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ABSTRACT

Basic helix—loop—helix proteins that interact with the
DNA recognition site CACGTG include the c-Myc/

Max heterodimer and the ARNT (A__h receptor n_uclear

translocator) homodimer. We have utilized a PCR-
based protocol to identify high affinity binding sites
of either the c-Myc/Max or ARNT/ARNT dimers and
analyzed the ability of these dimers to interact with
their derived consensus sequences and activate
genes. X2 analysis of the selected DNA recognition
sites revealed that DNA binding of the ARNT
homodimer is symmetric, resulting in the consensus
sequence RTCACGTG AY. Gel shift analysis demon-
strated that the flanking nucleotides play an impor-
tant role in dictating DNA binding affinity of the ARNT
homodimer. These flanking sequences also regulate
the ability of ARNT to competitively displace the c-Myc/
Max heterodimer from a CACGTG-containing sequence.
However, transient transfection analyses in CV-1
cells revealed that ARNT and c-Myc/Max exhibited
similar abilities to activate transcription through
each other’s consensus sequences. Taken together,
these results indicate that although binding affinity
of these dimers for the CACGTG core sequences may
be differentially influenced by flanking nucleotides,
transcriptional activity may also be determined by
other factors, such as cellular concentrations of
these proteins and their co-activators.

INTRODUCTION

may interact with either the CATGTG or CACGTG recognition
site (4). In addition to heterodimerizing with c-Myc, Max may
form a homodimer as well as heterodimerizing with the Mad1—
Mad4 proteins and Mnt (5). Each of the c-Myc, Mad and Max
protein pairs interact with the DNA recognition sequence
CACGTG with apparently similar affinities. The observation
that a number of heterodimers, such as E47/E1A, c-Myc/Max
and Mad/Max, interact with the CACGTG consensus site has
initiated interest in determining whether the nucleotides that
flank the CACGTG site play an important role in dictating the
specificity and affinity with which these dimeric pairs interact
with DNA. For example, it has been observed that the presence of
ab5'-Tora 3-A (e.g. CACGTGA) inhibits DNA binding of the
c-Myc/Max heterodimer, but not that of the Max/Max
homodimer (6).

The bHLH/PAS protein family is an emerging group of proteins
that is involved in regulating xenobiotic metabolism [the Ah
receptor (AHR) and Ah receptor nuclear translocator (ARNT)]
(7), the cellular response to low oxygen levels (ARNT and
hypoxia inducible factor &) (8), neurogenesis [single-minded
(SIM) and tango] (9,10) and circadian rhythms (period, Clock
and BMAL) (11-14). In addition, several bHLH/PAS proteins
act as transcriptional co-activators (e.g. Srcl and GRIP)
(15,16). ARNT acts in a manner similar to that of Max in that it
homodimerizes to interact with the CACGTG sequence
(17,18) and is a common partner within the bHLH/PAS family
that heterodimerizes with a number of proteins, including the
AHR (19), hypoxia inducible factord. (8) and SIM (17). In
contrast to that of the bHLH/LZ family, the DNA recognition
elements of the bHLH/PAS family are specific for many of the
partner pairs. For example, the CACGTG site is recognized by
the ARNT homodimer (17,18) and the Clock/BMAL heterodimer
(13,14) while the GCGTG site is specified by the AHR/ARNT
heterodimer (17,20), the RCGTG site by the ARNT/HIF

Basic helix-loop-helix (bHLH) proteins are a group of tran-heterodimer (21) and the ACGTG site by the ARNT/SIM
scription factors that regulate a wide variety of biologicalheterodimer (17,22).

processes and include proteins such as c-Myc, Max, E47 andin an effort to understand the parameters that direct DNA
USF (1,2). The basic regions of these proteins contact thelsinding of the bHLH/PAS proteins, we have studied the DNA
DNA recognition sites whereas the helix-loop—helix motifs arebinding specificities of the ARNT homodimer (as representative
involved in dimerization. Additional regions that mediate of the bHLH/PAS family) for preferences for the nucleotides
dimerization and lie adjacent to the helix-loop—helix motifsthat flank the CACGTG site and compared these preferences to
are present in several classes of proteins within this group arntlat of the c-Myc/Max heterodimer (as representative of the

are defined as either leucine zipper or PAS (3) domains.

bHLH/LZ family). Our results indicate that the nucleotides that

Characteristics that define the bHLH proteins are that they: (iflank the CACGTG site and are specified by the ARNT
often interact with the consensus sequence CANNTG; (ilhomodimer are distinct from that of the c-Myc heterodimer,
form homo- or heterodimeric pairs; (iii) may heterodimerizeplay an important role in modulating DNA binding affinity of
with multiple partners. For example, the c-Myc/Max heterodimeithe ARNT homodimer and allow the ARNT homodimer to
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competitively displace the c-Myc/Max heterodimer from thepurified following agarose gel electrophoresis (0.8%) and electro-
CACGTG sequence. However, the ARNT homodimer or the celution and subcloned using standard molecular biology pro-
Myc/Max heterodimer induced similar levels of reporter activitycedures. Sequencing was performed using the dideoxy chain

when interacting with their own consensus or the consensusrmination method (23).

sequence specific for the other dimer.

