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Abstract

Cytosine methylation at CpG dinucleotides is a chief mechanism in epigenetic modification of 

gene expression patterns. Previous studies demonstrated that increased CpG methylation of Sp1 

sites at -268 and -346 of protein kinase C ε promoter repressed the gene expression. The present 

study investigated the impact of CpG methylation on the Sp1 binding via molecular modeling and 

electrophoretic mobility shift assay. Each of the Sp1 sites contain two CpGs. Methylation of either 

CpG lowered the binding affinity of Sp1, whereas methylation of both CpGs produced a greater 

decrease in the binding affinity. Computation of van der Waals (VDW) energy of Sp1 in complex 

with the Sp1 sites demonstrated increased VDW values from one to two sites of CpG methylation. 

Molecular modeling indicated that single CpG methylation caused underwinding of the DNA 

fragment, with the phosphate groups at C1, C4 and C5 reoriented from their original positions. 

Methylation of both CpGs pinched the minor groove and increased the helical twist concomitant 

with a shallow, hydrophobic major groove. Additionally, double methylation eliminated hydrogen 

bonds on recognition helix residues located at positions -1 and 1, which were essential for 

interaction with O6/N7 of G-bases. Bonding from linker residues Arg565, Lys595 and Lys596 

were also reduced. Methylation of single or both CpGs significantly affected hydrogen bonding 

from all three Sp1 DNA binding domains, demonstrating that the consequences of cytosine 

modification extend beyond the neighboring nucleotides. The results indicate that cytosine 

methylation causes subtle structural alterations in Sp1 binding sites consequently resulting in 

inhibition of side chain interactions critical for specific base recognition and reduction of the 

binding affinity of Sp1.
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1. Introduction

Epigenetic mechanisms are essential for development and differentiation and allow an 

organism to respond to the environment through changes in gene expression patterns. DNA 

methylation is a chief mechanism in epigenetic modification of gene expression patterns, 

and occurs at cytosine of the dinucleotide sequence CpG [1-3]. Although cytosine is 

methylated in 70% of CpGs of mammalian DNA, CpGs in the promoter/enhancer regions of 

many mammalian genes are not methylated. Methylation in promoter regions is generally 

associated with transcription repression of the associated genes [1,2,4-6]. Although the 

molecular mechanisms behind gene repression remain uncertain, studies have indicated that 

cytosine methylation has a distinct structural impact on DNA. Molecular dynamics and 

spectral studies demonstrate that subtle changes in nucleotide, sugar pucker and 

phosphodiester linkage conformation may play a critical role [7-9]. The addition of alkyl 

groups has also been shown to increase the rigidity of the DNA backbone and adversely 

affect protein binding [10].

Recent study demonstrated that increased CpG methylation of the Sp1 sites at -268 and -346 

of protein kinase C ε (PKCε) promoter caused the gene repression in the developing heart, 

resulting in heightened susceptibility of ischemia and reperfusion injury [11]. Yet, a 

molecular explanation for the presumed decreased Sp1 binding affinity as a result of 

cytosine methylation has not been described. Sp1 is a zinc finger protein consisting of 3 

domains each with an alpha helix and an antiparallel beta sheet coordinated to a Zn2+ ion 

with a Cys2His2 motif [12]. Because the only structural data available is that of the solution 

structure of the DNA binding domain in its unbound state, its exact mode of recognition 

remains uncertain. Herein, we present results of a combined experimental and modeling 

study of Sp1 in complex with the binding sites at -268 and -346 of the PKCε promoter. 

Using Electrophoretic Mobility Shift Assay (EMSA) and molecular modeling we provide 

models for cytosine methylation of Sp1 binding sequences causing distinct structural 

alterations of DNA that inhibit its interaction with Sp1 binding domain.

