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ABSTRACT

The AP-2 family of transcription factors are defined
by the presence of a novel DNA binding domain,
termed a ‘basic helix–span–helix’ motif. The AP-2
genes regulate important aspects of vertebrate
embryogenesis and have also been linked to the
control of cell proliferation and tumorigenesis, but
the cellular targets that the AP-2 proteins control are
largely undefined. In particular, since only a limited
number of sequences have previously been utilized
to define the nature of the AP-2 binding site, the
range of DNA sequences recognized by the AP-2
proteins remains unknown. We have therefore utilized
a SELEX analysis to identify multiple new AP-2 αααα
binding sites. Moreover, we have devised a novel
missing phosphate and nucleotide competition analysis
to characterize the residues in the binding site required
for AP-2 αααα protein:DNA contact. These studies suggest
that the AP-2 αααα protein:DNA complex is flexible and
indicate that AP-2 αααα can bind three related sequence
motifs: GCC N3 GGC, GCC N4 GGC and GCC N3/4
GGG. The availability of these more refined consensus
sequences should assist in the identification of target
genes for this critical transcription factor.

INTRODUCTION

The AP-2 family of transcription factors, AP-2α, AP-2β and
AP-2γ (also termed AP-2.2), regulate important aspects of
vertebrate development. These three genes are expressed in
tissues undergoing complex morphogenetic changes during
vertebrate embryogenesis, principally in the developing neural
crest, neural tube, kidney, eye, facial prominences and limb
buds (1–4). Knockout mouse studies have been performed so
far on the AP-2α and AP-2β genes and indicate that both are
required for normal embryogenesis. Mice lacking the AP-2β
gene die shortly after birth, due to inappropriate morpho-
genesis of the kidneys (5). The disruption of the AP-2α gene
leads to defects in the formation of the neural tube, face, eyes,
body wall and limbs and results in perinatal lethality (6–9).
The developmental programs affected in AP-2α knockout

mice show a significant overlap with those caused by tera
genic levels of retinoic acid (10). Interestingly, the AP-2α and
AP-2γ genes are also retinoic acid responsive, which furth
suggests an important link between AP-2 expression and
mechanism of action of this teratogen (11–14).

One key mechanism by which the AP-2 proteins ma
function in development is by regulating cell proliferation. Th
AP-2α gene can inhibit cell cycle progression (15) an
aberrant expression of the AP-2 genes has been observe
human breast cancer and melanoma (1,16,17). The influenc
AP-2 proteins on cell fate determination may be linked to the
activation of genes involved in cell growth, cell commun
cation and cell movement, including p21waf1/cip1, c-erbB-2, E-
cadherin and matrix metalloproteinases (15,18–22). The APα
protein can also interact with thetrans-acting proteins c-myc,
E1A, SV40 large T antigen and retinoblastoma (20,22–2
The interaction of AP-2α with such regulators may also provide
an important mechanism for integrating cell proliferation
apoptosis and differentiation.

The AP-2 proteins define a distinct class of transcriptio
factor characterized by a large, ~200 amino acid, C-termin
DNA binding domain (1,25,26). This DNA binding domain is
bipartite and consists of a basic region necessary for DNA con
and a large dimerization motif of novel structure, termed
helix–span–helix. Consistent with the high degree of seque
identity found within the DNA binding domain, all three AP-2
proteins can bind to the same sequence motif, previou
represented by the consensus sequence 5'-GCCNNNGG
(25). However, this consensus sequence was inferred from
limited number of AP-2 binding sites and, more recently, seve
potential AP-2 sites have been proposed which are quite differ
in their sequence organization (27). Therefore, to understa
more fully the nature of the AP-2 binding site we have isolate
multiple new AP-2 recognition sequences using a PCR-ba
SELEX approach. In addition, we have characterized critic
components of the AP-2 binding site using a variety of com
petition studies, including a novel missing phosphate analys
Taken together, these studies reveal significant modificatio
from the original AP-2 consensus sequence and provide a m
comprehensive picture of the AP-2α DNA binding site. This
analysis has important implications both for identifying possib
AP-2 target genes and also for understanding how AP-2 bin
DNA at the molecular level.

*To whom correspondence should be addressed. Tel: +1 203 432 3230; Fax: +1 203 432 5690; Email: twill@biomed.med.yale.edu



Nucleic Acids Research, 1999, Vol. 27, No. 132761

of

e

FF
h
sin
s
as

M
l

on,
ns
MATERIALS AND METHODS

Oligonucleotides, PCR and sequencing

All oligonucleotides were manufactured by the Keck Facility
at the Yale University School of Medicine. The binding site
selection protocol was performed using a 58mer oligonucleo-
tide, select1, 5'-GGG AGT CAA GCT TCC CAC GAG-(N)16-
GGT CAC CTC GAA TTC GCA CCG-3', which contained a
random core of 16 nt. The primer select3, 5'-CGG TGC GAA
TTC GAG GTG ACC-3', was used for the initial synthesis of
double-stranded DNA. Subsequently, for PCR amplification,
the select3 primer was coupled with the primer select2, 5'-
GGG AGT CAA GCT TCC CAC GAG-3'. The PCR reactions
were performed withTaq DNA polymerase using conditions
recommended by the manufacturer (Boehringer Mannheim).
Amplifications were performed in 16 cycles of 95°C for 40 s,
62°C for 1 min, 72°C for 1 min, followed by an incubation at
72°C for 9 min. In the double-stranded DNA produced by
these protocols, the core nucleotides are flanked byHindIII
andEcoRI recognition sites.

