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Abstract

Many eukaryotic transcription factors recognize the epigenetic marker 5-methylcytosine (mC) at 

CpG sites in DNA. Despite their structural diversity, methyl-CpG-binding proteins (MBPs) share a 

common mode of recognition of mC methyl groups that involves hydrophobic pockets and weak 

hydrogen bonds of the CH⋯O type. The zinc finger protein Kaiso possesses a remarkably high 

specificity for methylated over unmethylated CpG sites. A key contribution to this specificity is 

provided by glutamate 535 (E535), which is optimally positioned to form multiple interactions 

with mCpG, including direct CH⋯O hydrogen bonds. To examine the role of E535 and CH⋯O 

hydrogen bonding in the preferential recognition of mCpG sites, we determined the structures of 

wild type Kaiso (WT) and E535 mutants and characterized their interactions with methylated 

DNA by nuclear magnetic resonance spectroscopy (NMR), X-ray crystallography, and in vitro 
protein–DNA binding assays. Our data show that Kaiso favors an mCpG over a CpG site by 2 

orders of magnitude in affinity and that an important component of this effect is the presence of 

hydrophobic and CH⋯O contacts involving E535. Moreover, we present the first direct evidence 

for formation of a CH⋯O hydrogen bond between an MBP and 5-methylcytosine by using 

experimental (NMR) and quantum mechanical chemical shift analysis of the mC methyl protons. 

Together, our findings uncover a critical function of methyl-specific interactions, including CH⋯O 
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hydrogen bonds, that optimize the specificity and affinity of MBPs for methylated DNA and 

contribute to the precise control of gene expression.

Graphical abstract

Epigenetic marking of the mammalian genome encodes tissue-specific gene expression, 

leading to normal development and differentiation of distinct cell lineages.1–3 In mammalian 

DNA, the principal epigenetic modification is 5-methylcytosine (mC), which is formed by 

the enzymatic addition of a methyl group to the C5 position of cytosine.4 This epigenetic tag 

is most commonly found in CpG dinucleotides,5 though methylation at non-CpG sequences 

occurs more rarely and is important in neurons and embryonic stem cells.6–8 CpG 

methylation can profoundly alter the structure and transcriptional state of chromatin by 

blocking or enhancing the binding of regulatory proteins or by directly modifying 

nucleosome stability and DNA accessibility.9,10 Methylation plays a central role in 

developmental processes such as X-chromosome inactivation,11 genomic imprinting,12 and 

transposon suppression13 as well as in carcinogenesis.14 Aberrant methylation can 

deregulate genes and foster cancer progression: hyper-methylation at regulatory CG islands 

can silence tumor suppressor genes, while hypomethylation can activate tumor proliferation 

genes and promote genome instability through DNA rearrangements.15,16

Methylation at CpG sites (i.e., methylation on the cytosines of both DNA strands, forming 

[mC]pG:Gp[mC]) is read by a set of transcription factors (TFs) known as methyl CpG-

binding proteins (MBPs), which translate the signal into a transcriptional response via 

interaction with chromatin modifiers or help maintain the epigenetic mark by recruitment of 

DNA methyltransferases.9,17 Until recently, only three classes of mammalian TFs—methyl-

CpG-binding domain (MBD) proteins (MeCP2, MBD1, MBD2, and MBD4), C2H2 zinc 

finger (ZF) proteins [Kaiso (also known as ZBTB33), ZBTB4, ZBTB38, ZFP57, etc.], and 

SET and RING finger-associated (SRA) domain proteins (UHRF1 and UHRF2)—were 

known to recognize mCpG sites in DNA.9,17 However, the use of genomewide technologies 

and high-throughput screens for mCpG “readers” has led to the discovery of a large number 

of TFs with distinct DNA-binding domains (DBDs) that bind specifically to mCpG sites, 

both in vitro and in vivo.18 These findings suggest that mCpG-dependent activity may be 

widespread among mammalian TFs, pointing to potential new mechanisms for epigenetic 

regulation.

Despite their structurally distinct DNA-binding domains, the MBD and ZF class of MBPs 

share a common mode of recognition of mCpG sites.17,19 At one (ZF) or both (MBD) DNA 
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strands of the mCpG site, a spatially conserved arginine stacks against the mC methyl group 

in the major groove and forms a pair of hydrogen bonds with the 3′ guanine (Figure 1 and 

Figure S1). In addition, the methyl groups of the two symmetric mCs form (i) hydrophobic 

contacts with nearby aliphatic protein side chains and (ii) noncanonical CH⋯O type 

hydrogen bonds (direct or water-mediated) with a side chain carboxyl (glutamate or 

aspartate) or hydroxyl (tyrosine) group or a backbone carbonyl group (Figure 1 and Figure 

S1). Several studies have recognized the functional importance of CH⋯O hydrogen bonds in 

protein structure and folding, protein–protein recognition, ligand binding, and enzyme 

catalysis.20,21 CH⋯O interactions have also been implicated in nucleic acid structure and 

protein–nucleic acid complexes, including the recognition of 5-methylcytosine in DNA by 

all three classes of MBPs,22–24 yet direct evidence for their formation at the protein–DNA 

interface and their contribution to binding energy is currently lacking.

It is likely that the extent to which MBPs can discriminate methylated from unmethylated 

CpG sites plays a large part in their selectivity toward target sites and thus in their ability to 

modulate gene expression. Published studies reveal that preferences of MBPs for methylated 

over unmethylated CpGs are highly variable, ranging from 2-fold to nearly 2 orders of 

magnitude.25–28 The ZF proteins Kaiso and Zfp57 have shown exceptionally high selectivity 

toward mCpG and tend to have more direct or stronger methyl-specific contacts relative to 

those of other well-characterized ZF MBPs.23,24 What sets Kaiso apart is the optimal 

orientation of a glutamate (E535), which extends deep into the major groove between the 

two symmetric mCs and establishes van der Waals contacts and potentially two CH⋯O 

hydrogen bonds with the mC methyl groups (Figure 1).23 In Zfp57, a corresponding 

glutamate (E182) adopts two alternative, less optimal conformations and makes a potential 

CH⋯O hydrogen bond with only one mC methyl group (Figure S1).24 In other ZF proteins, 

the glutamate is replaced by an aspartate, which cannot protrude as deeply into the major 

groove and consequently forms weaker or water-mediated CH⋯O hydrogen bonds with the 

mC methyl groups (Figure S1).29 Importantly, mutation of E535 to alanine in Kaiso and the 

related protein ZBTB4 abolishes binding to methylated DNA in vitro and in vivo,30 while 

mutation of the respective glutamate or aspartate has an only modest effect on the mCpG 

binding affinity of other MBPs.27,31

Kaiso presents a unique opportunity to study the role of methyl-specific contacts, especially 

CH⋯O hydrogen bonds, in the preferential binding of MBPs to CpG-methylated DNA. 

