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Abstract

Introduction

The basic helix-loop-helix PER-ARNT-
SIM (bHLH-PAS) family of transcrip-
tion factors respond to a wide range
of external stimuli to regulate diverse
biological processes ranging from
development to circadian rhythms.
These proteins selectively heterodi-
merize through relatively well-con-
served bHLH and PAS domains, while
differences in C-terminal regulatory
domains confer opposing activities
to either stimulate or repress tran-
scription. The evolution of modular
regulatory domains and the ability
to selectively dimerize with differ-
ent subunits within the family al-
lows fine-tuning of gene expression
through temporal and tissue-specific
expression of bHLH-PAS subunits.
The aim of this critical review is to
discuss the functional specification
through modular domain architec-
ture of bHLH-PAS proteins.
Conclusion

The modular domain architecture
of bHLH-PAS transcription factors
plays an integral role in their ability
to keep mammals healthy and in tune
with their environment.

Introduction

The bHLH-PAS family of transcription
factors is well-conserved in metazo-
ans from to humans'. These proteins
play an integral role in maintaining
cellular health by acting as environ-
mental sensors that respond to a
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wide range of external stimuli such as
oxygen (hypoxia), harmful chemicals
(xenobiotic), and light (circadian)?™*.
This review will examine how the
modularity of this protein family en-
ables diversity in recognition of cel-
lular signalling cues and subsequent
regulation of transcriptional activity.
Pairwise interactions between the
DNA-binding bHLH and PAS domains
establish the general architecture of
the heterodimeric transcription fac-
tors, while C-terminal regulatory mo-
tifs control activity of the complexes.
The function of bHLH-PAS proteins
has been elaborated throughout
evolution through domain shuffling
among the regulatory motifs to con-
fer new functionality. This review
will also discuss how the activity of
bHLH-PAS transcription factors is
differentially attenuated in a tissue-
specific manner by evolutionarily
related proteins to regulate devel-
opment and the cellular response to
environmental stimulus.

Discussion

The authors have referenced some of
their own studies in this review. The
protocols of these studies have been
approved by the relevant ethics com-
mittees related to the institution in
which they were performed.

The PAS domain

The ability of the bHLH-PAS family
to sense and respond to diverse cel-
lular cues can be attributed in many
ways to their PAS domain. The PAS
fold is the distinguishing feature of
bHLH-PAS proteins, showing the
highest degree of evolutionary con-
servation, even between distantly
related members of the family. The
canonical PAS domain consists of a

five-stranded antiparallel [-sheet
flanked by o-helices that, despite
sharing a rather small, globular fold,
can bind a wide array of chemically
diverse cofactors and ligands®®.

In PAS-mediated signal transduc-
tion pathways in prokaryotes and
lower eukaryotes, the binding of
small molecules within a hydrophilic
cavity buried within the PAS domain
typically modulates protein activity
to initiate a cellular signalling re-
sponse’®. However, in metazoan
bHLH-PAS proteins, the ability to
couple intrinsic ligand binding with
transcriptional regulation appears
to have been retained only in the aryl
hydrocarbon receptor (AhR) path-
way. The second of two tandem PAS
domains (PAS-B) in AhR binds poly-
cyclic aromatic hydrocarbons such
as dioxin to serve as a xenobiotic
detector®. Ligand binding induces
translocation of AhR to the nucleus
where it interacts with its obligate
heterodimeric partner ARNT (aryl
hydrocarbon receptor nuclear trans-
locator) to initiate activation of a
vast transcriptional programme in-
volved in detoxification of xenobi-
otics®®. To date, no other bHLH-PAS
protein has been shown to co-purify
with endogenous ligands, leaving it
open to speculation whether they
may be regulated by small molecule
metabolites. Despite this apparent
lack of regulation in vivo, high-res-
olution X-ray crystal structures of
mammalian bHLH-PAS proteins re-
veal the presence of buried, solvated
cavities located within the PAS do-
mains!'~13. The localisation of hydro-
philic cavities within mammalian
PAS domains suggests that they may
have the capacity to bind ligands in-
ternally. Moreover, targeted screen-
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ing of PAS domains from HIF-2a and
its obligate heterodimeric partner
ARNT, has led to the discovery of se-
lective, high affinity exogenous small
molecules that bind within the PAS
domains to regulate protein interac-
tion, suggesting that they may have
potential applications for therapeu-
tic modulation of bHLH-PAS func-
tion'#!*, The ability to target specific
bHLH-PAS transcription factors with
PAS-binding small molecules and
elicit tight control over gene expres-
sion pathways highlights the impor-
tance of gaining additional mecha-
nistic information into this family of
proteins.

