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Abstract

In human and mouse stem cells and brain, 5-methylcytosine (5mC) and 5-hydroxymethylcytosine 

(5hmC) can occur outside of CG dinucleotides. Using protein binding microarrays (PBMs) 

containing 60-mer DNA probes, we evaluated the effect of 5mC and 5hmC on one DNA strand on 

the double-stranded DNA binding of the mouse B-ZIP transcription factors (TFs) CREB1, ATF1, 

and JUND. 5mC inhibited binding of CREB1 to the canonical CRE half-site |GTCA but enhanced 

binding to the C/EBP half-site |GCAA. 5hmC inhibited binding of CREB1 to all 8-mers except 

TGAT|GCAA, where binding is enhanced. We observed similar DNA binding patterns with ATF1, 

a closely related B-ZIP domain. In contrast, both 5mC and 5hmC inhibited binding of JUND. 

These results identify new DNA sequences that are well-bound by CREB1 and ATF1 only when 

they contain 5mC or 5hmC. Analysis of two X-ray structures examines the consequences of 5mC 

and 5hmC on DNA binding by CREB and FOS|JUN.
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Sequence-specific DNA binding of transcription factors (TFs) is the foundation of regulated 

gene expression. Two recent observations have expanded the lexicon of sequence-specific 

DNA binding of mammalian TFs. The first is that methylated cytosines (5mC) are iteratively 

oxidized by the ten-eleven-translocation (TET) family of dioxygenases to 5-

hydroxymethylcytosine (5hmC),2 5-formylcytosine (5fC), and 5-carboxycytosine (5caC).3 

5fC and 5caC are removed by thymine DNA glycosylase (TDG), completing the cytosine 

demethylation cycle.4,5 5hmC accumulates in several tissues, suggesting it may have a 

regulatory function.6 The second finding is that 5mC can occur in non-CG dinucleotides, 

initially being observed in stem cells7 and later in the brain.8 5mC and 5hmC outside of CG 

dinucleotides have not been identified as the predominant modification in a population of 

cells, though future studies may identify situations in which they are more abundant.

5mC on both cytosines in CG dinucleotides can inhibit or enhance DNA binding of B-ZIP 

proteins.9–12 The cAMP response element-binding protein (CREB1) regulates expression of 

cellular genes by binding to the consensus CRE sequence (TGAC|GTCA)13,14 and its 

variants.15,16 The vertical line in the middle of the 8-mer represents the center of the DNA 

motif dyad. Methylation of both cytosines in the CG dinucleotide at the center of the CRE 

motif inhibits CREB1 binding.9,10,17 In contrast, methylation of the central CG dinucleotide 

in the C/EBP motif TTGC|GCAA enhances DNA binding of C/EBP family members.9,10,18 

While the effect of 5mC and 5hmC in CG dinucleotides on sequence-specific DNA binding 

of B-ZIP and other TFs has been examined,10,19–21 their effect on DNA binding to non-CG 

dinucleotide-containing sequences has not been examined.

The B-ZIP domain is a long α helix with a bipartite structure. The C-terminal leucine zipper 

region mediates dimerization, and the N-terminal basic region mediates sequence-specific 

DNA binding.22 The amino acid determinants of leucine zipper-mediated B-ZIP 
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dimerization specificity and stability have been investigated in detail.15,23–28 However, the 

relationship between the amino acid sequence of the B-ZIP basic region and sequence-

specific DNA binding, including DNA sequences containing 5mC and 5hmC, has not been 

examined.

Previously, we used 5mC or 5hmC to double-strand the oligonucleotides on Agilent DNA 

microarrays, followed by a protein binding microarray experiment,29 to evaluate the effects 

of these cytosine modifications on sequence-specific DNA binding of two B-HLH TFs.30 In 

this study, we used the same approach to examine the sequence-specific DNA binding of 

three B-ZIP TFs (CREB1, ATF1, and JUND) to microarrays containing cytosine, 5mC, or 

5hmC.

EXPERIMENTAL PROCEDURES

Cloning and Expression of Mouse B-ZIP DNA-Binding Domains.

