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ABSTRACT

The methylcytosine-binding domain 2 (MBD2) pro-
tein recruits the nucleosome remodeling and
deacetylase complex (NuRD) to methylated DNA to
modify chromatin and regulate transcription. Impor-
tantly, MBD2 functions within CpG islands that con-
tain 100s to 1000s of potential binding sites. Since
NuRD physically rearranges nucleosomes, the dy-
namic mobility of this complex is directly related
to function. In these studies, we use NMR and
single-molecule atomic force microscopy and flu-
orescence imaging to study DNA binding dynam-
ics of MBD2. Single-molecule fluorescence tracking
on DNA tightropes containing regions with CpG-rich
and CpG-free regions reveals that MBD2 carries out
unbiased 1D diffusion on CpG-rich DNA but subdiffu-
sion on CpG-free DNA. In contrast, the protein stably
and statically binds to methylated CpG (mCpG) re-
gions. The intrinsically disordered region (IDR) on
MBD2 both reduces exchange between mCpG sites
along the DNA as well as the dissociation from DNA,
acting like an anchor that restricts the dynamic mo-
bility of the MBD domain. Unexpectedly, MBD2 bind-
ing to methylated CpGs induces DNA bending that
is augmented by the IDR region of the protein. These
results suggest that MBD2 targets NuRD to unmethy-
lated or methylated CpG islands where its distinct dy-
namic binding modes help maintain open or closed
chromatin, respectively.

INTRODUCTION

DNA methylation contributes to gene regulation, defines
cellular differentiation and genome organization, and there-
fore plays a diverse role in normal growth and develop-
ment as well as pathogenesis (1,2). Approximately 1% of
nucleotides and 75% of CpG dinucleotides are methylcy-
tosines (3). However, regions of increased CpG content
(CpG islands) typically remain unmethylated and often oc-
cur in gene promoters (4,5). The methylcytosine-binding
domain (MBD) family of proteins selectively bind to methy-
lated CpG sites and modify transcription of the associ-
ated gene (6,7). MBD2, a founding member of this fam-
ily, is a core component of the nucleosome remodeling
and deacetylase (NuRD) complex (8). MBD2 localizes the
NuRD complex to CpG sites, particularly methylated CpG
islands (9,10), and contributes to chromatin remodeling and
silencing of the associated gene. The MBD?2 protein itself
contains three distinct regions, a methylcytosine binding
domain (MBD), an intrinsically disordered region (IDR),
and a coiled-coil domain. Importantly for the studies re-
ported here, we previously found that the MBD2-IDR both
increases binding affinity for DNA and recruits core com-
ponents of the histone deacetylase sub-complex in NuRD
(11).

Unlike most transcription factors, MBD2 functions
within the context of CpG islands that contain 100s to
1000s of individual binding sites (5,12). In addition, the
NuRD complex contains a chromatin remodeling compo-
nent that moves nucleosomes along the DNA. Hence, how
MBD?2 exchanges between binding sites is vital for un-
derstanding how methylation-dependent genetic silencing
works at a molecular level. Over the past few years, we
have been studying how different members of the MBD
family bind and distribute on DNA using several NMR-
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based techniques, including paramagnetic relaxation en-
hancement (PRE) (13), residual dipolar coupling measure-
ments (14), chemical shift analyses and Nz-exchange spec-
troscopy (14,15). These studies have shown that intra- and
intermolecular exchange rates vary between the different
MBDs and correlate with their distinct functions. For ex-
ample, we found that MBD3, a paralogue of MBD2 with
low DNA binding affinity, retains an ability to recognize
CpG sites and preferentially localize, albeit very weakly,
to methylated CpGs. However, MBD3 rapidly exchanges
between mCpG specific and non-specific binding modes
consistent with the very weak preference for mCpG and a
dynamic distribution along the DNA within CpG islands
(14). In contrast, MBD2 binds selectively and almost exclu-
sively to a single mCpG when present (14). This observa-
tion correlates with whole genome studies that show both
MBD2 and MBD3 localize to unmethylated CpG islands
while MBD2 more exclusively localizes to methylated CpG
islands with silencing of the associated gene (9,10,16,17).
In a separate study, we measured intra- and intermolecular
exchange between mCpGs by MBD4, an MBD that con-
tains a DNA glycosylase domain involved in mCpG/TpG
mismatch repair (15). We found that MBD4 exchanges be-
tween methylated sites more rapidly than MBD?2. This dif-
ference likely reflects a lower binding selectivity for mCpG
over CpG and the biological role of MBD4 to rapidly scan
methylated CpG regions where mCpG/TpG mismatches
occur.

Together, these studies have shown that DNA binding dy-
namics likely contribute to the specific function of individ-
ual MBD proteins. However, the size limitations imposed by
NMR restricted the previous studies to relatively small (10—
20 base pairs) fragments of DNA. Recently, single-molecule
fluorescence techniques have been developed to study tran-
scription factors moving along DNA (18,19). These ap-
proaches open the door to studying the dynamic behavior
of transcription factors on much larger DNA substrates.
In the studies reported here, we correlate our findings on
small oligonucleotides with structure and dynamic behav-
ior on much larger, and hence more biologically relevant,
fragments of DNA observed using single-molecule fluores-
cence and atomic force microscopy. These studies lead to
several novel observations that help build a model of MBD2
function. We found an unexpected difference in dynamic
behavior between CpG-rich and CpG-free regions, in that
MBD?2 diffuses more rapidly and extensively on CpG-rich
sequences than those that lack CpGs (CpG-free). In con-
trast, MBD2 binds statically or with slow exchange rates
when binding to methylated CpG-rich regions. In addition,
examining MBD2-DNA complexes by atomic force mi-
croscopy shows that binding to CpG-rich sequences leads
to marked DNA bending that is further augmented by the
IDR when DNA is methylated. Together these studies lead
to a model in which MBD2 allows for rapid diffusion and
nucleosome remodeling by NuRD within or through CpG
rich regions, yet greatly restricts movement and nucleosome
remodeling when these islands are methylated. Therefore,
the dynamic DNA binding behavior of MBD2 correlates
with the biological observation that unmethylated CpG is-
lands are associated with open and transcriptionally active
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promoters while methylated CpG islands are closed and si-
lenced.

MATERIALS AND METHODS
Protein expression and purification

The chicken MBD2ygp (amino acids 1-71) and hu-
man MBD2ygp+ipr (amino acids 150-214) were ex-
pressed and purified as previously reported (11,13). Chicken
MBD2uep+1pr, Which likewise includes an additional 46
residues (amino acids 1-117), was cloned into the previously
described pET32a based vector (13), and further modified
to replace the thrombin cleave site with a TEV protease
cleavage site. The resulting thioredoxin fusion construct was
transformed into BL21(DE3) Escherichia coli cells grown
at 37°C until an ODgyy of 0.7 and induced with 1 mM
IPTG. Bacteria were pelleted and lysed in 20 mM Tris pH
8, 1 M NaCl with sonication. Proteins were further purified
via HisTrapFF (GE Life Sciences) and cleaved using either
thrombin (MBD2ygp) or TEV protease (MBD2ygp+1DR)-
Cleaved proteins were further purified over a Resource-S
(GE Life Sciences) ion exchange column and Superdex-
75 (GE Life Sciences) using an AKTA pure FPLC sys-
tem (GE Life Sciences). Proteins for NMR analysis were
either 2H,">N,'3C or 2H,">N labeled. For fluorescence po-
larization assays the thioredoxin fused protein was purified
via HisTrapFF and Superdex-75. For single-molecule ex-
periments MBD2ygp+1pr and MBD2ygp were cloned into
pET28a with N-terminal Hisg tags and expressed and puri-
fied in a similar manner.