A PCR-based approach was also utilized to identify bacterial
clones containing the appropriate SELEX plasmids. A 1.5 ml
aliquot of a bacterial culture was harvested by centrifugation
and resuspended in 60µl of single colony lysis buffer (SCLB;
10 mM Tris–HCl pH 7.5, 1 mM EDTA and 50µg/ml
proteinase K). The mixture was then incubated sequentially at
55°C for 15 min, 80°C for 15 min and 4°C for 1 min. The
supernatant was harvested following centrifugation in a micro-
fuge and 9µl used for the PCR reaction. The T7 primer and a
modified T3 primer, revT3, 5'-CAG CTA TGA CCA TGA
TTA CGC C-3', were utilized for PCR. Amplifications were
performed in 30 cycles of 95°C for 40 s, 48°C for 1 min, 72°C
for 1 min, followed by 9 min at 72°C. PCR products were
purified using Qiaquick columns (Qiagen) and sequenced with
the revT3 primer by the Keck Facility at the Yale University
School of Medicine.

AP-2αααα protein preparation

The bacterial expression vector for protein preparation, VFH
∆N165, was derived from the plasmid AP-2 linker which
contains the human AP-2α cDNA (25). The 5'-end of the VFH
∆N165 construct was formed by ligating anNdeI linker (5'-CCC
ATA TGG G-3') to theSmaI site of AP-2α located at nt 557,
while the 3'-end was derived from theBamHI site of the AP-2
linker. This fragment was then inserted into the vector pET3a
(28) between theNdeI andBamHI sites to create VFH∆N165.
The ∆N165 AP-2α protein was overexpressed inEscherichia
coli BL21 cells containing the plasmid VFH∆N165. The
induced cells were lysed in buffer containing 25 mM HEPES
(pH 7.5), 800 mM KCl, 12.5 mM MgCl2, 20% glycerol, 5 mM
DTT and lysozyme (at 1 mg/ml). Following lysis and removal
of cell debris by ultracentrifugation, AP-2α was precipitated
from the cell lysate supernatant by addition of (NH4)2SO4 to
55% saturation. The AP-2α pellet was resolubilized in a solution
containing 25 mM HEPES (pH 7.5), 0.02% NaN3 and 10%
glycerol and passed over a Q-Sepharose anion exchange column.
The resulting flow-through, which was rich in AP-2α, was
then loaded onto an SP-Sepharose cation exchange column.
AP-2α was eluted with 600 mM KCl and was further purified
on a Mono-S column attached to a Pharmacia FPLC system.
Resulting fractions containing AP-2α protein were pooled and

dialyzed against 10 mM HEPES (pH 7.5), 20 mM NaCl, 5 mM
DTT, 0.02% NaN3, 10% glycerol. The final AP-2α protein
fraction was >95% pure as judged by Coomassie staining
SDS–PAGE gels (data not shown).

Affinity purification of oligonucleotides containing AP-2 αααα
binding sites

The strategy chosen for the SELEX analysis of the AP-2α
binding site (Fig. 1) was a modification of the procedur
employed for the study of Ubx DNA recognition (29). The AP-2α
∆N165 protein was coupled to CNBr-activated Sepharose
(Pharmacia) in 50 mM HEPES (pH 7.8), 0.5 M NaCl for 10
at 4°C. Subsequently, the remaining active groups in the re
were inactivated by treatment with 0.1 M Tris–HCl (pH 7.9) a
recommended by the manufacturer. Coupling efficiency w
>90% and the final concentration was 3.6 mg∆N165 AP-2
protein per ml resin. The resin was stored in 0.5 M NaCl, 0.1
Tris (pH 7.9) and washed with buffer T.1 [50 mM Tris–HC
(pH 7.9), 100 mM KCl, 10 µg/ml gelatin, 10 µg/ml
poly(dI·dC)/(dC·dI), 1 mM DTT] prior to oligonucleotide

