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Dynamics and inhibition of MLL1 CXXC domain on
DNA revealed by single-molecule quantification
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ABSTRACT CpG islands recruit MLL1 via the CXXC domain to modulate chromatin structure and regulate gene expression.
The amino acid motif of CXXC also plays a pivotal role in MLL1’s structure and function and serves as a target for drug design. In
addition, the CpG pattern in an island governs spatially dependent collaboration among CpGs in recruiting epigenetic enzymes.
However, current studies using short DNA fragments cannot probe the dynamics of CXXC on long DNA with crowded CpG mo-
tifs. Here, we used single-molecule magnetic tweezers to examine the binding dynamics of MLL1’s CXXC domain on a long DNA
with a CpG island. The mechanical strand separation assay allows profiling of protein-DNA complexes and reports force-depen-
dent unfolding times. Further design of a hairpin detector reveals the unfolding time of individual CXXC-CpG complexes. Finally,
in a proof of concept we demonstrate the inhibiting effect of dimethyl fumarate on the CXXC-DNA complexes by measuring the
dose response curve of the unfolding time. This demonstrates the potential feasibility of using single-molecule strand separation
as a label-free detector in drug discovery and chemical biology.
SIGNIFICANCE Epigenetic enzymes of the CXXC family interact with chromatin by recognizing CpG motifs, which
govern epigenetic modifications. These modifications regulate gene expression, making CXXC a potential target for
therapeutic intervention. MLL1’s CXXC domain recognizes unmodified CpG and prevents DNAmethylation, andmutations
in CXXC and abnormal methylation patterns of CpG islands lead to mixed-lineage leukemia. We use single-molecule
methods to understand the dynamics of MLL1’s CXXC domain on a long DNA containing a CpG island and determine the
landscape of binding energies. Our methods also reveal the inhibitory effect of a clinically used drug on the protein-DNA
complexes.
INTRODUCTION

CpG islands (CGIs) recruit epigenetic enzymes of the
CXXC family to modulate chromatin structure and regulate
gene expression, which are potential targets for therapeutic
intervention (1). For example, MLL1, as a member of the
CXXC family, regulates the expression of more than 5000
genes (2–5). MLL1’s CXXC domain adopts a crescent-
shaped conformation and binds CpG motifs to protect the
DNA from methylation. It interacts with CpG via eight
conserved cysteine residues (6,7) and a positively-charged
surface. Within a CGI, the CpG pattern has been proposed
to govern spatially dependent collaboration among CpGs
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in recruiting epigenetic enzymes (8,9). However, current
biophysical studies of CXXC-DNA interactions by, e.g.,
x-ray crystallography or isothermal titration calorimetry,
have used short DNA fragments (<20 bp, for example),
which cannot probe the dynamics of a CXXC protein on a
long CGI DNA with crowded CpG motifs.

Amino acid motifs such as CXXC play pivotal roles in
protein structure and function, and broadly serve as targets
for drug design. Indeed, selective modification of a protein
at a targeted motif is a prevailing tool in chemical biology
and drug discovery (10). For example, the myeloablative
drug busulfan converts the cysteines of a catalytic CXXC
motif to dehydroalanine and lanthionine in thiol redoxin
proteins (11). In another example, CD28 interacts with the
CXXC motif of protein kinase Cq, which can be targeted
by a small molecule, dimethyl fumarate (DMF) (12).
DMF is clinically used to treat psoriasis and multiple scle-
rosis. Emerging targets of DMF such as NF-kB and GAPDH
(13–16) suggest it may impact tumors.
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Identification of drug targets and quantitative evaluation
of the dose response are critical for optimal drug develop-
ment and rely on orthogonal biophysical methods (17).
However, the readout of a detection method should be
robust and avoid artifacts. For example, resveratrol was re-
ported to be a sirtuin activator, but this was later found to be
an experimental artifact caused by a fluorophore modifica-
tion on the peptide substrate, i.e., resveratrol activity is
entirely dependent on a fluorophore covalently attached to
the enzyme’s substrate (18–21).

On the other hand, label-free single-molecule methods
like magnetic tweezers, optical tweezers, and nanopores
(22–25) have provided quantitative measurements of the dy-
namics of DNA unzipping, DNA supercoiling, protein-DNA
interactions, and the impact of drugs on all of these without
the danger of label-induced artifacts. For example, single-
molecule magnetic tweezers reveal that the antitumor drug
topotecan impedes DNA uncoiling by topoisomerase I
(26). DNA strand separation by single-molecule tools has
been used to probe protein-DNA interactions, site-specif-
ically probing the dynamics of enzyme-targeting DNA
(27–34).