Fluorescence polarization

Protein samples were buffer exchanged into FP buffer [10
mM HEPES pH 7.5, 50 mM NacCl, 3 mM MgCl,, 0.1 mM
EDTA, 2 mM DTT and 5% Tween 20]. A 6-FAM labeled
17-bp dsDNA containing a central methylated CpG site
(1xmCpQ) (14), was annealed and purified by ion exchange
chromatography on a Resource Q column (GE Life Sci-
ences). Serial dilutions of the MBD?2 protein were added to
10 nM DNA and polarization was measured on a CLAR-
IOstar microplate reader (BMG Labtech) as described pre-
viously (11).

NMR spectroscopy

Uniformly H, 151\1,13(: labeled MBD2ygp+ipr at 0.5 mM
bound to methylated DNA was buffer exchanged into 10
mM NaPO4 pH 6.5, 1 mM dithiothreitol, and 10% 2H,O.
TROSY based version of standard double and triple res-
onance experiments (HNCOCACB, HNCA, HNCO, HN-
CACO, HNCACB, "N-NOESY-HSQC and *N-HSQC)
were collected on a 700 MHz Bruker Avance III spec-
trometer. Residual dipolar couplings were collected on a
2H,"3C,°N labeled sample aligned with 12 mg/ml pfl bac-
teriophage (20,21). All data was processed using NMR Pipe
(22) and analyzed in CcpNMR (23,24).

N_-exchange spectroscopy

In previous studies, we established that MBD2 shows dis-
tinct chemical shifts for several residues when bound to ei-
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ther of two dsDNA with a centrally located mCpG. The
two sequences differ in the base pairs immediately sur-
rounding the mCpG, which inverts the orientation of bound
MBD2ygp (WT: 5-GGAT(™C)GGCTCCTC-3'; INV: 5'-
GGAC(™C)GACTC-3) (13,15). A 350 pM sample of
2H," N labeled MBD2ypp was incubated with 275 uM WT
DNA and 275 uM INV DNA (yielding 175 pM of each
complex with 100 .M excess of each DNA). Samples with
200 and 300 pM excess DNA were collected by adding a
1.25 mM mixture of WT and INV DNA. For each titra-
tion point a series of 2D-N TROSY N,-exchange spectra
were obtained with the following delays: 11.9, 14.3, 16.8,
21.8, 29.3, 36.8, 49.3, 61.8, 118.9 and 211.8 ms. Two sam-
ples of MBD2\gp+1pr Were prepared: one with 370 wM of
MBD2ygp+1pr and 285 M of each DNA (yielding 185
wM of each complex with 100 wM excess of each DNA)
and a sample with 370 wM protein with 740 wM of each
DNA (185 pM of each complex with 555 M excess of each
DNA). 2D-N TROSY N, -exchange spectra (25) were col-
lected and processes as described previously (15).

DNA substrates for single-molecule imaging

To generate a DNA substrate incorporating a known tar-
get sequence for MBD2 (26), we subcloned a portion
(3837 base pairs) of the death associated protein kinase
1 (DAPKI1) promoter (chromosome 9, bases 87497573 to
87501409) which includes CpG-rich (4689 base pair) and
CpG-poor (2150 base pairs) regions. This sequence was
then further sub-divided into clones that contain only the
CpG-rich region (CpG-rich: 4705 bp) or rich plus poor re-
gions to generate the CpG-rich-poor DNA (6839 bp) within
the pGEM backbone (Supplementary Figure S2). For a
CpG-free DNA substrate, the pCpGfree-vitroNmcs plas-
mid (5488 base pairs) was purchased from InvivoGen that
is devoid of any CpG dinucleotides. The CpG-rich region
from the DAPK1 promoter was then sub-cloned into the
Scal/Ncol restriction sites to generate a 1697 base pair
CpG-rich region within a 5466 CpG-free backbone (CpG-
free-rich DNA: 7163 bp).

For DNA methylation, purified plasmids were treated
with CpG Methyltransferase (M.Sssl) and S-Adenosine
methionine (SAM) as a cofactor at 37°C for overnight.
The methylation status of the DNA was confirmed by re-
striction digestion using Hpall. A total of 42 Hpall sites
are present in both the CpG-rich and CpG-rich-poor sub-
strates. Among these, 30 sites are in the CpG-rich region on
the CpG-rich and CpG-rich-poor DNA substrates. To gen-
erate longer DNA substrates for the DNA tightrope assay,
linearized DNA substrates were ligated using the Quick Lig-
ation™ Kit (New England BioLabs) at room temperature
for overnight. Ligated DNA samples were then purified us-
ing phenol-chloroform extraction.

Protein-QD conjugation

Streptavidin-conjugated quantum dots (SAv-QDs-655)
were purchased from Invitrogen. For QD labeling of
N-terminal Hisg-tagged MBD2 (His-MBD2ygp and
HiS-MBDZMBDHDR), 1 ].Ll of SAV-QDS-655 (1 I.LM) was
incubated with 1 pl of the multivalent chelator tris-
nitrilotriacetic acid (BTtris-NTA, 2 wM) for 20 min at

room temperature (27). The His-MBD2 protein (1 wl of 1
pM) was then added to the SAv-QD-NTA solution and
incubated for an additional 20 min at room temperature.
All samples were diluted 100X before being introduced
into the flow cell in the imaging buffer (50 mM HEPES pH
7.5, 100 mM NacCl, and 1 mM MgCl,).

Fluorescence imaging and analysis

The oblique angle total internal reflection microscopy
based particle tracking of QD-labeled proteins on DNA
tightropes was described previously (28). Briefly, an inverted
microscope (Nikon Ti-E) and a 100x objective (APO TIRF,
Nikon) was used in the experiments. Red (655 nm) QD-
protein complexes were excited at 488 nm by a solid-state
laser (Sapphire DPSS). The signal was split into two chan-
nels using a dichroic mirror (T605LPXR, Chroma) and an
emission filter (ET655/40nm, Chroma). Flow cells were as-
sembled as methods demonstrated in preceding studies (28).
Furthermore, we immobilized poly-L-lysine (2.5 mg/ml,
M.W. >300 kDa, Wako Chemicals) treated silica beads onto
a cover slip surface with PEGlyation, and then introduced
ligated DNA substrates into the flow cell with a syringe
pump at a flow rate of 300 wl/min. All images were taken
using an EMCCD (iXon DU897, Andor Technology) at a
time resolution of 50 ms/frame.

