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Abstract

The basic helix–loop–helix/PER-ARNT-SIM homology (bHLH/PAS) transcription factor ARNT (aryl hydrocarbon receptor nucle-
ar translocator) is a key component of various pathways which induce the transcription of cytochrome P450 and hypoxia response genes.
ARNT can be alternatively spliced to express Alt ARNT, containing an additional 15 amino acids immediately N-terminal to the DNA-
binding basic region. Here, we show that ARNT and Alt ARNT proteins are differentially phosphorylated by protein kinase CKII in vi-
tro. Phosphorylation had an inhibitory effect on DNA-binding to an E-box probe by Alt ARNT, but not ARNT, homodimers. This
inhibitory phosphorylation occurs through Ser77. Moreover, a point mutant, Alt ARNT S77A, shows increased activity on an E-box
reporter gene, consistent with Ser77 being a regulatory site in vivo. In contrast, DNA binding by an Alt ARNT/dioxin receptor hetero-
dimer to the xenobiotic response element is not inhibited by phosphorylation with CKII, nor does Alt ARNT S77A behave differently
from wild type Alt ARNT in the context of a dioxin receptor heterodimer.
� 2005 Elsevier Inc. All rights reserved.
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The bHLH/PAS transcription factor ARNT functions
as an obligate partner protein for signal regulated
bHLH/PAS factors such as the dioxin receptor (DR),
hypoxia inducible factors (HIF-1a, HIF-2a, and HIF-3a,
or HIFs), and single minded proteins (Sim1 and Sim2)
[11]. The DR and HIFs respond to the respective environ-
mental stimuli of xenobiotic exposure or low oxygen ten-
sion by forming active heterodimeric complexes with
ARNT [22,8]. In addition, ARNT can recognise the CAC-
GTG E-box element as a homodimer in vitro and in vivo,
indicating the likelihood of further transcription regulatory
roles in the absence of DR ligand or hypoxia [2,21,10].

An alternatively spliced form of the ARNT gene has
been identified in both mouse and human cell lines. The se-
quence of the alternative exon (exon 5) is 45 bp in length
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and is only present in the larger form of ARNT mRNA,
encoding for an additional 15 amino acids just N-terminal
to the basic region [9,18]. This larger form of ARNT,
termed Alt ARNT by this laboratory, has been reported
to behave in a similar manner to ARNT in TCDD-induced
signal transduction with the dioxin receptor when transfec-
ted into mutant Hepa c4 cells [9]. There have been no fur-
ther studies investigating the function of Alt ARNT since
this initial report, and as such, the role of Alt ARNT has
yet to be explored.

Alternative splicing is not uncommon amongst bHLH
transcription factors. E2A mRNA, absolutely required
for the B lymphocyte lineage, is alternatively spliced to gen-
erate E12 and E47 proteins [24,3]. E12 and E47 are both
bHLH (bHLH) transcription factors, differing only in se-
quence within the inhibitory region just N-terminal to the
basic DNA-binding domain. The overall highly negative
nature of the E12 inhibitory region is thought to prevent
a strong interaction with negatively charged DNA, explain-
ing the poor DNA-binding ability of E12 homodimers
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compared to E47 homodimers [23]. In support of this are
experiments demonstrating that two serine residues within
the E47 inhibitory region can be phosphorylated, prevent-
ing DNA-binding by E47 homodimers, but not heterodi-
mers with MyoD [20].

The bHLH/LZ transcription factor Max (p21Max) also
has an alternatively spliced form known as p22Max.
p21Max and p22Max differ by an insertion of 9 amino
acids just N-terminal to the basic DNA-binding domain
[5]. Max is a nuclear phosphoprotein with the major in vivo
phosphorylation sites determined to be Ser2 and Ser11 in
both p21Max and p22Max, within the region N-terminal
to the basic region [6]. EMSA experiments found that
protein kinase CKII phosphorylation affected the DNA-
binding properties of p21Max homodimers, p22Max
homodimers, and Max/Myc heterodimers through the
phosphorylation of both Ser2 and Ser11 [4,6].