Figure 1. Strategy for SELEX analysis of the AP-2α binding site. (A) Schematic
representation of the 58mer oligonucleotide used for binding site selecti
showing the random core of 16 nt, the primer binding sites and the positio
of theEcoRI andHindIII restriction sites. (B) Scheme for binding site selection.
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addition. The double-stranded oligonucleotide pool for the first
pass was made by annealing a 3-fold molar excess of select3 to
select1 and then extending with Klenow DNA polymerase I
(New England Biolabs) in the presence of cold TTP, dGTP,
dCTP (500µM each), dATP (100µM) and [α-32P]dATP.
Subsequently, the labeled DNA was gel purified on an 8%
acrylamide gel and ~10µg applied to a 1 ml column at 4°C in
1 ml of buffer T.1. The column was washed successively with
buffer T containing 0.1 (T.1), 0.25 (T.25), 0.375 (T.375) and
1 M (T1) KCl. The 1 M KCl fraction (1.24% yield) was diluted
to T.25 and reapplied to the column. The resin was washed
with buffer T.375 and the tightly bound fraction eluted with
T1. The total yield from the first and second rounds of passage
over the column was 1% (Table 1). An aliquot of the 1 M
fraction was diluted 10-fold with water and 1µl (~5 pg)
utilized for PCR. Following gel purification, the oligonucleo-
tides were again applied to the column, washed and eluted as
outlined in Table 1. The PCR and column purifications were
repeated twice more. After the final round of PCR, the oligo-
nucleotide pool was digested with restriction endonucleases
EcoRI andHindIII and cloned into the corresponding sites of
pBS II SK– (Stratagene).

Electrophoretic mobility shift assay (EMSA)

EMSAs (25) and competition studies (30) were performed as
described previously. These experiments utilized a 5'-end radio-
labeled AP-2 probe derived from the human metallothionen IIa
gene distal BLE (see below and Table 7) and either wild-type
AP-2α protein or ∆N165 AP-2α protein, which were both
derived from a rabbit reticulocyte lysate translation system
(Promega). For missing phosphate contact analysis, the oligo-
nucleotides utilized to study single-stranded breaks were based
on the complementary 24mer sequences PhosX, 5'-CAA GAT
CGC CTC GGG CTT AGA CAC-3', and PhosY, 5'- GTG TCT
AAG CCC GAG GCG ATC TTG-3'. Competitor double-
stranded oligonucleotides containing single-stranded breaks
were prepared by annealing equimolar quantities of PhosX and
the pair of derivatives corresponding to the PhosY strand.
Annealing was performed in 100 mM NaCl, 10 mM Tris–HCl
(pH 7.9), 1 mM EDTA by heating to 95°C for 1 min and then
slowly cooling to room temperature. The hMtIIa EMSA probe
was made by annealing the complementary oligonucleotides
5'-GTG AAC TGA CCG CCC GCG GCC CGT GTG CAG A-3'
and 5'-TCA CTC TGC ACA CGG GCC GCG GGC GGT
CAG T-3'. All other double-stranded competitor oligonucleo-
tides are as shown. Relative competition was estimated by
comparing the signal obtained from the shifted complex in the
presence of a varying concentrations of competitor DNA (see
Figs 2 and 3 legends for concentrations).

RESULTS

The PCR-based strategy utilized to identify novel AP-2 DN
binding sequences employed an affinity column containi
bacterially expressed∆N165 AP-2α protein (Fig. 1). The
∆N165 protein corresponds to the DNA binding and dimerizati
domains which are located in the C-terminal half of the AP
molecule (25). Prior to the application of randomized DN
sequences, we confirmed that this specific AP-2α affinity resin
was capable of binding oligonucleotides containing the stand
hMTIIa AP-2 site (data not shown). Next, double-strande
oligonucleotides with a randomized N16 core were applied
the affinity matrix in a buffer containing 100 mM KCl (see
Materials and Methods). The choice of an N16 core was ba
on previous competition studies which indicated that th
length would enable us to search for sequence preferences
within and flanking the AP-2 binding site (data not shown
Bound oligonucleotides were released from the∆N165 column
by eluting in a buffer containing a higher concentration of KC
Three rounds of DNA application, elution and subsequent PC
were performed resulting in an ~106-fold enrichment (Table 1).
EMSA performed using the pools of oligonucleotides derive
at each round of the procedure confirmed that there wa
strong selection at each round for effective AP-2 bindin
sequences (not shown). Oligonucleotides derived from
final round of the procedure were subcloned prior to su
sequent sequence analysis.

Analysis of the AP-2 binding sequences

A total of 70 independent SELEX clones were isolated a
sequenced (Table 2). Strikingly, analysis of these sequen
demonstrated that, although each clone was unique, cer

Table 1.Percentage of input DNA eluted at a given KCl molar
concentration (shown in parentheses)

Round Flow-through and wash Elution

1 99% (0.375) 1% (1.0)

2 95% (0.5) 3% (1.0)

3 90% (0.55) 10% (1.0)

4 80% (0.6) 4% (1.0)

Figure 2. Representative EMSA competition analysis. Probe corresponds
the hMTIIa AP-2 binding site. Fr, free probe; Bd, bound probe. All lane
contain AP-2α ∆N165 protein derived from translation in rabbit reticulocyt
lysate. The oligonucleotide competitors, listed in Table 4, are indicated bel
INT3 is the wild-type competitor. The – represents the absence of spec
competitor in lane 1, otherwise the even-numbered lanes contain 6.4 ngf
competitor and the odd-numbered lanes contain 32 ng of competitor.
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motifs appeared multiple times in the population. In particula
the most common arrangements were the 9mer sequen
GCCTGAGGC and GCCTTAGGC, which occurred 11 an
eight times, respectively. We also isolated multiple copies
the 10mer sequences GCCTAAGGGC (four times), GCC
GAGGGC (four times) and GCCTTAGGGC (three times
The finding that specific motifs were present in multiple clone
supports the assertion that we have selected forbona fideAP-2α
binding sites in this analysis.

