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The DNA target determines the dimerization
partner selected by bHLHZ-like hybrid proteins
AhRJun and ArntFos†

Ichiro Inamoto, Gang Chen‡ and Jumi A. Shin*

The molecular basis of protein–partner selection and DNA binding of the basic helix–loop–helix (bHLH)

and basic region-leucine zipper (bZIP) superfamilies of dimeric transcription factors is fundamental

toward understanding gene regulation. Because these families share structural similarities, we swapped

the bHLH and leucine zipper (LZ) modules between families to uncover how individual modules

influence protein-partnering and protein:DNA complexation. We previously described ArntFos, a bHLHZ-like

hybrid of the bHLH domain from the bHLH/PAS protein Arnt and LZ from the bZIP protein c-Fos, binding to

the Arnt E-box site (TCACGTGA) as a homodimer. Herein, we describe a heterodimer between ArntFos and

AhRJun, a hybrid of the bHLH domain from AhR and LZ of JunD. We designed AhRJun and ArntFos to

heterodimerize, given the strong interaction between native AhR/Arnt and Jun/Fos, but the hybrids showed

no preference for hetero- or homo-dimerization in Y2H assays. However, adding a specific DNA target drove

the formation of a single dimeric protein species over others. EMSA showed that the AhRJun/ArntFos

heterodimer binds to the cognate DNA site XRE1 (TTGCGTG) with Kd = 337 nM. Unexpectedly, the

palindromic Arnt E-box drove the binding of the AhRJun/ArntFos heterodimer (Kd = 276 nM)—not the

ArntFos homodimer—that binds to the Arnt E-box. However, the dimerization preference switched to

the ArntFos homodimer when the variant Max E-box (CCACGTGG) was used. We conclude that the

DNA sites themselves are the primary determinants of dimerization specificity for AhRJun and ArntFos,

not the JunD and c-Fos LZs, a result that sheds light on the dynamics of protein/protein and

protein:DNA interactions and the structural modularity of bHLH and bZIP proteins.

Introduction

The basic region helix–loop–helix (bHLH) proteins are a large
and diverse family of transcription factors that target specific
DNA sites for the regulation of genes involved in fundamental
processes, such as cell cycle and developmental regulation,
apoptosis, and stress response pathways.1–4 The bHLH proteins
typically associate as homo- or hetero-dimers that recognize the
hexameric E-box DNA site (enhancer box, CANNTG).2,5 Members
of the bHLH superfamily share a highly conserved structural
motif comprising a DNA-binding basic region and a HLH
dimerization domain (Fig. 1). The N-terminally located basic

region targets the DNA major groove; the C-terminal HLH
dimerization domain comprises two amphipathic helices separated
by a loop region, typically 5–12 residues in length, which
dimerize to form a compact, hydrophobic four-helix bundle
positioning the contiguous basic regions for DNA binding.3,6–8

Two subfamilies of bHLH proteins, bHLH/PAS and bHLHZ,
contain additional Per–Arnt–Sim (PAS) and leucine zipper (LZ)
domains located C-terminally to the bHLH that further regulates
protein dimerization.9,10

The aryl hydrocarbon receptor (AhR, also known as the dioxin
receptor) and the aryl hydrocarbon receptor nuclear translocator
(Arnt) are bHLH/PAS proteins that heterodimerize in the presence
of environmental contaminants, such as 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) and polychlorinated biphenyls (PCBs).11–15 The
AhR/Arnt heterodimer binds to the heptameric xenobiotic response
element (XRE, also known as dioxin response element, DRE),
TNGCGTG, and activates genes encoding xenobiotic metabolizing
enzymes.11–14,16,17 Biochemical studies have shown AhR to target
the TNGC half site with preference for either T or C in the second
position.18,19 Arnt targets the GTG half-site, which incidentally
is also the E-box half-site.18,20 AhR and Arnt have distinctively
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different preferences for protein dimerization. Arnt dimerizes
with many other bHLH/PAS proteins such as AhR, hypoxia
inducible factors (HIFs) and single-minded (SIM) proteins,
regulating gene expression in their respective physiological
pathways.3 In addition, the Arnt homodimer binds to the
canonical E-box site (CACGTG) with preference for sites flanked
by T and A (Arnt E-box, �TCACGTG�A).20,21 In contrast, AhR, like
HIF and SIM, exclusively dimerizes with Arnt and does not
homodimerize.9 The AhR PAS domain plays a central role in the
selection of dimerization partners. The AhR bHLH domain
(AhRbHLH) expressed without the PAS domain lacked dimerization
specificity for Arnt and was capable of dimerizing with Arnt and AhR
bHLH/PAS domains. Removal of the PAS domain did not affect
DNA binding, as the AhRbHLH/Arnt heterodimer was still bound to
the XRE site.22

The structures of the bZIP and bHLH families are related:8,23

instead of dimerization through the HLH structure, however,
the bZIP uses the a-helical leucine zipper (LZ) as its dimerization
module. The LZ is characterized by a heptad repeat containing
Leu at every seventh amino acid. When two LZs dimerize in a
parallel coiled coil, the heptad repeat aligns hydrophobic
residues on the interface between the monomers, forming a
hydrophobic core.24,25 Charged residues are typically found

flanking the hydrophobic core, where a basic residue on one
monomer can complement an acidic residue on its partner.
These van der Waals and Coulombic interactions are the basis
of partner selection and dimerization for bZIP proteins. For
example, members of the Fos family of bZIP transcription factors do
not homodimerize due to repulsion between the negatively charged
Fos LZs.26 Instead, Fos proteins heterodimerize with members of the
Jun family of bZIP proteins to bind to the AP-1 site TGACTCA.27,28 On
the other hand, Jun proteins are capable of weak homodimerization,
although heterodimerization with Fos is preferred.26

The modularity of individual subdomains in bHLH and bZIP
proteins has been demonstrated previously, both within and
between protein families. Modularity within the bZIP family
has been shown through domain-swap experiments between
Jun, Fos, CREB (cyclic AMP response element-binding protein),
and GCN4.29,30 These experiments yielded hybrid proteins that
maintained a native a-helical structure and DNA-binding function.
Modularity within the bHLH superfamily—comprising bHLH,
bHLHZ, and bHLH/PAS protein families—has been reported, but
with varying degrees of success.9,31–33 Previously we described
Max-E47,32 a hybrid protein comprising the Max basic region
(Max belongs to the bHLHZ family) and E47 HLH (E47 belongs
to the bHLH family), which was shown to be as potent as its

Fig. 1 Protein and DNA sequences. (top) Schematic showing structures of the bHLH/PAS Arnt/NPAS1 heterodimer bound to HRE DNA (PDB: 5sy7),73 the
bZIP Jun/Fos heterodimer bound to AP-1 DNA (PDB: 1fos),74 and the bHLHZ Max homodimer bound to E-box DNA (PDB: 5eyo).75 BR = basic region,
HLH = helix–loop–helix, PAS = Per–Arnt–Sim, LZ = leucine zipper. Images were produced using Chimera, (version 1.11.2).76 (middle) Sequence
alignment of hybrid proteins. The bHLH domains of AhR or Arnt were fused to the leucine zippers of JunD or c-Fos, respectively. The AhR basic region
proline that may interact with a thymine in DNA half-site recognition of the Arnt E-box �TCAC (see Discussion) is highlighted in blue underline. Leu
residues that define the LZ motif are in red. The hydrophobic heptad repeat register of helix 2 and LZ is not maintained in AhR(DL)Jun, as the first Leu in
the Jun LZ is deleted (denoted as ‘‘�). Complete details of protein expression are provided in the ESI.† (bottom) DNA target sequences. All
oligonucleotides are a double stranded, 24 bp DNA containing a centrally located target site (underlined). Only the forward strand is shown. The core
E-box sequence (CAC�GTG, black circle marks the two abutting half-sites) and GTG half-site are shown in red for XRE1, Arnt E-box, and Max E-box.
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parental proteins in DNA binding affinity and specificity and
maintained an a-helical protein structure.34