The Max expression construct was generated following

These results indicate that differential gene regulation bymplification using pSVMax as the template, HIS 53 and HIS
protein pairs such as the ARNT homodimer and the c-Mych4 as the primers and subcloning into the PCR 3.1 vector
Max heterodimer likely involves multiple mechanisms that(Invitrogen, Carlsbad, CA). The luciferase reporter vectors (c-
include specific recognition of flanking nucleotides, in addition toMyc/Max Conl, c-Myc/Max Con2, c-Myc/Max mut, ARNT
variations in their cellular levels and that of their co-activatorsCon and ARNT mut) were generated by subcloning one copy

and co-repressors.

MATERIALS AND METHODS

Oligonucleotides

HIS 8, TCGAGCTCGGTCACGTGACATGCCCAGC; HIS 9,
TCGAGCTGGGCATGTCACGTGACCGAGC; HIS 45, GGA-
AGCTTACGCAGTCACGC; HIS 46, GCGCTCGAGTCCA-
TTGCA; HIS 53, GCACTAGTACCATGAGCGATAACGA-
TGACATCG; HIS 54, CCAAGCTTAGCTGGCCTCCA-
TCCG; HIS 71, CGACGCGTACCATGCCCCTCAACGTTAG-
CTTC; HIS 72, GCACGCGTTTACGCACAAGAGTTCCG-
TAGCTG; HIS 101, GGAAGCTTACGCAGTCACGC-
NNNNNNNCACGTGNNNNNNNTGCAATGGACTCGAG-
CGC; HIS 108, TCGAGCCTGGGGGCATTGATTGACATAC;
HIS 109, TCGAGGTATGTCAATGAATGCCCCCAGC; HIS
128, GATCTTCGGGAGGTCACGTGATTGTGGC; HIS 129,
TCGAGCCACAATCACGTGACCTCCCGAA, HIS 138, GAT-
CTTCAGTTCAACACGTGTCATGGGC; HIS 139, CTGAG-
CCCATGACACGTGTTGAACTGAA; HIS 161, GATCTTC-
AGTTGACCACGTGGTCTGGGC; HIS 162, CTGAGCCC-
AGACCACGTGGTCAACTGAA; HIS 163, GATCTTCG-
GGAGGTAGATCTATTGTGGA; HIS 164, GATCTCCAC-
AATTCTAGAACCTCCCGAA; HIS 165, GATCTTCAGT-
TCAAAGATCTTCATGGGA,; HIS 166, GATCTCCCAT-
GAAGATCTTTGAACTGAA.

Plasmids and antibodies

each of the annealed oligonucleotides HIS 156/157, HIS 161/
162, HIS 165/166, HIS 158/159 and HIS 163/164, respectively,
into the pGL3 promoter vector (Promega, Madison, WI).

Protein expression

In vitro expression of Max was performed using rabbit reticulo-
cyte lysates (Promega, Madison, WI) as described previously
(24). For verification of protein expression, the translation
reactions were performed in the presence®$]methionine

and the products were analyzed by SDS—PAGE. The c-Myc-GST
fusion (pMycC92/pGex2T) protein was generated and purified
from Escherichia colas follows. One hour following the addition

of isopropylB-b-thiogalactoside (1 mM) the cells were subjected
to centrifugation at 600 for 10 min. The pellet was washed
and resuspended in phosphate-buffered saline with 1% Triton
X-100. The cells were lysed by sonication for 10 s and the
supernatant was recovered following centrifugation at 129700

15 min. A 50% slurry of glutathione—agarose beads (Pharmacia)
was added to the supernatant and the mixture rotated for 1 h at
4°C. The beads were collected by centrifugation at 19®6r

10 s, washed twice in PD buffer (50 mM Tris, pH 8.0, 0.1 M
KClI, 0.14 M NaCl, 0.5% NP-40 and 10% glycerol) and resus-
pended in 1.5 ml of PD buffer. To elute the c-Myc—GST fusion
protein from the agarose beads, PD buffer containing 50 mM
reduced glutathione was added, the mixture was rotated for
20 min at room temperature and the supernatant was removed
following centrifugation (100@ for 10 s). Baculovirus expression
and purification of the histidine-tagged ARNT was performed
as described previously (25). The eluant containing ARNT was

PhuARNT was obtained from Dr Christopher Bradfield dialyzed overnight in MENG buffer (25 mM MOPS, pH 7.5,
(University of Wisconsin, Madison, WI), pMycC92/pGex2T 1 mM EDTA, 0.02% Nal, 20% glycerol, 1ug/ul leupeptin,
from Dr Robert Eisenman (University of Washington, Seattlel mM phenylmethylsulfonyl fluoride). The purified c-Myc and

WA), pSVMax from Dr Nissam Hay (University of Chicago,
Chicago, IL) and CMV-Myc from Dr Richard Pestell (North-

ARNT proteins were quantitated spectrophotometrically.

western University, Chicago, IL). The ARNT antibody was Gel shift analysis
obtained from Dr Richard Pollenz (Medical University of The DNA probes were radiolabeled witi#{2PJATP by end-

