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Methyl-CpG-binding protein 2 (MeCP2) is an essential chromatin-binding

protein whose mutations cause Rett syndrome (RTT), a severe neurological
disorder that primarily affects young females. The canonical view of

MeCP2 as a DNA methylation-dependent transcriptional repressor has
proveninsufficient to describe its dynamic interaction with chromatin and
multifaceted roles in genome organization and gene expression. Here we
used single-molecule correlative force and fluorescence microscopy to
directly visualize the dynamics of wild-type and RTT-causing mutant MeCP2
on DNA. We discovered that MeCP2 exhibits distinct one-dimensional
diffusion kinetics when bound to unmethylated versus CpG methylated
DNA, enabling methylation-specific activities such as co-repressor
recruitment. We further found that, on chromatinized DNA, MeCP2
preferentially localizes to nucleosomes and stabilizes them from mechanical
perturbation. Our results reveal the multimodal behavior of MeCP2 on
chromatin that underlies its DNA methylation- and nucleosome-dependent
functions and provide a biophysical framework for dissecting the molecular
pathology of RTT mutations.

Methyl-CpG-binding protein 2 (MeCP2) is a highly abundant
chromatin-binding protein in mature neurons and was identified as
a DNA methylation-dependent transcriptional repressor' . Muta-
tions in the X-linked MECP2 gene cause Rett syndrome (RTT), a
severe genetic disorder that occurs 1in ~10,000 live female births
and is characterized by progressive neurological dysfunction and
developmental regression*™®. On the other hand, duplication of the
MECP2 gene causes MeCP2 duplication syndrome (MDS), another
type of rare neurodevelopmental disorder that primarily affects
males™. Currently there is no cure for RTT or MDS, in part because
the complex molecular functions of MeCP2 on chromatin remain
poorly understood”.

MeCP2is ahighly disordered and basic protein that exhibits pref-
erence for binding methylated cytosines in both CpG and non-CpG
contexts but also potently binds unmethylated DNA" " on which each
MeCP2 molecule occupies ~11 base pairs (bp)**. MeCP2 has also been
shown to interact with nucleosomes and nucleosome arrays in vitro™ ™.
Thegenomicdistribution of MeCP2 has been observed to correlate with
nucleosome occupancy'®. Additionally, MeCP2 can undergo liquid-lig-
uid phase separation with chromatin, whichis modulated by RTT muta-
tions'*?°. The pervasive genomic binding of MeCP2 has hampered our
understanding of its preferred chromatin target sites'®”". MeCP2 has
also been reported to associate with other effector proteins, notably
the NCoR1/2 co-repressor complex®>, It is generally presumed that

'Laboratory of Nanoscale Biophysics and Biochemistry, The Rockefeller University, New York, NY, USA. ?Tri-Institutional PhD Program in Chemical
Biology, New York, NY, USA. 3Laboratory of Mass Spectrometry and Gaseous lon Chemistry, The Rockefeller University, New York, NY, USA. “Laboratory of

Chemistry and Cell Biology, The Rockefeller University, New York, NY, USA.

e-mail: shixinliu@rockefeller.edu

Nature Structural & Molecular Biology | Volume 31| November 2024 | 17789-1797

1789


http://www.nature.com/nsmb
https://doi.org/10.1038/s41594-024-01373-9
http://orcid.org/0000-0001-5786-8861
http://orcid.org/0000-0001-9128-7489
http://orcid.org/0000-0003-3524-557X
http://orcid.org/0000-0003-4238-7066
http://crossmark.crossref.org/dialog/?doi=10.1038/s41594-024-01373-9&domain=pdf
mailto:shixinliu@rockefeller.edu

Article

https://doi.org/10.1038/s41594-024-01373-9

Optical Confocal Optical
trap fluorescence trap
-—" — -—

b Unmethylated DNA + MeCP2
SISl Bead
48,5 — e
- SRR S R B g SR S o
0 Time (s) 75
C o e, f o
o) a E
XI _YI i p=oom
=} ol ]
T TN ST e
14 %
w\% © 3 >
” 4 e °
% U o~ |
§ o= *;?
% ~ | °
Q ] =
0014 &
neShms et S - °
—7— — 0A001—‘,—+—
0 5 10 15 20 0 10 15 20 > >
NG NG
Time (s) Time (s) N4 R\4
&
\5(\

Fig.1| CpG methylation suppresses MeCP2 diffusion on DNA. a, Schematic
ofthe experimental setup. A single A DNA molecule was tethered between

a pair of optically trapped beads through biotin-streptavidin linkage. The

tether was moved to a channel containing Cy3-MeCP2 to allow protein binding
and subsequently to a protein-free channel forimaging. b, Representative
kymograph of an unmethylated DNA tether incubated with 2 nM Cy3-MeCP2. The
experiment was independently repeated with 22 tethers yielding similar results.
¢, Example MeCP2 trajectories on unmethylated DNA taken from independent
tethers showing their diffusive motions (offset vertically for clarity).

d, Representative kymograph of a CpG methylated DNA tether incubated with
2nM Cy3-MeCP2. The experiment was independently repeated with 22 tethers
yielding similar results. e, Example MeCP2 trajectories on CpG methylated
DNA (offset vertically for clarity). f, Diffusion coefficients (D) for Cy3-MeCP2
trajectories on unmethylated (black) (n = 46 from 22 independent tethers)
and CpG methylated (blue) (n =109 from 22 independent tethers) DNA. The
barsrepresent mean and s.e.m. Significance was calculated using a two-tailed
unpaired t-test with Welch’s correction.

MeCP2’s genesilencing activities are mediated by these effectors, but
whether MeCP2 possesses an intrinsic repressive activity remains to
be determined.

Myriad RTT mutations are associated with distinct clinical phe-
notypes. How these mutations perturb MeCP2’s molecular behavior
and function at chromatin remains largely unclear. In addition, it is
perplexing why MeCP2, despiteits high abundance, is exquisitely dos-
age sensitive, with mild under- or overexpression leading to RTT-like
or MDS-like symptoms?. Therefore, elucidating the distribution and
dynamics of MeCP2 and its disease mutants on chromatin is impera-
tive toward developing targeted therapies. Single-molecule imaging
of MeCP2invivo has proven fruitful®, but the heterogeneous cellular
environment precludes a definitive description of the biophysical
properties of MeCP2 bound to specific chromatin substrates and its
interplay with other chromatin-binding factors.

In this work, we used single-molecule correlative force and fluores-
cence microscopy®® to probe the dynamics and mechanics of purified
human MeCP2 and its disease variants on DNA and chromatin sub-
strates. Our results reveal a remarkably diverse repertoire of binding

modes of MeCP2 on chromatin and suggest a nucleosome-centric
model for MeCP2'’s dosage sensitivity and repressive roles. Our work
alsoreveals that RTT mutations differentially disrupt the MeCP2-chro-
matininteraction, providing a quantitative framework for understand-
ing the molecular mechanism of MeCP2-related disorders.

Results

CpG methylation suppresses MeCP2 diffusion on DNA

We purified recombinant full-length human MeCP2 with two of the
three native cysteines (C339 and C413) replaced by serines, leaving the
remaining C429 for site-specific fluorescent labeling. The replaced resi-
dueshave notbeen associated with disease, nor do they affect MeCP2’s
binding to DNA (Extended Data Fig. 1a). Using a single-molecule instru-
ment that combines dual-trap optical tweezers and scanning confo-
cal fluorescence microscopy>~*, we first examined the behavior of
MeCP2 on methylation-free 48.5-kbp-long bacteriophage A genomic
DNA. A single A DNA molecule was tethered between two optically
trapped beads, held at 1 pN of tension, incubated in a channel con-
taining Cy3-labeled MeCP2, and then moved to another protein-free
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channel for imaging (Fig. 1a and Extended Data Fig. 2a). Surprisingly,
we observed that MeCP2 often exhibited long-lived and long-range
one-dimensional (1D) diffusive motions on DNA (Fig. 1b,c and Extended
Data Fig. 2a). The mobility of MeCP2 varied among individual trajec-
tories (Fig. 1b,c), which may be attributed to the local DNA sequence
and the molecular weight of the diffusing unit. Based on the fluores-
cence intensity, we estimated that each trajectory contained 8.7 + 7.9
MeCP2 molecules (mean + standard deviation (s.d.), n=77), indicat-
ing that MeCP2 can diffuse as oligomeric units on DNA. One caveat is
that independent MeCP2 units could not be spatially resolved in our
assay if they were located within the same diffraction-limited spot
(-300 nm). MeCP2 oligomerization appears to depend on DNA bind-
ing, as the protein exists primarily as monomers in solution based on
mass photometry (MP) results (Extended Data Fig. 1b). We plotted
the diffusion coefficient (D) against the estimated number of MeCP2
molecules per trajectory and found that larger oligomers tended to
diffuse more slowly (Extended Data Fig. 2b).