PAS domains also mediate pro-
tein-protein interactions that occur
through several distinct interfaces
on the small, globular fold®. PAS do-
mains typically use their exposed
[-sheet to dimerize with other PAS
domains, but recently the opposing
a-helical surface has been shown
to mediate heterotypic interac-
tions with other PAS domains and
regulatory proteins!*!51¢, Proteins
in the bHLH-PAS family predomi-
nantly use specific interactions
between tandem PAS domains (de-
noted PAS-A and PAS-B) to form

stable, heterodimeric transcription
factor complexes. Mutation of PAS
domains decreases complex forma-
tion to regulate transcriptional ac-
tivity and can even alter selectivity
of subunits for their heterodimeric
partners’'’. Therefore, PAS-medi-
ated dimerisation not only dictates
selectivity for bHLH-PAS subunits
for one another, but also facilitates
DNA binding by forming the dimeric
bHLH domain'*18,

Modularity within the bHLH-PAS
family

If structural conservation within the
PAS domains allows heterodimeri-
sation within the bHLH-PAS family,
the C-terminal regulatory domains
contain transactivation (TAD) or re-
pressor domains that control their
activity. Although members of the
family share a relatively high de-
gree of sequence similarity within
the bHLH and PAS domains, a se-
quence alignment clearly segregates
genes together into clusters that reg-
ulate the same pathway (Figure 1).
These findings highlight the impor-
tance of letting conservation guide
identification of functional subclass-
es within bHLH-PAS proteins and
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Figure 1: bHLH-PAS transcription factors are evolutionarily related and have
homologous repressors with internal deletions. Many of the important bHLH-
PAS signalling pathways are regulated by paralog repressors that share high
sequence homology (line length within cladogram represents evolutionary
distance) with theactivator,butlacka domainthatthe positive elementpossesses.
SIM2 represses the neurogenesis pathway and lacks a transactivation domain.
[PAS1 attenuates the hypoxia response, but lacks a transactivation domain and
cannot form a DNA-bound complex. AhRR cannot bind xenobiotics as AhR can
(denoted with the chemical symbol) and therefore represses AhR:ARNT activity
by competing for ARNT binding. Yellow dashed line indicates that ARNT1 acts
as the obligate heterodimeric partner in these pathways.
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provide insight into potential mech-
anisms of regulation'®. While the
N-terminus of this protein family is
structured by the presence of bHLH
and PAS domains, the C-terminus
tends to be intrinsically disordered
with only short regions of predicted
secondary structure, a common fea-
ture of transcription factors that
serve as scaffolds for assembly of the
eukaryotic transcriptional machin-
ery'3, The C-terminal regulatory
domains also show a higher degree of
divergence among family members
and confer functional constraints by
interacting with pathway-specific
transcriptional regulators and con-
trolling stability of the complex. For
example, the stability of HIF-la is
regulated by oxygen concentration
through conserved prolines in the
oxygen-dependent degradation do-
main (ODD) and an asparagine in
the TAD. Under normoxic conditions,
proline hydroxylation association of
HIF1-o. with the von Hippel-Lindau
E3 ubiquitin ligase, targets HIF-1o
for proteosome-mediated degrada-
tion®.