The B-ZIP DNA-binding domains (DBDs) of mouse CREB1, ATF1, and JUND were 

obtained from T. Hughes (University of Toronto, Toronto, ON) as a GST construct cloned 

into the pETGEXCT (C-terminal GST) vector.31 All three proteins were individually 

expressed using the PureExpress in vitro protein synthesis kit (NEB),10 in a 25 μL reaction 

volume containing 180 ng of plasmid.

Amino Acid Sequences of All Three Proteins Used in This Study.

The basic region DNA-binding domains are shown in bold in Chart 1.

Double-Stranding the Agilent 40K Array with Cytosine, 5mC, or 5hmC.

The specifics of the Agilent 40K array design and use of PBMs have been described else-

where.10,29,32,33 Briefly, these arrays comprise ~40000 single-stranded 60-mer 

oligonucleotides, each containing a variable probe sequence that is 35 bases long and a 

common 25-base sequence near the glass surface, which is complementary to the primer 

sequence used in DNA double-stranding. The 35-mer variable region is based on deBruijn 

sequences, which allow for all possible 8-mer sequences to be represented 32 times on the 

array. Specifically, we used the “HK” array design available on the NCBI Gene Expression 

Omnibus (GEO) platform GPL11260 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GPL11260).

To assess the effect of modified cytosines in a non-CG sequence context on TF binding, we 

modified the double-stranding procedure30,32 by using either 5-methylcytosine (5mC, NEB) 

or 5-hydroxymethylcytosine (5hmC, Zymo Research). The resulting double-stranded DNA 

on the array will contain either cytosine on both strands or 5mC or 5hmC on one strand and 

cytosine on the second strand. This results in a hemimethylated or hemihydroxymethylated 

state. DNA double-stranding was performed as previously described.10,34 The double-

stranding reaction mixture was spiked with Cy3-dCTP (4%) to monitor the double-stranding 

efficiency.10
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Protein Binding Reaction.

Protein binding reactions were performed as described previously.10 Briefly, 180 ng of 

plasmid containing DNA-binding domains of CREB1, ATF1, or JUND was used to express 

proteins using the PureExpress in vitro transcription translation kit (NEB) in a 25 μL 

reaction volume following the manufacturer’s instructions. The double-stranded arrays were 

blocked with 4% milk for 1 h and washed with 0.1% Tween 20 in 1× PBS. Freshly 

synthesized protein (25 μL) was mixed with 125 μL of a protein binding reaction mixture 

consisting of 4% milk in 1 × PBS, 50 ng of salmon testes DNA, and 0.2 μg/μL bovine serum 

albumin and added to the double-stranded array. The protein binding reactions were 

performed in the hydration chamber for 1 h followed by one wash with 0.5% Tween 20 in 

1× PBS. The protein bound array was incubated with the Alexa Fluor 647-conjugated anti-

GST antibody for 1 h, followed by three washes with 0.05% Tween 20. Finally, array slides 

were washed and dried in 1 × PBS and scanned using an Agilent Sure Scan II scanner.

Image Quantification and Analysis of Z-Scores.

For each protein-bound microarray, image quantification and calculation of Z-scores were 

performed as described previously.30 Microarray images were analyzed using ImaGene 

(BioDiscovery Inc.), and the extracted data (probe intensity values) were used for further 

analysis. The probe median intensities were used to calculate the Z-score for all 65536 8-

mers. In previous studies, complementary 8-mers were combined,10 but because of the 

asymmetric nature of the double-stranding protocol, complementary 8-mers are different. 

We then consider only the Z-score of the reverse complement of the 8-mer extracted from 

the array probe design as this represents the sequences that contain the modified cytosines in 

our double-stranding reaction. Thus, all 8-mers shown are the strands that can contain 5mC 

or 5hmC. In Figures 1 and 2, Z-scores on the y-axis were rescaled using the slope of the line 

of best fit computed from the Z-scores using 8-mers with no cytosine as a control. All 

proteins were assayed in duplicate with good agreement between replicates (Figures S2–S4). 

Data (raw probe intensities and 8-mer Z-scores) are available at the NCBI GEO database 

under accession code GSE88897.