The presence of two consensus protein kinase CKII sites
within the additional 15 amino acids in Alt ARNT led us to
analyse the possibility of differential phosphorylation be-
tween ARNT and Alt ARNT. Given the negative effect
of phosphorylation on the DNA-binding abilities of E47
and Max, we also chose to analyse the DNA-binding abil-
ities of ARNT and Alt ARNT. We report here the phos-
phorylation of a serine residue found within Alt ARNT,
but not ARNT. Phosphorylation of Alt ARNT, but not
ARNT, inhibits binding of homodimers to the E-box, but
phosphorylation does not affect the ability of Alt Arnt to
bind DNA as a heterodimer with the dioxin receptor.

Materials and methods

Recombinant plasmids. pARNT (1–358)/pET32a was generated by
inserting an NcoI/HincII fragment from full-length human ARNT cDNA
[9] into NcoI/XhoI-digested pET32a (Novagen). pAltARNT (1–358)/
pET32a was generated by inserting an NcoI/SpeI fragment from
full-length human Alt ARNT cDNA [9] into NcoI/SpeI-digested pARNT
(1–358)/pET32a. pAltARNTS77A (1–358)/pET32a, pAltARNTS82A
(1–358)/pET32a, and pAltARNTS77A/S82A (1–358)/pET32a were gen-
erated using the QuikChange site-directed mutagenesis kit (Stratagene).

Expression of bHLH/PAS proteins. pET32a plasmids in Escherichia

coli strain BL21(DE3, Rosetta) were grown in LB broth supplemented
with 2% glucose at 30 �C and induced in the absence of glucose with
0.1 mM IPTG for 3 h. Harvested cells were resuspended in buffer A
(500 mM NaCl, 20 mM Tris (pH 7.9), and 5 mM imidazole) containing
0.1% Triton X-100, 1 mM DTT, 1 mM phenylmethylsulphonyl fluoride,
and 0.5 mg/ml lysozyme. Resuspended cells were lysed by sonication. The
lysate was centrifuged at 14,000 rpm for 20 min at 4 �C. The supernatant
was desalted using a PD-10 column (Pharmacia), exchanged into loading
buffer (10 mM Tris (pH 7.5), 1 mM EDTA, and 10% glycerol), and loaded
onto a freshly charged HiTrap Ni–NTA (Pharmacia) column using an
FPLC (Pharmacia). The column was washed with buffer A before the
proteins were eluted with 250 mM imidazole in buffer A. Eluted protein
was concentrated using a Centricon-10 device (Amicon) to a volume of
0.5 ml and loaded onto a 25 ml Superdex 200 column. Protein fractions
were eluted with Sephadex buffer (20 mM Tris (pH 7.5), 150 mM NaCl,
0.1 mM EDTA, 5% glycerol, and 0.2 mMDTT). The purity of the isolated
proteins was analysed by SDS–PAGE, and the protein concentration was
determined by Bradford assay (Bio-Rad).

In vitro kinase assays. 0.5 lg of purified protein was incubated with
85 U of purified protein kinase CKII (New England BioLabs) according
to the manufacturer�s instructions with the addition of 5 lCi [c-32P]ATP.
Reactions were stopped by the addition of SDS sample buffer (100 mM
Tris (pH 6.8), 4% SDS, 20% glycerol, 2 mM EDTA, and 1· bromophenol
blue), separated by SDS–PAGE, transferred to nitrocellulose, and ana-
lysed by autoradiography. For reactions analysed by electrophoretic
mobility shift assay, instead of adding SDS sample buffer, the reaction
mixtures were immediately incubated at 37 �C for 15 min (with purified
DR (1–287) where appropriate) to allow proteins to homo- or hetero-
dimerise, before adding the binding buffer and probe, as described below.