In mammals, two bHLH-PAS tran-
scription factors within the family,
ARNT and BMAL1 (Brain and Muscle
ARNT-Like 1) act as general factors
that heterodimerize with multiple
partners to control all of bHLH-PAS
signalling. The functional specific-
ity of ARNT or BMALL1 is conferred
by the dimerisation partner with
which they interact, allowing for tis-
sue- or pathway-specific regulation
of target genes®'. The non-redundant
roles of ARNT and BMAL1 proteins
in mediating interactions with di-
verse partners suggest that complex
mechanisms may exist for cross-
talk between signalling pathways.
The extent to which inter-pathway
regulation plays a role in transcrip-
tional regulation is still not well un-
derstood; however, there is some
evidence that HIF-lo can compete
with AhR for recruitment of ARNT
to interfere with the dioxin signal-
ling pathway?2. The overlap between
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pathways and potential crosstalk
presents the intriguing potential
for another level of transcriptional
control to be driven by local protein
concentration, stoichiometry and af-
finity of these complexes, and should
be explored further.

Evolutionarily related repressors
of bHLH-PAS transcription factors
When comparing bHLH-PAS proteins
across signalling pathways, one in-
teresting trend emerges: within each
pathway, there is often a homolo-
gous repressor that shares modular
domain architecture with an activa-
tor?-%, The repressors either lack
domain(s) necessary for activation
or possess an additional domain with
repressive activity. Examples of how
the bHLH-PAS protein family exploits
gene duplication and domain shuf-
fling to add additional layers of tran-
scriptional regulation are discussed
below.

The mammalian SIM1/2 proteins
are homologs of the Drosophila mela-
nogaster gene single-minded (sim)
and regulate gene expression during
development?¢. SIM1 and SIM2 share
a high degree of sequence similar-
ity (~90%) within the PAS domains,
however, they have highly divergent
C-termini*”?®, Both proteins heter-
odimerize through similar PAS-medi-
ated interactions with their cognate
partner, ARNT; however, due to dif-
ferences in their C-termini, the het-
erodimers have opposing activities
on transcriptional regulation. The
SIM1:ARNT complex activates target
genes, while SIM2, with its distinct C-
terminal sequence that contains two
repressive domains, quenches the
transactivation domain of ARNT to
inhibit gene expression (Figure 2)%.

The hypoxia-inducible factor-1
(HIF-1) is an oxygen-labile protein
that mediates adaptive responses to
reduced oxygen availability by heter-
odimerizing with ARNT to bind DNA
and activate genes involved in gly-
colysis and angiogenesis, promoting
survival in low-oxygen conditions3%31.

Beside HIF-10, there are two addi-
tional members of the HIF bHLH-PAS
superfamily: HIF-2a, also known
as endothelial PAS domain protein
1 (EPAS1), and HIF-303%*. A novel
transcriptional repressor of this
pathway has been identified, which is
a splicing variant of the HIF-3a locus,
referred to as inhibitory PAS domain
protein 1 (IPAS1). This alternative
splicing event produces a truncated
protein product that does not contain
a transactivation domain. IPAS1 com-
petes with ARNT to form a complex
with HIF-1o, forming an abortive
IPAS1:HIF-1o0 complex that cannot
bind DNA at hypoxia response ele-
ments. In this way, splicing variants
can generate repressors to attenuate
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the cellular response to hypoxia3%. In
healthy tissue, the HIF10::ARNT com-
plex plays a beneficial role in human
physiology and development; how-
ever, this adaptation also increases
oxygen supply to hypoxic microen-
vironments in tumours to permit
proliferation and tumourigenesis®®.
Understanding how the activity
HIF10:ARNT complex is modulated
endogenously by the repressor IPAS1
will further our understanding of the
mechanisms in place that regulate
the escape from oxygen sensitivity in
cancer progression.