The mean square displacement (MSD) as a function of
time interval is given by:
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where N is the total number of frames in the trajectory, n is
the number of frames for different time intervals, At is the
time between frames and x; is the position of the protein-
QD in the frame i. The 1D diffusion constant (D) and dif-
fusion exponent (alpha factor) were analyzed by a custom
routine developed in LabView Software based on the fol-
lowing equation (29):

MSD = 2D¢® (2

A protein was categorized as being mobile if the diffusion
constant was greater than 1 x 107> wm? /s and the R? value
from data fitting using Equation (2) was >0.8. The diffu-
sion range was analyzed using a custom code written using
MATLAB.

AFM imaging and image analysis

All DNA and protein samples were pre-incubated for 20
min at room temperature and diluted 10-fold in 1x AFM
buffer [25 mM NaOAc, 25 mM HEPES-KOH (pH 7.5) and
10 mM Mg(OAc),] before being deposited onto a freshly
cleaved mica (SPI Supply). The samples were then washed
with MilliQ water and dried with nitrogen gas. The final
concentration of DNA substrates on mica was ~0.5 ng/ul
and of protein was 30 nM. All images were obtained in
the AC mode using a MFP-3D-Bio AFM (Asylum Re-
search). Cantilevers (PPP-FMR, Nanosensors) with spring
constants at ~2.8 N/m were used. The images were col-
lected at the scan size of 3 wm x 3 wm, scan rate of 1-2



Hz, and resolution of 512 x 512 pixels. The DNA bending
angle was analyzed using either the Asylum software or a
custom MATLAB code, which provide similar results. The
MATLAB code determines the center of the DNA-bound
protein by performing a 2D Gaussian fit in the vicinity of
the highest point of the complex, followed by a sampling of
the height along a circle around that point. The angle be-
tween the intersection points of DNA and sampling circle
was determined by local Gaussian fitting in the vicinity of
the two height maxima.

RESULTS
The IDR of MBD2 influences DNA binding affinity

We previously found that a short, positively charged re-
gion just C-terminal to the human MBD2 (MBD) aug-
ments binding affinity for methylated DNA by 10-100-fold
(11). In the current work, we studied the chicken ortho-
logue (96%, 94%, and 83% identical to human MBD2ypp,
MBD2yp+1pr, and MBD2b, respectively) for which we
have a high-resolution solution structure and NMR assign-
ments (13). Of note, the human MBD2a isoform includes
a long unstructured N-terminal glycine—arginine repeat re-
gion that likely increases DNA binding affinity and unique
binding interactions (30). Yet, the MBD2b isoform can
compact chromatin and functionally replace MBD2a (10).
Fluorescence polarization binding analysis shows that the
homologous region (IDR) increases binding affinity of the
chicken MBD?2 by ~12-fold (Supplementary Figure S1A).
In addition, we measured residual dipolar couplings (RDC)
for MBD2ygp+1pr bound to methylated DNA and fit them
to the known structure of the isolated domain (13). The
overall quality of fit (Q factor = 47%) and correlation be-
tween measured and predicted structure (r = 0.85) indicate
that the IDR does not significantly alter the fold of the
MBD (Supplementary Figure S1B and C). As we demon-
strated previously, though, both the lack of chemical shift
dispersion and RDC measurements indicate that the IDR
does not adopt a regular structure when bound to DNA.

In previous studies of MBD proteins, we have consis-
tently found that the '"H-""N chemical shifts for back-
bone (G27 and A30) and side chain (R24) resonances of
three highly conserved residues reflect the distribution be-
tween methylation specific and non-specific binding modes
(14,15,31). Hence, the location of these resonances reflects
the amount of time spent bound to the methylated site.
Comparing the chemical shifts for these reporter residues
between MBD2MBD+IDR and MBD2MBD (Figure 1A and B)
shows that the IDR does not alter the relative distribution of
MBD?2 between binding modes. Likewise, the largest chem-
ical shift differences (Figure 1C) map to the C-terminal por-
tion of the MBD, just prior to the additional amino acid se-
quence unique to the MBD2ygp+1pr clone. Therefore, the
increase in binding affinity provided by the IDR does not
change the structural recognition of mCpG or methylation
selectivity of the protein.
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Figure 1. Comparison of NMR chemical shifts between MBD2ypp+1DR
and MBD2ygp bound to DNA. (A) An overlay of 2D SN-HSQC spectra
for MBD2y\p+1pR (navy) and MBD2ygp (pink) bound to mCpG DNA
reveals very similar chemical shifts for most amide resonances including
those for reporter resonances G27 and A30 (arrows). (B) Expanded re-
gions from 2D ISN-HSQC spectra for MBD2ypp+1pr bound to DNA
without CpG dinucleotides (red), with 3 CpG dinucleotides (green) and
1 mCpG dinucleotide (navy) are shown for reporter residues A30, R24
Ne, and G27. For comparison, the same regions are shown for MBD2ygp
(gray) bound to the same DNA with equivalent resonances connected by
lines (if they do not overlap). (C) The chemical shift distances between
MBD2Mmpp+ipr and MBD2ygp backbone amide resonances shows rela-
tively small changes for most residues, with some of the larger differences
immediately preceding the additional residues in MBD2yBp+IDR -

MBD2ygp+1pr and MBD2ypp carry out unbiased 1D diffu-
sion on CpG-rich DNA and subdiffusion on CpG-free DNA

Dynamic movements of proteins on DNA, such as 1D slid-
ing, jumping, and hopping are essential for a protein to find
its targeted sequences or structures on DNA (18,32-36).
Furthermore, the MBD2-NuRD complex rearranges nu-
cleosomes within the context of large CpG islands and mod-
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ifies higher order chromatin organization (37,38). There-
fore, to further understand how MBD2 dynamically dis-
tributes on much larger DNA substrates and the role of
the IDR, we applied oblique angle total internal reflec-
tion fluorescence (OAF) microscopy imaging of quantum
dot (QD)-labeled proteins (28,39-41). We tested MBD2
with (MBD2ygp+1pr) or without (MBD2ygp) a portion
of the IDR on DNA tightropes with or without CpG se-
quences (Materials and Methods, Figure 2A). The CpG-
rich and CpG-poor regions contain 6.5-9.5 and 0.6 CpG
sites per 100 bp DNA, respectively (Supplementary Figure
S2). The DNA substrates used for the DNA tightrope assay
were generated by ligating linear DNA fragments contain-
ing unmethylated CpG-rich, CpG-free plus rich (CpG-free-
rich), CpG-free (CpG-free), or CpG-rich plus poor (CpG-
rich-poor) sequences (Figure 2 and Supplementary Fig-
ure S2). Both fluorescence imaging of YOYO1-stained lig-
ated DNA and AFM imaging of unstained ligated DNA
demonstrated the formation of longer DNA fragments af-
ter ligation (Supplementary Figure S3 A,B). We conjugated
His-tagged MBD2ygp+1pr and MBD2ypp to streptavidin-
coated quantum dots (SAv-QDs) through the multiva-
lent chelator tris-nitrilotriacetic acid (BTtris-NTA) linker
(27) (Figure 2B). The three Ni-NTA moieties on the cir-
cular scaffold of the tris-NTA adaptor bind the His-tag
with subnanomolar affinity (27,42). AFM and fluorescence
imaging established that SAv-QDs without MBD2 did not
have significant binding affinity for DNA. Hydrodynamic
flow was used to stretch DNA and suspend ligated DNA
strands between poly-L-lysine coated silica microspheres at
an elongation of ~90% of the DNA contour length (Fig-
ure 2C) (28). Following formation of the DNA tightropes,
either QD-labeled MBD2ygp+1pr or MBD2y\gp Was in-
troduced into the flow cell. The binding of MBD2-QDs
molecules to DNA tightropes was long lived, with ~99% of
the MBD2ygp+1pr and MBD2yvisp blndmg on the DNA
tightropes throughout the observation window (2 min, N
= 257 for MBDzMBDHDR and N = 254 for MBD2MBD).
Analysis of MBD2 on DNA tightropes revealed two pop-
ulations (Table 1): static and mobile molecules. Over-
all, on the unmethylated DNA tightropes, the majority
of MBD2yigp+ipr and MBD2ygp molecules are mobile
(>65%, Table 1).