Genomic Analysis of 8-mers in Regulatory Regions.

Human DNaseI hypersensitive site (DHS) data from 125 tissue and cell lines are from the 

ENCODE project35 and were downloaded from the University of California Santa Cruz 

Genome Bioinformatics Web site (http://genome.ucsc.edu/).36

To determine the enrichment of each 8-mer in the DHSs, we calculated an enrichment score 

for each 8-mer37 across the human genome (UCSC build hg19). For each 8-mer M of length 

L [e.g., the C/EBP motif (TTGCGCAA); L = 8], we denote M (xstart:xend) to record the 

positions where the motif starts and ends: x1:x1 + L − 1, x2:x2 + L − 1,... xN:xN + L − 1, N 
being the total number of motifs in the genome. For each position xi:xi + L − 1, if it 

overlapped with the examined regions (DHSs), xi = 1; otherwise, xi = 0.

For all the DHSs, the observed (OCCobs) and expected (OCCexp) occurrences of the 8-mer 

are calculated as OCCobs = ∑i = 1
N xi and OCCexp = N(Lr/Lg), respectively, where N is the 

total number of that 8-mer in the genome, Lr is the total length of base pairs in the examined 
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regions (DHSs), and Lg is the length of the genome. The enrichment score (E) for 8-mer M 
is then calculated with the equation E = OCCobs/OCCexp, where OCCobs is the observed 

number of occurrences and OCCexp is the expected number of occurrences of 8-mer M in 

the examined regions (DHSs).

Gene ontology (GO) analysis of 8-mer-containing promoters was performed using DAVID.
38

Structural Modeling.

Two crystal structures are available for investigation of the effects of cytosine modification 

on the binding of the proteins studied here. These are the structures of homodimeric CREB1 

bound to palindromic CRE (T−4G−3-A−2C−1|G1T2C3A4)39 (PDB entry 1DH3) and 

heterodimeric cFos|cJun binding to the canonical AP1 or TRE motif (T−4G−3A−2C/

G
0T2C3A4) (PDB entry 1FOS).40 Molecular models were developed with the CHARMM 

software package.41 Figures were generated with the UCSF Chimera package.42

RESULTS

Protein Binding Microarrays (PBMs) for Evaluating the Effect of 5mC and 5hmC on DNA 
Binding.

DNA polymerases can incorporate 5mC and 5hmC into DNA when double-stranding single-

stranded DNA.43 Previously, we exploited this property to double-strand the single-stranded 

DNA on an Agilent microarray using 5mC or 5hmC.30 This generates double-stranded 

arrays with 5mC or 5hmC on one DNA strand, mimicking what occurs biologically in 

several cell types, including brain.8,12,54 These arrays are then used in protein binding 

microarray (PBM) experiments (Figure S1). We are using an Agilent design termed the HK 

array, containing 40000 features, which include all possible eight-base sequences (8-mers) 

represented 32 times on the array when complementary 8-mers are combined. We use a 

standardized score (Z-score) from PBM data that reflects the binding affinity of a given TF 

for a particular 8-mer.29 Previously, we combined complementary 8-mers,10 but here we 

present Z-scores for all 65596 8-mers as complementary 8-mers can be different because of 

the double-stranding protocol. All shown 8-mers are those that can contain 5mC or 5hmC.

5mC Enhances DNA Binding of CREB1 and ATF1 to 8-mers Containing the C/EBP Half-Site 
Tetranucleotide |GCAA.

Figure 1A shows a scatter plot of Z-scores for CREB1-GST binding to DNA 8-mers (see 

Experimental Procedures) containing cytosine on both DNA strands (x-axis) or 5mC on one 

strand and cytosine on the second strand (y-axis). As an internal control, we plot 8-mers 

with no cytosines in gray. There is no 8-mer without a cytosine that is well-bound by 

CREB1-GST. For 8-mers containing cytosine, two groups are evident: those that are well-

bound by CREB1-GST only when they contain cytosine and those that are well bound only 

when they contain 5mC on one strand. The well-bound 8-mers with cytosine contain the 

CRE half-site |GTCA with the best bound 8-mer being the canonical CRE 8-mer13 

containing two cytosines at positions −1 and 3 of the motif T−4G−3A−2C−1|G1T2C3A4. 