Here, we used magnetic tweezers to systematically
examine the dynamics of MLL1’s CXXC domain binding
a long CGI-containing DNA from the Hoxa9 gene. The sin-
gle-molecule strand separation assay allows profiling of pro-
tein-DNA complexes and reports force-dependent hairpin
unfolding times (protein binding increases the unfolding
time of the hairpin). In addition, we optimize the hairpin de-
tector to probe the unfolding time of individual CXXC-CpG
complexes by designing a DNA sequence with well-isolated
CpGs and an AT-only (A for adenine and T for thymine)
background sequence. The rupture of individual MLL1
CXXC-CpG complexes happens in �10 ms at a probing
force of 12.5 pN. In a proof of concept, we have also demon-
strated the effect of the clinically used drug DMF on the
MLL1 CXXC-DNA complexes by measuring the response
of the unfolding time to DMF dosage. The measured half-
maximal inhibitory concentration (IC50) of DMF on the
protein-DNA interactions is �1 mM. The effect of DMF
on complexes formed between the CXXC family protein
of MLL1 and a CpG site is unprecedented. Our results
reveal the binding landscape of MLL1’s CXXC domain
on a CpG island and the dissociation time upon strand
separation, shedding light on the dynamics of CXXC-CpG
interactions. We show that DMF inhibits the function of
MLL1’s CXXC domain, demonstrating the feasibility of us-
ing single-molecule strand separation as a label-free detec-
tor in drug discovery and chemical biology.
MATERIALS AND METHODS

Unless noted otherwise, all chemicals were ordered from Sigma-Aldrich,

the DNA oligonucleotides (oligos) from Sangon Biotech (Shanghai,

China), and the enzymes from New England Biolabs. MLL1 CXXC was
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synthesized by Sangon Biotech (Table S1). We purchased DMF and

monomethyl fumarate (MMF) from Shanghai Darui Fine Chemicals

(Shanghai, China).
Electrophoretic mobility shift assay

We used a FAM-labeled oligo, FAM-GCCACCGGTGGC, to prepare CpG

dsDNA for an electrophoretic mobility shift assay (EMSA). The palin-

dromic ssDNA forms dsDNA by self-dimerization after being heated to

95�C for 0.5 min and slowly cooled to 25�C over 2 h. In a titration buffer

containing 10 mM Tris HCl (pH 7.4), 150 mM NaCl, 50 mM ZnCl2, 1 mM

DTT, and 6% glycerol, we titrated 100 nM CpG dsDNA with the MLL1

CXXC domain at concentrations of 0.5, 1, 2, 4, 8, 16, 32, 64, and 128

mM. The reaction ran for 30 min on ice. We then loaded 10 mL of the reac-

tion mixture into a 5% polyacrylamide gel, which ran at room temperature

and 50 V for 1 h in 0.5� TBE (Tris-borate-EDTA) buffer. In an imaging

system (PXi9; Syngene, Cambridge, UK), we took gel images with

495 nm illumination and analyzed the images in ImageJ (NIH Image, Be-

thesda, MD). Hill equation fitting was done using nonlinear least squares in

MATLAB 2017 (The MathWorks, Natwick, MA). The Hill equation is q ¼
1

ð1þðKd=cÞnÞ, where q represents the fraction of probe depletion, c-protein con-

centration, Kd the dissociation constant, and n the Hill coefficient.
DNA constructs

In our hairpin constructs, CGI hairpin and CpG hairpin, two handles serve

for mechanical manipulation, whereas the stem contains sequences of inter-

est. We made the handles by PCR from pBluescript II SK(þ) (catalog no.

212205; Agilent, Santa Clara, CA) and deoxynucleoside triphosphate

(dNTP) supplemented with biotin-16-deoxyuridine triphosphate(dUTP) or

digoxigenin-11-dUTP (catalog no. 11093070910 or 11093088910; Roche

Diagnostic, Rotkreuz, Switzerland) (PCR primers in Table S2). The handles

were digested with either BbvCI or PpuMI restriction enzyme to allow liga-

tion of the two handles to distinct ends of the hairpin junction, which is

assembled from four DNA oligos (junction oligos in Table S2). We ran

PCR to generate the CGI sequence for the CGI hairpin stem sealed by a

4-T loop (primers and the loop oligo in Table S2). For the CpG hairpin,

we used the same handles as the CGI hairpin. DNA linkers are synthesized

oligos that connect the handles and the synthesized junction (linker oligos

and junction oligos in Table S2). The CpG hairpin stem and loop are made

of synthesized oligos (stem and loop oligos in Table S2).
Single-molecule assays using magnetic tweezers

We used a homemade magnetic tweezers setup as previously described (35–

38). In a flow cell with the bottom glass slide covered with nitrocellulose

(0.1%, m/v), we injected 70 mL of antidigoxigenin antibody (0.1 mg/mL,

catalog no. 11093274910; Roche Diagnostic) and incubated it for 1 h,

which was followed by passivation with BSA (5 mg/mL) overnight.

Next, we mixed 1 ng of DNA construct with 20 mL of streptavidin-coated

superparamagnetic beads (catalog no. 65305, Dynabeads M-270 Streptavi-

din; Invitrogen, Waltham, MA) in 40 mL of buffer containing 10 mM Tris

HCl (pH 7.4) and 100 mM NaCl. After 30 min of incubation on ice, we

loaded the 40 mL of DNA-bead mixture into the flow cell. Antidig anti-

bodies on the flow cell surface immobilize DNA constructs which are

bound to beads by their biotinylated end.

We ran single-molecule mechanical assays in a magnetic tweezers (MT)

buffer containing 10 mM Tris HCl (pH 7.4), 100 mM NaCl, 50 mM ZnCl2,

0.003% Tween-20, and 5 mM DTT (Table S3).