To obtain diffusion constants for mobile MBD2y\gp+IDR
and MBD2yp on DNA tightropes, the position of
MBDZMBD+IDR' and MBDZMBD—QDS on DNA was
tracked by Gaussian fitting to kymographs (particle po-
sition versus time plots, Figure 2D) (39,41). Diffusion
constants and diffusive exponents (alpha factors) were
obtained from fitting the MSD versus time plots (Figure
3A and B). An alpha exponent of 1 indicates an unbiased
random walk and a value <1 indicates subdiffusion (29).
At the same protein concentrations (10 nM in the flow cell),
the diffusion constants of MBD2ypp+1pr and MBD2ysp
on CpG-rich and CpG-free-rich substrates were indistin-
guishable (Figure 3C and Table 2). However, the diffusion
constants displayed by MBD2yp+ipr and MBD2ypp
on the CpG-free DNA tightrope were significantly slower
compared to those on DNA tightropes containing CpG
sequences (CpG-rich and CpG-free-rich) (Figure 3C).

In addition, on the CpG-rich tightropes MBD2ygp+1DR
and MBD2yp displayed similar alpha exponents that are
close to 1 (0.95 £ 0.03 and 0.92 + 0.02, respectively), in-
dicating unbiased 1D diffusion on DNA (Figure 3D, Ta-
ble 2). Surprisingly, inclusion of CpG-free sequences in the
DNA tightropes significantly (P < 0.05) reduced the al-
pha exponents for both MBD2ygp+ipr and MBD2ygp
(Figure 3D, Table 2), indicating subdiffusive motion. Over-
all, both MBD2ygp+1pr and MBD2ygp display signifi-
cantly (P<0.005) narrower diffusion ranges on the CpG-
free DNA tightropes compared to all the other DNA
tightropes containing CpG-rich sequences (CpG-rich and
CpG-free-rich, Supplementary Figure S4). In summary, flu-
orescence imaging shows that the IDR does not signifi-
cantly modify the 1D diffusion of MBD2 on DNA. How-
ever, both MBD2ypp+ipr and MBD2ygp show unbiased
diffusion on CpG-rich DNA while subdiffusive motion on
CpG-free sequences.

Both MBD2 ygp and MBD2ygp+ipr become static on
methylated DNA

To evaluate how DNA methylation affects the dynamics of
MBD?2 on DNA, we imaged QD-labeled MBD2y\gp+1pR
and MBD2ygp on the CpG-free-rich (Figure 4), CpG-
rich, and CpG-rich-poor (Supplementary Figures S5 and
S6) DNA tightropes after methylation. Linear DNA sub-
strates were methylated before ligation using CpG Methyl-
transferase (M.SssI) with S-Adenosine methionine (SAM)
as a cofactor (Supplementary Figure S3C). The methyla-
tion status of the linear DNA substrates was confirmed by
inhibition of digestion by Hpall restriction enzyme (Sup-
plementary Figure S3C). When methylated, the CpG-rich,
CpG-free-rich, and CpG-poor-rich DNA contain 42, 30
and 42 Hpall restriction sites, respectively. Importantly,
lack of methylation of just one site permits cleavage of
the vector by the enzyme. Hence, absence of digestion in-
dicates a high level of methylation (43). We then ligated
the methylated DNA and used hydrodynamic flow to form
DNA tightropes between silica beads inside the flow cell.
AFM imaging showed that QD-labeled MBD2ygp+1pR re-
tains binding specificity for mCpG-rich region on the lin-
ear mCpG-free-rich DNA (Supplementary Figure S5). As
compared to unmethylated DNA, the binding events for
both MBD2ygp+ipr and MBD2ygp increased dramati-
cally on methylated DNA tightropes (Supplementary Fig-
ure S6A,B). Combining the data for all three DNA sub-
strates (CpG-rich, CpG-rich-poor, and CpG-free-rich), the
density of both MBD2ygp+1pr and MBD2ygp complexes
increased from 1.5/40 kb on unmethylated DNA to 4/40 kb
on methylated DNA (Supplementary Figure S6C and D).
Similar to what was observed on the unmethylated DNA,
the binding of MBD2-QDs molecules to methylated DNA
was long lived, with over 99% of the MBD2ygp+ipr and
MBD2ysp binding on the DNA tightropes throughout the
observation window (2 min, N = 518 for MBD2ygp+I1DR
and N = 445 for MBD2y\sp). However, in contrast to the
unmethylated DNA tightropes, the majority (~91.2% to
95.5%) of the MBD2ygp+1pr and MBD2ygp bound stat-
ically to the methylated DNA tightropes (Figure 4, Sup-
plementary Figure S6, and Table 1). Furthermore, the dis-
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Figure 2. MBD2\gp+ipr and MBD2ygp carry out 1D diffusion on tightropes with or without unmethylated-CpG sequences. (A) Cartoon drawing
of three ligated DNA substrates for the DNA tightrope assay: CpG-rich, CpG-free-rich and CpG-free. The numbers in the boxes show the length of the
DNA. (B) Schematic representation of QD-conjugated MBD2ygp+1pr and MBD2ypp using BT{1is-NTA as the linker between the Hisg-tag on the MBD2
proteins and streptavidin coated-QD. (C) Schematic drawing of the DNA tightrope assay depicting a QD-labeled protein (red dot) on the DNA tightrope
(green lines) stretched between silica beads (golden spheres) immobilized on a passivated glass surface. (D) Representative kymographs of red (655 nm)
QD-labeled MBD2ygp+ipr (left panel) and MBD2ypp (right panel) on three different DNA tightropes.