Nucleotides are numbered relative to their position from the center of the motif dyad as in 
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the crystal structure coordinate file,39 and this pattern of numbering has been followed for 

all other 8-mers described in subsequent sections. The 8-mers containing 5mC on one DNA 

strand that are well-bound by CREB1-GST contain the C/EBP half-site |GC2AA with 5mC 

at position 2 in the motif.

We next examined 8-mers with only one cytosine to evaluate the contribution of individual 

5mCs at different positions in the motif to the DNA binding of CREB1-GST (Figure 1B). 

Three 8-mers are highlighted, TGAC−1|GTAA, TGAT|GTC3A, and TGAT|GC2AA with 

cytosine in three positions in the motif. 8-mers containing one cytosine that are at other 

positions in the motif are not well-bound. 5mC inhibits binding for the 8-mer TGAC−1|

GTAA with a cytosine at position −1. This is consistent with the previous observation that 

methylation of both cytosines in the central CG dinucleotide of the CRE motif inhibits 

CREB1 binding.9 5mC also inhibits CREB1-GST binding for the 8-mer TGAT|GTC3A 

containing a cytosine at position 3, indicating that 5mC at this position inhibits DNA 

binding. The 8-mer TGAT|GC2AA, with a cytosine at position 2 and containing the C/EBP 

half-site |GCAA, is well bound only when it contains 5mC. A few 8-mers are well bound 

with either cytosine or 5mC, including the CRE|C/EBP chimeric 8-mer TGAC−1|GC2AA 

(Figure 1A),10,15,16,44 at positions that inhibit (C−1) and enhance (C2) binding.

We next examined how cytosine and 5mC affected the DNA binding of the closely related 

ATF1-GST25 and obtained qualitatively similar results (Figure 1C,D). While the trends were 

the same, the magnitudes of Z-scores for ATF1 were lower than those of CREB1 (compare 

the y-axis of Figure 1C to the y-axis of Figure 1A, and Figures S1 and S2).

The binding results for JUND are shown in Figure 1E. As expected, the best bound 8-mer 

with cytosine was the canonical AP-1 motif TGAGTCAT.45 In contrast to that of CREB1 

and ATF1, DNA binding of JUND was uniformly inhibited by 5mC.

5hmC Enhances DNA Binding of CREB1 and ATF1 to 8-mers Containing the C/EBP Half-
Site |GCAA.

We next examined the effect of 5hmC on DNA binding of CREB1, ATF1, and JUND 

(Figure 2). As observed with 5mC, 5hmC inhibited DNA binding of CREB1 and ATF1 to 8-

mers containing the CRE half-site |GTC3A (Figure 2A,B). With the exception of a few 8-

mers, 5hmC obliterated DNA binding of CREB1 and ATF1 to most 8-mers that were well 

bound by 5mC, with the TGAT|GC2AA 8-mer being best bound (for CREB1, compare the 

y-axis of Figure 1A to the y-axis of Figure 2A; for ATF1, compare Figure 1C to Figure 2B). 

As with 5mC, the magnitudes of Z-scores for ATF1 were lower than those of CREB1. 5hmC 

inhibited DNA binding of JUND to all cytosine-containing 8-mers as observed for 5mC 

(Figure 2C).

Structural Analysis of the Effects of 5mC and 5hmC on B-ZIP TF Binding.