2. Materials and Methods

2.1. Molecular Modeling

All computations were performed using the software Molecular Operating Environment 

(MOE) 2008.10 [13]. The 3D coordinates of the molecular model of Sp1 in complex with 

the sequence AGGGCGGGGCCT was obtained from Dr. Takuya Yoshida from the Graduate 

School of Pharmaceutical Sciences, Osaka University, Japan [14]. Individual nucleotide 

bases were manually modified using the Sequence Editor to reflect the -268 and -346 Sp1 

binding sites (Table 1). Methyl groups were added manually using the Molecule Builder. All 

lone pair charges and hydrogen atoms were added with the CHARMM27 [15] force-field 

loaded. The system was energy minimized using the Generalized Born model of implicit 

solvation to a 0.05 kcal/mol gradient with Current Geometry selected under Chiral 

Constraints, to reach a local minimum. Following energy optimization, the van der Waals 

(VDW) energy of the system was calculated using CHARMM27. VDW potential maps were 

computed by isolating the DNA sequence and drawing a 4.5Å potential surface [16,17]. 
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DNA-Protein hydrogen interactions were scored as probabilistic potentials of bond 

formation and were obtained using the Ligand Interactions feature of MOE [18].

2.2. Electrophoretic Mobility Shift Assay (EMSA)

EMSA was performed using oligonucleotides of the -268 and -346 Sp1 binding sites with 

the recombinant Sp1 protein (Promega), as previously described [19]. Unmethylated and 

methylated Sp1 oligonucleotides at each CpG site or both CpG sites were synthesized by 

Integrated DNA Technologies, Inc. (Coralville, IA). Probe labeling and EMSA were 

performed using a biotin 3′ end-labeling kit and a LightShift chemiluminescent EMSA Kit 

per the manufacture's protocol (Pierce Biotechnology, Rockford, IL). Dot blot and series of 

controls were performed to ensure sufficient labeling and successful shift. Binding reactions 

were performed in 20 μl containing 50 fmol of the labeled double-stranded oligonucleotide 

probes, 1× binding buffer, 1 μg of polydeoxyinosinic acid and polydexycytidylic acid, and 

0.2 μg of purified Sp1, in the presence of increasing concentrations of the unlabeled 

oligonucleotides. DNA-protein complexes were resolved with 6% nondenaturing 

polyacrylamide minigels (29:1 cross-linking ratio). Nylon membranes were used for 

transferring DNA-protein complex, followed by UV cross-linking to the membrane. After 

applying chemiluminescent substrate, the membranes were exposed to Kodak x-ray film 

(Eastman Kodak) for autoradiography.

3. Results

Two Sp1 binding sites were identified at -346 and -268 in the rat PKCε gene promoter [19]. 

Each Sp1 binding element contains two CpG dinucleotide sequences at C1 and C6 positions. 

The eight Sp1 binding sequences studied, with all combinations of unmethylated or 

methylated cytosine at C1 and C6 are shown in Table 1. EMSA demonstrated that single 

CpG methylation at either C1 or C6 position decreased the binding affinity of recombinant 

Sp1 to both Sp1-346 and Sp1-268 binding elements, with the C6 methylation showing a larger 

decrease at -268 site (Fig. 1). Methylation of both CpG dinucleotide sequences at C1 and C6 

positions caused an even greater inhibition of Sp1 binding (Fig. 1).

To determine the underlying mechanisms of cytosine methylation inhibiting Sp1 binding, a 

molecular model was built for Sp1 in complex with each of the eight sequences. For each 

system, the van der Waals (VDW) energy was computed (Fig. 2). VDW values increased 

progressively with the number of cytosine methylated at both the -268 and -346 site (Fig. 2). 

In both binding sites, the C6 methylation showed a greater increase in VDW energy than the 

C1 methylation, and the increases of VDW energy for corresponding systems at -346 were 

less drastic than at the -268 site (Fig. 2). The higher VDW energy increase by C6 

methylation versus C1 methylation partially explains the greater inhibiting effect of C6 

methylation on Sp1 binding demonstrated in EMSA.

A molecular interaction (binding) model was developed to ascertain the exact mode of 

recognition of Sp1 to the -268 and -346 sequences (Table 2, hydrogen bond scores; Figs. (3 

and 4), strongest predicated intermolecular interactions). Intermolecular interaction mapping 

revealed that Sp1 binds to the DNA sequences utilizing residues along the finger 1 beta sheet 

(Tyr548 and Gly549) as well as positions -1, 1, 3, 5, 6, and 9 on its recognition helices. Also 
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essential to the specificity of Sp1 is Lys535 and the linker residues Arg565 and Lys595, 

which all reside in the same position relative to the Cys2His2 motif [20].