South Carolina, Charleston, SC). The c-Myc antibody (catalogabeling with T4 polynucleotide kinase (26). The experiments
no. sc-788) was purchased from Santa Cruz Biotechnologihat analyzed DNA binding of the ARNT homodimer were
(Santa Cruz, CA) whereas the Max antibody (catalog no. 06-52%erformed as follows. For each gel shift reaction, ~1 pmol of
was purchased from Upstate Biotechnology (Lake Placidgurified ARNT protein was incubated with @il of unpro-
NY). The glutathioneStransferase antibody was purchasedgrammed rabbit reticulocyte lysate for 30 min af@0Non-
from Pharmacia (Piscataway, NJ) and the non-specific rabbgpecific competitor [poly(di-dC), 200 ng] was added and the
immunoglobulins were purchased from Sigma (St Louis, MO)KCI concentration was adjusted to 100 mM. After incubating
the mixture for 10 min at room temperature, the probe was
added (100 000 c.p.m., ~0.5 ng) and the mixture was incubated
Standard reaction mixtures for all PCR experiments were: 10 mNbr an additional 10 min at room temperature. When indicated,

Plasmid construction

Tris—HCI, 50 mM KClI, 1.5 mM MgCJ, 0.001% gelatin, 20QAM
each deoxyribonucleotide triphosphate and 2 Bflpolymerase

either the ARNT or non-specific antibodies were added
following the addition of probe and the samples were

in a total volume of 10Qul. The PCR reactions were generally incubated at room temperature for 10 min. The samples were

performed using annealing temperatures that wée kelow

subjected to 4% acrylamide non-denaturing gel electrophoresis

the calculated’,, of the primers. The amplified products were using 0.5% TBE (45 mM Tris base, 45 mM boric acid, 1 mM
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EDTA, pH 8.0) as the running buffer (26). Analysis of c-Myc/ Cell culture and transient transfection analysis
Max DNA binding was performed as follows. Approximately
20 pmol of the c-Myc—GST fusion protein was incubated with
1 ul of the reaction mixture containing thie vitro expressed
Max protein for 30 min at 3%C. Nineteen microliters of
binding buffer [7.1 mM HEPES, pH 7.0, 3.6 mM Mg£100 mM
KCI, 5.7% glycerol, 0.03% NP-40, gg salmon sperm DNA
and 100 000 c.p.m. (~0.5 ng) of the probe] were added and t

CV-1 cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 100 U/ml
penicillin and 10Qug/ml streptomycin at 3T in a humidified

5% CO, atmosphere. All transient transfections were per-
formed using the calcium phosphate method (27). The CV-1
I,(Eaells were co-tranfected with an expression vector (either c-

. ; . ARNT) and the appropriate reporter vector (c-Myc/
reaction was incubated at room temperature for 20 min. Whe yc or
indicated, the c-Myc, Max, GST or non-specific antibodies ax Conl, ¢-Myc/Max Con2, c-Mye/Max mut, ARNT Con or

were added following addition of the probe and the mixtureARNT mut). The cells were harvested in 40Dlysis buffer

was incubated for an additional 10 min at room temperature(.o'25 mM Tris—HCI, pH 7.8) and soluble extracts were

The samples were subjected to 4% acrylamide non-denaturi epared following three cycles .of fregze/thaw. The cellular
gel electrophoresis using 22.5 mM Tris, pH 7.0, and 0.5 mMPEII€ts were removed upon centrifugation (16 @aa 4°C for

EDTA as the running buffer. The following annealed oligo- 10 min) and the supernatants stored at°&30ntil needed for

nucleotides were used either as probes or as competitor pnAurther analysis.
HIS 108/109 (non-specific); HIS 156/157 (c-Myc/Max Conl); B-Galactosidase and luciferase assays
HIS 158/159 (ARNT Con); HIS 161/162 (c-Myc/Max Con2);

HIS 163/164 (ARNT mut); HIS 165/166 (c-Myc/Max mut). Aquu_ots of the solu.ble extracts (10l) were incubated for
30 min to 4 h at 37C in assay buffer (60 mM N&PO,, 2 mM

DNA selection and amplification MgCl,, 100 mM B-mercaptoethanol, 100 m\3-p-galacto-

The DNA binding site selection and amplification analysis wagPyranosidase, total volume 3@(). Following the addition of
performed essentially as described previously (17). To genera@®OHl of 1 M Na,CO,, the absorbance at 420 nm was deter-
the oligonucleotide pool, 10 ng of HIS 101 was annealed to &ined. To determine luciferase activity, a J8@&liquot of soluble
5-fold molar excess of HIS 45 and the complementary stran@Xtract was added to the luciferase assay buffer (0.1,MRQ,,
was generated following incubation with the Klenow fragment0.015 M MgSQ and 5 mM ATP). Luciferase values were
of DNA polymerase for 1 h at 3. Approximately 10 ng of determined following the addition of 0.5 mg pfluciferin.

the double-stranded oligonucleotide was incubated with miXturegtatistical analvsis
containing either the c-Myc and Max or ARNT proteins and y

subjected to gel shift analysis. For the first two rounds ofTo determine whether the frequencies at each nucleotide
selection, the electrophoresis was terminated when thpeosition were statistically different from that expected from
bromophenol dye had migrated 1.5 cm, the upper 1 cm of the gehndom occurrence, the goodness of fit test was used (28).
was excised and the DNA was eluted. The PCR was performedne-way ANOVA and thé-test for differences among several
using the eluted oligonucleotide pool as the template and Higheans was performed to analyze the luciferase values.