Next, we used the bacterial M.Sssl methyltransferase to methylate
the CpGsites withinthe A DNA (3,113 in total) and imaged Cy3-MeCP2
on methylated DNA tethers (Fig. 1d and Extended Data Fig. 3a,b). We
foundthat the average number of MeCP2 trajectories per methylated
DNA tether was approximately four times higher than that per unmeth-
ylated DNA tether, consistent with previous work showing that CpG
methylation enhances the affinity of MeCP2 to DNA™". Notably, we
also observed that CpG methylation drastically suppressed MeCP2
diffusion (Fig. 1d,e). Mean squared displacement (MSD) analysis
showed significantly lower D values for MeCP2 diffusion on meth-
ylated DNA than on unmethylated DNA (0.031 + 0.004 kbp?s™ and
0.126 + 0.032 kbp? s ' respectively, mean + standard error of the mean
(s.e.m.)) (Fig. 1f). To exclude the possibility that the suppressed MeCP2
diffusion on methylated DNA was caused by spatial confinement due
to enhanced binding, we titrated down the concentration of MeCP2
and still observed alow mobility even when the tethers were sparsely
bound with MeCP2 (Extended Data Fig. 3¢). Together, these results
reveal an intrinsic activity of MeCP2 to scan on DNA, which is sup-
pressed by CpG methylation.

RTT mutations differentially perturb MeCP2’s behavior on
DNA

Oursingle-molecule platform enabled us to dissect the effect of specific
RTT mutations on the dynamic behavior of MeCP2 on DNA. We puri-
fied and fluorescently labeled a panel of MeCP2 mutants that display
avariety of clinical phenotypes”* (Fig. 2a and Extended DataFig. 1c).
Wefirststudied T158M, a missense mutation within the methyl binding
domain (MBD) of MeCP2 that accounts for ~12% of all RTT cases***.
Our datashowed that T158M caused a significant reductionin the level
of MeCP2 binding to methylated DNA but no change in its binding to
unmethylated DNA (Fig. 2b), consistent with previous bulk results®.
Next, we examined the P225R mutation, which resides inside the tran-
scriptional repression domain (TRD) of MeCP2 (Fig. 2a). We found that
MeCP2"*R exhibited amarkedly diminished ability to bind methylated
DNA—toaneven larger degree than MeCP2™®" (Fig. 2b). Additionally,
P225R significantly slowed down MeCP2’s diffusion on unmethylated
DNA (Fig. 2c and Extended Data Fig. 4a,b), where it exhibited a simi-
lar mobility compared with that on methylated DNA (Extended Data
Fig. 4c). Note that MeCP2"*®s Jow mobility is not caused by spatial
confinement, as this mutant displayed a similar level of binding to
unmethylated DNA compared with wild-type (WT) MeCP2 (Fig. 2b).
Thus, MeCP2"*R appears to have an impaired ability to discriminate
between unmethylated and methylated DNA. We next investigated
R270X, a truncating mutation lacking the entire C-terminal domain
(CTD) and partof the TRD (Fig. 2a). Interestingly, MeCP2** displayed
elevated binding to DNA, especially to the unmethylated form (Fig. 2b
and Extended Data Fig. 4a). In addition, the MeCP2"*% trajectories
contained fewer protein molecules on average compared with the
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Fig.2|RTT mutations differentially alter MeCP2’s behavior on DNA.

a, Domain structure of MeCP2 and the corresponding PONDR disorder score.
Three RTT mutants (T158M, P225R and R270X) are shown below. b, Loading
efficiency for 2 nM Cy3-labeled MeCP2 (n =22 independent tethers), MeCP2™V
(n=6independent tethers), MeCP2"*R (n =10 independent tethers) and
MeCP2"*%% (n = 5independent tethers) binding to unmethylated DNA, and

for 2 nM Cy3-labeled MeCP2 (n =18 independent tethers), MeCP2™*™ (n=9
independent tethers), MeCP2"*? (n =10 independent tethers) and MeCP2R¥%%
(n=5independent tethers) binding to CpG methylated DNA. Each dot
represents data from one independent tether. The bars represent mean

ands.d. c, Average MSD plot for Cy3-labeled MeCP2 (n = 78 from 22 independent
tethers), MeCP2™® (n =20 from 6 independent tethers), MeCP2"*® (n =40
from 10 independent tethers) and MeCP2*"°X (n = 44 from Sindependent
tethers) trajectories on unmethylated DNA. The error bars represents.d.

d, Estimated number of molecules per trajectory for Cy3-labeled MeCP2 (n =77
from 22 independent tethers), MeCP2™*" (n =20 from 6 independent tethers),
MeCP2"® (n =42 from 10 independent tethers) and MeCP2*%X (n = 44 from 5
independent tethers) on unmethylated DNA. The bars represent mean and s.d.
Thesignificance for band d was calculated using a one-way ANOVA with Tukey’s
test for multiple comparisons.

full-length MeCP2 (Fig. 2d), suggesting that the TRD and CTD contrib-
ute significantly to MeCP2 oligomerization on DNA.

MeCP2 stably binds nucleosomes within chromatinized DNA
We next sought to visualize the behavior of MeCP2 on chromatinized
DNA. To this end, we reconstituted nucleosomes on unmethylated
A DNA tethers in situ using LD655-labeled human histone octamers
and the histone chaperone Napl1 (ref. 34) (Fig. 3a). Nucleosomes were
sparsely loaded (three to ten per tether) so individual loci could be
spatially resolved. We thenincubated the nucleosomal DNA tether with
Cy3-MeCP2 and simultaneously monitored MeCP2 and nucleosome
fluorescence signals via dual-color imaging. Strikingly, we observed
frequent colocalization and stable association of MeCP2 with nucle-
osomes, in contrast to the diffusive MeCP2 trajectories at the inter-
vening bare DNA regions (Fig. 3b). MeCP2 was also observed to stably
colocalize with nucleosomes loaded on CpG methylated DNA tethers
(Fig.3c). MSD analysis also supported the notion that MeCP2 remains
immobile when bound to nucleosomes (Fig. 3d and Extended Data
Fig. 5a), as the extracted diffusion coefficient approaches the lower
limit that can be measured in our setup and resembles the value for
other statically bound proteins™®.
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Fig.3|MeCP2 preferentially and stably associates with nucleosomes on
chromatinized DNA. a, Schematic of the experimental setup. LD655-labeled
nucleosomes and Cy3-labeled MeCP2 were simultaneously monitored via
two-color confocal fluorescence microscopy. b,c, Representative kymograph
of anucleosome-containing unmethylated (b) or CpG methylated (c) DNA
tetherincubated with 2 nM Cy3-MeCP2. A red laser was flashed on briefly to
locate the nucleosomes within the tether. The arrowheads denote nucleosome
positions. The experiment was independently repeated with 22 (unmethylated)
and 18 (methylated) tethers yielding similar results. d, Average MSD plot for
Cy3-MeCP2trajectories on unmethylated bare DNA (n = 78 from 22 independent
tethers), methylated bare DNA (n =200 from 18 independent tethers) or
colocalized with nucleosome loci on unmethylated chromatinized DNA
(n=22from 6 independent tethers). The error barsrepresent s.d. e, Estimated
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number of Cy3-MeCP2 molecules per trajectory on unmethylated bare DNA or
bound to nucleosomes on unmethylated DNA. The bars represent mean and

s.d. Significance was calculated using a two-tailed unpaired ¢-test. f, Fraction

of Cy3-MeCP2 trajectories that were colocalized with nucleosome locion
unmethylated DNA in the presence of 0.5 nM (from 5 independent tethers), 1 nM
(from 6 independent tethers), 2 nM (from 9 independent tethers) or 6 nM (from 8
independent tethers) MeCP2. The bars represent mean and s.d. Significance was
calculated using a two-tailed unpaired t-test for each pair. g,h, Representative
kymograph of a nucleosome-containing unmethylated (g) or CpG methylated
(h) DNA tether incubated with 6 nM Cy3-MeCP2. The arrowheads denote
nucleosome positions. The experiment was independently repeated with 8
(unmethylated) and 7 (methylated) tethers yielding similar results.