Mechanical assays use a force protocol with a sampling rate of>200 Hz.

At low forces (Flow), the DNA hairpin is closed, and the DNA extension is

short. In 3905 30 ms (mean5 SD, N ¼ 10), we increased the force from

Flow to a probing force (Fprobe) where the hairpin is fully open (long
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extension). CXXC binding events can block the opening of the hairpin,

causing intermediate extensions and pausing before opening. When the

force increases from Fprobe to a higher force (Fhigh), the DNA hairpin should

fully open and further extend. We then decreased from Fhigh to Fprobe for

reference purposes. We finally decreased from Fprobe to Flow, completing

a round of the force protocol. Flow, Fprobe, Fhigh, and their durations can

be tuned to the target proteins and hairpin constructs, similar to published

methods (27,29–31,39).
Data analysis of single-molecule assays

We analyzed the single-molecule data in MATLAB (R2017a). To examine

protein-binding positions, we first corrected the zero position for each trace

by subtracting the DNA extension when the hairpin is fully open (Zopen) at

Fprobe. After zero-correction at Fprobe, DNA extension represents the ssDNA

length released by unzipping a hairpin. Next, we built a histogram of the

DNA extension for each trace. Histogram peaks in the hairpin stem region

indicate the blockage of DNA unzipping caused by protein binding. When

the CpG hairpin construct is bound by proteins, evenly distributed CpG sites

in the stem form distinct ‘‘peak’’ features in the histogram, which serve as a

ruler for unit conversion from nanometers to bp of dsDNA.

To convert ssDNA length at Fprobe from nm to nt, we used the Marko-

Sigga formula of a worm-like chain (WLC) model, which presents the force

(F) as a function of extension (x) (40),

F ¼ kBT
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whereLssp is thepersistence lengthof ssDNA,Lssc the contour length of ssDNA,

kB the Boltzmann constant, and T the temperature. We used Lssp ¼ 0.87 nm/nt

and Lssc ¼ 0.69 nm/nt at a salt condition of 100 mM NaCl (41). The WLC

model is only valid for sufficiently high forces to describe the force-extension

relationship of ssDNA. At forces below �10 pN, ssDNA collapses into a

compact formation in �100 mM salt concentration (42). Therefore, the

WLC model’s forces applied for ssDNA should be more than 10 pN. In the

study, the unzipping forces are greater than 12 pN, so the force-extension

relationship of ssDNA based on the WLC model is applicable.

Because the sampling rate is more than 200 Hz, we only measured

pausing times longer than 10 ms. A pause is defined as a dwell time longer

than 10 ms. For the CpG hairpin construct, a protein-binding event at a CpG

site is collected when it is observed within511 bp around the CpG site. We

measured the pausing time at CpG sites using a step-fitting algorithm (43).

When building pausing-time histograms for fitting heavy-tailed distribu-

tions, we followed the binning rules of the Freedman-Diaconis algorithm

to suppress outlier effects. We applied exponential functions to fit the prob-

ability distribution of pausing times. We first fitted the single-exponential

function of f ðxÞ ¼ y0 � exp
�
�x
t

�
to a distribution. If goodness of fit was

not satisfied, we applied a double- or multiple-exponential function

f ðxÞ ¼ y1 � exp

�
�x
t1

�
þ y2 � exp

�
�x
t2

�
þ., which is a linear combina-

tion of the single-exponential functions and suggests a distribution arising

from independent Poisson processes with different rates. Detailed fitting

results with statistics are in Table S4.

To estimate the IC50 from a dose response curve, we performed

nonlinear least-squares fitting using a four-parameter logistic model

(4PL) (44). The 4PL equation is:

y ¼ a� d

1þ
�
x
c

�b þ d; (2)

where x and y are the drug concentration and response, respectively; a and

d are the lower and upper plateaus, respectively; b describes the steepness of
the linear portion of the dose response curve; and c is the IC50 regarding the

response midway between a and d.
RESULTS AND DISCUSSION

Single-molecule profiling of MLL1 CXXC removal
from CGI by hairpin unfolding

The structure of MLL1 CXXC domain-DNA complex has
been resolved (7). The MLL1 CXXC domain binds DNA
perpendicularly to the DNA axis and inserts into the DNA
major groove in a wedge-like manner (7) (Fig. 1 a, left).
An EMSA revealed a Kd of 5.7 5 0.2 mM (mean 5 SE,
N ¼ 7) for the MLL1 CXXC domain binding to DNA
with one CpG site (Fig. 1 b; Table S1).

To examine MLL1 CXXC binding events on a sequence
with dense CpGs, we explored its real-time dynamics
on single CG-rich DNA hairpins. The single-molecule
experimental configuration of our magnetic tweezers is
described elsewhere (35,38,45). We embedded the first
CpG island (CGI) from the mouse Hoxa9 gene promoter,
which is 187 bp in length (GC% ¼ 73.8%) and consists of
20 CpGs (6), in a hairpin stem of 236 bp (Fig. 1 a, right;
Table S2). Because the critical force of unfolding the
CGI hairpin is 20 5 2 pN (mean 5 SD, N ¼ 180) based
on force-ramp assays at a loading rate of 3 pN/s, we
observed a sudden unfolding of the entire CGI hairpin
without any pauses when forces jump from 8 to 25 pN
(Fig. 1 c). Using a force manipulation protocol with
Flow ¼ 8 pN, Fprobe ¼ 25 pN, and Fhigh ¼ 30 pN, we
unfolded the CGI hairpin and examined the pauses caused
by MLL1 CXXC binding events on a sequence with dense
CpGs (Figs. 1 d and S1).