Table 1. Proportion of static MBD2 on unmethylated- and methylated-DNA tightropes

DNA MBD2MBD+IDR MBD2ypp
Percentage (%) N Percentage (%) N
Unmethylated CpG-rich 32.1%+4.9% 74 33.8%+5.2% 91
CpG-free-rich 22.7% +2.3% 127 22.9%+ 1.2% 95
CpG-free 10.6% % 3.9% 69 15.7%£3.7% 56
Methylated CpG-rich 91.2%+2.3% 284 93.6% £2.2% 173
CpG-free-rich 94.8% +1.8% 234 95.5% + 1.3% 272
CpG-free N.A. N.A.
The values represent mean + SEM from two to three experiments for each data set.
Table 2. Diffusion of MBD2ygp+1pr and MBD2ygp on three DNA substrates
DNA MBD2MBD+IDR MBD2yBDp
D (um?/s) o exponent N D (um?/s) o exponent N
CpG-rich 0.089+0.016 0.954+0.03 44 0.078 +0.012 0.924+0.02 59
CpG-free-rich 0.071+0.013 0.754+0.02 93 0.057+0.013 0.814+0.03 73
CpG-free 0.014+0.003 0.794+0.02 90 0.019+0.003 0.8240.03 88

The values represent mean + SD from 2 to 5 experiments for each data set.
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Figure 3. Diffusion constant, alpha exponent of MBD2ypp+1pr and MBD2ygp on three types of DNA substrates. Plots of average values of MSD
versus time for MBD2ygp+1pr (A) and MBD2ygp (B) on CpG-rich, CpG-free-rich and CpG-free DNA tightropes. The error bars represent SEM. (C
and D) Diffusion constants (C) and alpha exponents (D) of MBD2ygp+1pr and MBD2ygp on CpG-rich, CpG-free-rich, and CpG-free DNA tightropes

(Table 2). ***P < 0.0005; **P < 0.005; *P < 0.5.

tance between adjacent proteins on the methylated CpG-
free-rich DNA tightropes are Gaussian distributed with
peaks centered at 2.33 (4 0.38) wm and 4.19 (£ 0.65) pum
for MBD2MBD+IDR» and 2.15 (:l: 039) pm and 4.15 (:l: 037)
pm for MBD2ypp, respectively (Figure 4B and C). These
spacing match the distances between methylated CpG-rich
regions on DNA tightropes (Figure 4A). Taken together,
fluorescence imaging of MBD2ygp+1pr and MBD2ygp on
DNA tightropes establishes that MBD2 recognizes methy-
lated CpG sites through stable and static binding.

Intra- and intermolecular exchange by MBD2

While the single-molecule studies clearly demonstrate that
methylation greatly restricts dynamic mobility of MBD2
on DNA, the spatial resolution (~16 nm) of fluorescence
imaging limits localization accuracy of the MBD?2 protein
to ~50 base pairs of DNA (28), which contains ~5 CpG
dinucleotides based on the density of the CpG sites (Sup-
plementary Figure S2). In previous studies, we found that
the MBD can exchange relatively rapidly between closely-
spaced mCpG sites (10-20 base pair separation) on the
same DNA (intramolecular exchange, lifetimes <1 ms) and
between different molecules of DNA (intermolecular ex-

change, lifetimes of 20-30 ms) (15). Hence, to test whether
the IDR modifies local exchange between individual methy-
lated sites, we compared intra- and intermolecular exchange
for MBD2ygp+ipr and MBD2ygp. Several resonances
in the 2D "N-HSQC spectrum of MBD?2 show different
chemical shifts when bound to closely related 10 base pair
oligonucleotides that differ in sequence immediately adja-
cent to the central mCpG dinucleotide (WT and INV, Fig-
ure 5A and B). When MBD2ygp+1pr is bound to a 20-base
pair fusion of these two sequences, with the mCpGs sepa-
rated by only 10 bases, the 2D "'N-HSQC spectrum con-
tains two separate peaks consistent with slow exchange be-
tween the binding sites (Figure 5B middle panel). In con-
trast, when MBD2ypp is bound to the same sequence, the
spectrum contains only a single broadened peak at the aver-
age position between the two resonances (Figure 5B bottom
panel). Hence, the IDR decreases the rate of intramolecular
exchange from fast to slow exchange on the NMR timescale.

To determine whether the IDR influences intermolecu-
lar exchange, we used N, exchange spectroscopy to mea-
sure the intermolecular exchange rate between the WT and
INV methylated CpG sequences, as we have described pre-
viously (15). We followed the auto and exchange cross peaks
as a function of Ny delay, and fit the intensities to four cou-
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Figure 4. Both MBD2y\gp+1pr and MBD2yigp become static at the methylated CpG-rich regions on DNA tightropes. (A) A cartoon drawing of the ligated
DNA substrates containing alternating mCpG-rich and CpG-free sequences (mCpG-free-rich) for the DNA tightrope assay. The DNA is methylated
using CpG Methyltransferase (M.Sssl) and S-Adenosine methionine (SAM) as a cofactor. The expected center-to-center distance between two nearest
neighbor CpG-rich regions on DNA tightropes is 2.1 um, assuming 90% extension of the DNA contour length. QD-labeled MBD2y\pp+ipr (B) and
MBD2ypp (C) on the ligated mCpG-free-rich DNA tightropes. Left panels: Fluorescence images (top) and corresponding kymographs (bottom). Right
panels: histograms of the distance between two adjacent MBD2ygp+1pr (B) and MBD2ypp (C) on mCpG-free-rich DNA tightropes. The solid lines
represent double Gaussian fits to the data (R? > 0.98) with peaks centered at 2.33 (£0.38) pm and 4.19 (£0.65) pm for MBD2ypp+1pr (N = 138), and

2.15(40.39) pm and 4.15 (£0.37) wm for MBD2y\pp (N = 167), respectively.

pled equations describing molecular exchange in the slow
limit (44). We measured very similar exchange rates for both
MBD2yep+ipr and MBD2ygp with 100 M excess DNA
(Figure 5C and D). However, increasing the excess DNA
concentration enhanced the exchange rates for MBD2yzp
but not for MBD2ygp+ipr (Figure SC-E). Without the
IDR, the strong free DNA concentration dependence for
MBD2yp indicates that intermolecular exchange is rate
limited by the DNA re-binding on-rate or intersegment
transfer (45,46). In contrast, in the presence of the IDR,
the lack of free DNA concentration dependence indicates
that DNA dissociation is rate limiting for MBD2ygp+1pR
(45,46). Therefore, the IDR both reduces exchange between
mCpG sites along the DNA as well as dissociation from

DNA, acting like an anchor that restricts dynamic mobil-
ity of the MBD domain.