Wethenanalyzed the number of MeCP2 molecules at nucleosomal
locionthe basis of the fluorescence intensity and found the mean value
to be much lower than that on bare DNA (Fig. 3e). This conclusion is
corroborated by electrophoretic mobility shift assay (EMSA) and native
mass spectrometry (nMS), both showing that each nucleosome typi-
cally accommodates one or two molecules of MeCP2 (Extended Data
Fig. 5b,c). Although the available bare DNA sites vastly outnumbered
the nucleosomesites per tether, we observed acomparable number of
nucleosome-bound MeCP2 units versus bare-DNA-bound MeCP2 units
(Fig.3b,c). Withinunmethylated nucleosomal DNA tethers, essentially
allnucleosomes were occupied by MeCP2 even at alow protein concen-
tration. Asweincreased the MeCP2 concentration, more MeCP2 units
bound to bare DNA (Fig. 3f-h). A similar trend was observed on meth-
ylated nucleosomal DNA tethers, although the nucleosome-bound
MeCP2 fraction was lower compared withunmethylated tethers given
MeCP2’s higher affinity to methylated DNA (Extended Data Fig. 5d).
These results indicate that MeCP2 preferentially targets nucleosome
sites within chromatinized DNA until they are fully occupied.

MeCP2-nucleosome interaction requires domains outside the
MBD

To map the regions in MeCP2 that are important for its nucleosome
binding, we performed single-molecule experiments with a series of
MeCP2 truncations (Fig. 4a and Extended Data Fig. 1c,d). We found
that MeCP2*"%* retained the level of nucleosome colocalization simi-
lar to the full-length protein, as did the two missense RTT mutants
P225R and T158M (Fig. 4b—d). However, MeCP2X°X and MeCP2R1**
showed significantly diminished nucleosome targeting (Fig. 4b-f).

Therefore, part of the TRD—adomain originally described to mediate
transcriptional repression—is critical to MeCP2’s nucleosome-binding
activity. Notably, we found that MeCP2**°* and MeCP2"** still retained
the ability to bind bare DNA and undergo diffusion (Fig. 4e,f).

MeCP2 enhances the mechanical stability of nucleosomes

Next, we explored the consequences of MeCP2’s prevalent targeting to
nucleosomes. Given that nucleosomes serve as strong barriers against
the transcription machinery®**’, we asked whether the stable binding
of MeCP2 alters the mechanical properties of the nucleosome that
could in turn modulate transcription. We thus conducted mechanical
pulling experiments onindividual nucleosomal DNA tethers (Extended
DataFig. 6). The resultant force-distance (F-d) curves contain tran-
sitions that signify the unwrapping of individual nucleosomes’. We
then performed the pulling experimentsin the presence of MeCP2 and
simultaneously monitored the fluorescence signals from Cy3-MeCP2
and LD655-nucleosomes. Most nucleosome-bound MeCP2 remained
associated with the nucleosome throughout pulling (Fig. 5a). Upon
analyzingthe F-d curves, we found that MeCP2 significantly raised the
average force required to unwrap the nucleosome (Fig. 5b,c), providing
evidenceforadirectstabilization effect of MeCP2 on chromatin. The sta-
bilization effect of MeCP2 was also observed on nucleosome-containing
methylated DNA tethers (Extended Data Fig. 6d). Inthe control experi-
ment where we pulled on MeCP2-bound bare DNA tethers, we did not
observe any noticeable transitions in the same force regime (Fig. 5b).
Interestingly, the nucleosome-stabilizing effect was diminished when
the full-length MeCP2 was replaced with MeCP2**%* (Fig. 5¢c) even
though this truncating mutantisstill able to bind nucleosomes (Fig. 4b).
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Fig.4|Nucleosome targeting by MeCP2 requires domains outside its MBD.

a, Domainstructure of full-length (FL) MeCP2 and three truncations R270X, K210X,
and R162X.b, Fraction of nucleosomes loaded on unmethylated DNA tethers that
were colocalized with MeCP2 after incubation with2 nMFL (n =9 independent
tethers), R270X (n=11independent tethers), K210X (n =17 independent tethers),
R162X (n = 8independent tethers), TI58M (n = 4 independent tethers) or P225R
(n=7independent tethers) Cy3-MeCP2. Each dot represents datafromone
independent tether. The bars represent mean and s.d. Significance was

calculated using a one-way ANOVA with Tukey’s test for multiple comparisons.
c-f,Representative kymographs of an LD655-nucleosome-containing unmethylated
DNA tether bound with Cy3-MeCP2 (c), Cy3-MeCP2*%X (d), Cy3-MeCP2*?%* (e) or
Cy3-MeCP2%* (f). The arrowheads denote nucleosome positions.

MeCP2 and H1 co-bind nucleosomes

Linker histone H1is another major regulator of eukaryotic chromatin
that compacts nucleosomes®. Whether MeCP2 and H1 compete for
chromatin binding remains under debate®'**°. To directly visualize
theinterplay between these two chromatin regulators, we performed
three-color single-molecule fluorescence experiments with Cy3-labeled
H1.4, Cy5-labeled MeCP2 and AF488-labeled nucleosomes loaded on
A DNA tethers. Contradictory to an antagonistic binding model, we
observed frequent colocalization of H1 and MeCP2 at nucleosome
sites (Fig. 5d and Extended Data Fig. 7a). MeCP2 signal was detected
atthe majority (63%) of HI-bound nucleosomes in our experiment. Of
note, MeCP2 and H1 were rarely observed to colocalize on bare DNA
(Extended Data Fig. 7b), suggesting that their interaction mainly occurs
at the nucleosome. The existence of the ternary complex is further
supported by MP results, which showed a mass peak consistent witha
nucleosome-MeCP2-H1 complex with 1:1:1stoichiometry (Extended
Data Fig. 7c). We then investigated how the co-binding of MeCP2 and
Hlimpinges on nucleosome stability. Notably, pulling on nucleosomal
DNA tethers incubated with both MeCP2 and H1 yielded an average

transition force significantly lower than the value for tethers incubated
with MeCP2 only (Fig. 5c and Extended Data Fig. 7d). Together, these
resultsreveal that the nucleosome can simultaneously accommodate
both H1 and MeCP2, but H1 attenuates the nucleosome-stabilizing
effect of MeCP2, indicating that the binding pose of MeCP2in the ter-
nary complex is distinct from that in the MeCP2-nucleosome binary
complex. Further studies will be required to test this hypothesis.