45 and HIS 46 as the primers. For rounds 3 and 4 (for the

ARNT homodimer) or rounds 3-5 (for the c-Myc/Max hetero-

dimer) the oligonucleotide pool w&dP-labeled using PCR. RESULTS

The primers HIS 45 and HIS 46 were first end-labeled USiNg ofarences of the ARNT homodimer and the c-Myc/Max
T4 kinase, added to the PCR reactions and amplification WaSaterodimer for nucleotides that flank the CACGTG
allowed to proceed for 10 cycles. Use of a synthetic doublez

stranded oligonucleotide containing the CACGTG Sequencgequence

(HIS 8/9) as a probe and migration marker, as well as thdhe goal of this study was to determine whether a bHLH/PAS
appropriate antibodies, allowed identification of the ARNT-protein, such as ARNT, displays preferences for nucleotides
and c-Myc/Max-containing complexes. After a discrete proteinthat flank the CACGTG sequence that may significantly
DNA complex could be detected, the oligonucleotide pool wasmpact on its DNA binding affinity and gene activation as
amplified, extracted with phenol:chloroform:isoamyl alcohol,compared to that of a bHLH/LZ protein, such as c-Myc or
precipitated and subcloned into the pGem-T vector (Promeg&/ax. To this end, we first employed a PCR-based DNA site
Madison, WI). Individual clones were sequenced using theelection and amplification protocol that has been used pre-

dideoxy chain termination method (23). viously to identify high affinity DNA binding sites (6,17,29).
» A pool of oligonucleotides that contained the CACGTG site
Competition curves and were flanked by seven random nucleotides (Fig. 1A) was

To determine the relative affinity of the consensus oligonucleoselected by the ARNT homodimer and the selected sites were
tides, we performed competitive gel shift assays as followsamplified by PCR. After four rounds of selection and amplification,
Increasing concentrations of the indicated competitor DNA21 individual oligonucleotides that were selected were cloned
was added to the incubation mixture prior to addition of theand sequenced. Given that the CACGTG core sequence is a
32p-labeled probe. Following electrophoresis, the specific proteirgalindrome, the appropriate orientation of the sequences was
DNA complexes were guantitated using phosphorimager analysigifficult to ascertain. Thus, each sequence was analyzed as a
The competitive displacement curves, f@lues and statistical half-site with respect to CAC, as described previously (6). For
analyses were determined using analysis of one-site competiti@xample, the first sequence was analyzed as two half-sites,
curves by the GraphPad Prism software (San Diego, CA). ThRAATCGATCAC and TCTCGAACAC The frequency of each
values represent at least two experiments performed in duplicateucleotide was calculated and subjected %6 analysis
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A) a)
N N N NNN N CACGTG N N NNNN N N N N N N NN CACGTG N N N N N N N
A G A G G G T C T A T G G G
A A T C G A T T T C G A G A T G G A T A T T G T C A T G
G 6 C T T G T cC G G G T T G T C A G T A C T ¢C A A C G G
A T G A G G T A T G G T G G C T T 6 G A T G G C T G T G
G G T A A G T A T T A T G C G G T G C A A A C C T G G G
A A C A G AT ¢C A G G C T G A T T T G C A G G A T T T A
T 6 G A CTA A TTT G T G C G G T C G T A CTCTTG
G T A G T G T A C C A G G G A A G T C T C C T A T G G G
G C A G T G T A G G TTTT T A ACTGCT G T T C T Cc C
G T €C T 6 6 T A A G T T G G T 6 6 G T G G T €C T G T T G
G 6 T G T G G T T A G T G G A A T C A C C G T A T G G C
A CCT G G T T T T G C C T A G T T C G G A A CCT G G
A AT AT G G €c T A G T G G A G 6 G T G T A T T C A T A
G G 6 T G G T A G T T T G C A G C G T A A T A G T T T C
G A G G A G T c T TTTT G A T A T C A C T ¢C ¢C G T A C
T A G C G G G A GG T T A G T T €¢C ¢ G T G A G T A C T T G
G 6 6 T G G T A T T A C C 6 A G G G T G A G T T A G T A
€ 6 G C A G T cC T A G T T G C A G A C T G A T C G T C C
G 6 T A G 6 T T T A G G T G A G C T G G A G ¢ T G G A C
c cC 6 G 6 G T A G G T T C G
T 6 T 6 T 66 T T T C T G T G
G A T G 6 G T A T C C T G G B)

-7 -6 -5 -4 -3 -2 -1 cAcCcC
10 13 13 9 g8 14 11
10 [ 7 6 11
7 12 8 15 9 14 5
8 5 7 8 14 4 11

B) -7 -6 -5 -4 -3 -2 -1 CAC
7 14 14 14 10 15 6

Haap
-
w
®

14 12 11 8 15 19 8

5 3 9 8 10 3 28
- C) CONSENSUS

Haap
=
o0
-
w
@
=
N
~
o

RHCACGTGDY
C) CONSENSUS

RTCACGTGAY

Figure 2. Analysis of the optimum DNA binding sequence of the c-Myc/Max
heterodimer as determined by the site affinity and amplification agspiifieteen
oligonucleotides that represent high affinity binding sites of the c-Myc/Max
heterodimer were selected from a pool of oligonucleotides containing seven
(A) Twenty-one oligonucleotides that represent high affinity binding sifes o g;i‘;,r?oﬂg\(,:\,lggtﬂs,eas,mtﬁfg%;hfsﬁgchgpf ;“eff;%wg%jﬁsus;nsgeltga%? stugt
the ARNT homodimer were selected from a pool of oligonucleotides Comainin%ligonucleotides were subcloned into thé pGem-T vector and sequénced
seven random nucleotides that flank the CACGTG recognition site using th?B) The representation of each nucleotide at the indicated positions are.
gel shift assay followed by amplification using PCR. After four roundis o pressed as percentages and were evaluated bgodness of fit analysis
selection, the oligonucleotides were subcloned into the pGem-T vector an%r(lose that occurred with a greater than expected frequency (>25% 8101 '
sequencedH)dThe representation(;)f each nufle%}gﬁ aéthe ind]j?ated ;i)os_itiongre underlined.) The consensus c-Myc/Max DNA binding sequence was
are expressed as percentages and were evalua pdness of fit analysis. . ‘ : : ;