When bound to the non-methylated -268 sequence, several amino acids from zinc finger 3 

interact with the phosphate backbone and nucleotide bases (Fig. 3, Fig. 5A). Along the 

finger 3 recognition helix, a side chain NH3
+ hydrogen on Lys617 interacts with the 

phosphate group of C5′, while another from Lys614 bonds with the N7 at the G2 base. 

Hydrogen bonding also occurs between the hydroxyl groups of Ser613 and Ser609, and the 

phosphate groups of G6′ and C7′, respectively. Arg608 interacts with two separate 

nucleotides: the O6 from the G5 base interacts with the NH proton, and the O1 of the G3 

phosphate hydrogen bonds with the backbone nitrogen. Lys595 exists on the finger 2-finger 

3 linker with a proton from its NH3
+ donated to the O2 on the phosphate group of G2 (Fig. 

5B).

Along the finger 2 helix, Gln585 interacts with the O1 of the C9′ phosphate via its side 

chain amide group (Fig. 3, Fig. 5B). Also in the finger 2 domain, the NH of the Arg580 side 

chain bonds with the N7 of the G7 base (Fig. 3, Fig. 5B). The finger 1-finger 2 linker 

provides an additional interaction from Arg565, where one of its guanidinyl amines interacts 

with the O2 located on the phosphate backbone of G5 (Fig. 3, Fig. 5C).

Similarly, along the finger 1 helix, an Arg555 amine interacts with the O1 of G12′ (Fig. 2, 

Fig. 5C). Further down the helix, the NE2 of His553 forms a hydrogen bond with the N7 of 

G9. At the N-terminus of the recognition helix, Lys550 forms three hydrogen bonds on the 

bases of two nucleotides. The side chain amino group contacts the G10 base at O6 (carbonyl 

oxygen) and N7, while also interacting with the T11′ base at O4. At the N-terminus of 

finger 1, a phosphate contact is made between the side chain NH3
+ of Lys535 and the O2 of 

G8. Tyr548, a component of the antiparallel beta sheet (His537-Cys539 and Lys546-

Tyr548), engages in hydrogen bonding with the O2 at the phosphate of G7 via its hydroxyl 

group. Additional phosphate interactions occur through the backbone nitrogen of Gly549, 

which donates a proton to the O1 of G8, and the Thr551 hydroxyl that bonds with the O2 of 

G12′.

Sp1 binds to the -346 site in a nearly identical manner (Table 2 and Fig. 4). At finger 3, 

Lys617, Lys614, Ser613, Ser609 and Lys595 all interact with the same functional groups as 

in the -268 site. However, what is distinctly different from the -268 recognition mode is that 

Arg608 recognizes the G4 base rather than G5, and that the Lys596 NZ contacts a C8′ 
phosphate oxygen. At the finger 2 domain, Arg580 contacts the N7 of G8 and the hydroxyl 

of Ser581 undergoes an exchange with the phosphate O1 of C10′. Arg565 contacts the G5 

phosphate as in the -268 pattern. The finger 1 recognition pattern utilizes Arg559 and 

Arg555 to recognize oxygen atoms on the C11′ phosphate while His553 and Lys550 

recognize the A9 and G10 bases, respectively. Phosphate oxygen atoms of G7, G8 and A13′ 
are bonded to side chain atoms of Lys546, Lys535 and His537, respectively.

Probabilistic hydrogen bond scoring (Table 2) indicates that cytosine methylation 

significantly reduces or eliminates the percent likelihood of hydrogen bond formation 

between most of the base/phosphate atoms and Sp1 residues critical for recognition (Figs. 3 
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and 4). This is particularly true for residues on positions -1 and 1 of the recognition helices. 