MeCP2 mediates effector recruitment to chromatin

We then sought to investigate the recruiting function of MeCP2 in
light of its dynamic behavior on chromatin revealed by the current
work.MeCP2is known to interact with the NCoR1/2 co-repressor com-
plex through its transducin p-like protein 1-related (TBLR1) compo-
nent*?** and recruit this complex to heterochromatin®°. To probe
theinterplay between MeCP2 and TBLR1at chromatin, we performed
single-molecule experiments to simultaneously visualize LD655-labeled
CTD domain of TBLR1 and Cy3-MeCP2 on bare and nucleosomal DNA
tethers. We found that TBLR1 is recruited to bare methylated DNA
in a strictly MeCP2-dependent manner: long-lived and static TBLR1
trajectories were observed on methylated DNA tethers and always
colocalized with MeCP2 trajectories (Fig. 6a,c), whereas no TBLR1
signal was detected in the absence of MeCP2 (Extended Data Fig. 7e).
TBLR1 can be recruited by MeCP2 to bare unmethylated DNA too but
atamuchlower frequency compared with methylated DNA (Fig. 6b,c
and Extended Data Fig. 7f). TBLR1 also exhibited a higher mobility
along with MeCP2 onunmethylated DNA, implicating MeCP2’s diffusive
propertyinits recruiting function. Next, we examined TBLR1 binding to
nucleosomal DNA. We found that, although TBLR1alone readily bound
nucleosomes (Fig. 6d), as expected on the basis of previous reports*>**,
MeCP2significantly increased the frequency of TBLR1recruitment to
nucleosome loci (Fig. 6e,f). Finally, we showed that the RTT mutation
R306C dramatically reduced the ability of MeCP2 to recruit TBLR1to
DNA as well as to nucleosomes (Fig. 6¢,f), consistent with previous
studies showing theimportance of the R306 residue for MeCP2-TBLR1
interaction®***, Together, these results suggest that MeCP2 directs
co-repressor recruitment to chromatin through its distinct DNA- and
nucleosome-binding modalities.

Discussion

More than two decades after the discovery that mutations in MeCP2
are the genetic drivers for RTT, the molecular behavior of this unique
protein on chromatin remains unclear, which impedes the develop-
ment of targeted therapy. In this study, we developed a single-molecule
platform to visualize the dynamics of purified MeCP2 and its disease
mutants on individual bare and nucleosomal DNA substrates. This
approach uncovered several features of the MeCP2-chromatininter-
action that may underlie the multiplexed functions of MeCP2 in gene
regulation and genome organization (Fig. 7).

Diffusion kinetics govern MeCP2’s activity on DNA

Our results reveal that MeCP2 undergoes 1D diffusion when bound to
DNA. This property, previously unknown for MeCP2 but reported for
other methyl-CpG-binding proteins®, allows the protein to quickly
sample many DNA sites without dissociation, which facilitates target
search***, The high mobility of MeCP2 also helps rationalize the sen-
sitivity of unmethylated DNA to DNase I digestion even when bound
to MeCP2 (ref. 48). We further showed that MeCP2 diffusion is much
slower on CpG methylated DNA, probably due to a longer residence
time on each methyl-DNA site. We speculate that such low mobility stalls
MeCP2 and provides ample time for its effector proteins to exert func-
tion, thereby achievingits functional specificity despite only amodest
differenceinitsbinding affinities to methylated versus unmethylated
DNAP®. Future investigations will characterize the effect of DNA meth-
ylation on MeCP2’s diffusion kineticsinnon-CpG contexts such as CAC
tri-nucleotides, which the protein also recognizes*.
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Fig. 5|MeCP2 enhances the mechanical stability of nucleosomes.

a, Representative kymograph of an LD655-nucleosome-containing unmethylated
DNA tether bound with Cy3-MeCP2 and pulled to high forces by gradually
increasing the inter-bead distance. The vertical dotted line denotes the time
whenthe tether ruptured. The arrowheads denote nucleosome positions.

b, Representative force-distance curve of aMeCP2-bound nucleosome-containing
DNA tether (red) showing force-induced transitions overlaid on a force-distance
curve ofaMeCP2-bound bare DNA tether (black). The inset shows azoom-in view of
two example transitions for which the distance change (AL) and the transition force
arerecorded. The experiment was independently repeated with 7 (nucleosomal
DNA) and 5 (bare DNA) tethers yielding similar results. ¢, Distribution of transition
forces recorded from force-distance curves of nucleosomal DNA tethers with no

Y

MeCP2 or H1bound (n = 84 from 5 independent tethers), bound with FL MeCP2
(n=107 from 7 independent tethers), MeCP2** (n = 68 from 7 independent
tethers), H1 (n =106 from10 independent tethers) or both FLMeCP2 and H1 (n = 81
from 8independent tethers). The box boundaries represent the 25th to 75th
percentiles, the middle bar represents the median and the whiskers represent

the minimum and maximum values. Significance was calculated using a one-way
ANOVA with Tukey’s test for multiple comparisons. d, Representative kymograph
of anunmethylated DNA tether containing AF488-labeled nucleosomes and
incubated with Cy5-labeled FL MeCP2 and Cy3-labeled H1. Lasers were switched on
and off to confirm fluorescence signals from each channel. The arrowheads denote
nucleosome positions. Theinset shows azoom-in view of individual fluorescence
channels atanucleosomesite (Nuc.) where MeCP2 (Mec.) and H1 colocalized.

Nucleosomes serve as regulatory hubs for MeCP2

Echoing previous biochemical and genomic results showing that
MeCP2 binds nucleosomes®™™, our single-molecule results further
reveal that the MeCP2-nucleosome interaction is prevalent and sta-
ble, contrasting the protein’s dynamic behavior on bare DNA. We
propose that this stable association mediates hitherto underappreci-
ated nucleosome-directed activities of MeCP2 (Fig. 7a). In support of
this concept, we demonstrate that MeCP2 binding per se stabilizes
nucleosomes against mechanical unwrapping. The forces required to
unravel MeCP2-bound nucleosomes measured in our assays exceed
the maximal forces generated by the transcription machinery and
chromatin remodelers®* Thus, the nucleosome-stabilizing effect of
MeCP2is expected toimpinge on various processes in gene expression
and genome organization. In addition, we found that the co-binding
of H1 attenuates this nucleosome-stabilizing effect, suggesting that
MeCP2’s mechanical impact on chromatin is subjected to regulation
by other chromatin-binding factors.

We also showed that MeCP2 enhances the recruitment of TBLR1
to nucleosomes. This finding is compatible with the previously pro-
posed ‘bridge hypothesis’, which postulates that MeCP2 recruits
the co-repressor complex to heterochromatin to execute its role as
a global repressor”. Our results add to this model by demonstrat-
ing that the recruitment function exploits the differential diffusion
kinetics of MeCP2 dependent on the DNA methylation status and

nucleosome occupancy. Moreover, our results suggest that nucle-
osomes serve as ‘molecular sponges’, sequestering MeCP2 away from
bare DNA sites. Given that MeCP2 and histones exist in near stoichio-
metricamounts in neuronal nuclei’, itis plausible that nucleosomes
capture the vast majority of MeCP2, leaving only a small pool of free
proteins. As such, even a mild decrease or increase in the overall
MeCP2 level would drastically affect the protein availability and
lead to aberrant downstream functions, thereby explaining MeCP2’s
exquisite dosage sensitivity despite its high abundance?**°*>*,
Overall, our study highlights nucleosomes as regulatory hubs for
MeCP2’s genomic activities. It will be interesting to investigate how
histone posttranslational modifications, such as H3K9 and H3K27
methylation'*’, modulate MeCP2’s behavior at chromatin using our
single-molecule platform.