Kaiso is a BTB/POZ transcription factor with both a sequence-specific and methylation-

dependent DNA binding activity in the cell.32,33 It typically acts by binding to target DNA in 

gene-regulatory regions via its three adjoining C-terminal C2H2-ZF motifs and recruiting 

chromatin remodeling factors to gene promoters via its N-terminal POZ domain34,35 to 

inhibit (and in some cases stimulate36) transcription. Kaiso is known to regulate a large 

number of genes (for example, those encoding MMP7, MTA2, Cyclin D1, WNT11, and 

Hif1α) and some miRNAs, which perform diverse functions instrumental to normal 

development and cancer, including cell cycle regulation, genomic imprinting, hypoxic 

response, and behavior.37–42 Interactions between the ZF domain and other proteins also 

play an essential role in Kaiso function; for instance, association with the signaling cofactor 

p120 catenin in cancer interferes with Kaiso–DNA binding and relieves transcriptional 

repression.32 Here, to elucidate the role of E535 and CH⋯O hydrogen bonds in the specific 
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recognition of mCpG sites, we examined the methylated DNA binding and structural 

properties of the zinc finger DNA-binding domain (residues 471–604) of wild type (WT) 

Kaiso and E535 mutants using X-ray crystallography, nuclear magnetic resonance (NMR) 

spectroscopy, and biolayer interferometry. Our findings point to a critical role of Kaiso E535 

in maintaining mC-specific contacts, including CH⋯O hydrogen bonds that we can visualize 

directly by NMR, in the preferential recognition of methylated DNA.

EXPERIMENTAL PROCEDURES

Sample Preparation

A uniformly 15N-labeled Kaiso(471–604) construct containing the optimal DNA-binding 

domain was expressed and purified as previously described.26 Kaiso E535 mutants were 

generated using standard methods for site-directed mutagenesis. The lyophilized protein was 

dissolved in NMR buffer [10 mM Tris (pH 7.0) and 1 mM TCEP] and quantified by the 

absorbance at 280 nm (NanoDrop, Thermo Scientific). The protein was refolded by gradual 

addition to NMR buffer supplemented with 3.3 molar equivalents of Zn2+ (~20 μM final 

protein concentration) and stored at −4 °C for up to 2 weeks. All DNA oligonucleotides, 

including those with 5-methylcytosine and 5′-biotin modifications, were purchased in 

purified form from IDT (Coralville, IA) and dissolved in NMR buffer (0.1–0.5 mM). Single-

stranded DNA was quantified on a Nanodrop (Thermo Scientific) using the absorbance at 

260 nm and extinction coefficients provided by the supplier. Duplex DNA was prepared by 

mixing equal amounts of complementary oligonucleotides, heating to 95 °C, and annealing 

by slow cooling to room temperature. DNA constructs are listed in Table S1. Kaiso–DNA 

(1:1.1) complexes were formed by adding the protein to the DNA, desalted, and buffer-

exchanged using an Amicon centrifugal filter device (3 kDa) (EMD Millipore), and further 

concentrated to 0.1–0.2 mM. NMR samples were supplemented with 5% D2O. 

Kaiso(E535A)–DNA complexes were prepared with a 2-fold molar excess of DNA due to 

significant protein precipitation at the 1:1.1 ratio. Complex formation for NMR and 

crystallographic studies was verified by recording one-dimensional imino proton spectra for 

the DNA and two-dimensional 1H–15N HSQC spectra for the protein.

Biolayer Interferometry

Kaiso–DNA binding kinetic studies were performed on an Octet RED96 system using 

streptavidin (SA) biosensors (Pall ForteBio). DNA was labeled with biotin at the 5′ end of 

the top strand (Table S1). The reactions were performed at 298 K in a 96-well plate using the 

following steps: (1) sensor check (60 s), (2) immobilization of 5′-biotin-labeled DNA (800 

nM) onto the biosensor (80 s), (3) blocking and buffer equilibration (300 s), (4) protein 

association (5–30 min), (5) protein dissociation (5–360 min), (6) sensor regeneration in 2 

mM KCl (5 min) followed by (7) buffer equilibration, and repeat steps 6 and 7 twice. Steps 

1, 2, and 7 were performed in buffer 1 [10 mM Tris (pH 7.0), 150 mM KCl, and 1 mM 

TCEP], and steps 3–5 were performed in buffer 2 (buffer 1 with 0.05% Tween 20 and 1 

mg/mL dried milk powder). For step 4, four different protein concentrations ranging from 

12.5 to 200 nM were typically used, and each data set was repeated at least twice. Assay 

conditions were extensively optimized because of strong nonspecific Kaiso interactions (i.e., 

with the biosensor surface, standard blocking reagents such as BSA, DNA, or itself) as well 
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as the large range of protein dissociation times observed. The binding profiles were typically 

fitted with a two-state binding model using the Octet software, which allowed us to extract 

the association and dissociation rate constants (kon and koff, respectively) and to obtain 

dissociation constants (Kd = koff/kon) (Table 1). kon values were alternatively extracted from 

the slope of a linear fit of the observed association rate constant (kobs) as a function of 

protein concentration (reported in Table 1). Significant nonspecific binding effects at protein 

concentrations above 200 nM precluded us from probing higher concentrations that were 

necessary for accurate determination of kon in the case of weak protein–DNA binding. In the 

presence of residual nonspecific binding that was sufficiently faster than the protein–DNA 

koff, the nonspecific portion was removed from the analysis or a three-state binding model 

was used instead.

X-ray Crystallography

Crystallization trials for Kaiso–MeCG2 and Kaiso–KBS complexes were performed using 

the automated Rigaku Crystalmation system of the Joint Center for Structural Genomics 

(JCSG) at The Scripps Research Institute (TSRI). A subset of these conditions was 

replicated manually on a larger scale using sitting drop vapor diffusion, where protein and 

mother liquor were mixed in a 1:1 ratio in a 2 μL drop. The final crystallization conditions 

for the Kaiso–MeCG2 complex were 0.1 M Tris (pH 8.5), 0.2 M ammonium acetate, and 

30% 2-propanol (4 °C). The final conditions for Kaiso–MeKBS, Kaiso–MeKBShemi, and 

Kaiso(E535Q)– MeKBS complexes were 0.2 M disodium tartrate (pH ~7.2) and 20% 

PEG3350 (20 °C). Suitable crystals could not be obtained for Kaiso(E535A)–MeCG2 and –

MeKBS complexes, likely because of the low stability and/or conformational exchange. 

Crystallographic data were collected from cryo-cooled crystals at Stanford Synchrotron 

Radiation Lightsource (SSRL) beamline 9-2, 11-1, or 12-2 (see Table S2). The data were 

processed using HKL-2000.43 All structures were determined by molecular replacement 

with Phaser44 using the published structure of the Kaiso–KBS complex [Protein Data Bank 

(PDB) 4F6M]23 as a search model. Multiple cycles of manual model building (Coot45) and 

refinement (Phenix46) were completed. Distance and angle restraints were applied for Zn2+–

Cys2His2 coordination. Hydrogen bonding distance restraints were imposed on the three 

terminal DNA base pairs due to poor electron density. Residues at the N-terminus (471–480) 

and C-terminus (597–604 in the Kaiso–MeCG2 complex and 602–604 in others) could not 

be observed. Crystallographic and refinement statistics are summarized in Table S2. 