More recently, we generated the hybrid protein ArntFos by
fusing the bHLH domain of Arnt to the c-Fos LZ: hence, a
bHLHZ-like protein generated from parental proteins belonging
to the bHLH and bZIP families.35 In vivo yeast hybrid assays and
in vitro fluorescence anisotropy showed that ArntFos was capable
of homodimerizing and binding to the E-box with DNA sequence
specificity, demonstrating successful domain-swapping between
the bHLH and bZIP superfamilies. ArntFos displayed relatively
weak affinity towards the E-box (Kd = 436 nM) that was attributed
to electrostatic repulsion between the c-Fos LZs, which do not
natively homodimerize. However, the c-Fos LZ was essential for
ArntFos activity in vivo, as the Arnt bHLH domain alone had no
helical structure and was incapable of binding to the E-box in the
yeast one-hybrid assay.31,35

Thus far, we have focused on hybrid protein homodimers. In
this study, we describe a hybrid protein heterodimer by hetero-
dimerizing ArntFos with AhRJun, a new bHLHZ-like hybrid
generated by fusing the bHLH domain of AhR to the Jun LZ.
Since AhR is the native heterodimerization partner of Arnt, and
Jun the partner of Fos, AhRJun was expected to form a stable
heterodimer with ArntFos. We used in vivo yeast one- and two-
hybrid (Y1H and Y2H) assays and in vitro quantitative electro-
phoretic mobility shift assays (EMSA) to demonstrate that the
AhRJun/ArntFos heterodimer bound to the nonpalindromic
XRE target site. However, the protein/protein interactions of
AhRJun and ArntFos were promiscuous, with homo- and hetero-
dimers being observed. We confirmed that incubating the
hybrids with different DNA target sites resolved this promiscuity,
driving exclusive formation of a single dimeric protein:DNA
complex over other possibilities. This highlights the strong
influence of DNA toward directing the formation of specific protein:
protein and protein:DNA complexes for these hybrid proteins.

Experimental
Protein nomenclature

ArntbHLH is just the bHLH domain of human Arnt protein.36

AhRbHLH is just the bHLH domain of human AhR protein.
ArntFos (previously named ‘‘ArntbHLH-Fos’’) is ArntbHLH expressed
with a C-terminally fused human c-Fos LZ.35 AhRJun is AhRbHLH
expressed with a C-terminally fused human JunD LZ. AhR(DL)Jun is
a mutant AhRJun with Leu deletion at the interface of AhRbHLH
and JunD LZ (Fig. 1).

Reagents

Reagents were purchased from BioShop Canada (Burlington, ON),
enzymes were purchased from New England Biolabs (Pickering,
ON), and oligonucleotides were synthesized by Operon Bio-
technologies (Huntsville, AL) or Integrated DNA Technologies
(Coralville, IA), unless otherwise noted.

Bacterial and yeast strains

Bacterial strains were propagated in LB broth at 37 1C in a
shaking incubator at 250 rpm. Ampicillin (50 mg mL�1) and

kanamycin (30 mg mL�1) were added as appropriate. The LB
agar plates contained 15 g L�1 agar. The yeast strains were
propagated in either YPD broth or the appropriate minimal
synthetic dropout (SD) broth at 30 1C in a shaking incubator at
200 rpm. The agar plates contained 20 g L�1 agar.

Escherichia coli DH5a (Stratagene, La Jolla, CA), SUREs

(Stratagene) and C2925 (New England Biolabs) were used for
standard cloning procedures. The SURE strain was used to
handle DNA sequences with unstable secondary structures. The
C2925 dam�/dcm� strain was used to propagate plasmids free
of dam and dcm methylation to allow cloning using dam- or dcm-
sensitive restriction sites. E. coli BL21(DE3)pLysS or Rosetta BL21
was used for the bacterial expression of His-tagged proteins.

Saccharomyces cerevisiae YM4271 [MATa, ura3-52, his3-200,
ade2-101, lys2-801, leu2-3, 112, trp1-901, tyr1-501, gal4-D512,
gal80-D538, ade5::hisG] was used as the host for constructing
reporter strains for the M1YH assay, as reported previously.36 A
DNA cassette containing six tandem copies of the consensus
xenobiotic response element (XRE1, TTGCGTG) placed upstream
of the HIS3 or lacZ reporter genes was inserted into the YM4271
genome by recombination, yielding YM4271[pHISi-1/XRE-6] and
YM4271[pLacZi/XRE-6], respectively. The 3-aminotriazole (3-AT)
titration assay revealed that 30 mM 3-AT was sufficient to inhibit
background HIS3 activity in YM4271[pHISi-1/XRE-6] on SD/-His
medium. S. cerevisiae AH109 [MATa, trp1-901, leu2-3, 112, ura3-52,
his3-200, gal4D, gal80D, LYS2::GAL1UAS–GAL1TATA–HIS3, GAL2UAS–
GAL2TATA–ADE2, URA3::MEL1UAS–MEL1TATA–lacZ, MEL1] was used
for assessing protein/protein interactions in the Y2H system. Both
YM4271 and AH109 were purchased from Clontech (Palo Alto, CA).

Transformation, DNA preparation, and plasmid rescue

Standard molecular cloning procedures were performed as
described previously.36,37 PCR reactions were performed with
Phusiont high-fidelity DNA polymerase (New England Biolabs).
PCR products and DNA fragments for cloning were purified
using the Qiagen DNA purification and Qiagen gel purification kits
(Qiagen, Mississauga, ON). For E. coli, plasmids were transformed
by chemical transformation (TSS protocol, see ref. 38), while yeast
transformations were performed using either the standard lithium
acetate method (Yeast Protocols Handbook, Clontech) or the
transformation procedure developed by Dohmen et al.39 Plasmids
were purified using the Wizards Plus SV Minipreps DNA
purification system (Promega, Madison, WI) or QIAprep spin
miniprep kit (Qiagen, Mississauga, ON).

Plasmid construction

Detailed information on plasmid construction is provided in
the ESI.† All new constructs were confirmed by dideoxynucleotide
DNA sequencing performed at The Centre for Applied Genomics,
The Hospital for Sick Children (Toronto, ON).

Plasmids for modified yeast-one hybrid (MY1H) assays. To
identify a protein:DNA interaction, proteins were co-expressed
from the GAL4 activation domain (AD) fusion vectors pCETT
and pCETT2.37 Both pCETT and pCETT2 contain two multiple
cloning sites (MCSs) where transcription of the inserted genes is
under the control of the truncated, low-expression ADH1 promoter.40
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In pCETT, the gene inserted in MCS I, but not in MCS II, is expressed
as the GAL4 AD fusion protein. In pCETT2, proteins in both MCSs
are expressed as GAL4 AD fusions. The following nomenclature is
used to describe pCETT derivatives: a construct carrying genes in
both MCSs is named ‘‘pCETT/MCS I/MCS II,’’ a construct carrying a
gene in only MCS I is named ‘‘pCETT/MCS I,’’ and a construct
carrying a gene in only MCS II is named ‘‘pCETT//MCS II.’’ Similar
nomenclature is used for pCETT2 derivatives.