RTT mutations alter aspects of MeCP2 dynamics on chromatin
Our work establishes abiophysical framework to dissect the altered
molecular behavior of MeCP2 RTT mutants at the local chromatin
level and understand their diverse molecular pathology (Fig. 7b). We
observed that the MeCP2™3™ mutant displays a modestly reduced
level of binding to methylated DNA—as expected—but otherwise
near-normal DNA scanning and nucleosome binding activities.
This is in accord with an earlier report showing that a main source
for TI58M pathology is the decreased protein stability in vivo and
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Fig. 6| MeCP2 mediates effector recruitment to methylated DNA and
nucleosomes. a,b, Representative kymographs of a CpG methylated (a) or
unmethylated (b) DNA tether incubated with Cy3-labeled MeCP2 and LD655-
labeled TBLRI. ¢, Loading efficiency for 20 nM LD655-TBLR1 binding in the
absence of MeCP2 to unmethylated (n = 6 independent tethers) or methylated
(n=5independent tethers) DNA, in the presence of 2nM MeCP2 to unmethylated
(n=9independent tethers) or methylated (n = 7independent tethers) DNA, or
in the presence of 2 nM MeCP27%C to unmethylated (n = 7 independent tethers)
or methylated (n =4 independent tethers) DNA. Each dot represents data from
oneindependent tether. The bars represent meanands.d. d,e, Representative
kymographs of an AF488-nucleosome-containing unmethylated DNA tether
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incubated with LD655-TBLR1 only (d) or with both LD655-TBLR1and Cy3-MeCP2
(e). Lasers were switched on and off to confirm fluorescence signals from each
channel. The arrows denote nucleosome positions. The inset shows azoom-in
view of individual fluorescence channels at a nucleosomesite (Nuc.) where TBLR1
(TBL.) and MeCP2 (Mec.) colocalized. f, Fraction of nucleosomes loaded on an
unmethylated DNA tether that were colocalized with TBLR1in the absence (n =4
independent tethers) or presence of 2nM MeCP2 (n = 5independent tethers)

or MeCP2™%¢ (n = 6 independent tethers). Each dot represents data from one
independent tether. The bars represent mean and s.d. Significance for cand fwas
calculated using a two-tailed unpaired t-test for each pair.

that increasing protein expression is sufficient to ameliorate RTT-
like phenotypes®.

Previous work reported that the P225R substitution moder-
ately reduces the MeCP2 abundance in neurons, causes impaired
TBLR1 recruitment to heterochromatin and dampens the
methylation-dependent transcriptional repression activity of MeCP2
(ref.30).Inour study, we observed this mutant exhibits reduced bind-
ing to methylated DNA but retains the ability to bind nucleosomes,
which may explainits weakened but not abolished TBLR1recruitment
and transcriptional repressive activities. Additionally, we found that
MeCP2"*® |oses the ability to discriminate between unmethylated
and CpG methylated DNA in terms of binding and diffusion kinetics,
which may result in ectopic activities that are normally restricted to
methylated genomic regions.

The MeCP2**% truncating mutant was shown to exhibit normal
genome-wide binding patterns but cause substantial transcriptional
dysregulation®**’, We showed that this truncation indeed retains both
DNA-binding and nucleosome-binding capacities. We further found a
reduced nucleosome-stabilizing activity in this mutant, inaccord withits
deficiency in compacting nucleosome arrays as reported previously**'.
Moreover, we identified the region between K210 and R270 to be essen-
tial for MeCP2’s ability to bind nucleosomes but not for its ability to bind
DNA. Therefore, RTT truncating mutations in thisregion (for example,
R255X) may cause an imbalanced MeCP2 distribution between DNA
and nucleosomes and, consequently, aberrant function. These insights

will potentially inform targeted intervention strategies to restore the
normal activities of MeCP2 at chromatin in specific disease contexts.

Besides providing molecular insightsinto MeCP2 and RTT biology,
this work highlights the central role of nucleosomes in modulating the
distribution and dynamics of chromatin regulators>. It is worth noting
that, for technical reasons, the nucleosome density and protein con-
centrations were used in our experiments at lower than physiological
levels. Itis therefore desirable to further develop the single-molecule
platform to allow observation and manipulation of chromatin com-
plexesin anative-like environment.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41594-024-01373-9.
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Methods

Protein purification and labeling

MeCP2. Human MeCP2 in the pTXB1 plasmid (Addgene #48091) was
propagated in Escherichia coli 5-alpha cells (New England BioLabs).
Following mutagenesis for fluorescent labeling and/or creating RTT
mutations using the Q5 mutagenesis kit (New England BioLabs), plas-
mids were transformed into E. coli BL21(DE3) cells (Thermo Fisher) for
overexpression. Expression and purification of MeCP2 started with
chitin-intein MeCP2 fusion proteins. The protocol was adapted from
apreviously published protocol®” and the manufacturer’s instructions
for the IMPACT system (New England BioLabs). Four liters of cells in the
presence of 100 pg ml™ carbenicillin were grown to an OD,, 0f 0.5 and
induced with 0.5 mMisopropyl 3-D-1-thiogalactopyranoside overnight
at16 °C.Lysates were prepared by resuspending cell pelletsin column
buffer (20 mM Tris hydrochloride pH 8.0, 500 mM sodium chloride,
0.1% Triton X-100 and 0.1 mM phenylmethylsulfonyl fluoride (Gold-
Bio)) followed by sonication and centrifugation at23,700g for 30 min.
Lysates were applied toal0 mlbed volume of chitin resin (New England
BioLabs) that was preequilibrated with column buffer for1.5hat4 °C
onatuberotator. The resin was washed with 20x resin bed volumes of
column buffer and then flushed with 3x resin bed volumes of column
buffer supplemented with 50 mM dithiothreitol before being capped
and left overnight at room temperature for intein cleavage. Fractions
were eluted with column buffer and analyzed by SDS-PAGE, and peak
fractions were pooled, concentrated and added to a Superdex 200
Increase10/300 GL column equilibrated with column buffer attached
to an AKTA pure system (Cytiva) for gel filtration. Peak fractions were
analyzed by SDS-PAGE and aliquoted for fluorescent labeling or flash
frozen and storedin-80 °C.

To obtain full-length MeCP2 site-specifically labeled with a Cy3
or Cys5 fluorophore, two out of three native cysteine residues were
mutated to serine (C339S and C413S), leaving a single cysteine residue
(C429) located near the end of the disordered CTD. None of the labeling
positions used has beenimplicated in RTT. MeCP2**5¢4538 (referred to
asMeCP2in this study) was expressed and purified as described above
and subsequently incubated with 3x molar excess of Tris carboxy ethyl
phosphene at 4 °C for 30 min. Cy3- or Cy5-maleimide dye (Cytiva)
was added at a20:1 molar ratio of dye to MeCP2 and incubated at 4 °C
overnightin the dark. Toremove free dye, labeled protein was dialyzed
in 3x 1-liter column buffer and subsequently analyzed by SDS-PAGE,
concentrated, aliquoted, flash frozen and stored in =80 °C. A similar
protocolwas performed to fluorescently label MeCP2 mutants, several
of which contain different labeling positions to accommodate for trun-
cating mutations: Cy3-C429 T158M MeCP2, Cy3-C429 P225R MeCP2,
Cy3-S242C R270X MeCP2, Cy3-S194C K210X MeCP2 and Cy3-S13C
R162X MeCP2. The labeling efficiencies for these MeCP2 constructs
range from 80% to 100%.

Histone octamers. Recombinant human core histones were puri-
fied and labeled with an LD655 or AF488 fluorophore as previously
described*®. Briefly, core histones were individually expressedin E. coli
BL21 (DE3) pLysS cells, extracted from inclusion bodies and purified
under denaturing conditions using Qand SPion exchange columns (GE
Healthcare). H4“°“ waslabeled with LD655-maleimide (Lumidyne Tech-
nologies) under denaturing conditions. Octamers were reconstituted
by adding equal molar amounts of each core histone (LD655-H4°C,
H3.2, H2A and H2B) and purified by gel filtration as described previ-
ously. The same protocol was performed to obtain histone octamers
containing AF488-H2AKC,

TBLR1. Recombinanthuman TBLR1™ (residues 134-514) was inserted
intoapCAG-TEV-3C plasmid, and the GFP fusion protein was expressed
in400 ml of suspension HEK293 cells. Cell pellet was lysed in20 ml lysis
buffer (50 mM Tris hydrochloride pH 8.0, 300 mM sodium chloride,
3 mM 2-mercaptoethanol, 0.2% NP40,1 mg ml™ aprotinin, 1 mg ml™

leupeptin, 1 mg ml™ pepstatin A, 100 mM phenylmethylsulfonyl flu-
oride, 2 mM ATP and 2 mM magnesium chloride) with the addition
of 1 ul Benzonase (Millipore Sigma) by vortexing. The solution was
nutated on a rotating nutator at 4 °C for 20 min and centrifuged at
48,300g for 30 min at 4 °C. The lysate was collected, added to 1 ml of
GFP nanobody-coated agarose bead slurry that was preequilibrated
with wash buffer (50 mM Tris hydrochloride pH 8.0, 300 mM sodium
chloride and 3 mM2-mercaptoethanol) and nutated on arotating nuta-
torat4 °Cfor1.5 h. Thebeads were pelleted by centrifugationat1,000g
for 2 min, and the supernatant was removed. The beads were washed
3x with 1 mlwash buffer to remove detergent and protease inhibitors.
The beads were resuspended in 250 pl wash buffer, and 250 pl of 3C
protease was added. The bead solution was nutated at 4 °Cintherotat-
ing nutator overnight. Beads were then pelleted by centrifugation at
1,000gfor2 minat4 °C, and the supernatant was collected. This step was
repeated 3x after the addition of wash buffer to collect 5 ml of superna-
tantintotal. The eluted protein was then concentrated and added to a
Superdex200 Increase 10/300 GL column equilibrated with wash buffer
attached to an AKTA pure system (Cytiva) for gel filtration. Peak frac-
tionswere analyzed by SDS-PAGE and aliquoted for fluorescent labeling.

