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ABSTRACT: Previously, cooperative binding of the bZIP domain of CREB1 and the ETS domain of GABPa was observed for
the composite DNA ETS < CRE motif (A°C'C*G*G*ASA°G'T*G°A'°C"'G>T"3CA"®). Single nucleotide polymorphisms
(SNPs) at the beginning and end of the ETS motif (ACCGGAAGT) increased cooperative binding. Here, we use an Agilent
microarray of 60-mers containing all double nucleotide polymorphisms (DNPs) of the ETS < CRE motif to explore GABP«
and CREBI binding to their individual motifs and their cooperative binding. For GABPa, all DNPs were bound as if each SNP
acted independently. In contrast, CREB1 binding to some DNPs was stronger or weaker than expected, depending on the
locations of each SNP. CREB1 binding to DNPs where both SNPs were in the same half site, TG A or TCMA’S, was
greater than expected, indicating that an additional SNP cannot destroy binding as much as expected, suggesting that an
individual SNP is enough to abolish sequence-specific DNA binding of a single bZIP monomer. If a DNP contains SNPs in each
half site, binding is weaker than expected. Similar results were observed for additional ETS and bZIP family members.
Cooperative binding between GABPa and CREBI1 to the ETS < CRE motif was weaker than expected except for DNPs
containing A7 and SNPs at the beginning of the ETS motif.

H INTRODUCTION consisting of the ETS < CRE motif and variants.'® The single

In eukaryotic genomes, sequence-specific DNA binding nucleotide polymorphisms (SNPs) at the beginning and end of

proteins often cooperate to bind composite DNA motifs.'~"" the ETS motif (ACCGGAAGT) were more cooperatively

An example is the ETS < CRE motif (ACCGGAAGT- bound by CREBI and GABPa—glutathione S-transferase
GACGT(g\l)sy which localizes to proximal promoters in (GST) than the composite motif. Here, we evaluate GABPa
mammals " and contains the ETS motif (ACCGGAAGT) and CREB1 binding to double nucleotide polymorphisms

and the overlapping CRE motif (GTGACGTCA) with the GT (DNPs) of the composite ETS & CRE motif (AC-

dinucleotide occurring in each motif. The dimeric bZIP
domain of CREB1'* strengthens binding of the monomeric CGGAAGTGACGTCA) to further explore the nature of

ETS domain of GABPa*~" to the ETS < CRE motif only GABPa and CREBI binding to their consensus motifs, as well

when the two motifs are spaced in the configuration shown as to examine their effect on cooperative binding,
above, as described in ref 12
Previously, we investigated the sequence-specific cooperative Received: February 26, 2019
binding of GABPa and CREB1 using a custom protein binding Accepted: May 24, 2019
microarray (PBM) platform containing 177 440 DNA features Published: June 6, 2019

ACS Publications  © 2019 American Chemical Society 9904 DOI: 10.1021/acsomega.9b00540
g ACS Omega 2019, 4, 9904—9910


http://pubs.acs.org/journal/acsodf
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.9b00540
http://dx.doi.org/10.1021/acsomega.9b00540
https://acsopenscience.org/open-access/licensing-options/
https://pubs.acs.org/page/policy/authorchoice_termsofuse.html

ACS Omega

Table 1. Design of the 165 384 Feature Custom Agilent ETS < CRE DNP Microarray”

category (SNPs and GABP« CREB1
DNPs) solvent—rvariable 36-merlconstant 24-mer—glass intensity intensity cooperativity

solvent ~ ETS & CRE ACCGGAAGTGACGTCAGTCCTCAAGAGACTCAGGTGI 930 49 000 3.8
GGACACACTTTAACACATGGAGAG

CRE & ETS TGACGTCACTTCCGGTGTCCTCAAGAGACTCAGGTGI 8300 18 000 1.2
GGACACACTTTAACACATGGAGAG

central  ETS & CRE GTCCTCAAGAACCGGAAGTGACGTCAGACTCAGGTGI 4200 50 000 1.9
GGACACACTTTAACACATGGAGAG

CRE & ETS GTCCTCAAGATGACGTCACTTCCGGTGACTCAGGTGI 4300 61 000 1.7
GGACACACTTTAACACATGGAGAG

glass ETS & CRE GTCCTCAAGAGACTCAGGTGACCGGAAGTGACGTCA 3300 36 000 1.5
GGACACACTTTAACACATGGAGAG

CRE & ETS GTCCTCAAGAGACTCAGGTGTGACGTCACTTCCGGT! 3000 57 000 1.3

GGACACACTTTAACACATGGAGAG

“The experimental microarray DNA probes for every SNP and DNP for the 16-mer, CG dinucleotide containing composite ETS < CRE motif,
ACCGGAAGTGACGTCA, with the motif placed either in the center, near the solvent, or near the glass surface of the slide. The ETS < CRE