MBD?2 bends DNA and IDR augments the bending upon
binding to mCpG

In order to evaluate whether MBD2 with or without the
IDR affects the DNA conformation upon binding, we ap-
plied AFM imaging in air to visualize the MBD2ygp+1pr-
and MBD2ygp-DNA complexes on linear CpG-free DNA
(Figure 6), as well as unmethylated and methylated CpG-
rich DNA (Figure 7). Due to its small size, it is chal-
lenging to unambiguously identify MBD2ypp+ipr (138
amino acids) and MBD2ygp (91 amino acids) on DNA
in topographical AFM images. To increase the size of
MBD2uep+1pr and MBD2ygp and facilitate visualization,
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Figure 5. The MBD2 IDR influences both intramolecular between mCpG sites and intermolecular exchange between different DNA molecules. (A) Se-
quence of WT and INV DNA with a central methylated CpG. The two base pairs that differ between the two sequences (bold) lead to unique chemical shifts
in the bound state. MBD2 was bound to a mixture or fusion of the WT and INV sequences for inter- and intra-molecular exchange rate measurements,
respectively. (B) An overlay of 2D I>N-HSQC spectra for MBD2ygp+1pr bound to a mixture of WT and INV DNA (top panel), MBD2ygp+1pr and
MBD2ypp bound to the fusion of WT and INV DNA (middle and bottom panels, respectively). (C) Nz exchange curves for MBD2ypp residue E21
bound to a mixture of WT and INV DNA with 100 uM, 200 uM, and 300 uM excess free DNA. (D) Nz exchange curves for MBD2ypp+1pRr residues
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the thioredoxin (TRX) tag was not removed from the N-
termini of the proteins. Importantly, the TRX tag does
not significantly modify methylated DNA binding affin-
ity (Supplementary Figure S1). Representative images of
CpG-free only (Figure 6A), as well as TRX-MBD2ygp+1pr
and TRX-MBD2yp on linear CpG-free DNA substrates
(Figure 6B) show examples of DNA only and the protein—
DNA complexes. The heights of TRX-MBD2ygp+1pr and
TRX-MBD2yp on DNA (0.49 £+ 0.06 nm and 0.45 +
0.06 nm, respectively) were significantly (P < 0.00001) taller
than that of dsDNA itself (0.29 + 0.04 nm) allowing us to
unambiguously identify the protein-DNA complexes (Fig-
ure 6B). A striking feature from these images is the DNA
bending induced by both proteins on CpG-free (Figure 6),
as well as CpG-rich, and mCpG-rich DNA (Figure 7). As
compared to DNA alone, MBDZMBDHDR and MBD2MBD
induced a small degree of DNA bending on CpG-free
DNA (36.7°4+27.6° and 39.2°413.7°, respectively, Table 3).
The DNA bending angles induced by MBD2ygp+pr and
MBD2y\gp on CpG-rich DNA (66.4° + 32.4° and 68.8°+
30.7°, respectively) were larger than observed for CpG-free,
but still comparable between the two proteins (Table 3). In
contrast, MBD2ygp+1pr induced significantly (P < 1 x
10~%) larger bending angles on methylated CpG-rich (103.5°

+ 23.1°) DNA, while MBD2ypp did not (69.0°+ 32.6°, Ta-
ble 3).

To rule out the possibility that sample variation con-
tributed to these differences in DNA bending, we analyzed
MBDzMBDHDR' and MBDZMBD—il’lduCCd DNA bending
angles on the CpG-free and CpG-rich regions present in
the same linear DNA (unmethylated and methylated CpG-
free-rich DNA substrates, Supplementary Figures S7 and
S8). Even though we could not differentiate the two DNA
ends from each other, the central location of the CpG-rich
region on the linear DNA substrate (38% to 62% measured
from either end) allowed us to assign the MBD2 binding
to either the CpG-free or CpG-rich regions (Supplemen-
tary Figures S7C and S8C). Analysis of the binding posi-
tion of MBD2ypp+1pr and MBD2ygp on the unmethy-
lated and methylated CpG-free-rich DNA showed that both
MBD2MBD+1DR and MBDZMBD preferentially bound to the
CpG-rich region (Supplementary Figures S7C and S8C).
Bending angle analysis on the CpG-free-rich DNA sub-
strates confirmed the results from using DNA substrates of
CpG-free (Figure 6) and CpG-rich only sequences (Figure
7). On the linear unmethylated CpG-free-rich DNA, both
MBD2MBD+1DR and MBDZMBD induced additional bend-
ing on the CpG-rich region as compared to at the CpG-
free region (Supplementary Figure S7). Importantly, while
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Figure 6. Bending angles induced by MBD2ygp+1pr and MBD2ypp on the linear CpG-free DNA substrate. (A) Cartoon drawing of the linear CpG-free
DNA substrate (top panel), an AFM image of the linear CpG-free DNA (middle panel), and statistical analysis of the intrinsic DNA bending along the
CpG-free DNA substrate (bottom panel). The solid line represent Gaussian fit to the data with the peak centered at 0°. (B) Representative AFM images
of MBD2ygp+1pr (left panel) and MBD2ypp (right panel) on the CpG-free DNA substrate. Scale bars are at 200 nm. The inserts show the 3D surface
plots of the zoomed (boxed) regions. (C) Statistical analysis of the DNA bending angles induced by MBD2y\gp+1pr and MBD2ygp binding on the linear
CpG-free DNA. The left panel shows an example of using the custom Matlab code to measure the DNA bending angle (red square: center of DNA-bound
MBD2; black squares: DNA identified through sampling along a circle around the protein; 8: protein-mediated DNA bending angle. The solid and dotted
lines in the right panel are Gaussian fits to the data (R> > 0.90) with peaks centered at 36.7° (27.6°) for MBD2ppp+1pr (N = 91) and 39.2° (413.7°) for
MBDZMBD (N = 77) (Table 3)

Table 3. Summary of DNA bending angles induced by MBD2 binding

DNA MBD2MBD+IDR MBD2yBp
Bending angle (°) N Bending angle (°) N
Unmethylated CpG-free 36.7° £ 27.6° 91 39.2°+13.7° 77
CpG-rich 66.4° £32.4° 167 68.8° £30.7° 102
CpG free region 42.5° £26.3° 113 48.9° £20.1° 57
CpG rich region 74.1° £35.7° 76 69.9° +36.1° 56
Methylated CpG-free N.A. N.A.
CpG-rich 103.5° +£23.1° 162 69.0° £32.6° 182
CpG free region 42.1° £38.1° 105 41.4° £23.3° 181
CpG rich region 102.2° £41.3° 73 62.6° +£27.6° 114

The values represent mean + SD from two to three experiments for each data set. The significance values regarding the difference among the data sets are
reported in Supplementary Figure S8.

both MBD2yp+ipr and MBD2ygp induced a similar de- bending requires increased CpG content. Therefore, we iso-
gree of slight bending at the CpG-free region, upon bind- lated the CpG-poor region (0.6 CpG per 100 bp) and mea-
ing to the methylated CpGs, MBD2ygp+pr mediated ad- sured bending by MBD2ygp+ipr for both unmethylated
ditional DNA bending compared to MBD2ygp (Supple- and methylated DNA. Analysis of the bending angles (Sup-
mentary Figure S§D, Table 3). In summary, while the IDR plementary Figure S10A,B) shows that MBD2ypp+ipr
region does not further modify the DNA bending by MBD2 bends CpG-poor DNA (56.3° £ 24.7°), but somewhat less
at the CpG-free region or unmethylated CpG, it facilitates than CpG-rich DNA (66.4° £ 32.4°); and that methylation
additional DNA bending upon recognition of the methy- increases the bending (72.4° 4 60.7°), but not to the same
lated CpG DNA (Supplementary Figure S9). extent as for CpG-rich DNA (103.5° £ 23.1°). This result

While MBD2ygp does not bend CpG-free DNA to the indicates that the average of MBD2-mediated DNA bend-
same extent as mCpG-rich DNA, it is unclear whether ing depends on CpG density and methylation status.
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are reported in Table 3.

Finally, given that we have high-resolution structural
analysis, we chose to study the chicken MBD?2 orthologue.
While the human MBD2b and chicken MBD2 orthologues
are highly homologous (94% identity for MBD2y\gp+IDR),
we sought to confirm that the human MBD2ygp+pr can
bend methylated DNA as well. As expected, AFM of hu-
man MBD2ygp+1pr shows very similar bending to that of
the chicken orthologue when bound to bound to CpG-free
(51.5° £ 29.4°), CpG-rich (67.7° £ 27.2°) and mCpG-rich
(96.8° £ 13.4°) DNA (Supplementary Figure S10C and D).