Plasmids for yeast-two hybrid (Y2H) assays. To identify a
protein/protein interaction, proteins were expressed from GAL4
DBD (DNA binding domain) and GAL4 AD fusion vectors,
pGBKT7 and pGADT7, respectively (Matchmaker Two-hybrid
System 3, Clontech).

HIS3 reporter assay

The yeast strain YM4271[pHISi-1/XRE-6] was transformed with
an AD-fusion plasmid. The transformants were plated on
minimal synthetic dropout (SD) medium plates lacking His
and Leu. To measure the activation of the HIS3 reporter gene, a
fresh colony was resuspended at OD600 B 0.01 in SD media,
and 15 mL of the suspension was spotted on SD/-H/-L control
plates and SD/-H/-L test plates containing 30 mM 3-AT.

A spot titration assay was used to compare the transactivation
potency of different GAL4-AD fusion proteins. Ten-fold serial
dilutions of fresh colony resuspensions were generated, where
the OD600 for each dilution ranged from 0.1 to 0.0001. 15 mL of
each dilution was spotted on SD/-H/-L plates and SD/-H/-L test
plates containing 30 mM 3-AT. The relative strengths of reporter
gene activation were estimated by comparing the growth of
different transformants with the same cell densities on the test
plates. The growth rate of a transformant in the presence of 3-AT
generally correlates with transcriptional activity of the HIS3
reporter gene.41

LacZ reporter assay

The yeast strain YM4271[pLacZi/XRE-6] was transformed with
an AD-fusion plasmid. The quantitative ortho-nitrophenyl-
galactoside (ONPG) liquid assay was performed as described
before to quantify the activation of the LacZ reporter gene in the
transformed cells.37 Values are expressed in Miller Units of
b-galactosidase activity, where 1 unit hydrolyzes 1 mmol ONPG
per min per cell. The results are presented as mean values �
standard error of the mean (SEM) of 3–4 independent experiments,
each performed in triplicate.

Y2H system

The Matchmaker GAL4 Two-hybrid System 3 (Clontech) was
utilized to examine homo- and hetero-dimerization of the
proteins under investigation. The recombinant plasmids of
the GAL4 DBD fusion vector pGBKT7 and the GAL4 AD fusion
vector pGADT7 (or their respective parental vectors in the
controls) were co-transformed into the yeast strain AH109.
Transformed cells were selected on SD/-L/-W plates at 30 1C,
for 4 days. Interactions between the two proteins were determined
by simultaneous activation of the HIS3, ADE2, and MEL1 reporter
genes. Activation of these reporter genes was measured by spotting

15 mL of diluted fresh cell suspensions at OD600 B 0.01 (fresh
colonies were resuspended in sterile water and then diluted in
10-fold steps to OD600 B 0.01) on SD/-L/-W plates and on SD/-A/-
H/-L/-W/X-a-Gal plates. A positive interaction was indicated by
the growth of cultures on both types of plates, with blue colony
color showing on the latter plates. The X-a-Gal indicator plates
were prepared as per the Yeast Protocol Handbook, Clontech.
To exclude false positive signals generated from the direct
interaction between our proteins and GAL4 DBD or AD, the
yeast strain AH109 was co-transformed with either the pGADT7-
based GAL4 AD fusion plasmids and empty pGBKT7, or the
pGBKT7-based GAL4 DBD fusion plasmids and empty pGADT7.
Co-transformation of empty pGBKT7 and pGADT7 was also
tested. Also, in order to exclude the possibility that some proteins
under investigation are transcriptionally active, a reverse test
was performed that exchanges the two proteins that are fused to
DBD and AD.42

Protein expression

ArntFos and AhRJun proteins were bacterially expressed and
purified following previously described methods, with modifications
described below.32 DNA fragments coding the proteins in E. coli-
optimized codons were assembled and cloned into the pET-
28A(+) expression vector (Novagen; details of gene construction
are given in the ESI†). These vectors were transformed into
E. coli BL21(DE3)pLysS or Rosetta(DE3)pLysS for the expression
of AhRJun and ArntFos, respectively. Typically, cells were grown
in a 1 L culture where protein production was induced by adding
1 mM IPTG during the mid-log phase of growth (OD600 B 0.60).
After induction, the cells were harvested, sonicated, and purified
using cobalt metal affinity chromatography (TALON, Clontech)
following the manufacturer’s protocol. The recommended buffers
for TALON typically contain up to 5 mM b-mercaptoethanol (BME).
However, BME was excluded from buffers used for ArntFos purifica-
tion, as mass spectrometry revealed that BME was routinely found
covalently attached to a cysteine in ArntFos. After TALON, proteins in
the elution fraction were reduced by exposure to 10 mM DTT for
1 h, at 37 1C, and further purified by reversed-phase HPLC
(Beckman System Gold, C18 column, Vydac). Protein identities
were confirmed by ESI-MS (Waters Micromass ZQ, Model MM1),
and their concentrations were measured by UV/Vis spectrometry
(Nanodrop 2000 Spectrophotometer, Thermo Scientific; e275 =
1405 M�1 cm�1 per Tyr). Finally, the proteins were lyophilized in
aliquots and stored at �80 1C. Immediately before conducting
EMSA proteins were reconstituted to the desired concentration
(typically 25 or 50 mM) in buffer and incubated for 1 h, at 37 1C, to
maximize solubility. Expression and purification of AhR(DL)Jun
were attempted as well, but the protein could not be expressed in
enough quantity for downstream experiments due to its extremely
low yield (data not shown). Surprisingly, this was not due to
protein insolubility or instability: the single amino acid change
resulted in a sharp decrease in protein production.

Electrophoretic mobility shift assay

Single-stranded oligonucleotides containing single copies
of the desired protein-recognition site—Arnt or Max E-box,
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XRE1, C/EBP, or NS (nonspecific sequence)—were synthesized
with 6-carboxyfluorescein (6-FAM) incorporated at their 50 ends
(Operon Biotechnologies, Fig. 1). The 6-FAM-labelled oligo-
nucleotides were annealed to their corresponding unlabeled
complementary oligonucleotides by mixing the two in 10 mM
Tris–HCl, pH 7, with the unlabeled oligonucleotide in 1.5 molar
excess, heating at 95 1C, 10 min, and slow-cooling to room
temperature. These annealed DNA targets were used in the
following binding reactions.

Protein:DNA binding reactions were performed in EMSA
buffer (20 mM Tris–HCl, pH 8; 0.5 mM EDTA; 0.5 mM KCl;
2 mM DTT; 20% glycerol; 100 mg mL�1 BSA; and 2 mg mL�1 poly
dI–dC) and 2 ng of 6-FAM-labeled double-stranded DNA in a
total volume of 30 mL. Appropriate amounts of protein solution
were added to each reaction to cover the full titration range of
the binding reaction. Prior to electrophoresis, samples were
treated with the temperature-leap tactic to minimize protein
misfolding and aggregation:43,44 protein solutions were incubated
at 4 1C overnight followed by 30 min at 37 1C, and 1 h at room
temperature. The samples were loaded onto a pre-equilibrated
native PAGE gel (10% poly-acrylamide, 0.5 � TBE), and run at
200 V for 5 min followed by 100 V for 25 min. The gels were
visualized using the BioRad ChemiDoc MP Imaging System.
Imagelab software (Version 5.2) was used for densitometric
analysis for calculation of the bound DNA fraction (yapp) for
each lane, where the bound DNA fraction is the intensity of the
band corresponding to the protein-bound DNA divided by
the sum of the intensities of the bands corresponding to the
protein-bound DNA and free DNA. The bound DNA fractions
were fit to eqn (1) using KaleidaGraph software (Version 4.5) to
calculate the apparent Kd value, as described previously.45

yapp = ymin + (ymax � ymin)[1/(1 + Kd
2/[M]2)] (1)

All datasets fit to eqn (1) had R values 40.99. Each Kd value
was determined from the average of two independent experiments.
Hill coefficient analyses showed that all binding isotherms indicate
dimeric, cooperative binding of DNA targets with Hill coefficients
of approximately 2 (Fig. S5, ESI†).