Interactions of MLL1 CXXC and dense CpG motifs on
the CGI show a complex binding landscape. In the histo-
gram in Fig. 1 e, bin height represents the averaged dwell
time of MLL1 CXXC at a specific site before CGI
hairpin unfolding (N ¼ 2129). Well-defined valleys
divide the CGI into CpG clusters, revealing the distinct
binding preferences of MLL1 CXXC. In addition, we can
directly quantify the site-specific binding probabilities
of MLL1 CXXC along the CGI. CpG clusters are evident
from the high peaks of binding probabilities (Fig. 1 f,
blue). Furthermore, we can derive the energy landscape
of MLL1 CXXC on the CGI by estimating the site-specific
binding energy DGi ¼ �kBTlnðPi

on =P
i
off Þ at site i, where

kB is the Boltzmann constant, T the temperature, and
P the probabilities of binding (on) and unbinding
(off) (Fig. 1 f, red). We can rewrite the above equa-
tion as DGi ¼ � kBTlnðc =Ki

dÞ. The binding energy
difference between two sites i and j, DDG ¼ DGi �
DGj ¼ � kBTlnðKj

d =K
i
dÞ, is thus independent of the pro-

tein concentration c (46). Therefore, the site-specific bind-
ing energy DGi reflects the relative binding affinities of the
MLL1 CXXC protein along the CGI from an energy
Biophysical Journal 120, 3283–3291, August 17, 2021 3285
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FIGURE 1 Single-molecule profiling of protein-

DNA complexes on a CpG island using magnetic

tweezers. (a) The MLL1 CXXC domain-DNA

complex (left, Protein Data Bank: 2KKF) and a

schematic of the CGI hairpin construct (right).

The 236 bp hairpin stem contains the 187 bp CGI

sequence (red) to which CXXC (gray) can bind.

(b) EMSA of MLL1 CXXC binding a CpG

DNA. Inset shows a gel of EMSA. The dsDNA

concentration was 100 nM, and the MLL1

CXXC concentrations were 0.5, 1, 2, 4, 8, 16, 32,

64, and 128 mM. Data are shown as mean 5 SE

(N ¼ 7). Red curve represents the fit to the Hill

equation, resulting in Kd ¼ 5.7 5 0.2 mM (mean

5 SE). (c) Single-molecule assays of CGI hairpin

unfolding. The top panel shows a force protocol

with Flow ¼ 8 pN, Fprobe ¼ 25 pN, and Fhigh ¼
30 pN. The bottom panel shows corresponding

DNA extensions. The cartoons illustrate a folded

and an unfolded hairpin. The sampling rate was

400 Hz. (d) Single-molecule CGI hairpin unfold-

ing assay in the presence of 1 mM MLL1 CXXC

protein. Cartoons illustrate partial unzipping of a

hairpin bound by proteins. The force protocol is

the same as in (c). (e) Histogram of 2129 CGI

hairpin unfolding traces from 215 molecules in

the presence of MLL1 CXXC. The bin size is

2 bp. Binned counts are converted to time by

dividing by the sampling rate (mean 5 SE). (f)

Averaged binding probabilities and DG of MLL1

CXXC on the CGI hairpin (mean 5 SD, N ¼ 3).

The bin size equals 1 bp. To see this figure in color,

go online.

Liang et al.
perspective, providing an intrinsic parameter to understand
epigenetic enzymes’ preference for DNA motifs.

To better understand how CGI hairpin unfolding drives
MLL1 CXXC unbinding, we quantified the site-specific
pausing positions and times. We used a step-fitting algo-
rithm to analyze individual pauses (43) (Fig. 2 a), where a
pause is defined to be longer than 5 ms (half the Nyquist
limit). The site-specific pausing positions reveal five CpG
clusters, which is identical to the sequencing result (6)
(Fig. 2 b). A minimum of three exponential functions was
required to fit the pausing-time distribution of all the pauses
on the CGI (Fig. 2 c; all fit coefficients in Table S4). To
investigate MLL1 CXXC’s dynamics, we further built histo-
grams for each CpG cluster (Fig. 2 d). The pausing-time dis-
tributions of the five CpG clusters can be well fitted by a
double-exponential function (Fig. 2 d; Table S4).

The NMR structure of MLL1 CXXC with a dsDNA of
CCCTGCGCAGGG shows that the CXXC domain specif-
ically recognizes the underlined CpG motif via a short
1182–1188 loop (7). At Lys1185 and Lys1186, two
hydrogen bonds form among the lysines and cytosines.
Moreover, two guanines form two hydrogen bonds with
Lys1186 and Gln1187, respectively. In addition to base-spe-
cific contacts, the MLL1 CXXC domain can also interact
3286 Biophysical Journal 120, 3283–3291, August 17, 2021
with the backbone and minor groove of the DNA flanking
the CpG site. Intermolecular interactions between MLL1
CXXC and DNA are mediated by Arg1150, Ser1152,
Arg1154, Lys1176, Lys1178, Ile1184, Lys1185, Lys1190,
Arg1192 and Lys1193, Leu1197 and Met1200. Thus,
MLL1 CXXC can interact with DNA either specifically or
nonspecifically.