Examination of all 70 sequences revealed that at least o
GCC motif was present in all instances. Indeed, 57/70 (81%)
the sequences contained two of these motifs arranged in
opposite orientation around a central region which varied fro
3 to 6 nt (Table 2, N3–N6 sites). Thus, these 57 individu
sequences could be classified into distinct subsets depend

Table 2.AP-2α binding sites identified by Selex analysis

The sequences are aligned according to the position of the binding
site (bold) and spacing between GCC motifs (N3–N6). The
sequence of the nucleotides flanking the random 16mer core is
indicated by italics in the first example. The clone name is shown at
the left. V indicates the 13 variants which contain only one GCC
motif. We have also separated the core sequences of all the
potential binding sites into triplets so that they can be visualized in
the alternative ‘all N3’ arrangement.

Figure 3. Missing phosphate (A) and missing nucleoside (B) analysis. In both
panels, the probe corresponds to the hMTIIa AP-2 binding site. Fr, free pro
Bd, bound probe; *, non-specific complex. All lanes contain AP-2α ∆N165
protein derived from translation in rabbit reticulocyte lysate. The olig
nucleotide competitors, listed in Tables 5 and 6, are indicated below. Pho
contains only one strand after self-annealing; PhosX/Y is the wild-type doub
stranded competitor. The – represents the absence of specific competitor.
pair of lanes containing a particular competitor molecule contain 7.5
competitor in the left lane and 37.5 ng in the right lane.
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upon their axis of symmetry (Tables 2 and 3). The most
common arrangement, found in 31 sequences, was a pair of
dyad symmetrical GCC triplets separated by three nucleotides
(N3 sites). A further 20 sequences had 4 bp separating the GCC
inverted repeats (N4 sites). A smaller number of sequences
displayed an N5 or N6 organization (five and one clones,
respectively). The remaining 13 clones contained only one
GCC motif (Table 2, V sites). These latter sequences could be
considered as variants of an N3 or N4 organization which
contain the triplet GGG in the downstream position frequently
occupied by GGC.

We also noted a second way to view the alignment of the
SELEX sequences (Table 2). In this alternative configuration,
all the SELEX sequences could be treated as variants of the N3
arrangement. As shown in Table 2, when we used one GCC for
the initial alignment and then allowed for an intervening
sequence of 3 nt (N3), we noticed a strong preference for the
presence of particular triplet sequences in the adjacent six
downstream positions. This was most striking for positions 7–9 of
the alignment, where only the triplets GGC, GGG or AGG
were observed. When this ‘all N3’ classification is used,
31 sequences still have the standard GCC N3 GGC config-
uration discussed above. An additional 30 sequences corres-
pond to the arrangement GCC N3 GGG and nine clones have
the arrangement GCC N3 AGG. Note that all nine clones con-
taining a 3'-AGG could also be arranged in the configuration
CCC N3 GGG if the binding site was shifted by 1 nt towards
the 3' direction in these specific instances. This latter point
again emphasizes that there are several ways to view how AP-2α
might interact with a particular binding site in the SELEX
population. Nevertheless, our analysis strongly supports the
existence of an AP-2α consensus binding site, GCC N3 GGC,
and indicates that several related sequences may also be recog-
nized by AP-2α: GCC N4 GGC, GCC N3 GGG, GCC N3
AGG and CCC N3 GGG.

We next processed the data from the SELEX analysis to
derive further information concerning the consensus AP-2α
binding site. We designated the first three positions of the
binding site as the trinucleotide GCC and calculated the
frequency of each nucleotide in the surrounding sequence.

Since many sequences contained two dyad symmetrical G
motifs, the decision concerning which orientation to use for t
alignment and subsequent data processing was somewhat arbi
Therefore, we analyzed the data from each orientation individua
or from both orientations combined. We found that these vario
alignments produced the same conclusions concerning imp
tant nucleotide sequences within the AP-2α binding site (data
not shown). For the sake of clarity we have only included two
these analyses in Table 3. First, in Table 3A, we have presen
summary data for particular nucleotide positions based on
alignment of the 70 sequences shown in Table 2. Although t
method of analysis highlights the presence of the alternat
sequence arrangements GGC or GGG at positions 7–9, it a
masks some of the underlying symmetry of the AP-2α binding
site. Therefore, in Table 3B, we have also summariz
information obtained from the 31 standard N3 sequences inc
porating data derived from both strands of these symmetr
sequences (62 total sequences).