motif is represented in both orientations on the microarray.
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Figure 1. Observed vs Expected GABPa—GST binding to ETS < CRE DNPs. Scatter plot comparison of observed vs expected GABPa—GST
binding intensity to ETS < CRE motif DNPs for (A) solvent, (B) central, and (C) glass positions on the ETS < CRE DNP array. Expected DNP
binding intensities are calculated as the product of the fold-change in binding intensity observed for each SNP relative to consensus. (D—F) Same

as (A—C) for the CRE < ETS orientation of the motif.

B MATERIAL AND METHODS

Cloning and Expression of Mouse bZIP Proteins. We
obtained a GABPa—GST plasmid from the Tim Hughes lab, in
which the DNA binding domain of GABP« is fused to GST at
the C-terminal end to produce the chimeric protein GABPa—
GST." The CREB1 bZIP domain without GST was expressed
from a pTS plasmid.”” The proteins were expressed in in vitro
translation (IVT) system reactions using PURExpress an in
vitro Protein Synthesis Kit (NEB) as described in ref 19. For
the GABPa—GST and CREB1—GST IVT reactions, 570 ng of
plasmid was added to 250 uL of IVT solution. For analysis of
cooperativity between GABPa—GST and CREBI, 570 ng of
GABPa—GST plasmid and 66 ng of CREBI plasmid
(determined by serial dilution for highest cooperativity values;
Figure S1) were used in IVT reactions in a final volume of 250

9905

uL. IVT reactions were carried out at 37 °C for 2 h, and then
230 uL of the IVT solution was added to the arrays.

PBM Experiments. The single-stranded DNA 60-mer ETS
< CRE DNP microarrays were double-stranded by primer
extension and protein binding reactions were performed as
previously described (ref 18) All proteins in this study were
assayed twice (Figures S2—S4”), with high agreement between
replicates (R = 0.97—0.98) and little to no saturation of spots
on the arrays. Arrays with the least number of saturated spots
were used for further analysis. Data (raw probe intensities) are
available at the NCBI GEO database under accession
GSE125613.

Analysis of ETS and bZIP Family DNPs. We obtained
PBM Z-score data for all ETS and bZIP family transcription
factors (TFs) from v1.02 of the Catalogue of Inferred
Sequence Binding Preferences (CISBP*') and from other
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Figure 2. Observed vs Expected CREB1—GST binding to ETS < CRE DNPs. Scatter plot comparison of observed vs expected CREB1-GST
binding intensity to ETS < CRE motif DNPs for (A) solvent, (B) central, and (C) glass positions on the ETS < CRE DNP array. Expected DNP
binding intensities are calculated as the product of the fold-change in binding intensity observed for each SNP relative to consensus. (D—F) Same

as (A—C) for the CRE < ETS orientation of the motif.

PBM experiments.”””’ For the 8-mer with the highest Z-score,
the expected Z-score of a DNP was computed from the Z-
scores for each individual SNP using the following formula:
expected Z-score = [(Z-score SNP1)/(Z-score Top8mer)] X
[(Z-score SNP2)/(Z-score Top8mer)] X Z-score Top8mer.

Examination of Cooperative Binding of GABPa and
CREB1 to DNPs in Vivo. We used ENCODE ChIP-seq data
available for both GABPa and CREBI for the A549 cell line.”*
We divided the GABPa ChIP-seq peaks into two groups based
on the presence of CREBI binding: “GABPa + CREBI”
(regions bound by both GABPa and CREB1) and “GABPa —
CREB1” (GABP«a peaks that do not overlap CREBI peaks).
These peaks were further subdivided into promoter and
nonpromoter sets based on their overlap with a set of
promoters (—1000 to +500 bp from the transcription start
site) using the refSeq gene annotations for UCSC genome
build hgl9. For each set of peaks (all, promoter, and
nonpromoter GABPa + CREBI1), we computed an “enrich-
ment score”, E = OCC,,/OCC,,, for the ETS variant
A°C!C2G3G*ASA®A7, an ETS motif containing a SNP at A,
and all of its 1-bp variants. OCC
occurrences in each set of peaks, and OCC,,; is the number of
expected occurrences of the motif. OCC,,, was calculated as:
OCC,y = N X L,/L,, where N is the total number of motifs in
the whole genome, L, is the total length (in base pairs) in the
set of peaks, and L, is the total length (in base pairs) of the
human genome.