At the -268 sequence, Lys550 (-1) had its predicted interaction with the T11′ O4 eliminated 

in response to single site or both CpG methylation. Thr551, the first residue of the finger 1 

helix, had a reduced score with the G12′ O2 in singly or fully methylated scenarios. Along 

the finger 2 helix, the interaction from the NH1 nitrogen of Arg580 (-1) to the N7 of G7 was 

disrupted in the cases of C1 and full methylation. Similarly, at the finger 3 helix, Arg608 (-1) 

and Ser609 (1) no longer interacted with the oxygen atom at the phosphate and cytosine base 

when -268 was singly or fully methylated. Likewise, the methylation of the -346 region 

reduced hydrogen bond scoring between the residues located at -1 and 1 of the recognition 

helix and the nucleotides of DNA (Table 2). In either single site methylation or full 

methylation, the interaction probability between Lys550 (-1) of the finger 1 helix and the 

G10 base was significantly reduced while the bonds from the guanidinyl group of Arg580 

(-1) of the finger 2 helix to the N7 and O6 base atoms of G8 were not projected at all (0%). 

Full methylation of -346 also completely eliminated projected hydrogen bonds from Ser581 

(1), Arg608 (-1) and Ser609 (1). In addition to the loss of the predicted H-bonding from the 

residues at -1 and 1 of the recognition helices, the H-bonding from linker residues Arg565, 

Lys595, Lys596 (-346 only) and Gly549 (-268 only) were also reduced or abolished in 

response to the full methylation at -268 site and -346 site.

Van der Waals (VDW) contact mapping of -268 and -346 sequences revealed that CpG 

methylation causes distinct structural alterations at the major and minor grooves (Figs. 6 and 

7). The unmethylated sequence of -268 has a polar major groove (Fig. 6A). Methylation of 

C1 caused an unwinding of the first three base pairs in the -268 sequence (Fig. 6B), and this 

was considerably more pronounced in the case of C6 methylation (Fig. 6C). This change in 

structure had the effect of widening the minor groove opposite to the finger 3 helix site. C6 

methylation caused a pinching of the minor groove opposite the finger 1 site as well as an 

increasing of the hydrophobicity of the major groove (Fig. 6C). Methylation at both C1 and 

C6 caused further decrease in major groove polarity, while maintaining the unwinding and 

the minor groove pinching seen for the individual methylations (Fig. 6D).

Methylation of -346 resulted in conformational changes similar to that of -268. Pinching of 

the minor groove was observed in single pair methylations as well as when the sequence had 

both pairs methylated (Fig. 7). Methyl groups added to C1 caused C1-G1′ mispairing, thus 

drastically altering the backbone conformation of both the 5′ and 3′ strands. The G2 

phosphate oriented downward while the G3 phosphate became flipped away from the major 

groove. Moreover, the T13-A13′ positions also mis-paired, leading to pinching of the minor 

groove. C6 methylation produced a similar effect at the minor groove near finger 1. When 

both cytosine pairs were methylated in the -346 sequence, the entire minor groove became 

narrower while the major groove showed a significant decrease in polarity.

The local conformational changes of the DNA sequence by methylation led to an increase in 

the helical twisting of its overall structure, resulting in an upward shift in the -268 sequence 

and a downward shift in the -346 sequence (Fig. 8). The shifting of the sequences may be 

one of the major reasons for the loss of many of side chain interactions with Sp1.
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Discussion

The computed models were based on DNA binding model structure of Sp1 built by Dr. 

Takuya Yoshida' group [14], modified in silico and minimized to create the eight bound 

species. Despite the simplicity of the approach, the models show remarkable agreement with 

the experimental results; the VDW energies, used as a proxy for binding energies largely 

parallel the observed binding affinities, and the models show distinctive conformational 

change of the DNA fragment with corresponding reduced binding interactions, upon 

increasing methylation.

Reorientation of the phosphate groups from steric crowding of methylated cytosine bases 

appears to be a key facilitator of the observed structural alterations. When cytosine was 

methylated at C6 position, the major groove at the finger 2 active site became shallow and 

sterically crowded. The 5′ strand of -268 binding sequences appeared more extended 

accommodate changes in orientation of C1 and G2 phosphates upon C6 cytosine 

methylation, specifically these two phosphates which were pointed toward the major groove 

before methylation, oriented equatorially after methylation. Contraction of the minor 

grooves appears to occur as a function of the phosphodiester linkages on opposing strands 

coming into closer contact with one another. Specifically, this was observed in -268 binding 

sequences where the O5 of G5 shifted toward the corresponding linkage at G1′ while the 

O5 of C12 moved closer to the C9′ backbone. In both cases, the minor groove was 

tightened and the aforementioned 5′ phosphate groups were realigned. Likewise, at -346 

binding sequences the O5 bonds of G5 and G12 underwent comparable translations.