Toattachafluorophore to the N terminus of TBLR1™, the purified
proteinwas dialyzed in3x1liter of labeling buffer (45 mMHEPES pH7.0,
200 mMsodium chloride,1 mMdithiothreitoland 0.25 mM EDTA) and
LD655-NHS dye (Lumidyne Technologies) was added ata5:1 molar ratio
of dye to TBLR1™. The mixture was incubated at room temperature for
1hin the dark, and the reaction was quenched by adding 30 mM Tris
hydrochloride pH 7.0 for 5 min at room temperature. To remove free
dye, labeled protein was dialyzed in 3x 1 liter of storage buffer (45 mM
HEPES pH 7.6,200 mM sodium chloride and 1 mM dithiothreitol) and
subsequently analyzed by SDS-PAGE, concentrated, aliquoted, flash
frozenandstored in—80 °C. The final labeling efficiency was estimated
to be ~85%.

Recombinant Saccharomyces cerevisiae Napl was expressed
and purified as previously described**. Recombinant linker histone
H1.4**“was purified and labeled with a Cy3 fluorophore as previously
described”.

DNA substrate preparation

Biotinylated A DNA. To generate terminally biotinylated
double-stranded DNA (dsDNA), the 12-base overhang on each end of
thebacteriophage A genomic DNA from Dam and Dcm methylation-free
E.coli (48,502 bp; Thermo Fisher) was filled in with amixture of unmodi-
fied and biotinylated nucleotides by the exonuclease-deficient DNA
polymerase I Klenow fragment (New England BioLabs). The reaction
was performed by incubating 17 pg of A\ DNA (dam-, dcm-), 32 pM each of
dGTP/biotin-14-dATP/biotin-11-dUTP/biotin-14-dCTP (Thermo Fisher)
and 5 Uof Klenow in1x NEBuffer 2 (New England BioLabs) (120 pl total
volume) at room temperature for 15 min. The reaction was stopped
by adding 10 mM EDTA and heat inactivated at 75 °C for 20 min. Bioti-
nylated DNA was then ethanol precipitated for atleast1hat-20°Cin
3x volume ice-cold ethanol and 300 mM sodium acetate pH 5.2. Pre-
cipitated DNAwasrecovered by centrifugationat13,500g for 30 min at
4 °C. After removing the supernatant, the pellet was washed twice with
1mlof70% ethanol, each round followed by centrifugation at13,500g
for 1 min at 4 °C and removal of the supernatant. The resulting pellet
was air dried, resuspended in TE buffer (10 mM Tris-HCI pH 8.0 and
1mMEDTA) and stored at 4 °C.

CpG methylated A DNA. To generate CpG methylated DNA,
500 ng of biotinylated A DNA was incubated at 37 °C with 1.6 M
of S-adenosylmethionine (New England BioLabs) and 20 U of CpG
methyltransferase M.Sssl (New England BioLabs) (20 pl total vol-
ume) overnight. The reaction was stopped by heat inactivation at
65 °C for 20 min. The DNA was then isolated by phenol-chloroform
extraction by raising the volume to 250 pl, adding an equal volume of
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phenol:chloroform:isoamylalcohol (25:24:1, v/v) and inverting the tube
vigorously to mix. The mixture was centrifuged at 13,500g for 5 min at
roomtemperature and the supernatant was collected. The process was
repeated using the supernatant. The DNA was then purified by ethanol
precipitation, resuspended in TE buffer and stored at4 °C. Methylation
efficiency was assessed by incubating the methylated DNA with CpG
methylation-sensitive restriction enzyme BstUI (New England BioLabs),
whichisunableto perform digestioninthe presence of methylation at
its cut site (157 predicted sites on A DNA).

Single-molecule experiments

Experimental setup. Single-molecule experiments were performed
at room temperature on a LUMICKS C-Trap instrument, which com-
bines three-color confocal fluorescence microscopy with dual-trap
optical tweezers®. Data were acquired using LUMICKS Bluelake soft-
ware version 1.6.16. Rapid optical trap movement was enabled by a
computer-controlled stage within a five-channel flow cell (Fig. 1a).
Channels1-3 were separated by laminar flow, which were used to form
DNA tethersbetweentwo 3 pumstreptavidin-coated polystyrene beads
(Spherotech) held in optical traps. Under a constant flow, a single
bead was caughtin each trap in channel 1. The traps were then moved
to channel 2, and biotinylated DNA was caught between both traps as
detected by an increase in the force reading. Flow was stopped, and
the traps were moved to channel 3 containing only buffer where the
presence of a single DNA tether was confirmed by the force-distance
curve.Channels 4 and 5were loaded with proteins as described for each
assay. Flow was turned off during data acquisition and visualization of
protein behavior.

Fluorescence detection. Cy3,LD655 (or Cy5) and AF488 fluorophores
were excited by three laser lines at 532, 638 and 488 nm respectively.
Kymographs were generated by confocal line scanning through the
center of thetwo beads at 100 ms per line. Individual lasers were occa-
sionally turned offto confirm the presence of other fluorophore-labeled
proteins. To investigate the behavior of Cy3-MeCP2 on DNA, optical
traps tetheringaA DNA molecule under 1 pN of constant tension were
moved into channel 4 of the microfluidic flow cell containing 2 nM of
Cy3-MeCP2 (unless specified otherwise) in animaging buffer contain-
ing 20 mM Tris hydrochloride pH 8.0 and 100 mM sodium chloride.
Following 30 sincubation, the tether was moved to channel 3 contain-
ing buffer only for removal of nonspecific binding events and imaging.

To generate nucleosome-containing DNA tethers, optical traps
tethering a A DNA molecule under 1 pN of constant tension were
moved into channel 4 of the microfluidic flow cell containing 2 nM
LD655-histone octamers and 2 nM Nap1 in 1x HR buffer (30 mM Tris
acetate pH7.5,20 mM magnesium acetate, 50 mM potassium chloride
and 0.1 mg ml™ bovine serum albumin). Following a 3 s incubation
(both octamer concentration and incubation time were optimized
to form three to ten nucleosomes on each DNA tether), tethers were
moved to channel 3 containing 0.25 mg ml™ sheared salmon sperm
DNA in 1x HR buffer for removal of nonspecific octamer binding. For-
mation of properly wrapped nucleosomes was confirmed by pulling
the tether to generate force-distance curves showing force-induced
transitions of expected distance change occurring at expected force
regime®®. Toinvestigate the behavior of Cy3-MeCP2 on this substrate, a
nucleosome-containing DNA tether was moved to channel 5 containing
2 nM of Cy3-MeCP2 (unless specified otherwise) inimaging buffer. Fol-
lowinga30 sincubation, the tether was moved to channel 3 forimaging.

To investigate the interplay between MeCP2 and H1,
AF488-nucleosome-containing DNA tethers were moved to channel
5 containing 2 nM of LD655-MeCP2 and 10 nM of Cy3-H1 in imaging
buffer. Following a 30 s incubation, tethers were moved to channel 3
for imaging. The same protocol was used to investigate the interplay
between MeCP2and TBLR1, except that 2 nM of Cy3-MeCP2 and 20 nM
of LD655-TBLR1™ were used.