Structural figures were rendered using PyMOL.47

NMR Spectroscopy

All NMR spectra of Kaiso–DNA complexes were recorded at 298 K on Bruker 800 and 900 

MHz spectrometers equipped with a triple-resonance gradient cryo-probe and room-

temperature probe, respectively. Spectra were processed and analyzed using NMRPipe48 and 

Sparky.49 Standard 1H–15N HSQC spectra of Kaiso–DNA samples (0.1–0.2 mM) in NMR 

buffer (5% D2O) were acquired. Backbone assignments of Kaiso–MeCG2 and Kaiso–

MeKBS complexes were deduced by comparison with published assignments of Kaiso–

MeEcad and Kaiso–KBS complexes.23 Weighted average chemical shift perturbations 

(CSPs) for Kaiso E535Q/A versus WT complexes were calculated from the difference in 

proton (δH) and nitrogen (δN) chemical shifts in 1H–15N HSQC spectra as follows: CSP = 
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(0.1ΔδN
2+ΔδH2H)1/2. Normalized cross peak intensities were obtained by normalizing the 

peak heights measured in 1H–15N HSQC spectra to a helical residue in the ZF1 helix (value 

set to 1). DNA methyl resonances were observed at 13C natural abundance using 1H–13C 

HMQC spectra acquired with a non-uniform sampling (NUS) scheme (30% sampling of 512 

complex points) and reconstructed with MDDNMR, as previously described.50 Resonance 

assignments for 5-methyl-cytosine and certain thymine methyl groups in MeKBS bound to 

Kaiso were obtained by spectral overlay with complexes containing partially methylated 

(MeKBSsemi and MeKBShe-mi) and unmethylated (KBSCG2) DNA. DNA methyl 

assignments for the Kaiso–MeCG2 complex were deduced from those mentioned above.

Density Functional Theory (DFT) Chemical Shift Calculations

The model fragments included mC8 or mC28 nucleotides truncated at the deoxyribose ring 

with E535 or Q535 side chains truncated at Cα. Hydrogen atoms were added with Phenix, 

and their geometry was optimized with Gaussian 0951 using basis sets b3lyp/3–21g* (all 

hydrogens) and subsequently b3lyp/6–311+g(2d,p) (mC methyl and imino hydrogens) with 

implicit water solvation while other atoms were held fixed. The 3-fold symmetric methyl 

group was manually rotated with Chimera52 in 10° increments for 120° from a random 

starting position to sample all unique orientations. NMR chemical shifts for different methyl 

rotamers were calculated with Gaussian 09 using the GIAO method and the b3lyp/

6-311+g(2d,p) basis set with implicit water solvation and corrected using scaling factors 

obtained at the same level of theory in water solvent, reported elsewhere.53 Differences 

between the observed (NMR) and calculated (DFT) absolute methyl proton chemical shift 

values could be due to unknown C–H distances, improper scaling factors, incomplete 

structural models, or other deficiencies in the method, which should not affect the chemical 

shift difference (ΔδH) values being compared here.

RESULTS

DNA Constructs

Kaiso binds to a specific DNA sequence termed the Kaiso-binding sequence (KBS) as well 

as to methylated cytosines in double-stranded mCpG sites.33 The KBS and methylated DNA 

motifs derived from the E-cadherin promoter (MeEcad) and used in previous structural 

studies of Kaiso–DNA complexes23 are shown in Figure 2 and Table S1. For the studies 

presented here, we chose to use variations on a palindromic sequence containing two CpG 

sites [CG2 (Figure 2)], which was identified as a Kaiso consensus binding site in vivo and is 

among the most abundant and conserved human promoter elements.35 This sequence was 

prepared unmethy-lated (CG2), fully methylated (MeCG2), semimethylated (MeCG2semi), 

and hemimethylated (MeCG2hemi) (Figure 2). A second series of experiments were 

performed using a variant of the KBS sequence containing two CpG sites. The sequences of 

the unmethylated (KBSCG2), fully methylated (MeKBS), semimethylated (MeKBSsemi), 

and hemimethylated (MeKBShemi) forms are shown in Figure 2. We refer to C8pG9 as the 

5′ CpG site and C10pG11 as the 3′ CpG site. For most NMR and X-ray studies, we chose 

to use constructs based on MeKBS rather than MeCG2, because complexes of Kaiso with 

MeKBS oligonucleotides were better behaved in solution, produced diffraction-quality 
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crystals with greater efficiency, and avoided complications associated with preparation of 

homogeneous partially methylated samples with the palindromic MeCG2 sequence.

Biolayer Interferometry Studies of Kaiso–DNA Binding

Earlier in vitro studies comparing the binding affinity of Kaiso for DNA in the presence and 

absence of methylation were qualitative in nature or performed in the absence of salt.23,26,33 

To examine the effect of cytosine methylation and the role of E535 in Kaiso binding at salt 

concentrations that more closely approach physiological levels, we employed biolayer 

interferometry (Octet) to measure the kinetics of association and dissociation of Kaiso using 

biotin-tagged DNA immobilized onto a streptavidin-coated biosensor. The kinetic 

measurements were fitted to the appropriate binding model to extract the association and 

dissociation rate constants (kon and koff, respectively) and to obtain dissociation constants 

(Kd) for protein–DNA binding.

Biolayer interferometry results are summarized in Table 1, and representative binding and 

dissociation curves are shown in Figure S2. We found that Kaiso binds to doubly methylated 

MeCG2 with subnanomolar binding affinity (Kd = 0.43 nM) and exhibits very slow 

dissociation kinetics (koff = 2.3 × 10−5 s−1) (Table 1). Symmetric methylation at a single 

CpG site (MeCG2semi) or double methylation on a single strand (MeCG2hemi) resulted in a 

small decrease in DNA binding affinity, 2- and 3-fold, respectively, mainly due to faster 

dissociation. By contrast, the complete absence of methylation (CG2) dramatically reduced 

DNA binding affinity (Kd ~ 88 nM), due to a roughly 200-fold increase in koff, as compared 

to that of doubly methylated DNA. These trends agree well with a previous gel shift study of 

Kaiso binding to the MeEcad motif performed under low-salt conditions.26

Kaiso also binds to the doubly methylated MeKBS motif33 with subnanomolar binding 

affinity (Kd = 0.20 nM), ~2-fold tighter than the affinity for the consensus MeCG2 motif due 

to even slower dissociation (Table 1). This implies that Kaiso can recognize double mCpG 

sites with comparable binding affinity in different sequence contexts.