The impact of cytosine methylation-induced structural alterations on Sp1 binding was 

evaluated. Overall, methylation of both C1 and C6 cytosine causes an increase in the helical 

twisting of the Sp1 binding sites (Fig. 8). This causes a significant change in the 

conformation of the major and minor grooves and, thereby, impairs the extent to which Sp1 

can bind. Alteration of the major groove inhibits side chain interactions from residues at 

positions -1 and 1 of the zinc-finger helices, which have been documented to be critical for 

recognition of G and C bases [21, 22]. Moreover, it has been suggested that the backbones of 

linker residues become more rigid and ordered upon binding, thus, indicating their critical 

role in molecular stabilization [14]. Our results indicate that cytosine methylation abolishes 

contacts between the phosphate backbone and the linkers Arg565, Lys595, Lys596 at -346 

binding sequences, as well as the turn residue Gly549 at -268 binding sequences, thereby, 

providing an additional explanation for the observed reduction in Sp1 binding affinity.

Methylation of single or both cytosine at C1 and C6 caused conformational changes 

throughout each oligonucleotide binding sequences and affected hydrogen bonding from all 

three Sp1-DNA binding domains, demonstrating that the consequences of cytosine 

methylation extend beyond the adjacent nucleotides. Also noteworthy is the markedly 

greater impact of cytosine methylation on -268 binding sequences as opposed to -346 

binding sequences exhibited in van der Waals energy computations, which implies that the 

consequences of cytosine methylation are sequence specific. A possible explanation for the 

relative stability of -346 binding sequences is the presence of an additional A-T base pair 

that may make the sequence less susceptible to structural shifts due to cytosine methylation. 
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Furthermore, the inhibiting effect of C6 methylation was shown to be greater than that of C1 

based on VDW energy calculations, which is consistent with the result of EMSA in the -268 

sequence, but not in -346. It is possible that Sp1 affinity is not only determined by the value 

of VDW energy, but also by the steric factor. As we can see from Figs. (6 and 7), C6 

methylation changed the major groove from polar to nonpolar while C1 methylation did not. 

The loss of many strong polar interactions at the major groove probably led to the greater 

increase of VDW energy for C6 methylation in both -268 and -346. The enigma that C1 

methylation had a slightly greater inhibiting effect than C6 methylation in -346 could be 

answered by its drastic structural changes due to C1 methylation (Fig. 7B). As demonstrated 

in Fig. (7B), the C1 methylation in -346 binding sequences totally changed its local 

conformation and destroyed the initial GC pairing, which is still partially preserved in C6 

methylation.

In conclusion, the present study has demonstrated the structural impact of combinations of 

cytosine methylation on Sp1 binding sites in gene promoter as well as the resulting changes 

in Sp1 hydrogen bonding and VDW interactions that consequently reduce Sp1 binding 

affinity. Steric crowding of the methyl groups appears to be a primary contributor to the 

reorganization of the DNA backbone by altering the orientation of phosphate groups and 

sugar-phosphate bonds. Changes in phosphate position reported previously [8] using 31P 

NMR spectroscopy indicated that cytosine methylation impacts the phosphate of the altered 

base and those of its flanking nucleotides. This is consistent with our data, which show 

changes both in orientation at the sites of methylation and in hydrogen bonding contacts at 

nearby nucleotides. Furthermore, several studies have also reported similar modifications in 

the helical twist and major/minor grooves as a direct consequence of DNA methylation 

[8,23,24]. Using NMR and MD simulations, Derreumaux and coauthors also reported 

similar findings of the methylated consensus sequence of the cAMP response element, 

which they attributed to steric crowding and changes in the solvation energy [9]. It is also 

plausible that such structural shifts, particularly along the sugars and phosphate groups, may 

be responsible for the reduced flexibility of the DNA backbone that has been observed in 

response to cytosine methylation [7,10,25]. Given that Sp1 is an important transcription 

factor that participates in the regulation of expression of many genes, the present study 

provides molecular insight into the role of cytosine methylation in regulating the 

transcription factor binding that contributes to the understanding of epigenetic modification 

of gene expression patterns.
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Fig. 1. Effect of CpG methylation on Sp1 binding
The binding affinity of Sp1 protein to the Sp1 binding sites at -268 and -346 was determined 

in competition EMSA assays as described in Methods. Recombinant Sp1 was incubated with 

labeled double-stranded oligonucleotide probes containing the consensus Sp1−346 and 