Force manipulation. Nucleosomal DNA tethers (unbound or bound
with MeCP2/H1 proteins) were first relaxed by lowering the distance
between trapsin channel 3 until ~0.25 pN of force was reached. The
force was zeroed, and the tether was subjected to pulling by mov-
ing one trap relative to the other at a constant velocity of 0.1 pms™
until the DNA entered the overstretching regime (-65 pN) or the
tether broke.

Data analysis. Kymographs were processed and analyzed using a
custom script (https://harbor.lumicks.com/single-script/c5b103a4-
0804-4b06-95d3-20a08d65768f) that incorporates tools from the
lumicks.pylake Python library and other Python modules (Numpy,
Matplotlib and Pandas) to generate tracked lines using the kymotracker
greedy algorithm. To determine the MSD, the tracked lines were
smoothed using a third-order Savitzky-Golay filter with a window
length of 11 tracked frames, and the MSD was calculated from each
smoothed trajectory. The diffusion coefficient (D) was calculated by
fitting the MSD curve for each trajectory to the equation for 1D diffu-
sionwhere MSD = 2D¢t* (ais the exponential term used to characterize
normal diffusion (a = 1), subdiffusion (a < 1) or superdiffusion (a > 1)).
Thefirst 1.5 s segment of each MSD curve was used for the fit®. The fit
was discarded if the R? value of the fit was less than 0.8. Trajectories
with an a value between 0.7 and 1.3 (over 50% of all trajectories) were
included for further analysis. The estimated number of molecules per
trajectory was determined by dividing the photon count for each tra-
jectory averaged over a 30 s time window by the photon count for a
single Cy3-MeCP2 under the same imaging condition. The loading
efficiency of MeCP2 or TBLR1 on DNA was determined per tether by
dividingthe number of fluorescent trajectories by the incubation time
(30s) in the protein channel (channel 4). Only stably bound proteins
were considered, defined as those that survived dragging from channel
4 to channel 5 and lasted longer than 30 s in the protein-free channel
(channel5).

Force-distance curves obtained from pulling experiments were
analyzed by extracting the distance change (AL) and the transition
force of abrupt rips associated with individual nucleosome unwrap-
ping events. Only rips occurring above 8 pN were analyzed, which
correspond to unwrapping of theinner DNA turn of the nucleosome®.

nMS analysis
Mononucleosomes used for nMS were assembled by salt gradient
dialysis using unlabeled WT human histone octamers as previously
described®’. Two micromolar of the reconstituted nucleosome was
mixed with MeCP2 at varying molar ratios and then buffer-exchanged
into nMS solution (150 mM ammonium acetate pH 7.5 and 0.01%
Tween-20) using Zeba desalting microspin columns with a 40 kDa
molecular weight cutoff (Thermo Scientific). Each nMS sample was
loaded into a gold-coated quartz capillary tip that was prepared
in-house and was electrosprayed into an Exactive Plus Extended Mass
Range (EMR) instrument (Thermo Fisher Scientific) using a modified
static nanospray source®. The mass spectrometry parameters used
included the following: spray voltage, 1.22 kV; capillary temperature,
150 °C; S-lens RF level, 200; resolving power, 8,750 at m/z of 200;
AGC target, 1 x 10%; number of microscans, 5; maximum injection
time, 200 ms; in-source dissociation, 0-10 V; injection flatapole,
8V; interflatapole, 4 V; bent flatapole, 4 V; high-energy collision
dissociation, 150-180 V; ultrahigh vacuum pressure, 5 x 107° mbar;
total number of scans, 100. Mass calibration in positive EMR mode
was performed using cesiumiodide. Raw nMS spectrawere visualized
using Thermo Xcalibur Qual Browser (version 4.2.47). Data process-
ing and spectra deconvolution were performed using UniDec version
4.2.0 (refs. 64,65).

nMS analysis of the four individual histone proteins and MeCP2
confirmed their primary sequences and revealed that these proteins
had undergone canonical N-terminal processing (removal of N-terminal
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methionine). In addition, unbound bacterial DnaK was observed in the
MeCP2 sample. Overall, the following expected masses based on the
sequence after N-terminal processing were used for the component
proteins: H2A, 13,974.3 Da; H2B, 13,758.9 Da; H3.2, 15,256.8 Da; H4,
11,236.1 Da; MeCP2,52,309.4 Da. Based onits sequence, the mass of the
207 bp dsDNA used was 127,801.8 Da. For the reconstituted nucleosome
sample, we obtained one predominant peak series corresponding to
the fully assembled nucleosome (histone octamer + dsDNA) with a
measured mass of 236,277 Da (mass accuracy of 0.01%).

MP

Datawere collected using aOneMP mass photometer (Refeyn) that was
calibrated with bovine serum albumin (66 kDa), 3-amylase (224 kDa)
and thyroglobulin (670 kDa). Movies were acquired for 6,000 frames
(60 s) using AcquireMP software (version 2.4.0) and default settings.
Final protein concentrations were empirically determined to achieve
~75 binding events per second. Peak mass values are predicted to fall
within ~-5% error. Raw data were converted to frequency distributions
using Prism 9 (GraphPad) and abin size of 50r10 kDa.

EMSA

In a buffer containing 20 mM Tris hydrochloride pH 8.0 and 100 mM
sodium chloride in a total volume of 20 pl, 147 bp or 207 bp unmeth-
ylated or CpG methylated DNA or mononucleosome wrapped with
207 bp unmethylated DNA at described concentrations was incu-
bated with an indicated molar ratio of MeCP2 at room temperature
for 10 min. Then, 3.6 pl of 2 M sucrose was added and 15 pl of each
sample was run on a 6% native PAGE gel at 110 V for 70 min (for DNA
sample) or 90 min (for nucleosome sample). The DNA was stained
with SYBR Safe DNA Gel Stain (Thermo Fisher) and visualized using a
gelimager (Axygen).

Statistical analysis

Theerrorsreportedin this study represents.d. ors.e.m. Pvalues were
determined from two-tailed unpaired ¢t-tests (with Welch’s correction
as specified in each figure caption) for comparison between two con-
ditions and determined from one-way analysis of variance (ANOVA)
with Tukey’s tests for comparison between multiple conditions using
Prism 10 (GraphPad).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All kymographs used for analysis have been deposited as data-
sets in Zenodo (https://doi.org/10.5281/zenodo.11557684; https://
doi.org/10.5281/zenodo.11558336; https://doi.org/10.5281/zen
0d0.11559182)%°"%%, Source data are provided with this paper.

Code availability

Kymographs were processed and analyzed using a custom script that
can be accessed on LUMICKS Harbor (https://harbor.lumicks.com/
single-script/c5b103a4-0804-4b06-95d3-20a08d65768f).
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Extended Data Fig. 1| MeCP2 constructs used in this work. a, (Left) EMSA assay
showing the products of 50 nM of 207-bp unmethylated DNA incubated with
anincreasing concentration of MeCP2 containing all three native cysteines or

the single-cysteine version (C339S, C413S) of MeCP2. The latter construct was
referred to as MeCP2 in this study. (Right) SDS-PAGE gel for Cy3-labeled MeCP2
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(leftlane: protein ladder; middle lane: Coomassie Blue staining; right lane:
fluorescence scanning). b, Mass distribution for Cy3-labeled MeCP2 obtained
by mass photometry with peak value indicated. ¢, SDS-PAGE gels for Cy3-
MeCP2™ (left), Cy3-MeCP2"*R (middle), and Cy3-MeCP2*"*X (right).

d, SDS-PAGE gels for Cy3-MeCP2**%* (left) and Cy3-MeCP2%*> (right).
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Extended Data Fig. 2| Additional data on MeCP2 interaction with
unmethylated DNA. a, Representative kymographs of unmethylated A DNA
tethers bound with Cy3-MeCP2. Each DNA tether was incubated in a channel

containing 2nM Cy3-labeled WT MeCP2 for 30 s and then moved to a protein-
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free channel forimaging. b, Diffusion coefficient (D) for MeCP2 trajectories on
unmethylated DNA is plotted against the estimated number of MeCP2 molecules
inthe trajectory (n=>50 trajectories from 22 independent tethers).
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Extended Data Fig. 3| Additional data on MeCP2 interaction with methylated