We analyzed two X-ray structures, CREB1 binding to a canonical CRE motif T−4G−3A−2C
−1|G1T2C3A439 (PDB entry 1DH3) and a cFos|cJun heterodimer binding to the AP-1 motif T
−4G−3A−2C/g0T2C3A4 (PDB entry 1FOS)40 as a proxy for the JunD homodimer, to provide a 

physical explanation for the observed effects of 5mC and 5hmC on sequence-specific DNA 

binding. Both cFos and cJun are homologous to JUND. Figure 3A shows the main region of 

Syed et al. Page 6

Biochemistry. Author manuscript; available in PMC 2021 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contact of the CREB1 protein with the nucleotides of the CRE motif (C−1|G1T2C3). Panels 

B and C of Figure 3 show the results of modeling-in methyl groups to represent the 5mC 

modifications of C−1 and C3. For C−1, the added methyl group packs next to the side chain 

of R301, with a small degree of atomic overlap. At C3, the added methyl significantly 

overlaps the NH2 group of the side chain of N293. Similar steric conflicts occur for the 

5hmC modification. We suggest these steric clashes explain the decrease in CREB1 binding 

affinity that occurs with 5mC- and 5hmC-modified CRE DNA (Figures 1 and 2).

Panels D and E of Figure 3 show the interactions of cJun with 5mC for C−1 and C3, 

respectively. This could be modeled because in the crystal the cJun|cFos dimer straddles the 

DNA helix in both possible orientations. These demonstrate significant steric clashes of the 

added methyl group on C1 with the side chain of R279, and on C3 with N271, the same 

asparagine that causes a steric clash with C3 in the CREB1 DNA structure (Figure 3C). 

Similar clashes would occur for the 5hmC modifications, and these are likely what cause the 

drastic reduction in binding affinity observed for JUND (Figures 1E and 2C).

Figure 4A shows a model of CREB1 binding the CRE|C/EBP motif (TGAT|G1C2A3A4), 

which was generated to examine how 5mC enhances binding at C2. The change from the 

CRE (|G1T2C3A4) to C/EBP (|G1C2A3A4) half-sites involves a switch from T2C3 to C2A3. 

While there is a gap between the base of the new C2 and the side chain of A297, the new A3 

packs well, forming hydrogen bonds with the side chain of N293. Figure 4B shows the same 

model with 5mC-modifed DNA at C2. The added methyl group to C2 fills the gap to form a 

stabilizing hydrophobic bond with the side chain of A297. This recapitulates the interaction 

between the methyl group of T2 with A297 in the CREB1/CRE structure (Figure 3A). Thus, 

5mC plays the same structural role that thymine does. The added stabilization of this 

hydrophobic bond is seen in the increase in Z-scores for the 8-mer TGAT|GC2AA with 5mC 

(Figure 1A,C). Figure 4C shows that for the 5hmC modification, the added hydroxyl group 

is able to form another stabilizing interaction with A297, a hydrogen bond with the 

backbone carbonyl oxygen, supporting our finding that 5hmC modification enhances 

CREB1 binding to the same TGAT|GC2AA sequence (Figure 2A). Why the JunD 

homodimer does not bind |GC2AA is not obvious from the examination of the cFos|cJun 

heterodimer structure. Potentially, the structure is a poor proxy for JunD homodimer-binding 

DNA, or sequence-specific DNA binding is subtle on an atomic level.

TGAT|GC2AA Is Enriched in Regulatory Regions in Brain and Promoters of Genes Involved 
in Brain Function.

We examined human regulatory regions [DNasel hypersensitive sites (DHS)]46 and 

promoters to illuminate the potential biological function of TGAT|GC2AA, the 8-mer in 

which CREB1 binding is enhanced when it is modified by 5hmC (Figure S5). We selected 

two negative control motifs with a base composition similar to that of the TGAT|GCAA 

sequence but not bound by any known TF. These negative control sequences are not 

enriched in any of the DHS examined, whereas C/EBP, CRE, and CRE|C/EBP chimeric 

motifs are enriched in DHS in all 125 samples. TGAT|GC2AA is enriched in DHSs from 

fewer samples, including DHSs derived from all brain cell types considered (Figure S5). 

Additional gene ontology analysis indicates that TGAT|GC2AA-containing promoters are 
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enriched for genes involved in biological processes related to brain function, including 

cognition, neurological system processes, and sensory perception (Figure S6).