A previously published structure of Kaiso with MeEcad23 showed that a key contribution to 

the high selectivity for mCpG comes from residue E535, which protrudes deep into the 

major groove, stacks against both mC methyl groups, and maintains direct NH⋯O and 

CH⋯O hydrogen bonds with the two methylated cytosines (Figure 1). The binding data for 

two Kaiso mutants, E535Q and E535A, with the same methylated DNAs (Table 1) showed 

that mutation of E535 to alanine substantially reduces the affinity of Kaiso for fully and 

partially methylated DNA, primarily as a consequence of a dramatic increase in koff relative 

to that of the WT protein: 150-fold for MeCG2, 110-fold for MeCG2semi, and 35-fold for 

MeCG2he-mi (Table 1). The koff values are comparable and do not favor doubly methylated 

MeCG2, suggesting that Kaiso E535A does not discriminate between different methylation 

states. The more conservative mutation of E535 to glutamine (E535Q), which replaces the 

negatively charged carboxyl with a carboxamide group, leads to smaller but sizable effects 

on Kaiso–DNA dissociation and binding affinity. For Kaiso E535Q, koff increased by 37-

fold for MeCG2, 50-fold for MeCG2semi, 14-fold for MeCG2hemi, and 30-fold for MeKBS 

as compared to that of WT Kaiso (Table 1). By contrast, for the unmethylated CG2 motif, 

koff increased only 2.5- and 3.5-fold for the E535A and E535Q mutants, respectively.
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NMR Spectroscopy of Kaiso–DNA Complexes

The backbone amide 1H–15N HSQC NMR spectrum provides an excellent diagnostic for the 

formation of Kaiso–DNA complexes26 and can be used to pinpoint small structural 

differences between them. An overlay of the HSQC spectra of Kaiso(471–604) bound to 

MeKBS, MeKBShemi, and MeKBSsemi is shown in Figure 3A; the chemical shift changes 

between MeKBS and the two partially methylated complexes are plotted as a function of 

residue number in Figure 3B. The chemical shift signatures for all complexes are very 

similar, except in the regions of the protein closest to the substituted mC sites in the major 

and minor groove. The largest chemical shift changes between the WT and MeKBSsemi 

complexes are localized to the regions of ZF1 and of the C-terminal tail, which make major 

and minor groove contacts, respectively, with the 3′ CpG site. Similarly, the largest shift 

differences between the WT and MeKBShemi complexes reflect subtle changes in DNA 

contacts associated with the absence of the methyl groups at C26 and C28 (Figure 2). By 

contrast, the HSQC spectra of E535A and E535Q mutant proteins show significant 

differences in both chemical shift and cross peak intensity compared to those of the WT 

protein in complex with MeKBS (Figure 3C,D) and MeCG2 (Figure S3). In particular, the 

cross peaks of the E535A mutant are severely attenuated for most of the protein when it is 

bound to MeCG2, but not in the complex with MeKBS (Figure S3C,D), likely due to 

conformational exchange. Therefore, we used MeKBS rather than MeCG2 for most 

subsequent NMR studies.

Crystal Structures of Kaiso–DNA Complexes

Crystal structures were determined for complexes of Kaiso bound to MeCG2 (2.4 Å), 

MeKBS (2.4 Å, two structures), and MeKBShemi (2.0 and 2.1 Å, two structures) and for 

Kaiso E535Q bound to MeKBS (2.3 Å) (statistics reported in Table S2). Unfortunately, 

complexes of Kaiso E535A with methylated DNA failed to crystallize and could be 

examined by only NMR. The independently determined structures of the MeKBS complexes 

[MeKBS(1) and MeKBS(2)] are almost identical, as are the two structures of the 

MeKBShemi complex (Figure S4). The structures of the MeCG2 and MeKBS complexes in 

the vicinity of the 5′ mCpG-binding site are shown in panels A and B of Figure 4 and are 

superimposed in Figure 4C to illustrate the small structural differences. Omit maps are 

shown in Figure S5. In each complex, Kaiso recognizes the 5′ mCpG site in the same way 

as in the Kaiso–MeEcad complex23 (Figure 4D). However, the higher resolution of the 

structures reported here reveals new details, such as a conserved water molecule that forms a 

hydrogen bonded network linking R511 NηH, E535 Oε1, and the N7 atom of G27 (Figure 

S6C). The R511 guanidinium group forms a direct NH⋯N hydrogen bond to the N7 atom of 

G9 and a bifurcated hydrogen bond to the O6 atoms of G9 and G27 (Figure S6C), likely the 

structural basis for its important role in recognition of the guanine bases in the two 5′ CpG 

sites. The carboxyl oxygen atoms of E535 form hydrogen bonds across the major groove to 

the N4 amino nitrogens of mC8 and mC28. The distances between the mC8 methyl group 

and the Oε1 and Oε2 atoms of E535 (Table S3) are well within the van der Waals distance 

cutoff of 3.7 Å, consistent with CH⋯O hydrogen bond formation in each of the complexes.
20,54 Oε1 is also in close contact with the mC28 methyl [mC28(C5A)–E535(Oε1) distance 

of 3.4–3.5 Å]. Similar backbone amide chemical shifts are observed for E535 in 1H–15N 
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HSQC spectra of each complex (Figure 3A, inset), consistent with the conserved DNA 

contacts seen in the X-ray structures.

The crystal structures of Kaiso bound to MeKBShemi indicate a similar mode of DNA 

binding, where the 5′ hemi-mCpG sites are recognized the same way as symmetrically 

methylated mCpG sites (Figure 5A,B). The absence of the methyl group at C28 in 

MeKBShemi is accompanied by a slight shift of the E535 side chain away from the mC8 

methyl, relative to its position in the MeCG2 and MeKBS complexes (Figure 5B); as a 

result, the potential CH⋯O hydrogen bonding distances are increased by 0.1–0.3 Å (Table 

S3). This subtle conformational change is reflected in a noticeable change in the 15N 

chemical shift for the backbone amide of E535 (Figure 3A, inset).

The structure of the MeKBS complex of the Kaiso E535Q mutant in the vicinity of the 5′ 
mCpG site is shown in Figure 5C and compared with that of the WT complex in Figure 5D. 

The E535Q mutation, which weakens binding to MeKBS, MeCG2, and MeCG2semi DNA 

by up to 50-fold (Table 1), disrupts a canonical NH⋯O hydrogen bond to mC8(N4) and a 

potential CH⋯O hydrogen bond to mC8(C5A) by removing the acceptor atom [E535(Oε2)]. 

A small rotation of the Q535 side chain moves the Cδ and Nε2 atoms away from the mC8 

methyl by >0.5 Å relative to the WT complex (Figure 5D and Table S3), weakening van der 

Waals interactions. The rotation seems to prevent a steric clash between the Q535 and mC8 

amino groups but keeps the two nitrogens within 3.0 Å of each other, which may allow a 

weaker Nε2(Hε2) ⋯N4 hydrogen bond to form (bond angle of ~130°). This conformational 

adjustment has only a small impact on the polar and hydrophobic contacts between Q535 

and the symmetrically positioned mC28.