obs 1 the number of observed
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B RESULTS

Design of ETS < CRE DNP Microarray. We designed an
array, the ETS <& CRE DNP microarray, which contains all
DNPs of the ETS < CRE (ACCGGAAGTGACGTCA)
composite DNA motif (Table 1A). The microarray contains
6891 DNA sequences, each occurring 24 times for a total of
165 384 features. The sequences include the composite motif,
the 48 SNPs, and the 1080 DNPs for each of the three
positions of the ETS < CRE motif and the three positions of
CRE < ETS, and the reverse orientation of the motif in the
60-mer DNA on the microarray. 117 control probes are
included (Table S1). A 24-bp sequence (GGACACACTT-
TAACACATGGAGAG) is nearest the glass and in all features
and is complementary to the DNA primer used to make
double-stranded DNA (dsDNA) before the binding experi-
ment (see Methods). This microarray was used: (1) to
examine the dsDNA binding specificity of GABPa—GST and
CREB1—GST, each a chimeric protein containing the GST
domain at the C-terminal, and (2) to measure binding of
GABPa—GST in the presence of the bZIP domain of CREB1
(cooperative binding). The binding of a fluorescent antibody
to the GST domain was used as a measure of the strength of
binding to DNA."

GABPa—GST Binding to SNPs and DNPs. We first
examined the effect of DNPs of the ETS motif on GABPa—
GST binding. Figure 1A—F shows six comparisons of observed
versus expected GABPa—GST binding to DNPs of the ETS
motif ACCGGAAGT. Expected DNP binding intensities are
calculated as the product of the fold-change in binding
intensity observed for each SNP relative to the consensus
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Figure 3. Observed vs Expected GABPa cooperativity with CREB1. Scatter plot comparison of observed vs expected GABPa—GST and CREB1
cooperative binding to the ETS < CRE motif DNPs at the (A) solvent, (B) central, and (C) glass positions on the ETS < CRE DNP array.
Cooperativity is defined as the ratio of GABPa—GST binding intensity in the presence of CREB1 to GABPa—GST binding intensity in the absence
of CREB1.'® Expected DNP binding intensities are calculated as the product of the fold-change in binding intensity observed for each SNP relative
to consensus. (D—F) Same as (A—C) for the CRE < ETS orientation of the motif.

ACCGGAAGT. For instance, the SNP C° reduces GABPa—
GST binding two-fold relative to the consensus. The SNP A’
reduces binding four-fold. Assuming the SNPs contribute
independently to binding, the DNP C°A’ is expected to reduce
binding eight-fold relative to the consensus, which is what is
observed at all six positions. Therefore, SNPs of the ETS <
CRE motif contribute independently to GABPa binding. The
experimental and observed binding intensities are similar,
indicating no cooperative or anticooperative interactions
between nucleotides in the ETS motif. Observed GABPa—
GST binding intensities are consistent with degeneracy of the
GABPa binding site at the flanks of the motif (A°C'C?, green
spots; ASG’T?, red spots).'”** DNPs with at least one SNP in
the central G’G*A® of the ETS motif (gold and purple spots)
reduce GABPa—GST binding several-fold, as observed for
GABPa—GST binding to SNPs of the ETS motif."® GABPa—
GST binding intensity is reduced when the ETS motif is placed
at the solvent or when it is far buried in the 60-mer DNA
probe (Figure SS).

CREB1-GST Binding to SNPs and DNPs. CREB1 binds
to the CRE as a dimer, with each monomer binding different
overlapping S-mers (T®G’°A'°C"G" or CMGT"C"A")
with the central CG dinucleotide being bound by each
monomer. SNPs at positions T8, G®, C™ and A" at the flanks
of the palindromic motif reduce CREB1 binding 2-fold relative
to consensus, whereas SNPs at the central AY°C1'G2T?3 of the
CRE motif reduce binding 8-fold (Figure S6). Unlike GABPq,
DNPs are either stronger or weaker bound than expected for
all six positions and orientations of the motif on the microarray
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(Figure 2, off-diagonal points). In other words, CREB1—GST
does not always bind to DNPs of the CRE motif as the
independent product of its binding to SNPs of the motif. We
have color-coded four groups of DNPs according to the
location of each SNP within the CRE and observe opposite
effects. DNPs in either half site (T3G?A'® or T'*CAS) which
exclude the central CG dinucleotide are better bound than
expected, as if one SNP abolishes binding and a second SNP in
the same half site cannot weaken binding even more. These
DNPs tend to be in TG’ and C'A'S, which are equivalent
positions in the palindromic motif. DNPs with one SNP in
each half site (T*G’°A’°—T'3C"A'S) and DNPs with a SNP in
the central CG dinucleotide (T3G’A'°—~C"'G'? and C''G"—
T"C"A'"S) are worse bound than expected. In other words, a
SNP in each half site compromises both binding half sites and
are weaker bound than expected.