Results and discussion

Our aim was to generate a pair of bHLHZ-like hybrid proteins
that target a specific cognate DNA element as a heterodimer.
Asymmetric DNA sites are more suited for the investigation of
heterodimer:DNA interactions, as these sites are normally not
targeted by protein homodimers. The asymmetric XRE site,
TNGCGTG, became our ideal candidate. We previously described
the bHLHZ-like hybrid protein ArntFos (originally termed
‘‘ArntbHLH-Fos’’) that binds to the E-box site as a homodimer.35

In this study, we generated another bHLHZ-like hybrid, AhRJun, by
combining the AhR bHLH domain (AhRbHLH) and LZ of the JunD
protein (Fig. 1). Based on the properties of native AhR/Arnt and
Jun/Fos transcription factors, we hypothesized that AhRJun would
preferentially heterodimerize with ArntFos, and that the AhRJun/
ArntFos heterodimer would bind to the XRE site. We chose the

JunD LZ in order to encourage heterodimerization, because JunD
has a weaker affinity for homodimerization compared to other Jun
family members.46

We used the mouse XRE1 sequence, TTGCGTG, since XRE1
was shown to be specifically bound by the AhR/Arnt heterodimer
(Fig. 1).47–49 Similarly, we used the Arnt E-box sequence, TCACGTGA,
for investigating ArntFos homodimers, since native Arnt homodimer
prefers this E-box sequence.18,20 AhR alone is incapable of DNA
binding. However, the DNA half-site preferred by AhR, T(T/C)GC,
suggests that a homodimer of AhR, represented by the AhRJun
homodimer, would bind to the C/EBP sequence, TTGCGCAA,50

prompting us to test this possibility as well.

Co-expression of AhrJun and ArntFos is necessary to activate
the XRE1-controlled reporter gene in vivo

We first tested whether AhRJun and ArntFos are capable of
interacting with the XRE1 site. HIS3 and LacZ reporter assays
were utilized to examine our protein design in the modified
yeast one-hybrid (MY1H) system that allows co-expression of
two proteins that can bind to a DNA target.37 In MY1H, either
one or both of the co-expressed proteins is fused to the GAL4
activation domain (AD). These in vivo assays provide an indirect
measurement of the DNA-binding affinities of our proteins,
because transcriptional potency of reporter activation generally
correlates with the strength of the interaction under investigation.51

The HIS3 assay was performed using the yeast strain
YM4271[pHISi-1/XRE-6] that possesses the chromosomally inte-
grated reporter cassette in which six tandem copies of XRE1 lie
upstream of the HIS3 reporter gene, allowing HIS3 expression
when the XRE1 site(s) is bound by transcription factors. Reporter
gene activation allows cell growth on His-deficient media.
Co-expression of GAL4 AD-fused AhRJun (AD-AhRJun) and
ArntFos allowed growth on SD/-H/-L plates at 30 mM 3-AT
(Fig. S1, ESI†), indicating strong reporter gene activation. In
contrast, cells expressing either AD-AhrJun or AD-ArntFos alone
were incapable of growth. Co-expression of AD-AhRbHLH and
ArntbHLH—which lack the Jun and Fos LZs—also resulted in
no growth (Fig. S2, ESI†). Therefore, the presence of both
AhRJun and ArntFos was necessary to activate the XRE1-controlled
reporter gene in a LZ-dependent manner.

These findings were confirmed by the quantitative LacZ-
based ONPG assay that uses b-galactosidase activity as an indicator
for reporter gene activation (Fig. 2). Proteins were co-expressed in
the yeast strain YM4271[pLacZi-1/XRE-6], where six tandem copies
of XRE1 lie upstream of the LacZ reporter gene. Cells co-expressing
AD-AhrJun and AD-ArntFos gave 95.7� 3.1 units of b-galactosidase
activity, which was significantly higher than the signal produced by
the empty vector negative control (unpaired t-test, P o 0.0001).
Cells expressing either AD-AhRJun or AD-ArntFos alone produced a
signal identical to that of the negative control (5–7 units of
b-galactosidase activity). Expression of the bHLH domains
alone—without the LZ—also did not produce a signal above
that of the negative control (data not shown). Again, reporter
gene activation was observed only when both AhRJun and
ArntFos were present. This suggests that AhRJun and ArntFos
were bound to the XRE1 target as a heterodimer.
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AhRJun and ArntFos show no preference for hetero- or
homo-dimer formation in vivo

To test whether AhRJun and ArntFos could heterodimerize, we
examined their protein/protein interactions using the Y2H
system. AhRJun and ArntFos fused to either the GAL4 AD or
GAL4 DNA binding domain (DBD) were co-expressed in various
combinations in the yeast strain AH109. Interactions between
AD- and DBD-fused proteins result in reporter gene activation,
allowing colony formation and blue color development on
selective media.

Cells co-expressing various combinations of proteins were
spot-plated in order to screen for reporter gene activation (Fig. S4
and Table S2, ESI†). First, cells co-expressing DBD-AhRJun and
AD-ArntFos showed growth and color development, indicating
reporter gene activation (Fig. S4, ESI† Row A). Swapping the GAL4
domains between these proteins, i.e. co-expression of AD-AhRJun
and DBD-ArntFos, still resulted in reporter activation. In contrast,
expression of AhRJun or ArntFos alone did not result in colony
growth, regardless of which GAL4 domains were fused to the
protein. The negative control co-expressing AD and DBD by
themselves did not produce any signal as well (Fig. S4, ESI†
row D4). Therefore, it appears that AhRJun and ArntFos hetero-
dimerize in the yeast model system. We then tested if these
proteins were capable of forming homodimers (Fig. S4, ESI† rows
C5 and C6). Both co-expression of DBD-AhRJun and AD-AhRJun,
and DBD-ArntFos and AD-ArntFos, resulted in reporter gene
activation, indicating that AhRJun and ArntFos homodimerize

in vivo. To discern the relative strengths of reporter gene activation,
cells co-expressing AD-AhRJun and DBD-ArntFos, AD-AhRJun and
DBD-AhRJun, or AD-ArntFos and DBD-ArntFos, were tested by
plating cells in serial dilution (Fig. 3). Contrary to our expectation,
cells expressing either the AhRJun or ArntFos homodimers
produced a signal that was similar to that of cells co-expressing
AhRJun and ArntFos. Thus, AhRJun and ArntFos were both similarly
capable of hetero- and homo-dimerization in a yeast model.

We find it intriguing that AhRJun and ArntFos showed little
dimerization preference. The ability of the c-Fos and JunD LZs
to direct specific protein/protein interactions appears to be
compromised in these hybrid proteins. This loss of specificity
could be caused partly due to the fact that the JunD and c-Fos
LZ modules evolved in the context of bZIP protein structure, not
as a fusion to bHLH as in our hybrids. Loss of specificity could
also be caused by the lack of PAS domains that, together with
HLH, forms the dimerization interface between native AhR and
Arnt. Even with its PAS domain, Arnt bHLH/PAS is known for its
promiscuous protein/protein interactions, forming stable hetero-
dimers with other bHLH/PAS proteins such as AhR, HIF and
SIM,3,52 as well as homodimers.18,21 The AhR bHLH/PAS, on the
other hand, is more stringent in partner specificity,22 but this is
largely dependent on its PAS domain that is missing in our proteins.
This promiscuity in protein–partner preference from AhRbHLH and
ArntbHLH could be offsetting any selectivity conferred by the JunD
and c-Fos LZs. These results present an interesting contrast with
the MY1H data above, where the AhRJun/ArntFos heterodimer was
the only species capable of binding to the XRE1 site.