DISCUSSION

In brain and stem cells, 5mC and 5hmC occur outside of CG dinucleotides, broadening the 

landscape of sequence-specific DNA binding of TFs. We have examined how 5mC and 

5hmC on one strand of double-stranded DNA alters the DNA binding specificity of three B-

ZIP homodimers using Agilent DNA microarrays. 5mC and 5hmC enhanced binding to 

some 8-mers containing the C/EBP half-site |GC2AA Similar results were obtained for the 

closely related ATF1. Both 5mC and 5hmC inhibit the binding of JUND to DNA. This is the 

first report describing enhanced DNA binding for CREB1 when DNA contains 5mC or 

5hmC. These observations suggest that cytosine modifications differentially affect the DNA 

binding activities of three TFs containing the same DNA-binding domain, the B-ZIP 

domain.

The structural analysis of CREB1 and cFos|cJun bound to DNA containing 5mC and 5hmC 

identified a steric clash when our experimental data indicated that the modification inhibited 

DNA binding. This included CREB1 binding a CRE motif (T−4G−3A−2C−1|G1T2C3A4), 

where C3 contains 5mC or 5hmC and Jun binding the cytosines in the AP-1 motif. The 

preferential binding of CREB1 to the 5mC-containing C/EBP half-site |GC2AA highlights 

how thymine and 5mC are structurally similar, possessing a methyl group on the same 

carbon in the pyrimidine ring. This provides an explanation for why CREB1 can bind the 

CRE half-site |GT2CA when it contains unmodified cytosines and |GC2AA when it contains 

5mC.

We note that in the CREB/CRE structure, a conserved cysteine is replaced with a serine to 

prevent disulfide bond formation,39 and the consequence for the crystal structure and DNA 

binding is unclear. Furthermore, in both the Fos-Jun| DNA40 and the viral B-ZIP-containing 

protein ZTA|DNA structures, the conserved cysteine residues are replaced with serines.47 In 

the case of the ZTA protein, this mutation compromises its function,48 suggesting a change 

in DNA binding specificity.

A limitation of our experimental system is that we cannot explore the effects of binding of 

TF to 8-mers containing different combinations of modifications. However, our PBM 

experiments and structural analyses identify positions in the motif in which modified 

cytosines can inhibit (e.g., C−1 and C3) and promote (e.g., C2) binding by CREB1 or ATF1, 

allowing predictions regarding the binding affinities of novel sequences to be made. For 

example, the 8-mer TGAC−1|GC2AA with cytosine at C−1 and 5mC at C2 would be better 

bound than any 8-mer we identified.

A dramatic result is that CREB1 binds only one 8-mer well when it contains 5hmC. This 

sequence, TGAT|GC2AA, is enriched in mammalian genomes and arises when the 

methylated CRE|C/EBP chimeric 8-mer TGAC−1|GC2AA spontaneously deaminates.34 This 

deamination product is 10 times more abundant than its parental sequence. Our genomic 

analysis indicates that this 8-mer is modestly enriched in DHSs in a subset of cell types, 
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including brain, unlike the C/EBP, CRE, or CRE|CEBP consensus motifs, which are highly 

enriched in DHSs of all cell types we examined. This suggests that while most occurrences 

of C/EBP, CRE, or CRE|C/EBP consensus motifs are associated with regulatory function in 

all cell types, only a subset of TGAT|GC2AA occurrences may function in a cell- or 

condition-specific manner, such as those that contain 5mC and 5hmC in brain cells. TGAT|

GC2AA is bound by other TFs, such as the ATF4|CEBPB heterodimer, which is involved in 

the stress response10 when it does not contain 5mC or 5hmC. We speculate that different 

cytosine modifications in this 8-mer would recruit different TFs (ATF4|CEBPB heterodimers 

binding the unmodified 8-mer and CREB1 binding the modified 8-mer), allowing for the 

activation of different transcriptional networks and biological processes.

CREB1 is known to function in the brain that contains these modified cytosines, suggesting 

that these modifications may be biologically relevant. The role of CREB1 has been 

extensively studied in memory formation.49 Dynamic changes in DNA methylation and 

demethylation in postmitotic neurons are necessary for long-term memory formation.50,51 

Fear memory upregulates DNMT3a and DNMT3b in hippocampus but not DNMT1,52 and 

TET1 deletion leads to impairment of hippocampal neurogenesis and memory deficits.53 

Importantly, non-CG methylation is abundant in brain tissues compared to other tissues;8,54 

however, their roles are not yet understood.