Examination of the alignments shown in Table 3 indicat
that when the invariant trinucleotide GCC was employed
reference point, other nucleotide positions displayed mark
sequence preferences. This observation demonstrates
quality of our alignment and strengthens the conclusion th
we have isolated functional AP-2α DNA binding sites. Most
notably, a guanine was always present at position 8 of
alignment, suggesting that this G:C base pair forms a criti
point of interaction between AP-2α and DNA. A further
interesting feature was that the position prior to the GCC w
rarely occupied by a guanine. This finding indicates that t
presence of a guanine nucleotide at the –1 location may
unfavorable for AP-2α binding.

There was a also a preference for particular nucleotides to
located at positions 4–6 between the inverted GCC mot
Specifically, a thymidine was preferred in position 4 and a
adenine in position 6. In fact, 19/31 sequences contain
symmetrical arrangement of these two bases in the central 3
of the binding site as the trinucleodides TGA/TCA or TTA
TAA. Together, the sequences GCCTGAGGC (11 incidence
and GCCTTAGGC (eight incidences) were the most com
monly found in the total selection pool. Guanine or cytosin

Table 3.Alignment of the AP-2α binding sites

–3 –2 –1 1 2 3 4 5 6 7 8 9 +1 +2 +3

(A) Alignment of all SELEX sequences according to orientation shown in Table 2

A 39 20 16 0 0 0 0 5 45 9 0 0 5 28 6

G 9 10 2 70 0 0 4 24 16 61 70 39 31 16 10

C 11 22 32 0 70 70 21 22 9 0 0 31 20 16 17

T 11 18 20 0 0 0 45 19 0 0 0 0 14 10 37

N N A/C/T G C C g/C/T N A/G/c a/G G G/C N N N

(B) Alignment of standard N3 sites (GCC N3 GGC) using data obtained from both orientations

A 38 9 19 0 0 0 0 9 48 0 0 0 9 20 5

G 9 12 0 62 0 0 5 22 9 62 62 0 34 21 10

C 10 21 34 0 62 62 9 22 5 0 0 62 0 12 9

T 5 20 9 0 0 0 48 9 0 0 0 0 19 9 38

N N A/C/T G C C g/C/T N A/G/c G G C A/G/T N N
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could also be tolerated at either position 4 or 6; however, we
found no incidence of adenine at position 4 (or the correspond-
ing thymine at position 6). The data also indicate that there
may be a modest preference for a G or C nucleotide in the
middle position (position 5) of the binding site, since this
occurs in 22/31 (71%) of the sequences. Examination of the
total SELEX population shown in Tables 2 and 3 indicates that
the conclusions we have derived from analysis of the standard
N3 binding sites, concerning sequence preferences in positions
4 and 6, can also be applied to the remaining SELEX
sequences.

Mutagenesis of the AP-2 binding site

Because we employed stringent selection criteria in the deriv-
ation of the SELEX sequences, it was possible that some
weaker AP-2α DNA binding sites were discarded in earlier
rounds of the procedure. Therefore, we also utilized an EMSA
competition analysis both to identify further related sequence
arrangements that could function as AP-2α binding sites and
also to test several of the predictions of our SELEX analysis.
We began with a synthetic oligonucleotide that contained a
standard N3 AP-2 binding site (INT3, Table 4). In EMSA stud-
ies this INT3 sequence competed effectively against the well-
characterized hMtIIa AP-2 binding site (data not shown). Next,
a series of oligonucleotides based on INT3 were utilized to
assess the importance of particular AP-2 binding site nucleo-
tides. Representative results from this analysis in which we
systematically substituted each nucleotide in one half of the
binding site are shown in Figure 2 and the data are summarized
in Table 4. We initially examined the importance of flanking
sequences, in particular how a guanosine at position –1 would
influence DNA binding. The presence of a guanosine at the –1
position on one side of the binding site reduced DNA binding
~10-fold (FlnkG), while the equivalent alteration at both
flanking positions caused a greater than 25-fold drop in
competition (FlnkG+C; Fig. 2 and Table 4). Thus, in agreement
with the conclusions of the SELEX analysis, a guanosine at the
–1 position is detrimental for DNA binding.

A second prediction from the SELEX study was that guanosine,
and to a lesser extent cytosine, were prefered at the first pos-
ition of the binding site. The EMSA experiments supported
this conjecture since an oligonucleotide in which the first GCC
was replaced by either ACC (1A) or TCC (1T) produced
molecules which were 10- to 20-fold less effective at competition
(Table 4). In contrast, alteration of this sequence to CCC (1C)
reduced competition only slightly. The 1C oligonucleotide,
which is an effective competitor, conforms to a consensus
sequence CCC N3 GGC, in which only one GCC motif is
present and the other is replaced by CCC. We next tested how
the replacement of both dyad symmetrical GCC motifs by
CCC would affect AP-2α binding (Fig. 2 and Table 4, 1C9G).
This analysis revealed that AP-2α could bind to such a CCC
N3 GGG sequence motif, albeit at a greatly reduced level of
competition (~20-fold). We also performed competition studies
using a second DNA oligonucleotide, SY2-35, that matched
the CCC N3 GGG sequence arrangement (5'-CGA CCC CCC
CGG GGG GGT CG-3'). We found that this second sequence
could also compete for AP-2α binding (data not shown).