Electrophoretic mobility shift assays. Annealed double-stranded oligo-
nucleotides were end-filled with 32P-labelled dNTPs using Klenow enzyme
and used as probes for Electrophoretic mobility shift assays (EMSAs). The
AdML probe contains the CACGTG E-box motif from the adenovirus
major late promoter [19]. The XRE probe contains a xenobiotic response
element from the cytochrome P4501A1 gene [16]. Gel-mobility shift assays
were carried out in a 20 ll volume with the bacterially expressed and
purified proteins pARNT (1–358), pAltARNT (1–358), pAltARNTS77A
(1–358), pAltARNTS82A (1–358), and pAltARNTS77A/S82A (1–358),
either alone as homodimers or as heterodimers with DR (1–287). Briefly,
protein samples (300 ng/reaction) were allowed to dimerise and interact at
37 �C for 15 min. Binding buffer (E-box, final concentration; 20 mM
Hepes (pH 7.3), 3 mM MgCl2, 1 mM EDTA, 8% glycerol, 10 mM DTT,
0.5 mg/ml BSA, and 50 lg/ml ssDNA. XRE, final concentration; 10 mM
Hepes (pH 7.9), 10% glycerol, 0.1 mM EDTA, 0.5 mM DTT, 3 mM
MgCl2, 4 mM spermidine, 15 ng/ll poly(dI–dC), and 30 ng/ll dA–dT.)
and radiolabelled probe E-box or XRE (>8000 cpm) were then added, and
the reaction mixtures were incubated at room temperature for 15 min.
Protein-bound DNA complexes were resolved on a 5.5% nondenaturing
polyacrylamide gel run in 0.25· TBE (25 mM Tris, 25 mM boric acid, and
0.5 mM EDTA; E-box) or 25 mM Tris/glycine (pH 8.0/0.1 mM EDTA;
XRE) at 4 �C. In indicated EMSA experiments, polyclonal antibodies
against ARNT [13] or pre-immune serum were added to the binding
reactions together with the protein extracts and the radiolabelled probe to
assess the specificity of protein–DNA complexes.

Analysis of reporter gene activity in transient transfected cell lines. Cells
were seeded onto 24-well plates at 30,000 cells per well (Hepa 1c1c7, or
50,000 cells per well for 293T cells). The following day, cells were trans-
fected with plasmid DNA using Fugene-6 (Roche) as per the manufac-
turer�s protocol. After 36 h, cells were lysed and the luciferase activities
were determined by the use of the Dual-Luciferase Reporter Assay System
(DLR, Promega) as per the manufacturer�s protocol. Results are presented
as relative luciferase activity (Firefly: Renilla). Where cells were not
transfected with the Renilla internal control plasmid, firefly luciferase
activity was normalised to the protein concentration of cell extracts and
presented as normalised luciferase activity. Where applicable, statistical
significance was determined using Student�s t test (two-tailed, two sample,
equal variance), with significance determined when P < 0.05.
Results and discussion

Alignment of the region N-terminal to the basic domain of

ARNT, Alt ARNT, p21Max, and p22Max

ARNT and Max proteins are both able to bind the
CACGTG E-box element as homodimers and act as the
general partner protein for members of their respective
transcription factor families. ARNT and the alternatively
spliced form, Alt ARNT, differ by the addition of 15 ami-
no acids, while the Max gene is alternatively spliced to
generate a form of Max containing an additional 9 amino
acids. Given that the alternative exons of Max and
ARNT are both located just before their basic regions,
a comparison of the amino acid sequence of the region
N-terminal to the basic region was made between ARNT,
Alt ARNT, p21Max, and p22Max (Fig. 1). The amino



Fig. 1. Alignment of ARNT and Alt ARNT with both spliced forms of
Max. A schematic representation of ARNT and Alt ARNT (A), and the
two spliced forms of Max, p21Max and p22Max (B), illustrating the
position of the alternative exon-encoded additional amino acids present in
Alt ARNT and p22Max. (C) A partial amino acid sequence comparison
between p21Max, p22Max, Alt ARNT, and ARNT, N-terminal to the
start of the basic region. The alternative exon-encoded amino acids are
underlined. Protein kinase CKII consensus sites are in bold. Known
in vivo phosphorylation sites are marked with an asterisk.
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acid sequence of Alt ARNT is more similar to those of
p21 and p22Max than ARNT. The sequence of Alt
ARNT, like those of p21 and p22Max, contains protein
kinase CKII consensus sites (S/T.X.X.D/E [1]), with
Ser77 and Ser82 being potential phosphorylation sites.
Interestingly, Ser77 in Alt ARNT correlates with Ser11
in p22Max and Ser2 in p21Max, both known in vivo
phosphorylation sites of Max. There are no consensus
CKII sites in the equivalent region of ARNT.