Exposure to harmful chemicals
that humans encounter in the en-
vironment, such as dioxin, results
in the expression of xenobiotic

b) Development

Early muscle progenitor cells

Figure 2: Tissue-specific expression of bHLH-PAS transcriptional repressors
provides cell-type specific responses to external stimuli and cell fate control. a) In
almostall hypoxicmammalian tissues, HIF-10. forms a heterodimer with ARNT to
activate hypoxia response genes, including genes involved in neovascularisation.
Selective upregulation of IPAS1 in the cornea inhibits the transcriptional activity
of HIF-10:ARNT by binding to HIF-1a and sequestering the protein. This tissue-
specific regulation prevents detrimental neovascularisation within the cornea
in mammals. b) During mouse embryonic development early muscle progenitor
cells show high expression of SIM1, which can bind ARNT and activate genes.
As development progresses, SIM1 expression is downregulated and SIM2
expression dominates to form an inactive transcriptional complex with ARNT
to attenuate expression of SIM2 target genes.
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response genes to break down these
toxic compounds. This response is
mediated in part at the transcrip-
tional level by the AhR:ARNT com-
plex®. Dioxin and other halogenated
aromatic hydrocarbons bind to the
PAS-B domain of the transcription
factor AhR, breaking up the interac-
tion with AhR and the chaperone
protein, Hsp90 that retains AhR in
the cytoplasm?®. After this, AhR is
free to enter the nucleus and form a
heterodimer with ARNT to bind DNA,
recruit transcriptional coactivators
and activate xenobiotic response
genes. The activity of AhR:ARNT is
adjusted by the aryl hydrocarbon re-
ceptor repressor (AhRR) that binds
to ARNT in a ligand-independent
manner and sequesters the protein
away from AhR¥. AhRR shares a high
degree of similarity with AhR (PAS-
A, 59.7%; C-terminus, 19.7%) and
uses this molecular mimicry to form
an inactive transcriptional complex
that downregulates the xenobiotic
pathway?>. While studies suggest
that AhRR may act as a tumour sup-
pressor, the functional significance
of this negative regulation remains
to be fully elucidated®. However, it
has been postulated that AhRR is up-
regulated in delicate tissues such as
the germline, to protect against toxic
metabolites generated by the break-
down of these polycyclic aromatic
hydrocarbons.

Tissue-specific regulation of gene

expression

Each cell type demands the ability to
differentially regulate gene expres-
sion and cellular responsiveness to
external cues, suggesting that mecha-
nisms exist to modulate the output of
environmentally sensitive bHLH-PAS
signalling pathways in a tissue-spe-
cific manner. This is accomplished
at the molecular level by distinct ex-
pression patterns of transcriptional
activators and repressors, which al-
lows for fine-tuning of the cellular re-
sponse to global inputs, such as low
oxygen concentration or xenobiotic

exposure, depending upon the iden-
tity and needs of the cell.

One of the most well understood
examples of tissue-specific regula-
tion of bHLH-PAS signalling path-
ways occurs in the cornea. During
sleep, closure of the eyelid creates a
hypoxic environment within cells of
the cornea. Despite continual expo-
sure to low oxygen levels that would
normally stimulate HIF-1o. depend-
ent gene expression to increase neo-
vascularisation, the cornea remains
completely avascular, which is nec-
essary for vision3?*%. Selective down-
regulation of the hypoxia pathway
in the cornea can be attributed to
the unique expression pattern of
the HIF-1lo-related repressor, IPAS1
(Figure 2a)**. Exposure of the cor-
neal epithelium to hypoxia results
in a rapid HIF-dependent induction
of IPAS1 mRNA and repression of
HIF-1a:ARNT activity by sequester-
ing HIF-1a from ARNT in an abortive
HIF-1a:IPAS1 complex incapable of
binding DNA*!. Repression by IPAS1
in hypoxic conditions specifically
in the cornea is believed to play an
important role in preventing neovas-
cularisation in the cornea and blind-
ness®*.