Substitutions at positions 2 or 3 of the binding site, which
affected the conserved cytosines, were not well tolerated
(Table 4). Only the replacement of cytosine by thymidine in

the third position (GCT;3T) produced a molecule capable
significant competition. Taken together with the SELEX analys
these studies reinforce the critical nature of the GCC or CC
motif for AP-2α binding. Strong sequence preferences we
also apparent in the central three nucleotides of the N3 mo
Most importantly, the presence of an adenosine at position
produced a very weak competitor (4A) and this sequen
organization was also absent from the SELEX populatio
Finally, we noted that the presence of an A:T base pair at
center of N3 symmetry also produced an ~2- to 3-fold weak
competitor oligonucleotide (5A and 4T5A). This observatio
is consistent with the slight preference that we observed fo
G:C nucleotide at the central position within the SELEX poo

Missing phosphate contact analysis

The SELEX analysis suggested that several related con
urations could act as an AP-2α binding site and revealed
potentially important contacts between the protein and spec

The INT3 sequence corresponds to a wild-type N3 consensus AP-2α site,
highlighted in bold. In the other competitors, the nucleotide alterations a
underlined. The ability to compete compared to INT3 is indicated on th
right and ranges from equivalent (++++) to none (–) detected in the EMS
competition experiments.

Table 4.Summary of N3 EMSA competition data
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nucleotides. We next determined how other components of the
binding site contributed to AP-2α protein:DNA contact. One
assay that can be utilized to study protein:DNA interaction,
specifically the importance of particular phosphate residues, is
ethylation interference. However, analysis of the AP-2α bind-
ing site by this technique is complicated by the presence of
multiple guanine residues, which are also subject to ethylation
(data not shown). Therefore, we employed an alternative
approach which was developed from the observation that a
functional catabolite activator protein DNA binding site can be
produced by the interaction of two modular half-sites (31). Our
‘missing phosphate’ strategy relied upon making one contig-
uous DNA oligonucleotide which was then annealed with two
oligonucleotides that together correspond to the opposite
strand. This procedure results in a single-stranded break in the
sugar–phosphate backbone of the DNA. Based on the SELEX
studies described above, we designed the contiguous strand to
have a favorable AP-2α binding motif, but with non-
complementary flanking sequences and and an asymmetric
core at the center of the binding site, 5'-TCG-3'. Since it is
asymmetric, this single-stranded PhosX oligonucleotide did
not produce an effective competitor molecule when self-
annealed (Fig. 3). However, when annealed with its equivalent
complementary sequence, PhosY, it generated a strong
competitor (Fig. 3 and Table 5, PhosX/Y). We were then able
to anneal PhosX with pairs of oligonucleotides which together
corresponded to the PhosY sequence. This yielded a series of
competitor molecules that lacked individual phosphates within
the core binding site. In general, we observed that the presence
of the single-stranded breaks did not produce a significant drop
in competition (Fig. 3 and Table 5), indicating that fully
functional binding sites can be generated by this triple anneal-
ing approach. However, a single-stranded break located
between nt 6 and 7 of the binding site severely reduced the
ability of the oligonucleotide to compete (P7; Table 5). In
addition, single-stranded breaks positioned on either side of
nucleotide 1 were also detrimental, reducing competition by 5-
to 10-fold (P1 and P2; Table 5).

The same series of oligonucleotides used to produce a nick
corresponding to a single phosphate can also be used to
produce a defined set of molecules with a gap of one nucleo-
side. We used this missing nucleoside strategy to probe further
aspects of AP-2α protein:DNA interaction. The removal of
nucleosides at positions 1, 3 or 5 of the binding site were well
tolerated, reducing competition by only 5- to 10-fold (MN1,
MN3 amd MN5; Fig. 3B and Table 6). In contrast, removal of
nucleosides 2, 4 or 6–9 greatly reduced or abolished binding
(Table 6, Fig. 3B and data not shown). When compared with
the missing phosphate data, these findings suggest that impor-
tant backbone or base contacts may occur in the AP-2α
binding site at position 8 and, to a lesser extent, at positions 4
and 9. With respect to positions 6 and 7, the drop in binding
ability may be associated with removal of the intervening
phosphate. Similarly, the reduction caused by the removal of
nucleotide 1 may be accounted for by the absence of the two
flanking phosphates.

DISCUSSION

We have utilized SELEX and competition analyses to charac-
terize the nature of the AP-2α DNA binding site. The data

reveal that the organization and sequence requirements for
2α DNA binding are more complicated than previousl
described (25). One conclusion that can be drawn from o
studies is that the binding site is larger than was apparent fr
the analysis of the SV40 and hMtIIa AP-2 binding sites alon
It is now apparent that sequence preferences for AP-α
binding span a region of 11–12 nt. The ‘typical’ binding sit
contains dyad symmetrical XGCC motifs separated by 3 or 4
(where X represents A, C or T). The reduction in relativ
binding affinity observed when a G occurs in the –1 positio
flanking the GCC motif was unexpected, since this arrang
ment occurs naturally in several instances, including hMtI
(Table 7).