The biological importance of CREB1 binding DNA containing 5mC and 5hmC is difficult to 

evaluate. Cytosine modifications outside of CG dinucleotides are rare and never become the 

prominent cytosine modification in a population of cells, making it very cumbersome to 

biochemically examine them in vivo. We are hopeful that biological systems in which 

cytosines outside of CG dinucleotides are predominantly 5mC or 5hmC will be identified, 

allowing one to examine their function. Alternatively, it may be possible to design alleles 

that do not bind to unmodified DNA but still bind to 5hmC containing DNAs. If these alleles 

have biological activity, it would suggest that 5hmC binding is biologically important.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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5mC 5-methylcytosine

5hmC 5-hydroxymethylcytosine

CREB cyclic AMP response element-binding protein

DHS DNaseI hypersensitive site
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PBM protein binding microarray

PDB Protein Data Bank

TF transcription factor
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Figure 1. 
CREB1, ATF1, and JUND binding to DNA 8-mers containing cytosine or 5mC. (A) Z-

Scores for binding of CREB1-GST to DNA 8-mers with cytosine (x-axis) or 5mC (y-axis) 

on one DNA strand. 8-mers that do not contain a cytosine appear as gray spots, and those 

containing cytosine are shown as black spots. 8-mers containing the C/EBP half-site |

GC2AA (# = 1279) are colored green and those with CRE half-sites TGAC−1| or | GTC3A (# 

= 2554) red. Four 8-mers are highlighted. For the sake of clarity, the CRE half-site is colored 

red and the C/EBP half-site green. The Z-scores for binding to cytosine|5mC are given in 

brackets. (B) CREB1-GST binding to DNA 8-mers containing one cytosine (x-axis) or 5mC 

(y-axis). Three 8-mers are highlighted. (C) Same as panel A, but for ATF1-GST. (D) Same 
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as panel B, but for ATF1-GST. (E) Same as panels A and C, but for JUND-GST. The 

canonical AP-1 site TGAGTCAT bound by JUND is shown as a blue spot.

Syed et al. Page 15

Biochemistry. Author manuscript; available in PMC 2021 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
CREB1, ATF1, and JUND binding to DNA 8-mers containing cytosine or 5hmC. (A) Scatter 

plot of Z-scores for CREB1-GST binding to 8-mers containing cytosine (x-axis) or 5hmC 

(y-axis). (B) Same as panel A, but for ATF1-GST. (C) Same as panels A and B, but for 

JUND-GST.
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Figure 3. 
Steric clashes explain the decrease in the level of binding of B-ZIP TFs to modified 

cytosines. (A) Crystal structure of CREB1 bound to four bases of the canonical CRE (C−1|

G1T2C3). The protein is shown as a gray surface and highlights the nucleotide base and 

protein side chain interactions. Specific, interacting residues are shown as van der Waals 

spheres: gray for carbon, red for oxygen, blue for nitrogen, and white for hydrogen. The 

DNA is shown as a stick model, with the additional colors of magenta for the carbons and 

orange for the phosphorus atoms. The methyl group of the T2 base is shown as a transparent 

sphere to highlight contact with the side chain of A297. (B and C) Locations of modeled-in 

methyl groups of the 5mC-modifed C−1 and C3 nucleotides, respectively. The carbons of the 

added methyl groups are shown as transparent spheres. (D and E) Crystal structures of cJun 
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binding both strands of the AP-1 response element (|G1T2C3 and C1T2C3, respectively) with 

modeled-in 5mC methyl groups. The display format and color code are similar to those used 

in panel A.
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Figure 4. 
Models of CREB1 bound to the C/EBP half-site C|GCAA The display format and color code 

are similar to those used in Figure 3: (A) complex with unmodified DNA, (B) same model 

with 5mC modifications, and (C) highlight of the hydroxyl group of 5hmC-modified C2 

forming a hydrogen bond with the carbonyl oxygen of N293 (yellow line).
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Chart 1. 
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