Those that occurred with a greater than expected frequency (>299&) @101 derived from the analysis of nucleotides presented in (B).
are underlined.§) The consensus ARNT DNA binding sequence that was
derived from the analysis of nucleotides presented in (B).

Figure 1. Analysis of the optimum DNA binding sequence of the ARNT
homodimer as determined by the site affinity and amplification assay,

the result of eight rounds of selection. Increased rounds of
snelection would theoretically increase the selection of very
2pjgh affinity binding sites. Second, the composition of the

andom oligonuclotides that served as the starting material
iffered. As shown in Figure 2, only the 7 nt that flanked the
CACGTG site were random, whereas that used by Solomon
qet al. was composed of 26 random nucleotides that did not

sequences that are preferred by the c-Myc/Max heterodime.lr]du‘_je the CACGTG site. We suggest that t_he presence of .the
Nineteen oligonucleotides were selected and sequencé'ava“am CACGTG site in th(_a ollgonucle_otldes used in this
(Fig. 2A). Evaluation of the nucleotide frequency ¥analysis study allowed for the selection of flanking sequences that
demonstrated that the c-Myc/Max heterodimer exhibited feypould compensate for the presence of unfavorable nucleotides
preferences for the flanking nucleotides (Fig. 2B), resulting iret the —1 position (i.e. a T at —1). For example, it has been
a consensus sequence RHCACGYG (Fig. 2C). These Previously shown that the presence of a G at the —2 position
results are in contrast to those reported previously which foung@nd a C at the +2 position allows high affinity binding of the c-
strong preferences in the —1, —2 and -3 positions, resulting inyc/Max heterodimer despite the presence of the unfavorable
consensus GACCACGTGTC (6). This discrepancy may be T atthe —1 position (30).

due to several differences in methodology. First, the results The ability of the ARNT homodimer and the c-Myc/Max
presented in Figure 2 are representative of only five rounds dfeterodimer to specifically interact with their respective
selection, whereas those reported by Solorabal. (6) were derived consensus sequences was determined using gel shift

(Fig. 1B). Nucleotides that occurred at a frequency greater th
that expected were observed for two of the possible 7 nt (und
lined). From this analysis, it is apparent that the interaction of th
ARNT/ARNT homodimer with its recognition sequence is
symmetric and that the consensus is RTCAC@YGFig. 1C).
Similar analysis was performed to determine the flankin
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A ARNT Con GGGAGGT CACGTG ATTGTGG analysis (Fig. 3). The oligonucleotides used for the radio-
ARNT mut GGGAGGT AGATCT ATTGTGG labeled probes and competitors are depicted in Figure 3A. The
2:32%2: EZ’EE Jaiy @Mﬁ enace c-Myc/Max Con1l sequence is the consensus sequence derived
c-Myc/Max mut AGTTCAA AGATCT TCATGGG by Solomoret al. (6) whereas the c-Myc/Max Con2 sequence
Nonspecific GGGGCAT TGATTG ACATACC is that shown in Figure 2 and varies atthe -3, -1, +1, +2 and +3

positions. The interaction between the ARNT homodimer and
its consensus sequence is depicted in Figure 3B. Addition of a
50-fold excess of an oligonucleotide bearing the ARNT consensus
sequence eliminated DNA binding of the ARNT homodimer
(Fig. 3B, lanes 1 and 2). In contrast, a 50-fold molar excess of
either the c-Myc/Max consensus diminished, but did not abolish,
the ARNT DNA binding complex (Fig. 3B, lanes 3 and 4).
Specificity of the interaction between the ARNT homodimer
and the ARNT consensus sequence is illustrated by the inability of
an oligonucleotide that lacks the CACGTG binding site to alter
migration of the ARNT DNA binding complex and the ability
of the ARNT antibody, but not a non-specific 19gG, to super-
shift the ARNT-containing complex (Fig. 3B, lanes 5-7).
Analysis of the interaction between the c-Myc/Max hetero-
dimer and its derived consensus sequence (c-Myc/Max Con2)
by the gel shift assay is shown in Figure 3C. Although both the
Max homodimer and c-Myc/Max heterodimer interact with c-
Myc/Max Con2, the DNA binding complex of the c-Myc/Max
LANE 1 2 3 4 5 6 7 heterodimer is distinguished from that of the Max homodimer
by its slower rate of migration (Fig. 3C, lanes 1-3). The addition
C & & of excess unlabeled oligonucleotides that contained the
© CACGTG core but differed in the composition of their flanking
S & p‘-""@“}@* sequences_(TGACACGTGSTCT, TCAACACGTECCAT,
_#‘j“ & or AGGTCACGT@ATTG) effectively eliminated DNA binding
gt ot gt ot ot et of the c-Myc/Max complex (Fig. 3C, lanes 4-6). In contrast,
& Qo‘iz*i;i'j*i*f*ib:‘:‘g‘i:i; the addition of excess unlabeled oligonucleotide that contained
GO FIFEFFSSS the mutated core, TGATTG, did not alter the ability of the c-
- Myc/Max heterodimer to interact with the radiolabeled probe
(Fig. 3C, lane 7). Further evidence that the upper migrating
complex is the DNA-bound form of the c-Myc/Max hetero-
dimer is indicated by the ability of either the anti-GST or anti-
c-MyciMax ) . ” l ' c-Myc IgGs, but not the anti-Max IgGs, to alter formation of
the complex (Fig. 3C, lanes 8-13). In addition, the anti-Max
MaxiMax m) . . K IgGs abolished formation of both the upper and lower migrating
complexes. These results indicate that the upper migrating
complex represents that of the c-Myc/Max heterodimer
whereas the lower migrating complex is that of the Max/Max
homodimer.
To determine the relative DNA binding affinities of the
ARNT and c-Myc/Max dimers for their derived consensus
LANE 1 2 3 4 5 6 7 8 8 10 11 12 13 sequences, competitive gel shift analyses were performed
(Fig. 4). As shown in Figure 4A, the relative affinity of the
ARNT homodimer for its consensus sequence (ARNT Con) is
Figure 3. Gel shift analysis of the ARNT homodimer and c-Myc/Max represented by an Egvalue of 1.2x 108 and is significantly