ARNT and Alt ARNT are differentially phosphorylated by

protein kinase CKII

Initial experiments using purified truncated forms of
ARNT and Alt ARNT, containing only the bHLH do-
main, suggested that ARNT and Alt ARNT were differen-
tially phosphorylated (data not shown). However, these
truncations were poorly expressed and difficult to purify.
Larger fragments of ARNT and Alt ARNT, containing
the bHLH/PAS A domains (1–358), were expressed as thi-
oredoxin/His-tag fusion proteins and purified to near
homogeneity by nickel affinity chromatography and Sepha-
dex chromatography (Fig. 3A, lower panel). Three mutant
forms of Alt ARNT (1–358) were also generated, substitut-
ing Ser77, Ser82, or both Ser77 and 82 in alanine residues
(Fig. 2A). To ensure that all five ARNT proteins were
functional, we performed electrophoretic mobility shift as-
say (EMSA) experiments using an E-box probe (Fig. 2B).
A single band was found when each protein was incubated
with the probe (lanes 1–5). The bands were confirmed as
ARNT/DNA complexes, as the addition of the ARNT
antibodies resulted in a supershift of each complex (lanes
6–10).

In vitro kinase experiments performed with protein ki-
nase CKII showed that Alt ARNT (1–358) is phosphory-
lated to a higher extent than ARNT (1–358) (Fig. 3A,
compare lanes 1 and 2). When Ser77 is mutated to Ala,
there is a dramatic reduction in CKII phosphorylation
(compare lanes 2 and 3). In contrast, when Ser82 is mutat-
ed to Ala, minimal difference in phosphorylation is ob-
served. The double Alt ARNT (1–358) mutant shows
similar levels of phosphorylation to ARNT (1–358), also
indicating that Ser77 is a predominant site of phosphoryla-
tion (compare lanes 1 and 5). The lower panel of Fig. 3A
shows that equivalent levels of pure protein were used in
these phosphorylation assays.

To confirm that ARNT and Alt ARNT are differentially
phosphorylated at Ser77, we analysed further C-terminally
truncated forms of Trx-H6-tagged ARNT and Alt ARNT,
corresponding to amino acids 1–102 as determined by mass
spectrometry, which were obtained as cleanly cleaved by-
products during the purification of ARNT and Alt ARNT
(1–358). In vitro kinase experiments were performed with
these truncated proteins, containing the N-terminus of
ARNT up to the end of the DNA-binding basic region
(Fig. 3B). Similar to ARNT and Alt ARNT (1–358),
ARNT and Alt ARNT (1–102) are differentially phosphor-
ylated, predominantly at Ser77.

CKII phosphorylation has an inhibitory effect on Alt ARNT

DNA-binding to an E-box probe

The data of Figs. 3A and B show that Ser77 is a phos-
phorylation site in the alternative exon of ARNT, with
the context of this serine (SDEE) being strikingly similar
to the context of two serines in Max (SDEE and SDND
for p22Max, SDND and SDAD for p21Max) which are
phosphorylated by CKII. In the case of the Max proteins,
phosphorylation at these sites influences DNA binding, so
we therefore investigated the effects of CKII phosphoryla-
tion on DNA binding by Alt ARNT and Alt ARNT S77A.
Kinase reactions were performed either in the absence or
presence of protein kinase CKII enzyme, followed by an
EMSA using an E-box probe (Fig. 4). As reported [4],
p22Max shows a decrease in E-box binding when phos-
phorylated (compare lanes 2 and 3). Alt ARNT similarly
exhibited a distinct decrease in DNA-binding when phos-
phorylated by CKII (compare lanes 6 and 7). In stark con-
trast, however, ARNT showed no difference in DNA-
binding following treatment with CKII (compare lanes 4
and 5). Likewise, DNA-binding of Alt ARNT S77A mu-
tant was not affected by CKII phosphorylation, consistent
with phosphorylation of Ser77 inhibiting Alt ARNT DNA-
binding activity and establishing the importance of Ser77 in
regulation of DNA binding.