The AhRJun/ArntFos heterodimer binds to XRE1 with high
affinity and specificity in vitro

We next used quantitative EMSA to explore the interaction of
AhRJun and ArntFos against XRE1 (Table 1). For solutions
containing both AhRJun and ArntFos, proteins were mixed in
1 : 1 stoichiometry: for example, a 600 nM AhRJun/ArntFos

Fig. 2 Both AhRJun and ArntFos are necessary to activate the XRE1-controlled
reporter gene in MY1H. The solution containing the 1 :1 AhRJun :ArntFos
interaction with XRE1 was measured in the MY1H assay. Protein expression
vector pCETT2 carrying AhRJun, AhR(DL)Jun, and ArntFos in different
combinations was transformed into the yeast strain YM4271[pLacZi-1/XRE-6].
Error bars represent standard error of the mean from at least three independent
trials conducted in triplicate. All bars above contain the vector pCETT2; the first
bar is the negative control containing only pCETT2 with no protein expression.

Fig. 3 Y2H assay demonstrating homo- and hetero-dimerization of
AhRJun and ArntFos. AhRJun, AhR(DL)Jun, and ArntFos were fused to
either GAL4DBD or GAL4AD in expression vectors pGBKT7 and pGADT7,
respectively. Different combinations of these vectors were transformed
into the yeast strain AH109. Transformants were spot-plated in serial
dilutions to detect the activation of HIS3, ADE2, and MEL1 reporter genes.
(A) SD/-L/-W medium, serving as a positive control to show equal plating
of cells. (B) SD/-A/-H/-L/-W/X-a-Gal medium. Cells will only grow if their
co-expressed DBD- and AD-fusion domains interact.
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solution contains 600 nM total monomeric protein—300 nM
AhRJun and 300 nM ArntFos. EMSA showed that the dissociation
constant (Kd) of the AhRJun/ArntFos solution against the XRE1
site was 337� 51 nM (Table 1; representative EMSA titration and
binding isotherm shown in Fig. S5, ESI†). The AhRJun/ArntFos
solution did not produce any shift in migration of the non-
specific control DNA (NS DNA) up to 10 mM protein concentration
(Fig. S6a, ESI†), showing XRE1 binding specificity. The Hill
coefficient between the AhRJun/ArntFos solution and XRE1 was
approximately two, which suggests synergistic and sequential
binding of two ligands (protein monomers) to a single target
(DNA). Such a protein:DNA binding mechanism coincides with
that observed for other native bHLHZ and bZIP proteins such as
c-Myc and Max binding to the E-box, and Jun and Fos binding to
AP-1:53–55 XRE1 is bound by one monomer, which cooperatively
and rapidly assists the second protein monomer to bind DNA to
form the protein dimer:DNA complex that is observed.

In the AhRJun/ArntFos solution, there are three possible
dimers that may be responsible for the mobility shift of the
XRE1 site: the AhRJun/ArntFos heterodimer, ArntFos homodimer,
and AhRJun homodimer. To identify the dimeric species bound to
XRE1, we tested AhRJun or ArntFos alone against the site. AhRJun
alone did not produce a shift in mobility of XRE1 up to 10 mM
protein (Fig. S6c, ESI†). In contrast, ArntFos alone was bound to
the XRE1 site with Kd = 1115 � 307 nM. Although this is a weak
interaction between the ArntFos homodimer and XRE1, it is
specific, as even 10 mM ArntFos showed no binding to NS DNA
(Fig. S6b, ESI†). The interaction between the ArntFos homodimer
and XRE1 (Kd = 1115 nM, above), however, was much weaker
than that of the AhRJun/ArntFos solution incubated with XRE1
(Kd = 337 nM, above). We therefore eliminated the possibility
that the ArntFos homodimer was contributing toward recognition of
the XRE1 site, especially given that the AhRJun/ArntFos solution is a
mixture in which only half of its total protein is ArntFos, and this
mixture incubated with XRE1 gave Kd = 337 nM vs. ArntFos alone
that gave Kd = 1115 nM. Taken together with the earlier observation
that ArntFos alone was unable to produce any signal against XRE1-
controlled reporter genes in the MY1H assays, we conclude that the
ArntFos homodimer was not involved in the binding reaction
between the AhRJun/ArntFos solution and XRE1. The Kd = 337
nM observed represents a specific interaction between the AhRJun/
ArntFos heterodimer binding to its intended XRE1 target site.

Apparently, assembly of the AhRJun/ArntFos:XRE1 complex
was driven primarily by the DNA target, and not by protein–
partner interactions at their dimer interface. In Y2H, where
protein/protein interactions are probed in the absence of a DNA
target, AhRJun and ArntFos formed comparably stable hetero- and
homodimers: in contrast, when DNA target sites were present, AhRJun
and ArntFos were bound to the XRE1 site exclusively as a hetero-
dimer. This type of DNA-mediated protein heterodimerization has
also been observed between the ATF/IGEBP1 heterodimer, driven to
heterodimerize by the designed chimeric C/EBP/ATF DNA site,
comprising half-sites of C/EBP and ATF.56 Another example is the
folding and assembly of the MyoD/E47 heterodimer that is mediated
by the E-box site.57 Given that AhRJun and ArntFos showed no
protein–partner preference, their heterodimerization being driven by
the XRE1 site was not surprising. However, these properties of
AhRJun and ArntFos contrast with binding of the AP-1 DNA site
by the Jun/Fos bZIP heterodimer, where dimerization specificity is
primarily driven by protein interactions between Jun and Fos.58

The AhRJun/ArntFos heterodimer, rather than ArntFos
homodimer, binds to the non-canonical palindromic Arnt E-
box site

Given that XRE1 mediated heterodimerization of AhRJun and
ArntFos, we then asked how the AhRJun/ArntFos solution
would interact with the symmetric Arnt E-box site. We hypothe-
sized that only the ArntFos homodimer would bind to the Arnt
E-box, and thus, AhRJun would remain a bystander in this
reaction. Previously, the ArntFos homodimer was shown to
bind to the Arnt E-box with Kd = 436 � 107 nM.35 Assuming
the ArntFos homodimer to be the only species binding to Arnt
E-box, we expected the Kd for the AhRJun/ArntFos solution
against Arnt E-box to be approximately double Kd = 436 nM,
i.e. Kd = 850–900 nM. Much to our surprise, EMSA showed
that the AhRJun/ArntFos solution bound the Arnt E-box with
Kd = 263 � 19 nM, which is not only lower than our prediction,
but even lower than the Kd = 337 nM of AhRJun/ArntFos
solution against its native XRE1 site.

To explore the discrepancy between the predicted and
observed Kd values for the AhRJun/ArntFos solution against
the Arnt E-box (850–900 nM vs. 263 nM, respectively), we first
questioned whether the Kd for ArntFos homodimer:Arnt E-box
accurately represented the current system. The Kd of ArntFos:
Arnt E-box was originally measured using fluorescence anisotropy,
which may produce a different Kd value given the sensitivity of
ArntFos towards different experimental conditions.35 Therefore,
we re-determined the Kd using EMSA and obtained Kd = 306 �
11 nM, which is almost within the range of Kd = 436 � 107 nM
obtained using fluorescence. However, even with the new Kd for
ArntFos homodimer:Arnt E-box, we expected the AhRJun/Arnt-
Fos solution to bind the Arnt E-box with the ArntFos homo-
dimer at Kd B 600 nM, which is still double the Kd between
AhRJun/ArntFos solution and Arnt E-box (Kd = 263 nM).