The X-ray structures determined in this work provide new insights into the protein–DNA 

interactions in the 3′ mCpG site. In contrast to the 5′ mCpG site, which is recognized by 

way of direct contacts between protein side chains and the mC8 and mC28 bases, 

interactions between Kaiso and the 3′ mC bases (mC10 and mC26) are mostly water-

mediated (Figure 6 and Figure S6). In the structures of the MeCG2, MeKBS, and 

MeKBShemi complexes, a conserved water molecule is bound close to the edge of mC10, 

where it acts as a bifurcated acceptor of hydrogen bonds from the C5A methyl [water O–

mC10(C5A) distance of 3.2–3.4 Å] and the N4 amino group [water O–mC10(N4) distance 

of 2.8–3.0 Å] (Figure 6, Figure S5, and Figure S6B). The bound water is also within 

hydrogen bonding distance of the N4 amino group of mC26 and the side chain hydroxyl 

oxygen atoms of T507 and S508.

Direct Evidence for CH···O Hydrogen Bonds from NMR

Because the methyl hydrogen atoms cannot be directly visualized in our current crystal 

structures, the evidence for CH⋯O hydrogen bonds to the 5-methylcytosines remains 

indirect and is based on the observation of a C–O distance shorter than the van der Waals 

contact distance. We therefore adopted a combined approach using NMR and DFT 

calculation to seek direct evidence for the methyl–oxygen hydrogen bonds. This approach 

was inspired by a study that showed that methyl protons in S-adenosylmethionine bound to a 

lysine methyltransferase experience downfield (toward higher parts per million) chemical 

shift changes (~0.5 ppm) when involved in CH⋯O hydrogen bonds.55
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Unlike the Kaiso proteins, the DNA was not isotopically labeled because of the prohibitively 

large cost of incorporating 13C-labeled methylcytosines site-specifically into DNA. We 

therefore used a sensitive 1H–13C HMQC experiment with a time-saving non-uniform 

sampling (NUS) scheme to detect DNA methyl peaks at 13C natural abundance and low 

sample concentrations (~0.1–0.2 mM) (Figure 7). Unambiguous mC methyl resonance 

assignments for the Kaiso–MeKBS complex were made by comparison with the spectra of 

the corresponding complexes with semi-, hemi-, and unmethylated DNA (Figure 7A). The 

methyl HMQC cross peaks of mC8, and also mC28, exhibit similar chemical shifts in the 

WT Kaiso complexes, regardless of the DNA sequence or methylation state (Figure 7A). 

The methyl proton resonance of mC8, but not that of mC28, is shifted upfield in spectra of 

MeKBS (ΔδH ~ 0.17 ppm) or MeCG2 (ΔδH ~ 0.14 ppm) bound to the E535Q mutant 

(Figure 7B,C), indicating a change in the local environment of the mC8 methyl group. The 

chemical shift changes are consistent with disruption of a CH⋯O hydrogen bond between 

the E535 carboxyl and the mC8 methyl group upon substitution with glutamine, which 

eliminates the E535(Oε2) acceptor closest to the mC8 methyl carbon and weakens or 

disrupts the interaction of E535(Oε1) with the mC8 methyl (Table S3).

Given its stronger effect on the affinity of Kaiso for methylated DNA, the effect of the 

E535A mutation on the DNA methyl spectrum is expected to be even larger than for E535Q. 

Unfortunately, extensive line broadening and/or overlap of DNA methyl resonances in 

E535A complexes precluded measurement of the corresponding mC8 methyl proton shifts 

(Figure S7).

DFT Calculation of mC Methyl Proton Chemical Shifts

To corroborate our NMR studies, we performed DFT calculations for WT Kaiso and the 

E535Q mutant bound to MeKBS (Figure 8). Chemical shifts were predicted using crystal 

structure-based fragments that included the mC8 or mC28 nucleotides and the intact E535 

and Q535 side chains; control calculations were performed with the side chain truncated at 

the Cα atom. Because the position of the methyl protons is unknown, the 3-fold symmetric 

methyl group was rotated through 120° around its C–C axis to sample all unique rotameric 

states (Figure 8A,B). The difference in the mC8 methyl proton chemical shift relative to the 

“no side chain” control is shown as a function of rotation angle in Figure 8C. A subset of the 

methyl rotamers position a methyl proton within hydrogen bonding distance of one of the 

E535 carboxyl oxygen atoms. In principle, there are two alternate CH⋯O hydrogen bonding 

schemes in which a cytosine methyl proton interacts with the Oε1 or Oε2 atom of the E535 

carboxyl group (Figure 8A,B). For mC8 in WT MeKBS [structure (1) in Table S2], the 

optimal rotamer for formation of a linear CH⋯Oε1 hydrogen bond (bond angle of ~170°) 

yielded the most downfield methyl proton chemical shift and largest difference relative to 

the same rotamer in the absence of the E535 side chain (ΔδH ~ 0.26 ppm) (Figure 8C, 

magenta bar). A smaller downfield shift (ΔδH ~ 0.18 ppm) is predicted for the methyl 

rotamer that leads to optimal CH⋯Oε2 hydrogen bonding (bond angle of ~166°) (Figure 

8C, orange bar). The decrease in ΔδH correlates with disruption of the optimal CH⋯O 

hydrogen bonding schemes. Given that CH⋯O interactions are weak,20 there is unlikely to 

be a strong preference for hydrogen bonding to either Oε1 or Oε2. Population-weighted 

averaging of the chemical shift over both configurations, and potentially other configurations 
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that form suboptimal hydrogen bonds to both carboxyl oxygens (Figure 8C, gray bar; ΔδH ~ 

0.13 ppm), is expected to reduce ΔδH from the maximal predicted value. Smaller changes in 

ΔδH with the methyl rotamer are calculated for WT–MeKBShemi complexes (~0.07–0.11 

ppm), where the C⋯Oε1/Oε2 distances are longer (~3.6–3.7 Å) than for WT–MeKBS 

complexes (~3.3–3.5 Å).

A similar trend with methyl group orientation was observed for the mC28–E535 pair (Figure 

8B). DFT calculations show that the most downfield methyl proton chemical shift relative to 

the “no side chain” control (ΔδH ~ 0.09 ppm) occurs for the methyl rotamer with optimal 

geometry for hydrogen bonding to the E535(Oε1) acceptor (~3.5 Å) (Figure 8D, orange 

bar). In contrast to the mC8–E535 pair, the E535(Oε2) acceptor is too distant (>4.0 Å) from 

the mC28 methyl for CH⋯O hydrogen bonding,20,56 and accordingly, the calculated ΔδH is 

very small (–0.03 ppm) for rotamers that place a methyl proton closest to Oε2 (Figure 8D, 

magenta bar).