The interactions between MLL1 CXXC and non-CpG
DNA could happen when the protein searches a CpG
motif via the nonspecific interactions mentioned above.
We frequently observed MLL1 CXXC’s binding events
at non-CpG sites indicated by the high baseline (Fig. 2
b). Assuming the diffusion-limited binding rate to be
108–109/M/s (34,47), 1 mM MLL1 CXXC can visit a
non-CpG site �1–10 time in 10 ms. Nonspecific interac-
tions between a neighbor CXXC protein and non-CpG
DNA may help the CXXC-CpG complex resist the
dsDNA strand separation, resulting in a �10� longer
dissociation time. The dissociation time distribution at
cluster 5 is well fitted by a double-exponential function
with the time coefficients of 10 and 70 ms, which agrees
with the assumption above.

At clusters 1–4, a double-exponential function can
also describe the distributions of dissociation time



a

b

d

c

FIGURE 2 Pausing-time analysis of CGI unfolding in the presence of MLL1 CXXC. (a) Cartoon illustration of MLL1 CXXC being driven off the

CGI by hairpin unwinding and pausing-time analysis of a trace using a step-fitting algorithm. The fitted trace is in red. (b) Pausing positions along the

CGI revealed by step-fitting analysis. The cartoon on the top illustrates the CGI structure where the red marks indicate the CpGs. Red dashed lines

indicate the boundaries of five CpG clusters. N ¼ 8018 from 215 molecules. (c) The overall pausing-time distribution of the CGI hairpin. The red

curve represents a triple-exponential fit. N ¼ 8018 from 215 molecules. Fprobe ¼ 25 pN. (d) The pausing-time distributions for each CpG cluster.

CpG patterns are noted above, with CpGs in red. The red curves represent exponential fits. Detailed statistics are in Table S4. Fprobe ¼ 25 pN. To

see this figure in color, go online.
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well. However, we did not observe the short time coef-
ficient of 10 ms as that at cluster 5. The short time co-
efficients at clusters 1–4 are close to the long coefficient
at cluster 5, �100 ms, whereas the coefficients of a long
time at clusters 1–4 are �1000 ms, 100 times of 10 ms.
Thus, we believe that the single-molecule observation of
MLL1 CXXC-DNA interactions on the Hoxa9 CGI re-
quires a three-state model to describe. In the simplest
state 1, MLL1 CXXC specifically binds a CpG site
and shows the shortest dissociation time of 10 ms,
which is only observed at the most straightforward clus-
ter 5 (Fig. 2 d; Table S4). In the scenario of state 2,
nonspecific interactions between MLL1 CXXC and
neighboring DNA around a CpG site help the CXXC-
CpG complex to resist the dsDNA unfolding, resulting
in a 10-times longer dissociation time, i.e., �100 ms.
State 2 happens to all five clusters (Fig. 2 d; Table
S4). In the most complicated state 3, MLL1 CXXC-
CpG complexes may have multivalent interactions medi-
ated by non-CpG sequences bound by CXXC, which
further extends the dissociation time to be 100 times
longer, i.e., �1000 ms (Fig. 2 d; Table S4). State 3
happens to clusters 1–4 but not cluster 5, which has
just one CpG site and cannot form multivalent interac-
tions. Our results showed that the CpG patterns and
DNA sequence could contribute to the dynamics of
Biophysical Journal 120, 3283–3291, August 17, 2021 3287
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FIGURE 3 Single-molecule profiling of a

CXXC-CpG-binding detector. (a) A single unfold-

ing trace of a hairpin with well-isolated CpG sites

at 1 mMMLL1 CXXC. Dashed lines indicate CpG

positions. (b) Histograms of unfolding traces for

the CpG hairpin without MLL1 CXXC (top, N ¼
100 from six molecules) and with MLL1 CXXC

(bottom, N ¼ 565 from eight molecules). Binned

counts are converted to time by dividing by the

sampling rate of 200 Hz. Red dashed lines indicate

the CpG positions. The bin size is 1 bp. (c) Dwell

time distribution along the CpG hairpin. The red

curve shows a single-exponential fit. N ¼ 2176

from 11 molecules. The inset is on a log scale.

Detailed statistics are in Table S4. To see this figure

in color, go online.
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MLL1 CXXC on a CGI. Complicated CpG patterns and
DNA sequence could cause multivalent protein-DNA
complexes.
Label-free detector for single MLL1 CXXC-CpG-
binding events

To understand the protein-DNA complex’s fundamental in-
teractions, it is necessary to examine the individual events
involved in the removal of a single MLL1 CXXC protein
from a CpG site. Two strategies can be applied to achieve sin-
gle-molecule resolution: reduce the protein concentration or
make CpG motifs well-separated on the DNA. Because sin-
gle-molecule interactions rarely occur at a low protein con-
centration, we designed an AT-rich hairpin with five evenly
distributed CpCpGpG sites in the stem. The CpCpGpG sites
are separated by 18 bp spacers of AT-only sequences. The C/
G-flanked CpG motif increases CXXC’s binding affinity,
whereas the AT-only background suppresses the nonspecific
binding of CpG-binding proteins (48). For the CpG hairpin
construct, the critical unfolding force is 8.5 5 0.7 pN
(mean 5 SD, N ¼ 15 from 15 molecules). When the CpG
sites are occupied by CXXC, they produce features at distinct
positions in the DNA unfolding landscape. Upon unfolding at
Fprobe ¼ 12.5 pN, the five evenly distributed CpG sites pro-
3288 Biophysical Journal 120, 3283–3291, August 17, 2021
duce a protein-binding fingerprint whose features can be
unambiguously identified (Fig. 3 a).