This lead us to examine whether the AhRJun homodimer
and/or AhRJun/ArntFos heterodimer was involved in the Arnt
E-box mobility shift. A series of qualitative EMSA reactions were
performed to investigate these possibilities. First, we found that

Table 1 Dissociation constants Kd (nM) of AhRJun & ArntFos with DNA
target sites

XRE1 Arnt E-box C/EBP NS

ArntFos/AhRJun heterodimer 337 � 51 263 � 19 a a

ArntFos homodimer 1115 � 307 306 � 11 b a

AhRJun homodimer a a c a

Each value is the average of two independent EMSA experiments.
Numbers represent the total monomeric protein concentration of each
sample.a No binding observed at 10 mM protein concentration. b Very
faint binding observed at 10 mM protein concentration. c Smearing of
target DNA observed at 5 mM protein concentration.
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10 mM AhRJun alone did not produce any shift in Arnt E-box
mobility (Fig. S6c, ESI†), indicating that the AhRJun homodimer
does not bind to Arnt E-box. Then, the AhRJun/ArntFos hetero-
dimer was tested using EMSA, by incubating Arnt E-box with
either 600 nM ArntFos alone or 600 nM AhRJun/ArntFos solution
(Fig. 4, lanes 2 and 3). The ArntFos solution caused a single shift in
Arnt E-box mobility, as expected (lane 2), representing the DNA
duplex bound by the ArntFos homodimer. In contrast, the reaction
with AhRJun/ArntFos solution (lane 3) displayed a single mobility
shift that was noticeably slower than that in lane 2. If the ArntFos
homodimer was the species responsible for binding to the Arnt
E-box, the DNA shifts should have been identical in lanes 2 and 3.

We were therefore left with the only possibility being the
AhRJun/ArntFos heterodimer binding to the Arnt E-box in lane
3, Fig. 4. AhRJun and ArntFos have similar molecular weights
(B13 kD each) and should have similar bHLHZ structures.
Their isoelectric points (pI) differ considerably, however (pI 10
and 8 for AhRJun and ArntFos, respectively). Since our native
PAGE running buffer has pH 7.8, the AhRJun/ArntFos:DNA
complex would be more positively charged compared to the
ArntFos homodimer:DNA complex. This explains the difference
in mobilities in lanes 2 and 3: the more positive AhRJun/
ArntFos:DNA complex (lane 3) migrated slower through the gel
towards the positive electrode than the ArntFos homodimer:DNA
complex (lane 2).

To confirm these observations, we repeated the EMSA using
ArntFos-SUMO, in which we fused the SUMO tag to ArntFos.
Addition of SUMO approximately doubles the molecular weight
of ArntFos (SUMO MW B 12 kD), and this mass difference
should allow better differentiation between DNA complexes
with AhRJun/ArntFos-SUMO (B38 kD) vs. the ArntFos-SUMO
homodimer (B50 kD). Indeed, the Arnt E-box site incubated
with either 600 nM AhRJun/ArntFos-SUMO solution or 600 nM
ArntFos-SUMO showed a clear difference in the mobility shift
of the Arnt E-box (Fig. 4, lanes 4 and 5). Incubation of the Arnt
E-box site with ArntFos-SUMO resulted in a slower migration
compared to that of the AhRJun/ArntFos-SUMO solution, as
expected. Moreover, only one shift was observed in lanes 3 and 4.
For these lanes, any shift caused by ArntFos or ArntFos-SUMO
homodimers would have been detected as a second band,
running parallel to the bands in lane 2 or 5. Absence of the
second band indicates an apparent lack of the ArntFos homo-
dimer interacting with Arnt E-box, which may be due to (1) the
ArntFos homodimer not forming at all in the reaction, (2)
formation of the ArntFos homodimer, but at a concentration
too low to be detected, or (3) formation of the ArntFos homo-
dimer, but its interaction with Arnt E-box being out-competed by
the AhRJun/ArntFos heterodimer. Regardless of the mechanism,
it is clear that the AhRJun/ArntFos:Arnt E-box complex is the
single dominant species present in this reaction.

Taking these results together, we conclude that the AhRJun/
ArntFos heterodimer is capable of binding to the non-canonical
Arnt E-box site with Kd = 263 nM. Moreover, in the presence of
the palindromic Arnt E-box, AhRJun/ArntFos:DNA complex
formation is strongly preferred over the ArntFos homodimer
binding to DNA, despite the fact that the Arnt E-box site should

be the canonical, symmetric target for the ArntFos homodimer.
The Kd value of the AhRJun/ArntFos heterodimer bound to the
Arnt E-box was only slightly lower than that of the ArntFos
homodimer bound to the Arnt E-box (263 nM vs. 306 nM,
respectively), which was another reason why we expected to
see both hetero- and homodimers bound to Arnt E-box DNA.
Interestingly, the opposite was true: the AhRJun/ArntFos:DNA
complex was the only species observed, as demonstrated in
Fig. 4, lanes 3 and 4.

Max E-box DNA site directs formation of the ArntFos
homodimer, not the AhRJun/ArntFos heterodimer

The protein:DNA interaction appears to be the main factor
dictating partner selection between AhRJun and ArntFos. If this
is the case, the Arnt E-box site directed the formation of the
AhRJun/ArntFos heterodimer over the expected ‘‘canonical’’
ArntFos homodimer. To further probe this finding, we repeated
EMSA using another E-box variant, Max E-box, which shares the
same core E-box sequence CACGTG with the Arnt E-box but is
flanked by C/G (Fig. 1). Given the non-canonical Arnt E-box
binding by the AhRJun/ArntFos heterodimer, we anticipated
that the heterodimer would also bind the Max E-box but with
reduced affinity. The Max E-box site was incubated with 600 nM
or 1200 nM solutions containing ArntFos alone or AhRJun/
ArntFos (Fig. 5, lanes 2–5). The ArntFos homodimer was fairly

Fig. 4 Only the AhRJun/ArntFos heterodimer forms in the presence of
Arnt E-box. The following combinations of proteins were tested for their
interactions with the Arnt E-box by EMSA: lane 1, DNA control (no protein);
lane 2, ArntFos; lane 3, 1 : 1 AhRJun : ArntFos; lane 4, 1 : 1 AhRJun : ArntFos-
SUMO; lane 5, ArntFos-SUMO. Each reaction contained 600 nM total
monomeric protein. In all lanes, addition of protein caused a single shift in
DNA mobility. The distances of each shift differ in each lane. The difference
between lanes 2 and 3 indicates that the mobility shift in lane 3 was caused
by the AhRJun/ArntFos heterodimer, and not by the ArntFos homodimer.
Similarly, the differences between lanes 4 and 5 indicate that the mobility
shift in lane 4 was caused by the AhRJun/ArntFos-SUMO heterodimer, and
not by the ArntFos-SUMO homodimer.
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weakly bound to the Max E-box (lanes 2 and 3), with Kd 4 600 nM.
This was a weaker interaction compared to that between the
ArntFos homodimer and the Arnt E-box (Kd 306 nM), which we
expected since the Max E-box is not the preferred target for Arnt.
Interestingly, when the Max E-box was titrated with the AhRJun/
ArntFos solution, weak binding was detected at 1200 nM (Lane 5),
which ran parallel to the shifts caused by the ArntFos homodimer
in lanes 2 and 3. Weaker protein:DNA binding observed from the
heterodimeric solutions can be ascribed to the fact that only half of
the total protein is ArntFos.