Fig. 2. ARNT, Alt ARNT, and mutant forms of Alt ARNT bind the CACGTG E-box element in vitro. (A) N-terminal regions (aa 1–358) containing the
bHLH domain and PAS A of ARNT and Alt ARNT were expressed in bacteria as Trx/His-tag fusions and purified to near homogeneity. Mutant forms of
Alt ARNT were generated (S77A, S82A, and S77A/S82A) with serine 77 or 82 or both 77 and 82 replaced by an alanine residue, removing one or two
potential protein kinase CKII phosphorylation sites. Alt ARNT mutant proteins were similarly expressed and purified from bacteria. (B) Hundred
nanograms of ARNT and Alt ARNT 1–358 proteins was assayed for DNA-binding activity in a gel mobility shift assay using the 32P-labelled E-box probe
in the presence of preimmune serum (PI) or aARNT antibodies. The arrows indicate the positions of the ARNT-retarded complexes and the antibody-
supershifted complexes.
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CKII phosphorylation has no effect on DNA-binding by

ARNT or Alt ARNT-containing heterodimers

CKII phosphorylation has a greater inhibitory effect on
DNA-binding by Max homodimer than Max-containing
heterodimers [4]. Similarly, phosphorylated E47 homodi-
mers, but not phosphorylated E47-containing heterodi-
mers, are inhibited from binding DNA [20]. We sought
to investigate whether ARNT heterodimers were affected
by CKII phosphorylation. In vitro kinase assays of ARNT,
Alt ARNT or mutant Alt ARNT protein in the absence or
presence of CKII were performed, followed by the addition
of purified GST-tagged DR (1–287) (a truncated form of
the DR able to dimerise with ARNT but lacking PASB
and the C-terminal transactivation domain). Following
the formation of an ARNT/DR heterodimer, an EMSA
was performed with a radiolabelled xenobiotic response
element (XRE) probe (Fig. 5). In contrast to E-box binding
by Alt ARNT homodimers, phosphorylation by CKII did
not have an inhibitory effect on DNA-binding by the DR/
Alt ARNT heterodimer. As expected, CKII phosphoryla-
tion also had no inhibitory effect on ARNT/DR and Alt
ARNT S77A/DR heterodimers.

Activation of reporter genes by ARNT and Alt ARNT

The differences in Alt ARNT and ARNT DNA-binding
activity in vitro led us to investigate the potential differenc-
es of these forms of ARNT on reporter genes. Initially, we
examined the activity on an XRE-driven reporter gene.
Full-length ARNT, Alt ARNT, and Alt ARNT S77A were
transiently expressed in Hepa 1c1c7 cells together with a
constitutively active DR (DRDPASB, which lacks the
PASB domain and does not require any ligand for dimeri-
sation or DNA-binding [14]). Consistent with the in vitro
DNA-binding assays, there was little difference in activity
between ARNT and Alt ARNT proteins on an XRE
reporter when complexed as a heterodimer with the DR



Fig. 3. ARNT and Alt ARNT are differentially phosphorylated by
protein kinase CKII. In vitro kinase reactions were performed with the
following proteins using protein kinase CKII and [c-32P]ATP, and
analysed by gel electrophoresis and autoradiography (IVK), (A) ARNT,
Alt ARNT, S77A, S82A, and S77AS82A 1–358 proteins, (B) ARNT, Alt
ARNT, S77A, S82A, and S77A/S82A 1–102 proteins. The second panel in
(A) and (B) is a Coomassie-stained gel (Coom) containing four times as
much protein as was used in the corresponding in vitro kinase assay
(IVK).

Fig. 4. Protein kinase CKII phosphorylation inhibits E-box binding by
Alt ARNT, but not ARNT homodimers. To assess the effect of protein
kinase CKII phosphorylation on DNA-binding as homodimers, in vitro
kinase reactions were performed with Max (lanes 2 and 3), ARNT (lanes 4
and 5), and Alt ARNT 1–358 proteins (Alt ARNT, lanes 6 and 7; S77A,
lanes 8 and 9), in the absence (�) or presence (+) of protein kinase CKII,
and immediately used in a gel mobility shift assay with an E-box probe.
Lane 1, probe alone.