To provide a direct comparison with the NMR studies, we used DFT to estimate the mC8 

and mC28 methyl proton chemical shift differences between the complexes of the WT and 

E535Q with MeKBS. The crystal structures show that, while the mC28(C5A)–Q535(Oε1) 

distance is the same in the WT and E535Q complexes (~3.5 Å), the mC8(C5A)–Q535(Oε1) 

distance increases from ~3.4 Å (WT) to ~3.7 Å (E535Q), leading to a weaker CH⋯O 

interaction in the mutant. In addition, the E535Q mutation replaces the Oε2 atom with 

nitrogen, thus eliminating the methyl–E535(Oε2) hydrogen bonding interactions observed in 

the WT complex. Thus, on the basis of the crystal structures, we expect the level of mC8 

CH⋯O hydrogen bonding to be substantially reduced in the E535Q complex, which should 

manifest in an upfield shift of the mC8 methyl proton resonance. This is confirmed by the 

DFT calculations, which predict an upfield mC8 methyl proton shift (ΔΔδH = 0.25 ppm, 

averaged over all methyl rotamers) in the E535Q–MeKBS complex. This is in good 

agreement with the experimental chemical shift difference [0.17 ppm (Figure 7)], given that 

we observe an ~0.05 ppm overall standard deviation in ΔδH for the same methyl rotamer in 

different crystal structures of the WT–MeKBS complex.55 For mC28, DFT predicts an 

average upfield shift of 0.06 ppm for the methyl proton resonance in the E535Q complex, 

compared to the small downfield shift (0.02 ppm) observed experimentally.

DISCUSSION

Exceptional Specificity of Kaiso for Binding Methylated over Unmethylated CpG Sites

The binding data show that Kaiso has a remarkable ability to discriminate between 

methylated and unmethylated CpG sites. Methylation of the cytosines on both strands at the 

first CpG site within the C8GC10G core binding site (Figure 2) enhances Kaiso binding by 2 

orders of magnitude [Kd(CG2) ~ 88 nM vs Kd(MeCG2semi) ~ 0.8 nM (Table 1)] and is 

necessary and sufficient for subnanomolar binding. In contrast, methylation at the second 

CpG site contributes only a little to further stabilize the Kaiso–DNA complex [Kd(MeCG2) 

~ 0.4 nM (Table 1)]. One other member of the zinc finger class of MBPs, Zfp57,24 has also 

been reported to have a strong preference for CpG methylation and, like Kaiso, recognizes 

one of the mC methyl groups through hydrophobic contacts and a direct CH⋯O hydrogen 

bond (Figure S1). All other well-characterized zinc finger MBPs show only a marginal 

Nikolova et al. Page 11

Biochemistry. Author manuscript; available in PMC 2019 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



preference for CpG methylation (2–3-fold), which correlates with seemingly weaker 

hydrophobic and methyl CH⋯O hydrogen bonding interactions.29,31,57

Our findings suggest that the major determinants of this remarkable specificity for 

methylated DNA are interactions with a single 5-methylcytosine in the 5′ mC8pG9 site. 

Kaiso recognizes this site with the side chains of R511, L533, and E535, which form a 

hydrophobic pocket around the mC8 methyl group (Figure 4 and Figure S6).22,29 R511 and 

L533 are in van der Waals contact with the mC8 methyl group, while E535 forms van der 

Waals contacts and CH⋯O hydrogen bonds with the cytosine methyl groups on both strands 

(mC8 and mC28) (Figure 4 and Figure S6). E535 and R511 also participate in an extensive 

network of direct and water-mediated NH⋯O and NH⋯N hydrogen bonds to mC8, mC28, 

G9, and G27 (Figure S6). The importance of the interactions with the 5′ mCpG site is 

emphasized by the large increase in koff and in the free energy of binding (ΔG increases by 

2.8 kcal/ mol) to unmethylated (CG2) compared to semimethylated (MeCG2semi) DNA 

(Table 1). In contrast, the small increase of 0.3 kcal/mol in ΔG for binding to doubly 

methylated compared to semimethylated MeCG2 DNA suggests that methylation at the 3′ 
mCpG site contributes very little to DNA binding affinity. This is consistent with the 

observation of fewer protein–base hydrogen bonding interactions, most of which are water-

mediated, in the crystal structures of Kaiso–DNA complexes. Apart from a bifurcated 

hydrogen bond from the methyl and N4 amino group of mC10 to water and van der Waals 

contacts between R511 and the mC26 methyl group (Figure 6 and Figure S6), none of these 

interactions could discriminate between cytosine and 5-methylcytosine. Finally, the 

relatively small increase in ΔG (0.7 kcal/mol) for hemimethylated MeCG2, where C8 and 

C10 are methylated, versus doubly methylated MeCG2 signifies that interactions with mC8, 

rather than mC28, largely account for the exceptional specificity of Kaiso for methylated 

DNA. This is supported by the X-ray structures, which show that a majority of methyl-

specific interactions with the 5′ mCpG site are focused on mC8 as well as by mutational 

studies (Kaiso E535Q), where disruption of interactions with mC8, but not with mC28, leads 

to a large loss (~50-fold) of binding affinity.

Critical Role of Kaiso E535 in Methylated CpG Site Recognition

A key contribution to this specificity for methylated DNA is the interaction of glutamate 535 

with the mCpG site. Mutation of E535 to alanine causes a dramatic loss of the free energy of 

binding [2.8–3.1 kcal/mol (Table 1)] for both double and semimethylated DNA relative to 

the WT protein. This corroborates previous gel shift binding studies30 and is consistent with 

disruption of multiple E535–mCpG interactions, including methyl CH⋯O hydrogen bonds 

and van der Waals contacts that are specific to the methyl groups of the two symmetric 5-

methylcytosines (Figure 4 and Figure S6). In fact, the E535A mutation is so deleterious to 

methylated DNA binding that crystals of sufficient quality for X-ray diffraction could not be 

obtained. Observation of the complex by NMR under low-salt conditions shows that the 

E535A mutation perturbs the local structure and/or dynamics in many sites across the entire 

protein, particularly in ZF2, ZF1, and the C-terminal tail (Figure 3C,D and Figure S3).

While the E535Q mutation is conservative compared to the E535A mutation, it nevertheless 

results in chemical shift perturbations at similar sites (Figure 3C,D and Figure S3), 
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consistent with similar but more subtle rearrangement of the protein–DNA interface. 

Although binding to methylated DNA is greatly impaired (Kd is increased ≤50-fold, and ΔG 
is increased by ~2 kcal/mol), the E535Q mutant retains the ability to discriminate, albeit less 

effectively, between methylated and unmethylated DNA (Table 1). This is not the case for 

E535A, which strongly impairs binding and largely abrogates selectivity for methylated 

DNA. The profound effect of E535 mutants on Kaiso DNA binding affinity, structure, and 

dynamics underscores the critical role of E535 in recognition of the 5′ mCpG step. E535 

acts as an anchor that protrudes deep into the major groove to establish optimal contacts 

with the methylated cytosines. Most other known zinc finger MBPs contain a shorter side 

chain (Figure S1) that is incapable of making direct methyl-specific interactions 

simultaneously with both symmetric 5-methylcytosines. Thus, it is conceivable that 

engineering a glutamate side chain at that position in other MBPs might improve their 

specificity for methylated DNA.