Binding of ETS and bZIP Family Members to DNPs.
To examine whether the observed binding activities of GABP«
and CREB1 to DNPs is a general property of ETS and bZIP
families, we analyzed all publicly available mouse bZIP (64)
and ETS (23) PBM data sets”' > (Figures S7,S8). For this
analysis, we examined Z-scores,”® a measure of relative binding
which has a near linear relationship with fluorescent intensity
of our custom PBMs.'® For ETS family members, each SNP
contributes independently to binding of DNPs (Figure S7), as
observed for GABPa-GST. For most bZIP family members,
several DNPs in one-half site are better bound than expected
as observed for CREB1 (Figure S8). The DNPs that are better
bound than expected are both in the same half site as observed
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for CREB1—GST. This is particularly true for bZIPs binding
the CRE (TGACGTCA) as opposed to those binding the PAR
motif (TTACGTAA).

Cooperative Binding of GABPa—GST and CREB1 to
DNPs. Figure 3 compares the observed and expected
cooperativity of GABPa—GST binding in the presence of
CREBI to DNPs of the ETS < CRE and the CRE < ETS
motif at all six locations. Cooperativity is defined as the ratio of
GABPa—GST binding in the presence of CREB1 to GABPa—
GST binding.'® The expected cooperativity of an ETS <> CRE
DNP is defined as the product of cooperativity observed for
each SNP. Different patterns of observed versus expected
cooperativity are obtained depending on the orientation and
location of the ETS < CRE motif.

Focusing on the ETS < CRE at the central position (Figure
3B), the DNPs in the ETS motif (purple) are better or worse
bound than expected compared to DNPs with only one SNP in
the ETS motif (green, yellow, and red). DNPs within the ETS
motif A°C'C’G’G*AASG'T® (purple) may be divided into
two classes: those which are less cooperatively bound than
expected (points on the upper left of the plot) and those which
are more cooperatively bound than expected (points on the
lower right of the plot). The ETS DNPs that are less
cooperatively bound than expected have SNPs with high
cooperativity (e.g, T'C’, C°C”, A>C7, T'CS, T'A?, ACS, A'C,
A'C% and A'A?) (Figure S9). The second class of DNPs
within the ETS motif that are more cooperatively bound than
expected often involve the SNP A7 (e.g, G'A” and G®A”). A
histogram for DNPs of the SNP A” (Figure S9B) shows that
the SNP A” has a cooperativity value of only 2, whereas DNPs
at positions 0, 1, 2, and 6 have cooperativity values between 3
and S. This indicates that the SNP A” enhances cooperativity
of SNPs at the beginning of the ETS motif.

GABPa and CREB1 Cooperative Binding to ETS <
CRE DNPs in Vivo. We examined publicly available ChIP-seq
data in AS549 cells to determine if GABPa and CREBI
preferentially colocalized to genomic regions containing DNPs
of the ETS motif (an in-depth microarray and ChIP-seq
comparison of GABPa and CREBI cooperative binding to
SNPs of the composite ETS < CRE motif may be found in ref
18). For this analysis, we chose the sequence
A°C!C2G3G*ASA®A7, an ETS motif containing a SNP at A7,
which produces the highest observed cooperativity with
additional SNPs (Figure 3B,E). The ETS < CRE motif SNP
A’ is 2-fold more enriched in genomic regions containing
overlapping GABPa and CREBI ChIP-seq peaks (GABPa +
CREB1) versus genomic regions in which GABPa is bound
alone (GABPa — CREBI1) (Figure S10A). Examination of
specific DNPs highlight G'A” (2.6), C°A” (2.2), and G°A’
(2.4) DNPs with greater enrichment in cobound GABP« and
CREB1 ChIP-seq peaks than those containing a single A” SNP.
In particular, G'A” and G®A” DNPs show the most
cooperativity, providing evidence that preferential binding of
these DNPs occurs only when CREBI is colocalized in vivo
(Figure 3). The remaining DNP (C*A”), however, shows little
cooperativity in our in vitro experiments. This suggests that
cooperative binding with other family members or mechanisms
other than intrinsic transcription factor-DNA binding affinity
(e.g., chromatin posttranslational modifications, recruitment of
cofactors and other protein complexes) can drive cooperativity
in vivo. Examination of enrichment scores of GABPa and
CREB1 ChIP-seq peaks separated by nonpromoter and
promoter status (Figure S10B,C) indicates that the coopera-
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tivity of binding the G'A” and G®A” DNPs is strongest for
GABPa + CREBI peaks in nonpromoter regions, whereas
cooperativity of binding the C°A” DNP is strongest in
promoter-associated GABPa + CREBI peaks, suggesting that
genomic or regulatory (e.g., promoter or enhancer) context
may also affect cooperativity in vivo.