These results indicated that the ArntFos homodimer, not the
AhRJun/ArntFos heterodimer, caused the shifts in lanes 4 and
5. To confirm that the ArntFos homodimer was bound to Max
E-box, EMSA was repeated using ArntFos-SUMO (lanes 6–9). The
ArntFos-SUMO homodimer (lanes 8 and 9) bound to the Max E-box
site with comparable affinity observed for the ArntFos homodimer,
as expected. The reaction between AhRJun/ArntFos-SUMO and the
Max E-box site resulted in a single mobility shift parallel to that
caused by the ArntFos-SUMO homodimer (Lanes 6–9).

Apparently, the ArntFos homodimer is responsible for all
DNA binding observed against the Max E-box. This sharply
contrasts with the results described between the AhRJun/Arnt-
Fos solution and the Arnt E-box site, where the AhRJun/ArntFos
heterodimer is the sole species binding to the Arnt E-box.
Protein hetero- or homodimerization was determined by the
DNA target, where the DNA sequence directed the formation of
one dimer over others. Although the DNA sequence is expected
to influence the formation of protein:DNA complexes, it is
intriguing that single base-pair changes outside the core DNA
target site caused a dramatic shift in the preferences of these
interactions.

Two closely related E-box sites direct differential formation of
AhRJun and ArntFos dimers

High-resolution structures of AhR bHLH and Arnt bHLH bound
to their DNA target would aid our analysis of the interactions
between AhRJun, ArntFos, and the E-box variants: in particular,
AhR bHLH contacts the two nucleotides that differ between
XRE1 and Arnt E-box (XRE1, T�T�GC�GTGA; Arnt E-box, T�C�AC�GTGA;
nucleotide differences are underlined, filled circles separate half-
sites). The recently published high-resolution crystal structure of
Arnt dimerized with NPAS3 bound to a hypoxia response element
variant (HRE, TACGTG) showed the association of the Arnt basic
region with the GTG half-site,59 but no structure for AhR bHLH is
available yet. However, possible explanations for the mechanism
underlying the protein–protein and protein–DNA interactions
observed in this study can still be elucidated. Swanson and
colleagues have shown that Arnt binds to the 30 half-site,
GTGA.20 In the AhRJun/ArntFos heterodimer, the basic region
of ArntFos should be capable of forming stable contacts with
both XRE1 and Arnt E-box sites, as they share the 30 GTGA half-
site. The basic region of AhR binds to the 50 TNGC half-site,
with preference for T�TGC or T�CGC.19 AhR’s preference for
cytosine in the second nucleotide explains why it may still bind
to the 50 T�CAC Arnt E-box half-site.

Furthermore, the PSKRHR sequence in the AhR basic region
is important for half-site recognition.60 The C-terminally
located Arg plays a major role in DNA sequence specificity in
other bHLHZ proteins, such as c-Myc, Max, and USF, making
these proteins prefer CG nucleotides at the center of the E-box
site.61 The central nucleotides for both XRE1 and the Arnt E-box
are CG; AhR could use this Arg to engage similarly with both
sites. The N-terminal Pro of the PSKRHR sequence may come

Fig. 5 Only the ArntFos homodimer—not the ArntFos/AhRJun heterodimer—forms in the presence of the Max E-box site. The following combinations
of proteins were tested for their interactions with the Max E-box using EMSA: lane 1, DNA control (no protein); lanes 2 and 3, ArntFos homodimer; lanes
4 and 5, 1 : 1 AhRJun : ArntFos; lanes 6 and 7, 1 : 1 AhRJun : ArntFos-SUMO; lanes 8 and 9, ArntFos-SUMO homodimer. Each reaction contained either
600 nM or 1200 nM total monomeric protein. In all lanes, addition of protein caused a single shift in DNA mobility. The migration distances in lanes 2–5
were identical (bottom arrow), indicating that the DNA shifts in lanes 4 and 5 were caused by the ArntFos homodimer, and not by the AhRJun/ArntFos
heterodimer. Similarly, the shifts in lanes 6–9 were identical (top arrow), indicating that the shifts in lanes 8 and 9 were caused by the ArntFos-SUMO
homodimer, and not the AhRJun/ArntFos-SUMO homodimer.
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into contact with the 50 thymine that is found in both the XRE1
and Arnt E-box sites (Fig. 1);60 prolines can make favorable
interactions with thymines and adenines.62,63 Taken together,
the AhRJun/ArntFos heterodimer appears to have the capacity
to bind favorably with most of the Arnt E-box site, except for the
adenine at the third nucleotide (TC�ACGTGA), which is unlikely
to be recognized by AhR. These reasons may also explain why
the ArntFos homodimer was preferred for binding to the Max
E-box that lacks the 50 thymine, thereby removing one stabilizing
interaction that can exist between the AhR basic region and the
Arnt E-box. The loss of this interaction may tip the equilibrium in
favor of ArntFos homodimer formation at the Max E-box.

The formation of a stable, specific protein dimer:DNA complex is
often thought to be the result of an equilibrium reaction, where pre-
formed protein dimers64 or protein monomers55,65–68 are constantly
associating and dissociating with their cognate and non-cognate
DNA sites. This mechanism eventually favors the accumulation of a
specific dimer:DNA complex that is the most energetically favorable.
In other studies, more than one stable dimer:DNA complex has
been shown to form within the same reaction, as in the example of
c-Myc/Max and Max/Max hetero- and homo-dimer formation
against the E-box site.20 In contrast, our case illustrates the
dynamic nature of dimer:DNA interactions where the target
DNA itself can preferentially drive the formation of a single
dimeric protein species over others.

The LZ modules in AhRJun and ArntFos primarily serve to
stabilize proper folding of the bHLH domains

The dimerization specificity of AhRJun and ArntFos was directed by
the target DNA site—not by protein–partner preferences—which
was contrary to our original hypothesis. However, the JunD and
c-Fos LZs in these hybrid proteins are still essential for protein
function. Removing the LZ from AhRJun and ArntFos, thereby
leaving the AhRbHLH and ArntbHLH domains by themselves,
rendered the proteins inactive in both MY1H and Y2H assays
(Fig. S2 and S4, ESI,† rows B, D1 and D2). Previously, we
reported similar observations for ArntbHLH, which was capable
of strong Arnt E-box binding in vitro (Kd = 40 � 11 nM) but
inactive in vivo in the Y1H assay.31 The addition of c-Fos LZ to
ArntbHLH (therefore generating ArntFos) restored protein func-
tion in vivo, although ArntFos had a markedly decreased affinity
for the Arnt E-box in vitro (Kd = 436 nM,35 or Kd = 306, this study).
Fusing the LZ from bZIP protein C/EBP to ArntbHLH was also
enough to restore Arnt E-box binding in in vivo yeast assays,31

and addition of the c-Fos LZ to the bHLH domain of the Max
bHLHZ protein restored the helical structure of the otherwise
unstructured MaxbHLH domain.35

These previous observations, in conjunction with our current
results, indicate that these LZs serve as nucleation devices that
encourage proper folding of the bHLH domain. Compared to
other bHLH and bHLHZ proteins such as E4769 and Max,6,7 the
ArntbHLH homodimer forms a less hydrophobic four-helix
bundle.10 The inactivity of ArntbHLH, and possibly AhRbHLH,
in yeast may stem from the missing PAS domain that helps
stabilize the structure. PAS domains have been proposed to
initiate folding and/or stabilize dimerization of the bHLH

region in a mode similar to that served by the LZ in the bHLHZ
Myc/Max heterodimer.70 However, the fusions of the JunD and
c-Fos LZs did not restore the dimerization specificity conferred
by the PAS domains in native AhR and Arnt.

