Renilla
luciferase), and 40 ng BDNF promoter-Luc reporter using 0.32 μL jetPRIME
reagent for each well. Medium was refreshed 4 h after the transfection, and lucif-
erase activity was measured another 24 h later using the Dual-Glo Luciferase
Assay System (Promega). Final data were normalized by the relative ratio of fire-
fly and Renilla luciferase activity.

Data, Materials, and Software Availability. Coordinates and structure
factors have been deposited in the PDB (https://www.rcsb.org/) under accession
numbers 7XI3 (NPAS4-ARNT2-DNA) (54), 7XI4 (six-domain NPAS4-ARNT-DNA)
(55), and 7XHV (four-domain NPAS4-ARNT-DNA) (56).
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