Using a force protocol with Flow ¼ 8 pN, Fprobe ¼ 12.5
pN, and Fhigh ¼ 30 pN, we unfolded the CpG hairpin and
collected traces for pausing analysis. In the absence of
MLL1 CXXC, there are almost no pauses observed (Fig. 3
b, top). In the presence of 1 mM MLL1 CXXC, ruptures
of the protein-DNA complexes produce distinct features in
the spatial distribution of dwell times due to pausing
(Fig. 3 b, bottom). The overall dwell time at each CpG
site monotonically decreased along the hairpin unzipping
direction. A possible mechanism could explain this inter-
esting pattern. Because the CpG sites are only 18 bp apart
from each other, the forward-backward fork motion is high-
ly dynamic between free energy minimums at neighboring
CpGs, biased toward the forward motion at the force of
12.5 pN. When a CpG site slows down the forward motion
across itself in the presence of MLL1 CXXC, the frequency
of the reverse motion to the preceding CpG sites increases,
allowing rapid rebinding of CXXC from solution to the pre-
ceding sites. In 1 mM CXXC, the binding frequency could
be in the order of 102–103/s, assuming the diffusion-limited
binding rate to be 108–109/M/s (34,47). Thus, the overall
time increases at the preceding CpG sites bound by
CXXC, as observed by our experiments.
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FIGURE 4 Unfolding time analysis using the sin-

gle-molecule detector with drug-treated MLL1

CXXC. (a) Cysteines in MLL1 CXXC are targets

of DMF. Protein Data Bank: 2KKF. Cysteines are

highlighted with sticks. Structures of DMF and

MMF are presented. (b) Unfolding time measure-

ment. Beginning and ending times are noted.

Fprobe ¼ 12.5 pN. (c) Dose response curve for CpG

hairpin unfolding times with 1 mM MLL1 CXXC

titrated by DMF (N > 20 from >3 molecules at

each concentration). The DMF concentrations are

1, 8, 64, 512 nM, 1, 4, 32, 128, and 512 mM. The

red curve is based on a 4PL for IC50 estimation

(RMSE ¼ 0.012, and R-squared ¼ 0.997 for the

goodness of fit). IC50 ¼ 0.91 5 0.09 mM (mean

5 SE). The blue diamond shows the unfolding

time in 10 mMMMF (N¼ 45 from three molecules).

To see this figure in color, go online.

Dynamics of a CXXC protein on a CGI
The dwell time distribution of MLL1 CXXC at the CpG
sites follows a single-exponential decay function (Fig. 3
c). The fitted time coefficient at the CpG hairpin is 13.5
5 0.5 ms, which is close to the short time coefficient of
10.0 5 0.5 ms at cluster 5 of the CGI hairpin (Table S4).
This suggests that the rupture of individual MLL1 CXXC-
CpG complexes happens in �10 ms. The single-molecule
detector can thus allow us to examine independent
CXXC-CpG complexes. Because the detection principle
employed here is the analysis of hairpin unfolding without
fluorescence labeling, the measurement avoids introducing
potential labeling artifacts to the interaction between a
drug and its targets.
DMF damages MLL1 CXXC’s binding function

To provide a proof of concept for evaluating a drug’s effect
on protein-DNA interactions using our label-free single-
molecule detector, we tested the effect of DMF on the
MLL1 CXXC-CpG-binding reaction. DMF is an electro-
philic drug that targets proteins by covalently modifying
more than 2400 cysteine residues (12) (Fig. 4 a). Although
DMF can modify proteins with CXXC motifs, CXXC fam-
ily proteins like MLL1 have not been identified as targets by
chemical proteomic analysis.

We titrated the MLL1 CXXC-DNA reaction with DMF
from 1 nM up to 512 mM in the presence of 1 mM CXXC
(Fig. 4, b and c). At each concentration, the CXXC-DNA
complexes were incubated in the presence of DMF for at
least 15 min before performing the single-molecule force
protocol to obtain unfolding times. We observed that DMF
interrupts the protein-DNA interaction as shown by the
hairpin unfolding time. After obtaining the unfolding times
as a function of DMF concentration, we estimated the crit-
ical DMF dose using a 4PL to identify the relative IC50, or
DMF dose that produces a response midway between the
lower and upper plateaus (44) (Materials and methods).
The resulting IC50 is 0.91 5 0.09 mM (mean 5 SE, n >
20 from >3 molecules at each concentration).