DNA. a, CpG methylation by M.Sssl bacterial methyltransferase is assessed
via BstUI digestion. Agarose gel (1%) shows blocked BstUI digestion of 9-kbp
linear DNA after M.Sssl treatment. b, EMSA showing the products of 50 nM of
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147-bp unmethylated or CpG methylated DNA incubated with anincreasing
concentration of MeCP2. In-well species correspond to higher-order MeCP2:DNA
assemblies. ¢, Representative kymographs of methylated A DNA tethers
incubated with 0.5 nM of Cy3-MeCP2.
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Extended DataFig. 4| Additional data on theinteraction of MeCP2RTT
mutants with DNA. a, Representative kymographs of unmethylated (top) and
methylated (bottom) A DNA tethers incubated with 2 nM Cy3-labeled MeCP2
orthree RTT variants (T158M, P225R, R270X). b, Diffusion coefficients (D) for
WT (n=46 from 22 independent tethers), TI158M (n=11from 6 independent
tethers), P225R (n=17 from 10 independent tethers), and R270X (n =20 from
Sindependent tethers) Cy3-MeCP2 trajectories on unmethylated DNA. Bars

MeCP2°2R MeCPp2ReTox

0 e BAKNE S AT 1 ot S B T R )

Time (s)

represent mean and s.e.m. Significance was calculated using a two-tailed
unpaired t-test with Welch’s correction for each pair. ¢, Diffusion coefficients
(D) for MeCP2"*R on unmethylated (n=17 from 10 independent tethers) and
methylated (n=25from10 independent tethers) DNA. Bars represent mean and
s.e.m. Significance was calculated using a two-tailed unpaired ¢-test with
Welch’s correction.
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Extended DataFig. 5| Additional data on MeCP2-nucleosome interaction.
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a, Diffusion coefficients (D) for Cy3-MeCP2 trajectories bound to unmethylated
bare DNA (n=46 from22independent tethers), CpG methylated bare DNA
(n=109 from 22 independent tethers), and nucleosomes wrapped with
unmethylated DNA (n=7 from 6 independent tethers). Bars represent mean
ands.e.m. Significance was calculated using a two-tailed unpaired t-test with
Welch’s correction for each pair. b, EMSA showing the products of 330 nM of
mononucleosomes wrapped by 207-bp unmethylated DNA incubated with
increasing molar ratios of MeCP2. Shifted bands correspond to the putative
1:1and 2:1MeCP2:nucleosome complexes. In-well species likely correspond

to higher-order MeCP2:nucleosome assemblies or condensates
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mass spectrometry spectra (left) and the corresponding deconvolved mass
spectra (right) for 2 uM of mononucleosomes wrapped by 207-bp unmethylated
DNA incubated with different amounts of MeCP2. Addition of two-fold or
five-fold molar excess of MeCP2 to the nucleosome sample yielded additional
peaks corresponding to the binding of one or two 52.3-kDaMeCP2. d, Fraction
of Cy3-MeCP2 trajectories that were colocalized with nucleosome locion

methylated DNA in the

presence of 0.5 nM (from 4 independent tethers), 1nM

(from 4 independent tethers), 2nM (from 6 independent tethers), or 6 nM (from
7independent tethers) MeCP2. Bars represent mean and s.d. Significance was
calculated using a two-tailed unpaired t-test for each pair.
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Extended Data Fig. 6 | Evaluation of in situ nucleosome loading onA DNA
tethers. a, Schematic of the experimental setup. Nucleosomal DNA was formed
by incubating a A DNA tether with histone octamers and Nap1, and then subjected
to mechanical pulling by separating the two traps at a constant speed, resulting
inforce-induced nucleosome unwrapping. b, Number of nucleosomes loaded
per tether as estimated by the number of nucleosome unwrapping events
detected in the force-distance curves of tethers with no MeCP2 or Hibound (n=
6independent tethers), bound with full-length (FL) MeCP2 (n =7 independent
tethers), with MeCP2*"%% (n=7 independent tethers), with H1 (n =10 independent
tethers), or with both FL MeCP2 and H1 (n =8 independent tethers). Bars
represent mean and s.d. ¢, Distribution of the distance change per transition
recorded from force-distance curves of tethers with no MeCP2 or H1 bound
(n=61from 6 independent tethers), bound with FLMeCP2 (n=76 from 7

independent tethers), with MeCP2*°* (n =50 from 7 independent tethers),
with H1(n=79 from10 independent tethers), or with both FL MeCP2 and H1
(n=63from 8independent tethers). Transition sizes are multiples of 24 nm,
consistent with the unwrapping of the inner turn DNA of individual nucleosomes.
d, Distribution of transition forces recorded from force-distance curves of
nucleosomal DNA tethers with no MeCP2 bound (n =84 from S independent
tethers), bound with FLMeCP2 (n =107 from 7 independent tethers), or
methylated nucleosomal DNA tethers bound with FLMeCP2 (n =55 from 5
independent tethers). Box boundaries represent 25" to 75" percentiles, middle
bar represents median, and whiskers represent minimum and maximum values.
Significance was calculated using a one-way ANOVA with Tukey’s test for
multiple comparisons.
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Extended Data Fig. 7 | Additional data on the interplay between MeCP2 and
its binding partners. a, Representative kymographs of AF488-nucleosome-
containing unmethylated DNA tethers bound with Cy5-MeCP2 and Cy3-H1.
Arrows denote nucleosome positions. b, Representative kymograph of an
unmethylated bare DNA tether bound with LD655-MeCP2 and Cy3-H1 (4 nM
each). ¢, Mass distribution for mononucleosomes containing 207-bp DNA
(blue) and for those incubated with Cy3-MeCP2 and H1 (yellow). Peak mass
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values areindicated. d, Representative kymograph of a nucleosome-containing
unmethylated DNA tether bound with Cy5-MeCP2 and Cy3-H1 while being
pulled to high forces. e, Representative kymograph of abare methylated DNA
tetherincubated with LD655-TBLR1showing alack of binding. f, Representative
kymograph of a bare unmethylated DNA tether incubated with LD655-TBLR1 and
Cy3-MeCP2.
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Data collection  Single-molecule data was acquired using LUMICKS Bluelake software version 1.6.16. Mass photometry movies were acquired using AcquireMP
software version 2.4.0.

Data analysis Kymographs were processed and analyzed using a custom script (https://harbor.lumicks.com/single-script/
c5b103a4-0804-4b06-95d3-20a08d65768f) which incorporates tools from the lumicks.pylake Python library and other Python modules
(Numpy, Matplotlib, Pandas) to generate tracked lines using the kymotracker greedy algorithm. Python 3 was used to perform the mean
squared displacement (MSD) analysis. Raw native mass spectrometry spectra were visualized using Thermo Xcalibur Qual Browser version
4.2.47. Native mass spectrometry data processing and spectra deconvolution were performed using UniDec version 4.2.0. Mass photometry
raw data were converted to frequency distributions using Prism 9 (GraphPad). Statistical analysis of data was performed using Prism 10
(GraphPad).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Source data (raw values, uncropped gels) are provided with this paper. All kymographs used for analysis have been deposited as datasets in Zenodo (https://
doi.org/10.5281/zenodo.11557684; https://doi.org/10.5281/zenodo.11558336; https://doi.org/10.5281/zenodo.11559182).
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Sample size For single-molecule experiments, 15-30 kymographs were collected for each condition as standard practice in the field. The number of
measurements was chosen to ensure sufficient statistics for each sample.

Data exclusions  For single-molecule experiments, tethers that display abnormal force-extension behaviors were discarded.

Replication For single-molecule experiments, 15-30 kymographs were collected for each condition with comparable behaviors that were further
quantified and described. Attempts at replication were successful.

Randomization  Randomization was not applicable as there was no grouping in this study.

Blinding Blinding was not applicable to this study since the results are not subjective examinations by the experimenter.
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