CH···O Hydrogen Bonds Mediate Recognition of Both Methylated CpG Sites

CH⋯O hydrogen bonds are weak, are largely electrostatic in nature, and have donor–

acceptor (C–O) distances (~3.0–3.7 Å) that are longer than those of canonical hydrogen 

bonds and angles that tend to deviate from linearity (110–180°).20,54 In all of the crystal 

structures of WT Kaiso with methylated DNA, one E535 carboxyl oxygen atom or both 

(Oε1 and Oε2) are within CH⋯O hydrogen bonding distance (≤3.7 Å) of the mC8 and 

mC28 methyl carbon (C5A) (Figure 4 and Table S3). In fact, the proximity and orientation 

of E535, which has two hydrogen bond acceptors, allow for two alternate linear CH⋯O 

hydrogen bond configurations (bond angles of ~165–175°) for both mC8 and mC28 and 

additional less linear configurations in which methyl CH⋯O hydrogen bonds are formed 

simultaneously to both carboxyl oxygen atoms (Figure 8A).

The improved resolution of the current Kaiso–MeKBS/ MeCG2 X-ray structures (2.0–2.4 

Å) as compared to that of the published Kaiso–MeEcad structure (2.8 Å)23 provides new 

insights into the mechanism of recognition of the 3′ mCpG site. A conserved water 

molecule mediates NH⋯O and CH⋯O hydrogen bonds between the mC10 amino and 

methyl groups and T507/S508 hydroxyl groups (Figure 6). This water-mediated CH⋯O 

hydrogen bond may contribute to the 0.3 kcal/mol difference in the binding free energy for 

the complexes with semimethylated versus doubly methylated MeCG2 (Table 1). The 

frequent occurrence of direct or water-mediated methyl CH⋯O hydrogen bonds in the 

complexes between methylated DNA and methyl CpG-binding proteins makes a strong case 

that these interactions are important for selective 5-methylcytosine recognition.23,27,29,58,59

Direct NMR Evidence for CH···O Hydrogen Bonds between Kaiso and Methylated CpG

On the basis of the crystal structures, the E535Q mutation impairs the NH⋯O and CH⋯O 

hydrogen bonds between E535 and mC8, leaving neighboring interactions between Q535 

and MeKBS largely intact. This presents an ideal opportunity to study the formation of a 

CH⋯O bond between the glutamate carboxyl group and the mC methyl group. Natural-

abundance NMR of various methylated DNA constructs in complex with WT Kaiso and 

E535 mutants, together with DFT chemical shift calculations, has enabled us to directly 

detect the presence of these methyl CH⋯O hydrogen bonds.
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Comparison of the natural-abundance 1H–13C HMQC methyl spectra of complexes of WT 

Kaiso and E535Q with MeKBS and MeCG2 oligonucleotides reveals a downfield chemical 

shift (ΔδH = 0.17 and 0.14 ppm, respectively) of the mC8 methyl proton resonance in the 

WT complex compared to the E535Q mutant complex (Figure 7B). For the mC28 methyl 

protons, a much smaller upfield shift (ΔδH = 0.02 ppm) is observed (Figure 7B). These 

chemical shift changes are consistent with a model in which the E535Q mutation disrupts 

CH⋯O hydrogen bonds between the E535 carboxyl and the mC8 methyl group, while 

preserving a CH⋯O hydrogen bond between E535 and the mC28 methyl group. This model 

is also in line with the crystallographic data for WT Kaiso– and E535Q–MeKBS complexes 

shown in Figures 4 and 5. Further agreement between this model and the crystal structures is 

shown by the small downfield shift (ΔδH = 0.05 ppm) in the mC8 methyl proton resonance 

in the MeKBS complex relative to the MeKBShemi complex with WT Kaiso (Figure 7A), 

consistent with the slightly shorter CH⋯O distances observed in the corresponding crystal 

structures (Table S3). Interestingly, the mC10 methyl proton resonance in the 3′ mCpG site 

also shows a small downfield shift (ΔδH ~ 0.07 ppm) in the WT versus E535Q complex 

(Figure 7B), which may indicate weakening of the water-mediated methyl CH⋯O hydrogen 

bond (Figure 6) that is coupled to the distant E535Q mutation. A coupling between the 

E535Q mutation and the 3′ mCpG site is also suggested by the protein backbone chemical 

shift perturbations observed by NMR (Figure 3B, D).

Finally, the structure-based DFT methyl proton chemical shift calculations are consistent 

with the NMR data and provide further support for CH⋯O hydrogen bonding between the 

E353 carboxyl and the mC8 methyl group. The DFT calculations show that, depending on 

the methyl rotamer, hydrogen bonding to E535 Oε1, Oε2, or both simultaneously leads to a 

marked downfield shift (0.18–0.26 ppm) of the mC8 methyl proton resonance. The DFT 

calculations also recapitulate the difference in mC8 chemical shift between the WT and 

E535Q complexes. To the best of our knowledge, this is the first direct evidence for the 

presence of CH⋯O hydrogen bonding between a methyl-CpG DNA-binding protein and 5-

methylcytosine. Importantly, the calculations predict much larger downfield shifts for the 

mC8 methyl proton resonance than for that of mC28, in full agreement with the 

experimental data and indicating stronger methyl CH⋯O hydrogen bonding interactions 

with mC8. In turn, this provides a molecular-level explanation for the critical role played by 

E535 in recognition of 5-methylcytosine and for the extraordinary ability of Kaiso to 

discriminate, by 2 orders of magnitude in binding affinity, between methylated and 

unmethylated CpG sites in DNA.
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Figure 1. 
Mode of mCpG recognition in the methylated DNA (MeEcad) complex of Kaiso. Specific 

major groove interactions are shown between protein residues (blue) and a DNA mCpG site 

(wheat) in the crystal structure of Kaiso (Protein Data Bank entry 4F6N) bound to 

methylated DNA.23 mC methyl groups are colored magenta. Proposed canonical (red) and 

CH⋯O (black) hydrogen bonds are shown as dashed lines.
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Figure 2. 
Sequences of DNA constructs used in this study and in the published studies for KBS and 

MeEcad.26 Shown are the central 10 bp around the core Kaiso-binding site (boxed). 

Residues are numbered as indicated for MeEcad, and methylated cytosines are colored red.
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Figure 3. 
NMR spectra of complexes of Kaiso with methylated DNA. (A) Overlay of 1H–15N HSQC 

spectra of WT Kaiso bound to MeKBS (gray), MeKBShemi (blue), and MeKBSsemi (red). 