Hence, the behavior we have characterized applies to the hu-
man orthologue as well.

DISCUSSION

The current model of MBD2 function postulates that the
protein selectively targets methylated CpG islands, recruit-
ing the NuRD co-regulatory complex to silence gene ex-
pression through histone deacetylase and nucleosome re-
modeling activities. However, genomic localization and
gene expression studies have indicated that while MBD2-
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MBD2 induces sharper DNA bending at CpG-rich regions compared to at
CpG-free, which is further augmented by IDR when binding to methylated
CpG-rich sequences. The summary of the MBD2-induced DNA bending
angles on different DNA substrates is presented in Table 3 and Supplemen-
tary Figure S9. (C) Proposed model for the dynamics of MBD?2 in the con-
text of the NuRD complex. MBD2 enables the NuRD complex to freely
mobilize nucleosomes within unmethylated CpG islands, while impeding
mobility on densely methylated CpG DNA.

NuRD predominately localizes to methylated CpG islands,
it can be found at a subset of unmethylated CpG islands as-
sociated with active promoters (9,10,16,17). Interpretation
of these results is further complicated by the low affinity
MBD3 paralogue that likewise recruits NuRD complex in
a mutually exclusive manner (30). These observations have
led us to question whether MBD2-NuRD functions at both
unmethylated and methylated promoters, contributing to
either nucleosome mobilization or stabilization depending
on the distinct dynamic DNA binding modes of the MBD?2.

In the studies reported here, we have found that the iso-
lated MBD2ypp shows at least three distinct DNA bind-
ing modes: (i) relatively slow 1D subdiffusion on CpG-
free regions without significant DNA bending, (ii) rela-
tively rapid 1D unbiased diffusion on unmethylated CpG-
rich regions with intermediate DNA bending, (iii) stable
binding on methylated CpG-rich regions associated with
marked DNA bending (Figure 8 A and B). Furthermore, re-
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sults from tracking of MBD2 on DNA tightropes strongly
support that MBD2 carries out curvilinear motion during
rapid diffusion along the DNA, as has been described for
other transcription factors (47-49). If the hydrodynamic ra-
dius of the red QD (655 nm) is assumed to be 11.5 nm
(50) and the radius of gyration of free MBD2 is 1.28 nm
based on the solution structure (13), then the expected up-
per limit for diffusion constants for a single red QD labeled
MBD2 sliding on DNA is 21.1 pum?/s. Assuming MBD2 ro-
tates around DNA helix, the expected upper limits for diffu-
sion constants based on the modified version of the Stokes-
Einstein relation is 0.03 pwm?/s (51), which is close to what
was observed experimentally (Table 2). The associated IDR
does not significantly change the 1D diffusion dynamics of
MBD?2, which is consistent with the notion that IDR does
not change the structural recognition of mCpG or methy-
lation selectivity supported by results from NMR experi-
ments reported in the current and previous studies (11).

Once MBD?2 enters densely methylated regions, however,
diffusion is greatly restricted, manifested as stable DNA
binding in fluorescence imaging (spatial resolution 16 nm)
and slower exchange rates on methylated CpGs. The stable
blndmg of both MBD2ygp and MBD2ygp+1pr on DNA
tightropes containing methylated CpGs are consistent with
previous observations. Binding analyses (6,13,52,53) and
quantum mechanics calculations (54) have established that
methylation contributes to a favorable change in free energy
for MBD?2 binding to DNA. In addition, computational
studies suggest that methylation leads to subtle structural
rearrangements within the DNA and MBD binding sites
(54). These structural rearrangements and the free energy
difference are consistent with the chemical shift changes
we observe between methylation specific and non-specific
binding modes and likely contribute to the marked stabi-
lization of MBD2 when bound to methylated CpG regions
as observed by single-molecule fluorescence. However, un-
expectedly, this study uncovered a new role for the IDR in
recognition of methylated DNA. Combining results from
NMR and AFM experiments strongly supports that the
IDR serves as an additional anchor by reducing exchange
between CpG sites and dissociation from DNA leading to
stable binding over a methylated CpG region, as well as in-
troducing additional bending at methylated CpG sites.

Therefore, these data support a model of MBD2yp
function in which the dynamic mobility of this domain reg-
ulates whether MBD2-NuRD efficiently rearranges nucle-
osomes along an unmethylated CpG island or fixes nucleo-
somes in place within methylated CpG islands (Figure §C).
This difference suggests that MBD2-NuRD will tend to
move nucleosomes away from unmethylated and towards
methylated regions and allow for more dynamic mobility
within unmethylated regions. Furthermore, AFM analyses
clearly shows that MBD2 bends methylated DNA, an ob-
servation that has not been previously reported. Whether
this bending occurs in the context of the full MBD2-NuRD
complex and nucleosome laden chromatin is yet to be deter-
mined. Nonetheless, this observation raises the possibility
that MBD?2 itself contributes to DNA compaction.

Taken together, these results potentially shed light on the
enigmatic function of MBD2-NuRD in cells. The estab-
lished model that MBD?2 solely targets NuRD to methy-
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lated CpG islands and silences the associated genes based
on previous biochemical and biophysical characterizations
does not fit with recent whole genome localization studies
and gene expression analyses (9,16,55). Instead, the cellu-
lar function of MBD2 appears to be context dependent,
such that MBD2-NuRD can be associated with either gene
activation or silencing, although predominantly the latter.
If, however, one considers that the function of MBD2 re-
flects dynamic mobility on DNA as opposed to an on-off
binding event, then the function is perhaps less enigmatic.
Given both the relatively high affinity for non-methylated
DNA as well as the presence of additional chromatin and
DNA interacting domains within NuR D, then it is unlikely
that the complex spends time dissociated from DNA. In-
stead, the complex most likely dynamically spreads across
chromatin depending on the relative binding affinity and
mobility of its constituent parts. Hence, MBD2 should al-
low the NuRD complex to freely mobilize nucleosomes
within unmethylated CpG islands, while impeding mobil-
ity on densely methylated DNA. This model implies that
MBD2-NuRD would accumulate both at densely methy-
lated CpG islands as well as at the junction between un-
methylated and methylated CpG rich regions. We suggest
that the latter has been observed in ChIP analyses which re-
vealed a peak for MBD?2 localization at the shoulder of an
unmethylated CpG island (i.e. Figure 5 B in Manefera ez al.
(16)). In fact, MBD2-NuRD accumulation at the edges of
CpG islands helps explain the strong correlation between
gene expression and differential methylation of CpG shores,
the regions immediately adjacent to islands (56,57).