Because DMF is the prodrug of MMF (12), we also deter-
mined MMF’s effect on the MLL1 CXXC-CpG reaction.
We found that 10 mMMMF does not influence the unfolding
time (Fig. 4 c, blue diamond). Orally taken DMF is rapidly
metabolized to MMF, which serves as a ligand of the G-pro-
tein-coupled receptor hydroxycarboxylic acid receptor 2
(49). The null effect showed that MMF could not target
the CXXC-CpG complex and does not cause side effects
via the protein-DNA interactions.

DMF is used to treat autoimmune diseases such as multi-
ple sclerosis and psoriasis. Our results reveal that DMF can
target the CXXC family protein MLL1 CXXC. Because
MLL1 is a transcription factor regulating the expression of
more than 5000 genes via its histone methyltransferase ac-
tivities (2–5), our results suggest that DMF may have an ef-
fect on processes that MLL1 is involved, such as leukemia
pathogenesis. In particular, the ability of DMF to target
complexes formed between a CXXC family protein and a
CpG site has been overlooked by chemical proteomic
studies, and its clinical effect is unexplored.

Single-molecule magnetic tweezers have been used in
various drug studies, such as rapamycin-mediated protein-
protein interactions between FKBP12 and FRB, formation
kinetics of doxorubicin-DNA cross-link, and topoisomerase
I targeted by antitumor drug topotecan (25,26,50,51). Our
label-free single-molecule detector explored the concentra-
tion-dependent inhibition of DMF on the MLL1 CXXC-
DNA interactions. In the future, we can further investigate
the molecular mechanism by mutating the sequences of
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protein or DNA. In addition, the development of an auto-
matic buffer change method in magnetic tweezers will allow
us to screen more drugs targeting the protein-DNA com-
plexes in a high throughput fashion (52).
CONCLUSIONS

We used magnetic tweezers to examine the dynamics of
MLL1’s CXXC domain on a CGI of the Hoxa9 gene,
revealing the landscape of binding probabilities and DG.
Site-specific pausing-time analysis discloses the dissocia-
tion time of MLL1 CXXC along the CGI. In addition, we
found that the rupture of individual MLL1 CXXC-CpG
complexes happens in �10 ms at a probing force of 12.5
pN. In a proof of concept, we also demonstrated that
DMF has a pronounced effect on MLL1 CXXC-DNA bind-
ing reactions, with an IC50 of �1 mM. We anticipate that
our label-free single-molecule detector will benefit the
development of CXXC-targeted drug discovery.
SUPPORTING MATERIAL
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Figure S1. Unfolding and refolding of a CGI hairpin using single-molecule 
magnetic tweezers 
 
(a). Repetitive assays to probe the binding of MLL1 CXXC to a CGI hairpin. 

(b). Multiple overlapped force-jump traces (N = 18). 

 
 

 

Figure S2. Unfolding times of drug-treated MLL1 CXXC-DNA complexes. 

For DMF-treated reactions, unfolding times of MLL1 CXXC from the CpG hairpin (N > 
20 traces from > 3 molecules for each concentration, Fprobe = 12.5 pN) are shown. Cross: 
mean. Bar in a box: median. Box edges: the 25th and 75th percentiles. Whiskers: the 
9th and 91st percentiles. Inset shows the data at [MMF] = 10 µM (N = 45 from 3 
molecules).  
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Table S1. Sequence of MLL1 CXXC. 

Name Sequences of amino acids Length 

MLL1 
CXXC 

KKGRRSRRCGQCPGCQVPEDCGVCTNCLDKPKFG
GRNIKKQCCKMRKCQNLQWMPSK 

57 

Notes: The lyophilized peptide is soluble in water. We prepared a stock solution with 1 

mM of the peptide in a buffer containing 10 mM Tris (pH 7.4), 100 mM NaCl, 50 µM 

ZnCl2, 1 mM DTT, and 30% glycerol. The stock solution can be further diluted with an 

assay buffer. 

 

 

Table S2. Oligos for constructing DNA hairpins. 

Name Sequence (5′-3′) 

Junction 1  

for the CpG hairpin 

GAGATGATTTGAAAAAATATGAAGAATGGTATAA

TAAAAGGGTGATTTATATTTATTTATTCCGGTATTT

AATTTAATTATATCCG 

Junction 2  

for the CpG hairpin 

AATATATAACCGGATATAATTAAATTAAATACCGG

AATAAATAAATATAAATCTGGGAGTAGATGTGGT

TTTTGTTTGTTTG 

Junction 3 

for the CpG hairpin  

CCCTTTTATTATACCATTCTTCATATTTTTTC 

Junction 4 

for the CpG hairpin  

ACTCATCATTCAAACAAACAAAAACCACATCTA

CTCCC 

Stem 1  

for the CpG hairpin  

GTTATATATTTATATTTATCCGGTTTATTTATTATTT

ATTTCCGGTTATTTATAATTTAATTAC 

Stem 1c  

for the CpG hairpin  

ATAATAACCGGTAATTAAATTATAAATAACCGGAA

ATAAATAATAAATAAACCGGATAAATATA 

Stem 2  

for the CpG hairpin  

CGGTTATTATATATTATTTATCCGGTATTTATTTAAT

TATATTCCGGTTATTTATATATTTATATCC 

Stem 2c ATATAAATAACCGGAATATAATTAAATAAATACCG
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for the CpG hairpin  GATAAATAATAT 