In order to further assess the contribution of the JunD and
c-Fos LZs, we constructed an AhRJun mutant, AhR(DL)Jun,
where the first Leu in the Jun LZ was deleted (Fig. 1). As there
are 3.6 amino acids per turn in an a-helix, this Leu deletion
should offset orientation of the JunD LZ, relative to helix 2
of AhRbHLH, by B100 degrees, thereby impeding proper
dimerization of both the HLH domains and the LZ coiled coil.
However, this deletion should not impact the ability of
AhRbHLH and ArntbHLH to fold properly. In the Y2H assay,
AD- and DBD-AhR(DL)Jun were still capable of heterodimerizing
with ArntFos to induce reporter gene activation, although
AhR(DL)Jun alone was incapable of homodimerizing (Fig. S4,
ESI† C1–C4 and D3). Furthermore, the Y2H spot assay revealed
that the interaction between AD-AhR(DL)Jun and DBD-ArntFos
was weaker compared to the interaction between AD-AhRJun
and DBD-ArntFos (Fig. 3). In addition, a weak interaction
between AD-AhR(DL)Jun and DBD-AhR(DL)Jun was observed
in the spot assay, in contrast with the results in Fig. S4 (ESI†).
This signal was the weakest of all combinations of proteins
tested in the spot assay, which was expected since the two Leu
mutations in the AhR(DL)Jun homodimer would displace the
JunD LZs even farther from each other. It is likely that the serial
dilutions of cells used in Fig. S4 (ESI†) (i.e. Y2H HIS3 assay) did
not allow for the detection of this weak interaction between
AD-AhR(DL)Jun and DBD-AhR(DL)Jun.

Disruption of the protein/protein interaction by Leu deletion
is evidence that JunD and c-Fos LZs contribute towards AhRJun
and ArntFos heterodimerization. However, in the MY1H assays,
the Leu deletion in AhR(DL)Jun did not have any effect on the
proteins’ ability to interact with DNA. In the HIS3 assay, cells
co-expressing AD-AhR(DL)Jun and ArntFos showed growth on
SD/-H/-L plates at 30 mM 3-AT (Fig. S3, ESI†). This was confirmed
by the ONPG assays, where cells co-expressing AD-AhR(DL)Jun
and ArntFos showed identical reporter gene activation compared
to cells co-expressing AD-AhRJun and ArntFos (Fig. 2, 95.7 � 3.1
and 95.1� 9.0 units of b-galactosidase activity, respectively). Cells
expressing only AD-AhR(DL)Jun produced a baseline signal.
Interestingly, the Leu deletion in AhR(DL)Jun impedes its protein/
protein interaction (Y2H), but the negative effect vanished once
DNA was added as the third interacting factor (MY1H).

We hypothesize that the presence of the XRE1-rich promoter
region in the MY1H assay acted as a scaffold on which the
AhR(DL)Jun/ArntFos heterodimer was able to form. Recognition
between the AhR and Arnt basic regions and the DNA major groove
provided enough stability to compensate for the influence of the
compromised dimerization domain. AhR(DL)Jun sheds light on the
role of JunD and c-Fos LZs in AhRJun and ArntFos. The LZ domains
are essential for our bHLHZ-like proteins to achieve proper structure
and function. However, unlike in their native bZIP environment, the
primary function of the JunD and c-Fos LZs in AhRJun and ArntFos
is to induce proper folding of the bHLH domains, with a much
more limited secondary contribution toward protein dimerization.
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The AhRJun homodimer does not specifically interact with its
‘‘canonical’’ C/EBP site

The XRE site (TTGC�GTG) is essentially an E-box half-site (GTG)
added 30 to the TTGC half-site of the CCAAT/enhancer-binding
protein site (C/EBP).50 AhRJun and ArntFos are believed to bind
to the TTGC and GTG half-sites when bound to XRE1 as a
heterodimer. ArntFos alone, much like the native Arnt bHLH/PAS
domain, binds to the E-box site (CACGTG) as a homodimer.21,35

We therefore asked if AhRJun alone, which binds to the TTGC half
site, was capable of binding to the C/EBP site TTGCGCAA as a
homodimer. In EMSA, AhRJun alone did not produce a clear shift
in mobility at the C/EBP, XRE1, Arnt E-box, or NS DNA sites, even
at 10 mM protein (Fig. S6c, ESI†). At concentrations exceeding
5 mM, AhRJun appeared to cause DNA to precipitate in the wells,
indicating unstable, nonspecific protein:DNA aggregation. In
nature, both AhR and JunD strongly prefer heterodimerization
over homodimerization,9,46 and to our knowledge, there has been
no report of AhR or its variants being capable of DNA binding as a
homodimer. Although the Y2H assay showed that AhRJun is
capable of homodimerizing, the AhRJun homodimer did not bind
to the expected C/EBP DNA target.

Conclusion

Our work demonstrates the dynamic nature inherent for protein:
DNA interactions and sheds light on the magnitude of the influence
that the target DNA sequence exerts during the formation of
protein:DNA species. We successfully generated a bHLHZ-like hybrid
protein heterodimer capable of binding specifically to target DNA.
However, protein dimerization during DNA binding was primarily
driven by the target DNA site, not by protein/protein interactions.
Therefore, in some systems, the DNA sequence not only influences
the affinity of protein:DNA interaction, but also can directly impact
the protein partner selection by preferring a single protein dimer
over other possibilities. We emphasize that in our example, the
E-box target site essentially controlled protein–partner selection
through subtle differences in the nucleotide core sequence:
modification of the E-box sequence itself was not necessary to
cause a complete shift in preference between protein hetero-
and homo-dimer formation.

Our findings also have implications on the evolutionary
origin of the bHLH superfamily of proteins. Based on a study
of bHLH domains in 242 bHLH superfamily members, Atchley
and Fitch produced a phylogenetic tree to classify family
members according to evolutionary relationships, and found
that their analyses could not rigorously support the hypothesis
of a single evolutionary origin for the bHLH domain.71 However,
a further intensive investigation of the non-bHLH components
of 122 bHLH superfamily members provided strong evidence
that supports the hypothesis that bHLH proteins have under-
gone modular evolution by domain shuffling, a process that
involves domain insertion and rearrangement.72 Our domain
swapping experiment provides additional, complementary
evidence for the hypothesis of modular evolution by domain
shuffling.

Consistent with previous experiments,9,29,30,32,35 our studies
revealed that individual domains of bHLH and bZIP proteins
are swappable. In addition, the influence of the DNA sequence
driving the preferential formation of particular protein dimers
indicates the possible role of DNA during diversification of
DNA-binding proteins: the PAS domains in the bHLH/PAS AhR/
Arnt heterodimer could be replaced by the LZ domains of bZIP,
a different transcription factor family from bHLH, while main-
taining dimerized protein structure and specific DNA-binding
function. These LZ domains in AhRJun and ArntFos, however,
contributed to DNA binding through a different functionality
compared to their native mechanism in the bZIP, indicating the
capacity of these domains to diversify their roles during
domain shuffling. Taken together, our results provide further
evidence that domain shuffling is likely the evolutionary pathway
that provided diverse structural patterns and variable functions
in the bHLH superfamily, and co-evolution of the bHLH super-
family with the DNA target site may have heavily impacted the
outcome of diversification of these proteins.
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