Sp1−268 binding motifs with unmethylated, methylated at each of the two CpG sites or both 

CpG sites. The competition EMSA was performed in the presence of increasing 

concentrations of the unlabeled oligonucleotides.
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Fig. 2. VDW Energies of Sp1 bound to -268 and -346 binding sequences
Cytosine methylation of -268 and -346 binding sequences significantly increased the energy 

of both strands. In either case, C6 methylation had a more drastic effect than that of C1 

while methylation of both C1 and C6 was impacted the most.
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Fig. 3. Schematic of major Sp1 H-bonding interactions with the promoter sequence 268
Finger 1 residues are colored red, finger 2 blue, and finger 3 green.
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Fig. 4. Schematic of major Sp1 H-bonding interactions with the promoter sequence 346
Finger 1 residues are colored red, finger 2 blue, and finger 3 green.
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Fig. 5. Predicted binding mode of Sp1 to -268
Hydrogen bonding is displayed in dotted red lines. A. The finger 3 helix binding mode 

involves recognition of the G5 base by Arg608 (-1), bonding between Ser609 (1) and C7′ 
O5, and interchange between Lys614 and the G2 N7. Ser613 and Lys617 make contacts at 

phosphate oxygen atoms from G6′ and C5′ respectively. Sp1 binds to the -346 sequence in 

essentially the same manner only using Arg559 to contact C11′ O1 instead of His553 N7 in 

finger 1 and Ser581 bonds with C10′ O1 as opposed to Gln585 with C9′ O1. Amino acid 

backbones have been omitted for clarity. B. At the finger 2 domain, a guanidinyl nitrogen 

atom from Arg580 (-1) bonds with the N7 of G7 while Gln585 and Lys595 interact with 

phosphate groups from C9′ and G2 respectively. C. Finger 1 interacts with the phosphate 

backbone using components of the antiparallel beta sheet: Lys535 (not shown), Tyr548, 

Gly549 (not shown). Lys550 (-1) recognizes N7 and O6 atoms from the G10 base along with 

His553 (3). Thr551 (1), Arg555 (5) and the linker residue Arg565 interact with phosphate 

backbones from Guanine nucleotides.
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Fig. 6. VDW Potential Map of -268 DNA
A unmethylated. B. C1 methylation. C. C6 methylation. D: full methylation. Purple 

represents regions of Hydrogen bonding potential, blue is polar and green is hydrophobic. 

Realignments of the phosphate potentials in response to cytosine methylation are labeled 

with arrows and are described in the text.
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Fig. 7. VDW Potential Map of -346 DNA
A unmethylated. B. C1 methylation. C. C6 methylation. D: full methylation. Color coding of 

potentials is explained for Fig. (6).
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Fig. 8. Impact of cytosine methylation on the structure of sp1 binding sites
Fully methylated sequences are displayed in red, overlayed on control (unmethylated) 

sequences colored in grey (carbon)-blue (nitrogen)-white (hydrogen)-red (oxygen).
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Table 1

Sp1 binding sites.

-268 -346

Unmethylated 5′- CGGGGCGGGGACG- 3′
3′- GCCCCGCCCCTGC- 5′

5′- CGGGGCGGAGGGT- 3′
3′- GCCCCGCCTCCCA – 5′

C1 methylation 5′- mCGGGGCGGGGACG-3′
3′- GmCCCCGCCCCTGC- 5′

5′- mCGGGGCGGAGGGT- 3′
3′- GmCCCCGCCTCCCA - 5′

C6 methylation 5′- CGGGG mCGGGGACG-3′
3′- GCCCCG mCCCCTGC- 5′

5′- CGGGG mCGGAGGGT – 3′
3′- GCCCCGmCCTCCCA – 5′

Full methylation 5′- mCGGGGmCGGGGACG-3′
3′- GmCCCCGmCCCCTGC- 5′

5′- mCGGGGmCGGAGGGT -3′
3′- GmCCCCGmCCTCCCA - 5′
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