heterodimer using the derived consensus sequences as pp€he(oligo- ; ; _
nucleotides that were used as either probes or competitor DB)GEI shift hlgher than that for either of the c MyC/MaX consensus

analysis of the ARNT homodimer using ARNT Con as a probe in the absenc&eéduences (EG= :_I--6 x 10—7 and 8.5x 108, respectively). In
(lane 1) or presence of the indicated competitor oligonucleotides (lanes 2-5)xontrast, the relative affinity of the c-Myc/Max complex for

In lanes 6 and 7, 0.4g of either the ARNT antibody or of the non-specific any of the consensus DNA binding sites was virtually indis-

1gG, respectively, were added and the mixture was incubated for 10 min at roon. . . o :
temperature prior to gel electrophoresi) Gel shift analysis of the c-Myc/Max rngwShable (Flg. 4B)' The ablllty of the ARNT homodimer to

heterodimer using the derived consensus c-Myc/Max Con1 as probe. The génteract with the ARNT consensus sequence with an affinity
shift reactions contained the following: lane 1, Max alone; lane 2, c-Myc that is higher than its affinity for the c-Myc/Max consensus
alone; lane 3, c-Myc + Max; lanes—%, c-Myc + Max with the indicated gaquence illustrates the fact that the flanking nucleotides that
competitor oligonucleotides; lanes 9-12, c-Myc + Max with the addition of . L2 .

0.4 g of the indicated antibodies; lane 13, probe alone. The gel shift assayélre preferred by the ARNT homodimer are S|gn|f|gantly different
were performed as described in Materials and Methods. from those preferred by the c-Myc/Max heterodimer.

COMPETITOR
ANTIBODY

COMPETITOR
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& 50l Log EC50=-7.07 + 0.10 T,
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5
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13 12 11 10 -9 -8 -7 6
Log[Competitor] Figure 5. Comparison of the ability of the ARNT homodimer and the c-Myc/Max

heterodimer to activate the luciferase reporter gene regulated by either the
ARNT Con, c-Myc/Max Conl or c-Myc/Max Con2 sequences. CV-1 cells
were transiently transfected with either the ARNT or c-Myc expression vectors,

B) the B-galactose expression vector and luciferase reporter constructs regulated

by either ARNT Con (black bars), ARNT mut, c-Myc/Max Con1 (white bars),

c-Myc/Max Con2 (gray bars) or c-Myc/Max mut sequences using the calcium

150- + c¢-Myc/Max Con1 phosphate method as described in Materials and Methods. Fold induction
LogECs0= -8.3 + 0.09 refers to the luciferasg/galactose values obtained from the reporter containing
¢ c-Myc/Max Con2 the consensus sequence divided by the lucifeBagalactose obtained from
1004 LogECse= -8.5+ 0.03 the reporter that contained the resp_eqtive mutated sequence (i.e. either the
« ARNT Con ARNT mut- or c-Myc/Max mut-containing construct). The values represent
LogECs; = -8.4 + 0.14 three experiments performed in duplicate + SE< 0.05 compared with the

ARNT Con or c-Myc/Max Conl group co-transfected with c-M$e.< 0.05
compared with the ARNT Con or c-Myc/Max Con1 group co-transfected with
ARNT.