In summary, we have found that the methylcytosine bind-
ing domain of MBD2 exhibits distinct dynamic DNA bind-
ing mode depending on CpG density and methylation sta-
tus. These results underscore the importance of understand-
ing how DNA binding domains dynamically associate with
DNA and suggest a model for MBD?2 function in cells. We
propose that relative binding affinity is an inadequate de-
scription of DNA binding domain interaction with DNA,
especially in the case of the MBD proteins. The different dy-
namic binding modes are more relevant to the function of
MBD proteins in the context of large macromolecular ma-
chines. Hence, extending these analyses to the larger NuRD
complex will help elucidate the function of this complex in
epigenetic transcription regulation, cell differentiation, and
development.
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Supplementary Figure S1. Binding affinity and NMR analyses of MBD2,,5, and
MBD2gp+pr (A) The binding affinity for methylated DNA was determined by fluorescence
polarization analysis for MDB2yzp and MBD2,,gp.pr With and without a thioredoxin (TRX)
tag. Each titration shows evidence of non-specific binding to DNA at higher protein
concentrations, typical of MBDs. We excluded these latter data points from the fit and
normalized the data to 1.0. In addition, binding to methylated (mCpG) and unmethyated
(CpG) DNA was measured for the full intrinsically disordered region, TRX-MBD2(IDR), that
lacks the MBD. As expected, the IDR does not bind DNA in isolation. (B) "°NH residual

dipolar couplings ('Dyy) were measured for MBD2y,5p+pr bound to methylated DNA and (C)
fit to the known structure of the MBD2 ;gp.
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Supplementary Figure S2. Summary of the DNA substrates used for the DNA
tightrope assay and AFM imaging. (A) The map and density of the CpG site on the
CpGe-rich-poor DNA substrate. (B) Diagrams of DNA substrates used for AFM
imaging and in ligation reactions for the DNA tightrope assay. The linear CpG-rich
DNA (4705 bp) was generated by restriction digestion with Ncol. The linear CpG-free
and CpG-free-rich were obtained by restriction digestion of the plasmid DNA with
Stul. DNA was purified using the Qiagen PCR kit.



Supplementary Figure $3. Quantification of ligation and methylation efficiency.
A representative (A) AFM image of ligated mCpG-rich DNA on a mica surface and (B)
fluorescence image of YOYO1-stained ligated mCpG-rich DNA substrate on an
APTES-treated cover slide. (C) Confirmation of DNA methylation through Hpall
restriction digestion. The boxed regions indicate digested DNA fragments from
unmethylated DNA.
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Supplementary Figure S$4. Diffusion ranges of MBD2ygp.pr and
MBD2,,;, on three DNA substrates. The diffusion range of MBD2gp+pr
is 3.64 (+=0.45) um on CpG-rich, 3.32 (£=0.23) um on CpG-free-rich, and
1.31 (*=0.13) ym on CpG-free. For MBD2,,5p, the diffusion range is 3.67
(%£0.29) ym on CpG-rich, 3.27 (+0.24) ym on CpG-free-rich, and 1.77
(%=0.15) ym on CpG-free. *: p < 0.05; **: p < 0.005; ***p < 0.0005.
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Supplementary Figure S5. QD-labeled MBD2gp.pr retains binding
specificity for methylated CpG sites. (A) Cartoon drawing of the DNA
substrate. (B) AFM imaging of MDB2;gp.+pr-QD on linear mCpG-free-rich DNA
substrate. Left panel: an AFM topographic image with a white arrow pointing to
a MBD2,,gp.+ipr-QD complex on DNA. The scale bar represents 200 nm. Right
panel: the binding position of MBD2gp+1rp-QD complex on the linear mCpG-
free-rich DNA substrate. Binding position analysis shows that over 49% of

MBD25p+pr-QD (N=113 out of 230) binds to the methylated CpG-rich region
(38% to 50% on mCpG-free-rich DNA).
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CpG-rich and CpG-rich-poor DNA substrates. (A and B) Top panels: cartoon drawing of the
ligated DNA substrates using in the DNA tightrope assay. Middle and bottom panels: examples of
individual DNA tightropes with QD-labeled proteins showing fluorescence images at the top and
kymographs at the bottom. (C and D) The number of MBD2 complexes observed on DNA
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and the number of DNA tightropes analyzed. The average and SEM of the unmethylated and
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respectively.
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Supplementary Figure S7. Both MBD2,,5p.pr and MBD2,,g, induce additional bending at
the unmethylated CpG-rich region compared to binding at CpG-free regions. (A) Cartoon
drawing of the CpG-free-rich DNA substrate. (B) AFM images of MDB2,gp.pr (top panel) and
MBD2,5p (bottom panel) on linear CpG-free rich substrate. The inserts show the 3D surface
plots of the expanded (boxed) regions. The numbers in the images show the DNA bending
angles at MBD binding sites. (C) Analysis of the binding position of MDB2gp.pr (top panel)
and MBD2,,5p (bottom panel) on linear CpG-free-rich substrate. Binding position analysis
shows that over 42% of MBD2gp+pr (N = 79 out of 184) and 47% of MBD2,,zp (N=44 out of
93) binds to the CpG-rich region (38% to 50%). (D) Analysis of the DNA bending angle induced
by MBD2,,zp+ipr @and MBD2,,5p at the CpG-free (0% to 38%) and CpG-rich regions (38% to
50%). The solid lines are Gaussian fits to the data (R?> 0.97). The bending angles induced
upon MBD protein binding are 42.5°+26.3° (N=113) and 74.1°£35.7° (N=76) for
MBD2gp+ipr, 48.9°+20.1° (N=57) and 69.9°+36.1°(N=56) for MBD2,,5p at CpG-free and
CpG-rich regions, respectively.
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Supplementary Figure S8. Direct comparison of DNA bending upon binding of
MBD2ygp+ipr and MBD2,,5, to CpG-free and mCpG-rich regions in the mCpG-free-
rich DNA substrate. (A) Cartoon drawing of the mCpG-free-rich DNA substrate. (B)
AFM images of MDB2ygp+i0r (top panel) and MBD2,,gp (bottom panel) on linear mCpG-
free rich substrate. The inserts show the 3D surface plots of the expanded (boxed)
regions. The numbers in the images show the DNA bending angles at MBD binding
sites. (C) Analysis of the binding position of MDB2,zp.pr (top panel) and MBD2,5p
(bottom panel) on the linear mCpG-free-rich substrate. Binding position analysis shows
that over 47% of MBD2ygp+ipr (N = 85 out of 178) and 43% of MBD2,,zp (N=114 out of
260) binds to the methylated mCpG rich region (38% to 50%). (D) Analysis of the DNA
bending angle induced by MBD2y5p+ipr @and MBD2,,5p at the CpG-free (0% to 38%) and
mCpG-rich regions (38% to 50%). The solid lines in the right panels are Gaussian fits to
the data (R? >0.90) with the peaks centered at 42.1°(£38.1°, N=105) at the CpG-free
region and 102.2° (£41.3°, N=73) at the mCpG-rich region for MBD2ygp+ipr , and 41.4°
(%=23.3°, N=181) at the CpG-free region and 62.6° (£27.6°, N=114) at the CpG-rich
region for MBD2,gp.
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Supplementary Figure $9. Comparison of the DNA bending angles induced by
MBD2. Box plots show the bending angles induced by binding of MBD2ygp.pg and
MBD2,,gp to unmethylated and methylated CpG-free and CpG-rich DNA as well as the
CpG-free and -rich regions within the CpG-free-rich DNA substrate. ***p < 0.0005.
Significance values larger than 0.02 are not shown.