Based on the SELEX studies we postulate that there is
inherent flexibility in the AP-2α protein:DNA complex.
Almost half of all the SELEX sequences (31/70) fit into a dya
symmetrical N3 format represented by the ‘standard N3’ si
GCC N3 GGC. Twenty of the remaining sequences fit into
alternative arrangement that can be regarded in one of
ways, either as GCC N4 GGC or GCC N3 GGG. We postula

Table 5.Summary of N3 missing phosphate competition data

The central portion of the wild-type N3 sequence, PhosX/Y,
is shown at the top. Chevrons indicate the positions of the
single-strand breaks in other molecules. The unbroken
bottom strand is not shown. Relative competition is
shown on the right in comparison to PhosX/Y.
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that these latter 20 sequences are fundamentally different from
the standard N3 site due to specific sequence preferences at
position 10 of the binding site in both instances. None of the 31
standard N3 sites has a cytosine at position 10 following the
GGC triplet. However, if GGG occurs at positions 7–9 then the
majority of the sequences (20/30) have a cytosine in position 10.
This observation implies that the AP-2α protein may be able to
adjust to accommodate both of these alternative configurations.
The flexibility required to contact dyad symmetrical GCC
triplets separated by 3 or 4 nt could be provided either by the
dimerization domain of AP-2α protein or by distortion of the
DNA binding site. This flexibility might also extend to N5 and
N6 sites. However, given the limited number of these N5 and
N6 sequences obtained we postulate that these sites may repre-
sent fortuitous sequence variants of the N3/N4 configurations.
Further studies will be required to determine if AP-2α can
induce DNA conformational changes and/or whether the AP-2
dimer has an inherent flexibility which may enable it to interact
with either an N3 or N4 site.

A third important conclusion of our analysis is that there are
particular sequence preferences at positions 4–6 of the stand-
ard N3 binding site. Specifically, there is a significant
reduction in the relative affinity for AP-2α when the binding
site contains an adenosine in position 4 or a thymidine in

position 6. We also noted that although the EMSA studi
indicated that any nucleotide could occupy each of the midd
three positions of the binding site, specific triplet combinatio
often occurred in this location. In particular, the dyad sym
metrical arrangements TGA/TCA or TAA/TTA were presen
at these positions in over half of the SELEX population. Oth
combinations were less common, especially CAG, CTC, CA
CAC, GTA and GAA, in which an A or T in the middle pos-
ition is placed in a context other than TTA/TAA. Competitio
studies with sequences containing some of these la
combinations (Table 4: 5A, CAG; 4T5A, TAG) confirmed tha
they had a reduced AP-2α DNA binding ability. The molecular

The central portion of the wild-type N3 sequence, PhosX/Y, is shown
at the top. Chevrons indicate the positions of the single-strand breaks
equivalent to a single nucleoside, represented by an X in other molecules.
The unbroken bottom strand is not shown. Relative competition is
shown on the right in comparison to PhosX/Y.

Table 6.Summary of N3 missing nucleoside competition data Table 7.Alignment of several naturally occurring AP-2 binding sites

The binding sites are derived from: hMtIIa, the human metal-
lothionein IIa promoter, nt –168 to –182 (20,42); mouse E-cadherin
enhancer EII and III elements, nt 520–534 and 562–576, respectively
(19); MMTV LTR, the mouse mammary tumor virus long terminal
repeat, nt –1024 to –1010 (43); R-FABP, chick retinal fatty acid-
binding protein promoter, nt –78 to –64 (44); mouse H-2kb promoter,
nt –183 to –169 (45); IGFBP-5, human insulin-like growth factor-
binding protein-5 promoter, nt –49 to –35 (46); human c-erbB-2 pro-
moter, nt –223 to –209 (18); SV40, nt 244–229 (20,42); K14, human
keratin K14 promoter, nt –234 to –219 (47); ENK, human
proenkephalin promoter, nt –67 to –81 (48); human c-myc, nt 620–
606 (42); ER, human estrogen receptor promoter, nt 186–200 (49);
K3, rabbit keratin K3 promoter, nt –201 to –187 (50); XK81A1,
Xenopuskeratin XK81A1, nt–150 to –164 (51).
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basis for these sequence preferences will likely require a
detailed structural determination of the AP-2α protein in
association with its cognate DNA binding site.

We further analyzed the specificity of AP-2α protein:DNA
contact using a combination of missing phosphate and missing
nucleoside analyses. A modified version of the missing nucleo-
side approach, which relies on hydroxyl radical footprinting to
generate a gap of one nucleoside, has previously been
described for analysis of theλ repressor–OR1 complex (32).
Similarly, the potential influence of a particular phosphate on
protein:DNA contact can be examined by an ethylation inter-
ference experiment (33). In this latter techniqueN-ethyl-N-
nitrosourea (ENU) is used to attach an ethyl group onto the
phosphate residues of the DNA backbone. The ability of this
additional moiety to interfere with protein:DNA interaction is
then assessed. However, ENU efficiently alkylates guanines
too and can also modify the other bases at a variety of positions
(34). The lack of specificity of ENU, coupled with the produc-
tion of multiple bands derived from the same nucleoside
following subsequent cleavage, can greatly complicate data
interpretation. The methodology we have employed provides
an alternative approach to these chemical modification
techniques and also enables phosphate contacts to be studied
by a method which complements ethylation interference.