Percent Specific Binding
an
<

42 41 {0 8 =8
Log[Competitor] sequence, but was not significantly different from that of the
ARNT Con sequence. Thus, although the ARNT homodimer
and the c-Myc/Max heterodimer differentially interact with
Figure 4. Relative affinity of either the ARNT homodimeA] or the c-Myc/Ma CACGTG sequences that vary in the context of the flanking
heterodimerB) for the derived consensus binding sites. Gel shift analykes o : .
either the ARNT homodimer or the c-Myc/Max heterodimer were pen‘ormedSequences (FIgS 1_4) and Contam, the_ CACGTG_ core (ARNT
as described in Figuft 3B and C, respectively, in the presence of increasirfgOn versus .C.‘MyC/MaX Conl)., thIS_ dlS(?flmlnaUO_n does not
concentrations of the indicated unlabeled oligonucleotides. The specifically bourtesult in significant differences in their ability to activate genes
complexes were quantitated using phosphorimager analysis. The competiti Fig. 5)_

displacement curves, Egvalues and statistical analyses were generated usin . . L
analysis of one-site competition curves by GraphPad Prism software Interestingly, the C'MyC/MaX ComP|eX is able t_O dlscrlmlngte
(San Diego, CA). The values represent at least two experiments performed Retween recog.nlthn SthS that vary in the fla}nkl_ng nUp|80theS
duplicate. when gene activation (Fig. 5), but not DNA binding (Fig. 4), is
used as the end-point. This apparent discrepancy raises several

possibilities, including: (i) DNA binding of the c-Myc-GST

=

-

w

L4
|

(o]

Effect of flanking nucleotides on the ability of either the fusion protein may not accurately predict DNA binding of the
ARNT homodimer or c-Myc/Max heterodimer to c-Myc protein expresseih vivo; (i) additional proteins that
activate genes are not present in the gel shift reactions may play a role in recog-

To determine whether the competitive gel shift analysis showhition of the flanking sequences.
;:1 Figure 4 accurately predicted the ab|l_|ty of elther_the ARNTThe ability of the ARNT homodimer to displace the ¢c-Myc/
omodimer or the c-Myc/Max heterodimer to activate gen heterodimer from the CACGTG recoanition site is
transcription regulated by the derived consensus sequences,ygx d : h f the flanki gnit el
performed transient transfection assays. CV-1 cells were tra '®pendent on the context of the flanking sequences
siently co-transfected with either the ARNT or c-Myc expressionTo determine whether the ARNT homodimer may displace the
vector and luciferase reporter vectors containing either the-Myc/Max heterodimer from CACGTG-containing recognition
ARNT Con, ARNT mut, c-Myc/Max Conl, c-Myc/Max Con2 sites, we performed gel shift analysis using constant amounts
or c-Myc/Max mut sequences. While the gel shift assay®f c-Myc and Max while increasing the concentrations of
demonstrated that ARNT preferentially interacted with itSARNT. As shown in Figure 6A, excess molar amounts of
consensus sequence (ARNT Con), gene activation mediated BWRNT failed to displace the c-Myc/Max heterodimer from
this interaction was significantly greater than that mediated bynteracting with the c-Myc/Max Con2 sequence. In contrast,
its interaction with the c-Myc/Max Con2 sequence, but not thehe ARNT homodimer competitively displaced the c-Myc/
c-Myc/Max Conl sequence (Fig. 5). Similarly, interaction of Max heterodimer from its interaction with the ARNT Con
the c-Myc/Max heterodimer with the c-Myc/Max Conl sequence (Fig. 6B), indicating that the ARNT homodimer may
sequence resulted in reporter gene activity that was siggompetitively displace the c-Myc/Max heterodimer only from
nificantly greater than that mediated by the c-Myc/Max Con2CACGTG sequences that contain its preferred flanking nucleotides.
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A) DISCUSSION

ARNT - - - = In an effort to understand how transcription factors that represent
Max S A+ A+ 4 distinct protein families interact with apparently identical core
eMyc  + - o+ + o+ o+ 4+ 4 DNA recognition sequences yet regulate disparate signaling
pathways, we have examined the role of flanking nucleotides
in directing these proteins to their appropriate gene targets. The
protein families examined were the bHLH/LZ family, represented
by the c-Myc/Max heterodimer, and the bHLH/PAS family,
represented by the ARNT homodimer. Since the critical amino
acids within the basic regions of c-Myc, Max and ARNT that
contact the core CACGTG site are very similar (17,31), we
guestioned whether additional amino acid/nucleotide contacts
provided by flanking nucleotides may play a role in the DNA
binding specificities and recognition of these proteins.

c-Myc, Max and ARNT have been assigned to Class B of the
bHLH proteins based on their DNA recognition half-sites and
the amino acids that lie within their basic regions that contact
these sites (17). The amino acids that contact the CAC half-site
have been defined by crystallization and site-directed muta-
genesis as E-R-R-R/Q-R (17,32,33). Crystallization studies of
USF, E47, PHO4 and Max predict that the glutamate residues
of c-Myc and ARNT interact with the CA of the G&half-site,
while the terminal arginine residue (E-R-R-R/Q-Bontacts
B) ] the C of the CAChalf-site (33). The amino acids that are

ARNT - - - - = ! involved in contacts with nucleotides that flank the CACGTG
Antibody . . . G A site are localized outside the I-E-R-R-R-R motif, yet their
efMye o+ -+ 4 * utilization is protein specific. For example, within the PHO4
N e . protein, an arginine and a histidine residue make contacts with
the neighboring guanine residues (CACGTGGG34).
Although these residues are conserved within other bHLH
class B proteins, such as E47, USF and Max, they do not appear to
play important roles in contacting flanking nucleotides
(33,35,36). In contrast, amino acids contained within the loop
of the helix—loop—helix motif of Max appear to make limited
contacts with neighboring nucleotides (33). From the crystal-
lization data generated thus far, it appears that the overall con-
formation of the DNA binding protein may dictate the specific
contacts made with nucleotides that flank the CACGTG
sequence. Thus, the chosen partner of a particular protein may
induce subtle changes in the DNA binding form of that protein
resulting in distinct preferences for flanking nucleotides for
each protein pair. The data in the present study indicate that
amino acids that lie outside the I-E-R-R-R-R motif of ARNT
may play a role in specifying contacts with nucleotides that
flank the CACGTG site.