In addition to their participation
in pathways that respond to envi-
ronmental stimuli, many bHLH-PAS
proteins also play a direct role in de-
velopment and cell fate determina-
tion*2. The Drosophila the bHLH-PAS
protein Tango, the ortholog of the
mammalian ARNT protein, regulates
specific stages of development. Like
ARNT, Tango is broadly expressed
throughout tissues and forms a het-
erodimer with SIM to control devel-
opment of the central nervous system
midline cells. However, Tango also
forms a heterodimer with its bHLH-
PAS partner Trachealess to control
proper development and tubulo-
genesis within tracheal cells and the
salivary duct®. Because expression
of sim and Trachealess is restricted
to the cell lineages that they control,
they possess the ability to regulate
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specific developmental programmes
through selective expression of their
specific target genes upon binding to
their shared partner, Tango. In mam-
mals, SIM proteins have similar func-
tions that control embryonic develop-
ment and cell differentiation. In situ
hybridisation studies in mouse em-
bryos show largely non-overlapping
expression patterns of mSIM1 and
mSIM2, with mSIM1 being expressed
in early limb muscle precursor cells
and selective SIM2 expression in cells
after migration (Figure 2b)*~.

While many studies have quan-
tified mRNA expression levels of
bHLH-PAS genes across different
tissues, the mechanisms controlling
these differential expression pat-
terns remain to be elucidated and
deserve further study. Advent of
genome-wide techniques will allow
for identification of transcription
factor binding sites and chromatin
modifications that dictate the epige-
netic state of the cell. These studies
will illustrate the roles that bHLH-
PAS proteins play in controlling cell-
and tissue-specific gene expression
and how these pathways respond to
environmental insults.

Conclusion

Nature has tinkered with the bHLH-
PAS family, using the PAS domain
module as a building block to
establish the foundation of a specific
transcription factor architecture that
is accessorised with regulatory mo-
tifs that modulate activity. bHLH-
PAS transcription factors exemplify
the concept of functional expansion
through modular domain shuffling
in molecular evolution, using the
well-conserved PAS fold to bring
together stimulus-responsive pro-
teins with their partners, while con-
served domains and motifs outside
of the PAS fold have been swapped
to activate or repress the pathway.
Over 29,000 PAS domain-containing
proteins have been identified from
archaebacteria to humans (SMART
database), most of which likely sense

Licensee OA Publishing London 2013. Creative Commons Attribution License (CC-BY)

FOR CITATION PURPOSES: Michael AK, Partch CL. bHLH-PAS proteins: functional specification through modular domain
architecture. OA Biochemistry 2013 Nov 09;1(2):16.

Competing interests: none declared. Conflict of interests: none declared.

All authors contributed to conception and design, manuscript preparation, read and approved the final manuscript.

All authors abide by the Association for Medical Ethics (AME) ethical rules of disclosure.



OA Biochemistry
Open Access

environmental cues to act within
transcriptional networks. We are
just beginning to understand the in-
tricacies of these proteins and the
pathways they act within. Additional
studies need to be done to further
characterize these proteins using
sequence conservation paired with
bioinformatic analyses of predicted
regulatory motifs that will help in-
form biological function of paralogs
and other related genes. Moreover,
the capability to determine protein
expression, DNA binding and tran-
scriptional regulation genome-wide
by these proteins in response to ex-
ternal stimuli will help us better un-
derstand tissue-specific regulation of
bHLH-PAS proteins and their biologi-
cal role in keeping mammals healthy
and in tune with their environment.

Abbreviations list

AhR, aryl hydrocarbon receptor;
AhRR, aryl hydrocarbon receptor
repressor; ARNT, aryl hydrocarbon
receptor nuclear translocator; BMAL
1, Brain and Muscle ARNT-Like 1;
EPAS1, endothelial PAS domain pro-
tein 1; HIF-1, hypoxia-inducible fac-
tor-1; IPAS1, inhibitory PAS domain
protein 1; ODD, oxygen-dependent
degradation domain; TAD, transacti-
vation domain.

References

1. Taylor BL, Zhulin IB. PAS domains: in-
ternal sensors of oxygen, redox potential,
and light. Microbiol Mol Biol Rev. 1999
Jun;63(2):479-506.

2. Wang GL, Jiang BH, Rue EA, Semen-
za GL. Hypoxia-inducible factor 1 is a
basic-helix-loop-helix-PAS  heterodimer
regulated by cellular 02 tension. Proc
Natl Acad Sci U S A. 1995 Jun;92(12):
5510-4.