Fig. 5. Protein kinase CKII phosphorylation has no effect on ARNT or
Alt ARNT DNA-binding to the XRE as a heterodimer with the dioxin
receptor. To assess whether protein kinase CKII phosphorylation had any
effect on DNA-binding by an ARNT or Alt ARNT-containing heterodi-
mer, in vitro kinase reactions were performed with ARNT 1–358 (lanes 2
and 3), Alt ARNT (1–358) (lanes 4 and 5), and S77A (1–358) (lanes 6 and
7), in the absence (�) or presence (+) of protein kinase CKII, before being
incubated with the dioxin receptor and used immediately in a gel mobility
shift assay with the XRE probe. Lane 1, probe alone.

664 R.J. Kewley, M.L. Whitelaw / Biochemical and Biophysical Research Communications 338 (2005) 660–667664 R.J. Kewley, M.L. Whitelaw / Biochemical and Biophysical Research Communications 338 (2005) 660–667
(Fig. 6). In transient transfection assays in 293T cells with
an E-box-driven reporter gene, Alt ARNT activity was
slightly, but significantly (P < 0.05), higher than that of
ARNT (Fig. 7A).

Interestingly, the Alt ARNT S77A mutant consistently
exhibited a higher activity on an E-box reporter gene than
both ARNT and Alt ARNT. Western blot analysis of 293T
cells transiently transfected with ARNT, Alt ARNT, and
Alt ARNT S77A expression plasmids indicates that these
proteins are equally expressed. Thus, while the Alt ARNT
S77A mutant does not appear to affect DNA-binding affin-
ity in vitro (Fig. 4, compare lanes 8 and 9 with 6) or protein
stability (Fig. 7B, compare lanes 2 and 4) it appears to in-
crease the transactivation potential of Alt ARNT on an E-
box. Notably, this increase is not observed in Fig. 6 when
Alt ARNT S77A forms a dimer with the DR to activate
the XRE reporter. It is possible that the difference in the
E-box reporter gene is due to endogenous kinase activity
dampening the DNA binding activity of Alt ARNT homo-
dimers, a mechanism to which Alt ARNT S77A would be
refractory. However, as Alt ARNT seems to be stronger
than ARNT on the E-box reporter, it is also possible that
differences in conformation created by the alternative exon
may exist, perhaps allowing better interaction with tran-
scription coactivators.



Fig. 7. ARNT and Alt ARNT activity on an E-box reporter. (A) Two hundred nanograms of mammalian expression plasmids containing full-length
ARNT—A, Alt ARNT—Alt or the Alt ARNT mutant—S77A was transiently transfected into 293T cells in triplicate wells in a 24-well tray format using
the Fugene 6 method with either the TKMP blank luciferase reporter or the 4(CACGTG)-driven luciferase reporter (200 ng). Forty-eight hours following
transfection, cells were lysed and assayed for firefly luciferase activity and protein concentration. Normalised luciferase activity results are presented. Data
shown are an average of the triplicate wells of a single experiment ±SD. Student�s t tests were used to determine the statistical significance of E-box
reporter activity driven by Alt ARNT compared to ARNT, and the Alt ARNT mutant (S77A) compared to Alt ARNT (*P < 0.05). (B) Twenty-five
microgram whole cell extracts from cells transiently transfected with 4(CACGTG)TKMP reporter and the indicated ARNT expression plasmids were
subjected to SDS–PAGE and analysed for levels of ARNT protein in a Western blot using an a-ARNT primary antibody. The arrow indicates the ARNT
protein.