B DISCUSSION

GABPa and CREB1 cooperatively bind to the composite ETS
& CRE motif ACCGGAAGTGACGTCA."> Cooperativity is
enhanced for several SNPs at the beginning and end of the
ETS motif (jﬂGGA&),JS suggesting an intricate allos-
tery.”” To explore this cooperativity in more detail, we
designed the ETS <& CRE DNP microarray that contains all
DNPs of the ETS < CRE motif. For GABPa—GST, SNPs
contributed independently to binding DNPs of the canonical
ETS motif. For CREB1, DNPs with both SNPs in the same
half site are better bound than expected and DNPs with a SNP
in each half site are worse bound than expected. This suggests
that the CRE motif can sustain a SNP and still maintain a
functional binding site for CREBI. In other words, both half
sites of the CRE motif must be compromised to abolish
sequence-specific DNA binding to the motif. Examination of
publicly available PBM data indicates that these differences in
binding DNPs appear to be a general property of ETS and
bZIP family members.

The preferential binding of bZIPs to DNPs occurring in the
same half site of the palindromic motif may be explained by the
second SNP failing to compromise binding because sequence-
specific DNA binding was destroyed by the first SNP. This is
in stark contrast to DNPs in which each SNP occurs in
different half sites, which would destroy optimal binding of
each bZIP monomer. This result highlights the cooperative
binding of the two monomers in the bZIP dimer. One SNP is
sufficient to break the specificity of a CREB1 monomer to its
DNA binding half-site. In contrast, ETS proteins bind DNA as
monomers and are unable to bind DNPs better than expected.
This highlights how a single SNP does not destroy sequence
specific DNA binding. For ETS proteins, multiple changes to
the DNA are necessary to break the specificity of the protein to
its DNA binding site. These properties are general for these
two families of sequence-specific DNA binding proteins.

GABPa and CREBI1 cooperatively bind some DNPs of the
ETS < CRE motif. Many DNPs containing the SNP A” are
stronger bound than expected. In contrast, DNPs containing
SNPs at opposite ends of the ETS motif
(A°C'C*G3G*ASA®G7) are worse bound than expected.
Examination of ChIP-seq data in AS49 cells shows GABPa
and CREBI preferentially colocalized to genomic regions
containing DNPs of the ETS motif A’CIC2G3G*ASACA’.
Several of the most cooperatively bound DNPs in our in vitro
experiment are also preferentially bound by GABPa only when
CREBI is colocalized in vivo. A few DNPs which are not
cooperatively bound in our in vitro experiment are well bound
in vivo, particularly at promoters, suggesting the role of
genomic contexts, other family members, or mechanisms other
than intrinsic transcription factor-DNA binding affinity driving
cooperativity in vivo.

Cooperative binding of ETS and bZIP family members to
DNA has previously been described. The bZIP heterodimer
AP-1 has been shown to cooperatively bind DNA in the
presence of NFAT.”® Cooperative DNA binding has also been
shown between members of the ETS family, such as C/EBP,
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and NF-kB,”’ PAX,'®3%3! and bZIP family members.>>
Cooperative TF binding is thought to be a critical mechanism
for fine-tuning genetic regulation.1’8’16’33’34 For GABPa and
CREBI colocalization in vivo, accumulation to some genomic
positions can be driven by intrinsic DNA binding specificity, as
we have identified in vitro.

Although the understanding of protein—protein interactions
has matured,>*>® interactions driving protein—DNA complex
formations remain less explored. These intricate data sets
provide insight into the interconnected protein—DNA
interactions employed by genetic regulatory processes. It
would be interesting to study the cooperative interactions of
other transcription factors known to bind the ETS < CRE and
ETS < APl motifs using the custom DNA microarray
platform.
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