The inset shows a close-up of the E535 cross peak in these complexes, together with Kaiso–

MeEcad (cyan) and Kaiso–MeCG2 (yellow) complexes. (B) Weighted average 1H–15N 

chemical shift differences [CSP = (0.1ΔδN
2 + ΔδH

2)1/2] between the backbone amide 

resonances of Kaiso in complex with MeKBS and MeKBShemi (blue) and in complex with 

MeKBS and MeKBSsemi (red), plotted as a function of residue number. (C) Overlay of 1H–
15N HSQC spectra of Kaiso–MeKBS complexes of WT Kaiso (gray), E535Q (green), and 

E535A (orange). (D) CSPs between the backbone amide resonances of the MeKBS 

complexes of WT Kaiso and E535Q (green) and E535A (orange) as a function of residue 

number. Note that the y-axis scales in panels B and D differ by a factor of 2.
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Figure 4. 
Structural comparison of the 5′ mCpG E535-binding interface in complexes of WT Kaiso 

with methylated DNA. (A) Complex of Kaiso with MeCG2 (yellow). (B) Complex of Kaiso 

with MeKBS (gray); MeKBS(1) refers to structure (1) reported in Table S2. (C) Overlay of 

the complexes of WT Kaiso with MeKBS and MeCG2. (D) Complex of Kaiso with MeEcad 

(cyan, PDB entry 4F6N). In each panel, the methyl carbon (C5A) of mC8 and mC28 is 

colored magenta and water molecules are shown as small spheres. Dashed lines show 

NH⋯O hydrogen bonds (red) between mC8(N4) and E535(Oε2), and between mC28(N4) 

and E535(Oε1), and potential CH⋯O hydrogen bonds (black) between mC8(C5A) and 

E535(Oε2) and between mC28(C5A) and E535(Oε1) (alternate CH⋯O hydrogen bonds 

with the E535 acceptor swapped are also possible but not shown for the sake of clarity). 

Donor–acceptor bond lengths are labeled in angstroms.
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Figure 5. 
Effect of hemimethylation and E535Q mutation on the 5′ mCpG E535-binding interface in 

complexes of Kaiso with methylated DNA. (A) Complex of WT Kaiso with MeKBShemi 

(blue) (structure (1) reported in Table S2). (B) Overlay of the complexes of WT Kaiso with 

MeKBS and MeKBShemi. (C) Complex of Kaiso E535Q with MeKBS (green). (D) Overlay 

of the complexes of Kaiso WT and E535Q with MeKBS. In each panel, the methyl carbon 

(C5A) of mC8 and mC28 is colored magenta, water molecules are shown as small spheres, 

and donor–acceptor bond lengths are labeled in angstroms (see Figure 4 for a detailed 

description).
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Figure 6. 
Conservation of the structure of the 3′ mCpG site in the complexes of MeCG2 (yellow), 

MeKBS (gray), and MeKBShemi (blue) with WT Kaiso and MeKBS with E535Q Kaiso 

(green). Potential water-mediated NH⋯O (red) and CH⋯O (black) hydrogen bonds between 

Kaiso T507/S508 and mC10 are shown by dashed lines, and distances are labeled in 

angstroms.
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Figure 7. 
Direct NMR evidence for a CH⋯O hydrogen bond between Kaiso E535 and mCpG methyl 

groups in DNA. (A) Methyl region of the natural-abundance 1H–13C HMQC spectrum of 

DNA [MeKBS, gray; MeKBSsemi, red; MeKBShemi, blue; unmethylated KBS(CG2), 

green] in complex with WT Kaiso. (B) Overlay of the methyl region of the natural-

abundance 1H–13C HMQC spectrum of MeKBS with Kaiso WT (gray) and E535Q (green). 

(C) Overlay of the methyl region of the natural-abundance 1H–13C HMQC spectrum of 

MeCG2 with Kaiso WT (yellow) and E535Q (magenta).
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Figure 8. 
DFT chemical shift calculations for DNA mC methyl protons in Kaiso–MeKBS complexes. 

(A and B) Fragments from the crystal structure of the WT Kaiso–MeKBS complex showing 

DNA methyl group orientations that represent a nearly linear hydrogen bond alignment 

between mC8(C5A) (A) or mC28(C5A) (B) and E535(Oε2) (top, magenta), E535(Oε1) 

(middle, orange), or where on average the minimal effect on the proton chemical shift is 

observed, respectively (bottom, gray). (C and D) Representative plots of the difference in 

predicted methyl proton chemical shifts (ΔδH, ■) for mC8 and mC28, respectively, relative 

to the “no side chain” control. The chemical shift differences were calculated using DFT and 

are plotted as a function of counterclockwise methyl group rotation. The colored bands 

correspond to the methyl rotamers depicted in panel A or B.
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Table 1

Kaiso–DNA Binding Kinetics and Affinities

DNA construct koff(s−1) kon(M−1 s−1) Kd (nM) ΔG (kcal/mol)

WT

 MeKBS (1.3 ± 0.2) × 10−5a (6.4 ± 0.5) × 104a 0.20 ± 0.04 −13.2

 MeCG2 (2.3 ± 0.2) × 10−5 (5.3 ± 0.6) × 104 0.43 ± 0.06 −12.7

 MeCG2semi (3.7 ± 0.3) × 10−5 (4.6 ± 0.8) × 104 0.8 ± 0.2 −12.4

 MeCG2hemi (5.8 ± 0.2) × 10−5 (4.0 ± 0.5) × 104 1.4 ± 0.2 −12.0

 CG2 (400 ± 26) × 10−5 b (88 ± 10) (−9.6)

E535Q

 MeKBS (39 ± 4) × 10−5 (5.4 ± 0.4) × 104 7.2 ± 0.9 −11.1

 MeCG2 (84 ± 4) × 10−5 (4.2 ± 0.2) × 104 20 ± 1 −10.5

 MeCG2semi (190 ± 6) × 10−5 (4.2 ± 0.5) × 104 45 ± 5 −10.0

 MeCG2hemi (80 ± 12) × 10−5 (4.4 ± 0.7) × 104 18 ± 4 −10.5

 CG2 (990 ± 50) × 10−5 b (220 ± 30) (−9.0)

E535A

 MeKBS (160 ± 16) × 10−5 b (35 ± 5) (−10.1)

 MeCG2 (340 ± 22) × 10−5 b (76 ± 9) (−9.7)

 MeCG2semi (400 ± 27) × 10−5 b (89 ± 11) (−9.6)

 MeCG2hemi (200 ± 14) × 10−5 b (44 ± 5) (−10.0)

 CG2 (1400 ± 210) × 10−5 b (310 ± 60) (−8.8)

a
koff values represent the mean and standard deviation of four or more individual kinetic measurements. kon values represent the mean and 

standard deviation of two or more linear fits of the observed association rate constant as a function of protein concentration (also see Experimental 
Procedures).

b
kon could not be reliably determined for values in parentheses (see Experimental Procedures for details). Approximate Kd values (shown in 

parentheses) were estimated using the measured koff and the average value of kon [(4.5 ± 0.5) × 104 M−1 s−1] determined for binding of Kaiso to 

other DNA sequences.
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