3. Hahn ME. The aryl hydrocarbon re-
ceptor: a comparative perspective.
Comp Biochem Physiol C Pharmacol
Toxicol Endocrinol. 1998 Nov;121(1-3):
23-53.

4. Gekakis N, Staknis D, Nguyen HB, Da-
vis FC, Wilsbacher LD, King DP, et al. Role
of the CLOCK protein in the mamma-
lian circadian mechanism. Science. 1998
Jun;280(5369):1564-9.

5. Moglich A, Ayers RA, Moffat K. Struc-
ture and signaling mechanism of Per-
ARNT-Sim domains. Structure. 2009
Oct;17(10):1282-94.

6. Hefti MH, Francoijs K], de Vries SC,
Dixon R, Vervoort ]. The PAS fold. A re-
definition of the PAS domain based upon
structural prediction. Eur ] Biochem.
2004 Mar;271(6):1198-208.

7. Sevvana M, Vijayan V, Zweckstet-
ter M, Reinelt S, Madden DR, Herbst-
Irmer R, et al. A ligand-induced switch
in the periplasmic domain of sensor
histidine kinase CitA. ] Mol Biol. 2008
Mar;377(2):512-23.

8. Harper SM, Neil LC, Gardner KH.
Structural basis of a phototropin light
switch. Science. 2003 Sep;301(5639):
1541-4.

9. Bradfield CA, Kende AS, Poland A.
Kinetic and equilibrium studies of Ah
receptor-ligand binding: use of [1251]2-
iodo-7,8-dibromodibenzo-p-dioxin. Mol
Pharmacol. 1988 Aug;34(2):229-37.

10. McIntosh BE, Hogenesch JB, Bradfield
CA. Mammalian Per-Arnt-Sim proteins
in environmental adaptation. Annu Rev
Physiol. 2010;72:625-45.

11. Key ], Scheuermann TH, Anderson
PC, Daggett V, Gardner KH. Principles
of ligand binding within a complete-
ly buried cavity in HIF2alpha PAS-B.
] Am Chem Soc. 2009 Dec;131(48):
17647-54.

12. Scheuermann TH, Tomchick DR,
Machius M, Guo Y, Bruick RK, Gard-
ner KH. Artificial ligand binding with-
in the HIF2alpha PAS-B domain of
the HIF2 transcription factor. Proc
Natl Acad Sci U S A. 2009 Jan;106(2):
450-5.

13. Huang N, Chelliah Y, Shan Y, Taylor CA,
Partch C, Green CB, et al. Crystal struc-
ture of the heterodimeric CLOCK: BMAL1
transcriptional activator complex. Sci-
ence. 2012 Jul;337(6091):189-94.

14. Guo Y, Partch CL, Key ], Card PB,
Pashkov V, Patel A, et al. Regulating
the ARNT/TACC3 axis: multiple ap-
proaches to manipulating protein/
protein interactions with small mol-
ecules. ACS Chem Biol. 2013 Mar;8(3):
626-35.

15. Partch CL, Gardner KH. Coactivators
necessary for transcriptional output of
the hypoxia inducible factor, HIF, are di-
rectly recruited by ARNT PAS-B. Proc
NatlAcad Sci U S A. 2011 May;108(19):
7739-44.

Page 5 of 6

Case report

16. Partch CL, Card PB, Amezcua CA,
Gardner KH. Molecular basis of coiled
coil coactivator recruitment by the aryl
hydrocarbon receptor nuclear trans-
locator (ARNT). ] Biol Chem. 2009
May;284(22):15184-92.

17. Hao N, Whitelaw ML, Shearwin KE,
Dodd IB, Chapman-Smith A. Identifica-
tion of residues in the N-terminal PAS
domains important for dimerization of
Arnt and AhR. Nucleic Acids Res. 2011
May;39(9):3695-709.