Loop 

for the CpG hairpin  

GGTTAATATTTATTATATTTTTTTAAATATAATAAAT

ATTAACCGGATATAAAT 

Linker 1  

for the CpG hairpin  

TCAGCAAGGAAGGAGATTTTGAAAAATTTATTTA

TTAGATATTGGAAATATTATTAGAG 

Linker 1c 

for the CpG hairpin  

AAATCATCTCCTCTAATAATATTTCCAATATCTAAT

AAATAAATTTTTCAAAATCTCCTTCCTTGC 

Linker 2 

for the CpG hairpin  

AATGATGAGTGTTAAAAAAAGTGGGGAAGTGAG

TAATGAAATTATTTTGTATGTTTTTTATATGAATTT

ATTTTTTGGG 

Linker 2c 

for the CpG hairpin  

GACCCCAAAAAATAAATTCATATAAAAAACATAC

AAAATAATTTCATTACTCACTTCCCCACTTTTTTT

AAC 

Junction 1 

for the CGI hairpin 

TCAGCAAGGAAGGAGATTTTGAAAAATTTATTTA

TTAGATATTGGAAATATTATTAGAGGAGATGATTT

AAAAAAATATGAAGAATGGTATAATAAAAGGGTT

TGGTTATTAGAGGACACCTA 

Junction 2 

for the CGI hairpin 

GTGTCCTCTAATAACCTTTGGGAGTAGATGTGGT

TTTTGTTTTTTTGAATAATAAATGTTAAAAAAAGT

GGGGAAGTGAGTAATGAAATTATTTTGTATGTTT

TTTATATGAATTTATTTTTTGGG 

Junction 3 

for the CGI hairpin 

CCCTTTTATTATACCATTCTTCATATTTTTTTAAAT

CATCTCCTCTAATAATATTTCCAATATCTAATAAAT

AAATTTTTCAAAATCTCCTTCCTTGC 

Junction 4 

for the CGI hairpin 

GACCCCAAAAAATAAATTCATATAAAAAACATAC

AAAATAATTTCATTACTCACTTCCCCACTTTTTTT

AACATTTATTATTCAAAAAAACAAAAACCACATC

TACTCCC 

Loop  GTGAAGAGATTTGTAAAGTTTTCTTTACAAATCT
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for the CGI hairpin  CTTCACACA 

Sequence of the CGI 

(CpG in bold and 

clusters underlined)  

ACCTGGCGGTCCTCCGCTAGGCCACGCGTTTCC

TGCTCGCCGGAGGGGGGGGGGGAACACTAGGT

GGGGGAAGGGTCGCGGGAGCGCGCGCCTCAG

CGGGCGGGCGCCTAGGAGGGAGAAGAGGGGG

AGAGCGAGCGGCTGCGGGGAGTGAGTAGAAGA

GGCCGCGGCCAGCCACAGGACCCGGCTC 

Forward primer  

for the CGI sequence  

ATATTTCCACCTACTGGACCTGGC 

 

Reverse primer  

for the CGI sequence  

ATATTTCCAGACAGTGGAGCCGG 

Forward primer for the 

biotin handle  

GACCGAGATAGGGTTGAGTG 

Reverse primer for the 

biotin handle  

GCATCGGCTGAGGAAAGGGAACAAAAGCTGG 

Forward primer for the 

digoxigenin handle  

ATCGTAGGGTCCTGACCGAGATAGGGTTGAGTG 

Reverse primer for the 

digoxigenin handle  

AAAGGGAACAAAAGCTGG 

 

 

 

Table S3. Buffers. 

Name Contents 

Titration buffer 10 mM Tris HCl (pH 7.4), 150 mM NaCl, 50 µM ZnCl2, 

1 mM DTT, and 6% glycerol 

MT buffer 10 mM of Tris HCl (pH 7.4), 100 mM of NaCl, 50 µM 

ZnCl2, 0.003% Tween-20, and 5 mM of DTT 
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Table S4. Fitting results of time distributions. 

Data 
source 

t (ms, mean ± 
se)  

RMSE 
R-
Squared 

Bin size 
(ms) 

N Molecules 

Figure 2c 

t1 = 90 ± 12 

88 0.98 75 8018 215 t2 = 410 ± 45 

t3 = 2380 ± 520 

Figure 2d 

Cluster 1 

t1 = 100 ± 2 
10 0.99 125 3373 --- 

t2 = 970 ± 270 

Figure 2d 

Cluster 2 

t1 = 66 ± 1 
2.8 1.00 125 1883 --- 

t2 = 772 ± 79 

Figure 2d 

Cluster 3 

t1 = 122 ± 1 
0.84 1.00 250 819 --- 

t2 = 1090 ± 429 

Figure 2d 

Cluster 4 

t1 = 93 ± 1 
2.5 1.00 125 1194 --- 

t2 = 1055 ± 149 

Figure 2d 

Cluster 5 

t1 = 10.0 ± 0.5 
2.8 1.00 25 724 --- 

t2 = 70 ± 18 

Figure 3c t = 13.5 ± 0.5 1.5 0.98 5 2176 11 
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