Fig. 6. ARNT and Alt ARNT exhibit similar activity on an XRE reporter gene as a heterodimer with the DR. Two hundred nanogram expression
plasmids for ARNT, Alt ARNT, and the mutant form of Alt ARNT (S77A) were transiently transfected into Hepa 1c1c7 in triplicate wells in a 24-well
tray format using the Fugene 6 method with the XRE-luciferase reporter (pX1X1) (100 ng), Renilla internal control luciferase plasmid (RLTK, 100 ng),
and either a constitutively active mDR plasmid (DRDPASB) or blank expression plasmid. Forty-eight hours following transfection, cells were lysed and
assayed for firefly and Renilla luciferase activity. Relative luciferase activity results presented are a representative of three separate experiments. Data
shown are an average of the triplicate wells of a single experiment ±SD.

R.J. Kewley, M.L. Whitelaw / Biochemical and Biophysical Research Communications 338 (2005) 660–667 665R.J. Kewley, M.L. Whitelaw / Biochemical and Biophysical Research Communications 338 (2005) 660–667 665
We have begun to characterise differences between two
alternatively spliced forms of the ARNT gene, ARNT
and Alt ARNT. Previous RT-PCR analysis found a similar
expression of both ARNT and Alt ARNT in Hepa c4 cells
and in all other cell lines tested within our laboratory ([15];
Kewley and Whitelaw, unpublished results), so we sought
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to identify putative means of differentially regulating the
two ARNT isoforms.

Through amino acid sequence analysis and comparisons
with the Max proteins, we initially identified putative CKII
phosphorylation sites within the additional 15 amino acids
in Alt ARNT. We subsequently demonstrated that bacteri-
ally expressed fragments of ARNT and Alt ARNT are
differentially phosphorylated by protein kinase CKII.
Site-directed mutagenesis revealed the major site of phos-
phorylation to be Ser77, found exclusively in Alt ARNT.
Furthermore, CKII phosphorylation inhibits DNA-bind-
ing to an E-box probe by Alt ARNT, but not ARNT.
DNA-binding in EMSAs by the S77A mutant of Alt
ARNT is not affected by CKII phosphorylation, suggesting
that Ser77 phosphorylation is the key to the inhibition of
DNA-binding by Alt ARNT. Interestingly, phosphoryla-
tion by CKII does not inhibit ARNT or Alt ARNT bind-
ing to a xenobiotic response element as a heterodimer with
the dioxin receptor. In reporter gene assays, consistent with
EMSAs, we observed that ARNT and Alt ARNT pro-
duced similar activity on an XRE reporter gene when com-
plexed with the DR. In contrast, the Alt ARNT S77A
mutant exhibited a higher E-box reporter activity than
ARNT or Alt ARNT. Increased activity of the S77A mu-
tant suggests that Alt ARNT might be phosphorylated in
293T cells at Ser77, thus binding to the E-box with reduced
affinity and consequently not fully activating transcription
of the reporter gene, though Alt ARNT remains more ac-
tive than ARNT. When Ser77 is mutated to an alanine res-
idue, this inhibition does not take place, and maximal
transcriptional activity can occur. Alternatively, mutating
Ser77 may alter the conformation of the Alt ARNT protein
such that it can interact with, or interact more strongly
with, a coactivator or chaperone protein. Both coactivators
and chaperones have been found to interact with the
bHLH regions of other proteins and it is possible that
mutations in the N-terminal region are sufficient to alter
this binding. The interaction between coactivator CBP/
p300 and the bHLH regions of E-box binding proteins
MyoD, myogenin, and E47 increased the transactivation
potential of the proteins and has been demonstrated to play
an essential role in muscle and B-cell differentiation pro-
grams [7,17].

The in vivo role for differential CKII phosphorylation
of ARNT and Alt ARNT remains to be investigated.
Other transcription factors such as Max, Myb, and c-Jun
are phosphorylated by CKII, similarly having a negative
affect on DNA-binding. The factors regulating phosphory-
lation, however, are unknown. CKII is a ubiquitously ex-
pressed kinase, with conflicting data in the literature as
to whether the activity of CKII can be modified in the cell
[12]. Nevertheless, phosphorylation of Ser77 within the
alternative exon of ARNT has a major influence on the
activity of Alt ARNT homodimers, but not an Alt ARNT
heterodimer, providing a further mechanism to diversify
the function of the broadly used ARNT transcription
factor.
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