18. Erbel PJ, Card PB, Karakuzu O, Bruick
RK, Gardner KH. Structural basis for PAS
domain heterodimerization in the basic
helix-loop-helix-PAS transcription factor
hypoxia-inducible factor. Proc Natl Acad
Sci U S A. 2003 Dec;100(26):15504-9.
19. Fuxreiter M, Tompa P, Simon I,
Uversky VN, Hansen ]C, Asturias F]. Mal-
leable machines take shape in eukary-
otic transcriptional regulation. Nat Chem
Biol. 2008 Dec;4(12):728-37.

20. Chan DA, Sutphin PD, Yen SE, Giaccia
AJ. Coordinate regulation of the oxygen-
dependent degradation domains of hy-
poxia-inducible factor 1 alpha. Mol Cell
Biol. 2005 Aug;25(15):6415-26.

21. Labrecque MP, Prefonaine GG, Beis-
chlag TV. The aryl hydrocarbon receptor
nuclear translocator (ARNT) family of
proteins: transcriptional modifiers with
multi-functional protein interfaces. Curr
Mol Med. 2013 Aug;13(7):1047-65.

22. Gu YZ, Hogenesch ]B, Bradfield CA.
The PAS superfamily: sensors of environ-
mental and developmental signals. Annu
Rev Pharmacol Toxicol. 2000;40:519-61.
23. Ema M, Morita M, lkawa S, Tanaka
M, Matsuda Y, Gotoh O, et al. Two new
members of the murine Sim gene fam-
ily are transcriptional repressors and
show different expression patterns dur-
ing mouse embryogenesis. Mol Cell Biol.
1996 Oct;16(10):5865-75.

24. Makino Y, Cao R, Svensson K, Bertils-
son G, Asman M, Tanaka H, et al. Inhibitory
PAS domain protein is a negative regula-
tor of hypoxia-inducible gene expression.
Nature. 2001 Nov;414(6863):550-4.

25. Mimura J, Ema M, Sogawa K, Fujii-
Kuriyama Y. Identification of a novel
mechanism of regulation of Ah (dioxin)
receptor function. Genes Dev. 1999
Jan;13(1):20-5.

26. Nambu JR, Lewis JO, Wharton KA,
Crews ST. The Drosophila single-mind-
ed gene encodes a helix-loop-helix
protein that acts as a master regulator

Licensee OA Publishing London 2013. Creative Commons Attribution License (CC-BY)

FOR CITATION PURPOSES: Michael AK, Partch CL. bHLH-PAS proteins: functional specification through modular domain
architecture. OA Biochemistry 2013 Nov 09;1(2):16.

Competing interests: none declared. Conflict of interests: none declared.

All authors contributed to conception and design, manuscript preparation, read and approved the final manuscript.

All authors abide by the Association for Medical Ethics (AME) ethical rules of disclosure.



OA Biochemistry

Open Access

of CNS midline development. Cell. 1991
Dec;67(6):1157-67.

27.Fan CM, Kuwana E, Bulfone A, Fletcher
CE Copeland NG, Jenkins NA, et al. Expres-
sion patterns of two murine homologs of
Drosophila single-minded suggest possi-
ble roles in embryonic patterning and in
the pathogenesis of Down syndrome. Mol
Cell Neurosci. 1996 Jan;7(1):1-16.

28. Yamaki A, Noda S, Kudoh ], Shindoh
N, Maeda H, Minoshima S, et al. The
mammalian single-minded (SIM) gene:
mouse cDNA structure and diencephalic
expression indicate a candidate gene
for Down syndrome. Genomics. 1996
Jul;35(1):136-43.

29. Moffett P, Pelletier ]. Different tran-
scriptional properties of mSim-1 and
mSim-2. FEBS Lett. 2000 Jan;466(1):
80-6.

30. Forsythe JA, Jiang BH, Iyer NV, Agani
F, Leung SW, Koos RD, et al. Activation of
vascular endothelial growth factor gene
transcription by hypoxia-inducible factor
1. Mol Cell Biol. 1996 Sep;16(9):4604-13.
31. Firth JD, Ebert BL, Pugh CW, Rat-
cliffe PJ. Oxygen-regulated control ele-
ments in the phosphoglycerate kinase
1 and lactate dehydrogenase A genes:
similarities with the erythropoietin 3’
enhancer. Proc Natl Acad Sci U S A. 1994
Jul;91(14):6496-500.