We should note that the introduction of single-stranded
breaks can alter the physical properties of a DNA molecule
(35–40). In particular, a gap of 1 nt can alter the flexibility of
DNA and may also disrupt B-form structure. Therefore, any
reduction in protein:DNA affinity caused by a single-stranded
break may indicate that important contacts have been lost or
that the structure and/or flexibility of the DNA has been altered
so that protein binding is compromised. Nevertheless, a
comparison of the data obtained concerning the cytosines
located at positions 2 and 3 of the binding site illustrates the
potential utility of missing nucleoside analysis for studying
protein:DNA interaction. Substitutions involving the C:G base
pair at the second position of the binding site are not tolerated
in competition studies. Furthermore, the cytosine itself may be
important for AP-2α base contact at this location, since the
actual removal of this nucleoside results in a significant drop in
competition. Cytosine was also preferred in position 3.
However, in this instance, the vital protein:DNA contacts are
presumably occurring with the complementary base on the
opposite strand because complete removal of the cytosine had
little influence on AP-2α binding.

We had previously examined AP-2 protein:DNA contact
using a missing contact analysis, a chemical modification
technique in which individual bases are removed from the
DNA without breaking the sugar–phosphate backbone (25). A
comparison between these previous missing contact studies
performed on the SV40 and hMtIIa AP-2α binding sites and
the current missing nucleoside analysis indicates that the
relative importance of similar nucleotide positions is conserved in
all three instances. The similarity of the data obtained with
these two different assays confirms the efficacy of our missing
nucleoside approach and strengthens our conclusions concer-
ning the critical AP-2α binding site contacts.

The missing phosphate analysis revealed further information
concerning the requirements for AP-2α DNA recognition. In
particular, the presence of a gap located between positions 6
and 7 of an N3 site abolished AP-2α DNA binding. The sen-

sitivity of the AP-2α site to the presence of a single-strande
gap just prior to the downstream GGC motif could indicate th
this removes a critical phosphate contact for the protein:DN
interaction. Indeed, the location of this phosphate wou
position it on the same side of the DNA helix as the essent
residues identified by missing contact and methylation inte
ference analyses (25). One plausible mechanism by which
phosphate plays such an important role in AP-2α recognition is
by ‘buttressing’ otherwise weak interactions between t
protein sidechains and a specific base, as occurs in thetrp
repressor complex (41). An alternative possibility is that th
AP-2α protein requires an alteration in DNA conformation tha
is prevented by the presence of a single-stranded break
prior to the GGC motif. One argument for an influence of AP-2 o
DNA conformational changes, such as DNA bending
twisting, is our finding that the AP-2α molecule may be able to
recognize the dyad symmetrical GCC motifs in both an N3 a
N4 context.

Recently, an independent AP-2α binding site selection study
proposed that the sequence 5'-TAG AAA GNY CYN G-3' wa
an AP-2α consensus binding site (27). Our SELEX and com
petition studies do not reveal any evidence of this potent
consensus sequence. We believe that the discrepancy betw
the two studies results primarily from the omission of non
specific competitor DNA from their binding site selection, bu
also from the significant difference in sample size between t
two studies (four clones in the previous study as opposed to
70 analyzed above). The reliability of our new AP-2α consen-
sus sequence is also supported by the finding that severa
our SELEX sequences match known AP-2 binding sit
(Table 7). Indeed, the combination of SELEX and competitio
studies we have employed shows that the ability of any p
ticular sequence to bind AP-2α will result from several consid-
erations, including the GCC motifs, the number and sequen
of the intervening nucleotides and the flanking sequence.
this regard, our SELEX pool did not contain several variants
the AP-2 binding site which have been previously charact
ized. For example, we did not recover molecules in which t
GCC motif was represented by GCT or TCC, as occurs in t
c-erbB-2 and SV40 AP-2 sites, respectively, nor sites in whi
an A was present in position 4, as occurs in the IGFBP
promoter (Table 7). Competition studies indicate that these
weaker AP-2 binding sites which therefore may be unable
withstand the high ionic strengths employed in our SELE
protocol. Nevertheless, it is clear that such weaker AP
binding sites, which deviate in one or more positions from t
consensus sequence, can act as criticalcis-regulatory elements.
In conclusion, our current analysis provides criteria for pr
dicting the ability of a particular sequence to act as an effect
AP-2α binding site and will assist in the identification of targe
genes for this critical transcription factor. It should also b
noted that all known AP-2 family members are highly relate
in their DNA binding and dimerization domains (1,2,4). There
fore, it is likely that the information obtained from this stud
will be applicable to the related AP-2β and AP-2γ proteins.
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