Several mechanisms that dictate specificity of regulation at
the CACGTG recognition site have been proposed. First,
Figure 6. The ability of the ARNT homodimer to displace the c-Myc/Max nucleotides that flank the CACGTG site have been shown to
heterodimer from the CACGTG sequence is dependent upon the context of thifay an important role in discriminating between different

flanking sequences. Gel shift analysis was performed using constant amou ; ; i F 3
of the c-Myc/Max heterodimer in the presence of increasing concentrations gﬁ?mem pairs for DNA bmdmg' As shown in Ta@ 1, the pref

ARNT as described in Materials and Method&) Gel shift analysis using - erences for flanking nucleotides of proteins that interact with
Myc/Max Con2 as probe. Lane 1, 20 pmol of c-Myc witutlunprogrammed ~ the CACGTG recognition site (c-Myc, Max, USF and ARNT)
reticulocyte lysate; lane 2, fil of in vitro expressed Max alone; lanes 3-9, gre distinct. The importance of preferences for flanking nucleo-
20 pmoll of c-Myc + 1nl Max in the absence (lane 3) or presence (lane®)4  iqeg jn regulating endogenous genes has been demonstrated
of increasing concentrations of ARNT (1.3—26 pmdB) Gel shift analysis using .

ARNT Con as the probe. Lane 1, 40 pmol of c-Myc angl bf unprogrammed using the promoter elements of thad (Carbamoyl phosphate
reticulocyte lysate; lane 2,11l of in vitro expressed Max; lane 3, 40 pmol of c- Synthase/aspartate carbamoyltransferase/dihydroorotase) gene
Myc and 1pl of in vitro expressed Max alone; lane 4, c-Myc and Max + the (37). Activation of the cad promoter was observed when the
GST antibody; lanes-59, 40 pmol of c-Myc + 1ul of Max in the presencefo  CACGTG element was flanked by nucleotides that allowed a
increasing concentrations of ARNT (%36 pmol); lane 10, 40 pmol of c-Myc high affinity interaction between the CACGTG site and the c-

+ 1 pl of Max + 6.5 pmol ARNT + the ARNT antibody. G, the anti-GST IgGs; . . .
A, tﬁe anti-ARNT g%s. y 9 Myc/Max heterodimer, but not the USF homodimer, during the

c-MyciMax m}

MaxiMax B}

Lane

ARNT/ARNT B}

c-Myc/Max B§

Masx/Max B

Lane 1 2 3 4 5 6 7 8 9 10
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S phase of the cell cycle. Similarly, our data (Fig. 6) indicate 2.
that the ARNT homodimer may be capable of displacing 3:
protein pairs, such as the c-Myc/Max heterodimer, from the *
CACGTG sequence only when the flanking nucleotides con-
form to those preferred by the ARNT homodimer. Second, the
distance of the CACGTG element from the transcription start 6.
site of the regulated gene appears to play an important role. For
example, the c-Myc/Max complex, but not USF, transactivates ’-
the rat prothymosimx gene when the CACGTG site is at its
endogenous position (1.6 kb downstream of the transcriptiong
start site) while activation by USF is achieved only when the

CACGTG site is placed <400 bp from the transcription start10.
site (38). Thus, multiple mechanisms are involved in dictating
specificity of gene regulation by a number of bHLH proteins.

Table 1.Comparison of flanking nucleotide preferences between Class B

bHLH proteins 13.

Protein pair Consensus sequence Reference 14.
Max/Max RANCACGTANTY 6 15,
c-Myc/Max -ATCACGTGGG- 6

USF/USF GACCACGT®TC 30 16.
ARNT/ARNT RTCACGTGAY Figure 1] 17.

18.

The work presented in this study has shown that nucleotideso.
that flank the CACGTG sequence play an important role in
facilitating high affinity DNA binding of the ARNT
homodimer and that the ARNT homodimer can differentially ,,
interact with sites that vary in flanking nucleotide composition
(Figs 1-4). However, transient transfection studies failed te2.
demonstrate a significant difference in the ability of c-Myc and
ARNT to discriminately activate transcription through their 23-
consensus sequences (Fig. 5). These results indicate thaté'n
addition to DNA binding affinity, other factors play an impor-
tant role. For example, the selectivity of the protein/DNA 25,
interactions may be compromised by the high protein levels of
either c-Myc or ARNT that are present in the transient trans26.
fection assays. In addition, the co-activators and co-repressors
that modulate transcriptional activity of the c-Myc/Max or ,
ARNT dimers may be distinct and may vary in their functional
activity. In summary, we have shown that the bHLH/PAS
protein ARNT preferentially interacts with flanking sequences?28:
that are distinct from that of the c-Myc/Max heterodimer and
that although flanking sequences play an important role ing
determining specificity of gene regulation, other factors such
as distance of the enhancer from the promoter and relativeo.

proteins levels within the cell may also be critical. 3L
32.
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