32.GuYZ, Moran SM, Hogenesch ] B, Wart-
man L, Bradfield CA. Molecular charac-
terization and chromosomal localization

of a third alpha-class hypoxia inducible
factor subunit, HIF3alpha. Gene Expr.
1998;7(3):205-13.

33. Tian H, McKnight SL, Russell DW. En-
dothelial PAS domain protein 1 (EPAS1),
a transcription factor selectively ex-
pressed in endothelial cells. Genes Dev.
1997 Jan;11(1):72-82.

34. Jang MS, Park JE, Lee JA, Park SG,
Myung PK, Lee DH, et al. Binding and
regulation of hypoxia-inducible fac-
tor-1 by the inhibitory PAS proteins.
BiochemBiophys Res Commun. 2005
Nov;337(1):209-15.

35. Rankin EB, Giaccia A]. The role of
hypoxia-inducible factors in tumorigen-
esis. Cell Death Differ. 2008 Apr;15(4):
678-85.

36. Coumailleau P, Poellinger L, Gustafs-
son JA, Whitelaw ML. Definition of a mini-
mal domain of the dioxin receptor that
is associated with Hsp90 and maintains
wild type ligand binding affinity and spec-
ificity. ] Biol Chem. 1995 Oct;270(42):
25291-300.

37. Evans BR, Karchner SI, Allan LL,
Pollenz RS, Tanguay RL, Jenny M],
et al. Repression of aryl hydrocar-
bon receptor (AHR) signaling by AHR
repressor: role of DNA binding and
competition for AHR nuclear translo-
cator. Mol Pharmacol. 2008 Feb;73(2):
387-98.

38. Zudaire E, Cuesta N, Murty V, Wood-
son K, Adams L, Gonzalez N, et al. The

Page 6 of 6

Case report

aryl hydrocarbon receptor repressor is a
putative tumor suppressor gene in mul-
tiple human cancers. ] Clin Invest. 2008
Feb;118(2):640-50.

39. Sack RA, Beaton AR, Sathe S. Diurnal
variations in angiostatin in human tear
fluid: a possible role in prevention of cor-
neal neovascularization. Curr Eye Res.
1999 Mar;18(3):186-93.

40. Thakur A, Willcox MD, Stapleton F.
The proinflammatory cytokines and ara-
chidonic acid metabolites in human over-
night tears: homeostatic mechanisms. ]
Clin Immunol. 1998 Jan;18(1):61-70.

41. Makino Y, Uenishi R, Okamoto K,
Isoe T, Hosono O, Tanaka H, et al. Tran-
scriptional up-regulation of inhibitory
PAS domain protein gene expression by
hypoxia-inducible factor 1 (HIF-1): a neg-
ative feedback regulatory circuit in HIF-
1-mediated signaling in hypoxic cells. ]
Biol Chem. 2007 May;282(19):14073-82.
42. Crews ST, Fan CM. Remembrance of
things PAS: regulation of development by
bHLH-PAS proteins. Curr Opin Genet Dev.
1999 Oct;9(5):580-7.

43. Ward MP, Mosher ]T, Crews ST. Reg-
ulation of bHLH-PAS protein subcel-
lular localization during Drosophila
embryogenesis. Development. 1998
May;125(9):1599-608.

44. Coumailleau P, Duprez D. Siml
and Sim2 expression during chick and
mouse limb development. Int ] Dev Biol.
2009;53(1):149-57.

Licensee OA Publishing London 2013. Creative Commons Attribution License (CC-BY)

FOR CITATION PURPOSES: Michael AK, Partch CL. bHLH-PAS proteins: functional specification through modular domain
architecture. OA Biochemistry 2013 Nov 09;1(2):16.

Competing interests: none declared. Conflict of interests: none declared.

All authors contributed to conception and design, manuscript preparation, read and approved the final manuscript.

All authors abide by the Association for Medical Ethics (AME) ethical rules of disclosure.



