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Abstract

Methyl-CpG-binding protein 2 (MeCP2) is an essential chromatin-binding protein whose
mutations cause Rett syndrome (RTT), a leading cause of monogenic intellectual
disabilities in females. Despite its significant biomedical relevance, the mechanism by
which MeCP2 navigates the chromatin epigenetic landscape to regulate chromatin
structure and gene expression remains unclear. Here, we used correlative single-
molecule fluorescence and force microscopy to directly visualize the distribution and
dynamics of MeCP2 on a variety of DNA and chromatin substrates. We found that MeCP2
exhibits differential diffusion dynamics when bound to unmethylated and methylated bare
DNA. Moreover, we discovered that MeCP2 preferentially binds nucleosomes within the
context of chromatinized DNA and stabilizes them from mechanical perturbation. The
distinct behaviors of MeCP2 at bare DNA and nucleosomes also specify its ability to
recruit TBLR1, a core component of the NCoR1/2 co-repressor complex. We further
examined several RTT mutations and found that they disrupt different aspects of the
MeCP2-chromatin interaction, rationalizing the heterogeneous nature of the disease. Our
work reveals the biophysical basis for MeCP2’s methylation-dependent activities and
suggests a nucleosome-centric model for its genomic distribution and gene repressive
functions. These insights provide a framework for delineating the multifaceted functions
of MeCP2 and aid in our understanding of the molecular mechanisms of RTT.

Introduction

Methyl-CpG-binding protein 2 (MeCP2) is a highly abundant chromatin-binding protein in
mature neurons and is generally thought of as a DNA methylation-dependent
transcriptional repressor 1-3. Mutations in the X-linked MECP2 gene cause Rett syndrome
(RTT), a severe neurological disorder that occurs 1 in 10,000-15,000 live female births,
constituting one of the most frequent causes of monogenic intellectual disabilities in
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females 4. Currently there is no known cure for RTT, in part due to the multifaceted and
complex functions of MeCP2, which remain poorly understood 78. As such, elucidating
the molecular behavior of MeCP2 and its disease mutants on chromatin is imperative
towards establishing therapeutic avenues for targeted intervention.

MeCP2 is a primarily disordered and highly basic protein that exhibits preference
for binding methylated cytosines in both CpG and non-CpG contexts but also potently
binds unmethylated DNA %', In cells, MeCP2 exerts several methylation-dependent
functions such as transcriptional repression and transposase protection 31213,
Additionally, MeCP2 has been shown to interact with and compact nucleosome arrays
6. However, the pervasive MeCP2 binding sites in the genome and its near-histone-level
abundance in neurons has limited our understanding of the preferred chromatin target
sites at which MeCP2 performs its function &'7. MeCP2 has also been reported to
associate with other effector proteins, most notably the NCoR1/2 co-repressor complex
1819 It is generally presumed that MeCP2’s gene silencing activities are mediated by
these effectors, but whether MeCP2 possesses intrinsic properties that enable repression
independent of other binding partners remains to be studied. Moreover, how the myriad
RTT mutations impair MeCP2’s molecular behavior and function at chromatin remains
unclear.

Single-molecule techniques are powerful tools to dissect dynamic and
heterogeneous molecular interactions that are difficult to resolve by ensemble methods
2021 In this work, we used correlative single-molecule fluorescence and force microscopy
to directly visualize the dynamic interaction of MeCP2 with different types of DNA and
chromatin substrates. Our results reveal a remarkably diverse repertoire of binding modes
of MeCP2 on chromatin and suggest a nucleosome-centric model for MeCP2’s repressive
activities.

Results

CpG methylation suppresses MeCP2 diffusion on DNA

We purified recombinant full-length human MeCP2 from E. coli and site-specifically
labeled the protein with a Cy3 fluorophore (Figure S1a). Using a single-molecule
instrument that combines dual-trap optical tweezers and confocal fluorescence
microscopy 22, we first examined the behavior of MeCP2 on methylation-free
bacteriophage A genomic DNA that is 48.5 kilobase pairs (kbp) in length. A single A DNA
molecule was tethered between two optically trapped beads, incubated in a Cy3-MeCP2-
containing channel, and then moved to another protein-free channel for imaging (Figures
1a and S2). Surprisingly, we observed that MeCP2 often exhibited long-lived and long-
range diffusive motions on the DNA (Figures 1b, ¢, and S2). Mean square displacement
(MSD) analysis of individual trajectories showed mostly a linear relationship between
MSD and the time interval (At) (Figure 1d), suggesting that MeCP2 undergoes normal
Brownian diffusion. The diffusion coefficient (D) varied among MeCP2 trajectories
(Figures 1b and e). Based on the fluorescence intensity of individual trajectories, we
found that MeCP2 can bind DNA as multimeric units (8.7 £ 7.9 monomers per trajectory,
mean £ SD, n=77) (Figure S3a). We plotted D against the number of MeCP2 monomers
per trajectory and found that larger multimers tend to diffuse slower (Figure S3b).
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92  Alternatively, local DNA sequences could also contribute to the observed variation in D
93 %,
94 Next, we used the bacterial M.Sssl methyltransferase to methylate the CpG sites
95  within A DNA (Figure S1b) and imaged Cy3-MeCP2 on methylated DNA tethers (Figure
96 1f). Under the same incubation conditions, the average number of MeCP2 trajectories
97 per tether for methylated DNA was significantly higher than that for unmethylated DNA
98  (Konapp = 0.37 £ 0.09 s" and 0.09 + 0.04 s™, respectively), consistent with bulk results
99  showing that CpG methylation enhances the affinity of MeCP2 to DNA (Figure S4a) ''-16.
100 Moreover, we observed that methylation substantially suppresses MeCP2 diffusion,
101  which was confirmed by MSD analysis showing a significantly lower average D value
102  (Figures 1e and f). To exclude the possibility that the suppressed MeCP2 diffusion on
103  methylated DNA was caused by spatial confinement due to enhanced binding, we titrated
104  down the concentration of MeCP2 and observed a similar, static behavior even when the
105 tethers were sparsely bound with MeCP2 (Figure S4b). We also plotted the summed
106 MeCP2 signals along the tether length and found that they correlate reasonably well with
107 the distribution of CpG sites on A DNA (Figure S4c). Together, these results reveal that
108 MeCP2 harbors an intrinsic activity to scan on DNA and that such activity is suppressed
109 by CpG methylation.
110
111  RTT mutations differentially perturb MeCP2 behavior on DNA
112  Our single-molecule platform enabled us to investigate the effects of RTT mutations on
113  MeCP2-DNA interaction. We purified and fluorescently labeled a panel of MeCP2 mutants
114  that display a range of phenotypic severities 24?6 (Figures 2a and S1c). We first studied
115 T158M, a missense mutation within the methyl binding domain (MBD) of MeCP2 that
116  accounts for ~12% of all RTT cases 24?7, Our data showed MeCP27'%8M exhibits
117  significantly reduced binding to methylated DNA compared to the wild-type (WT) protein
118 but no change in its binding to unmethylated DNA (Figures 2b and S5), consistent with
119  previous results 2. In addition, we also observed reduced diffusion and multimerization
120  on unmethylated DNA for MeCP27"%8M compared to WT (Figures 2c and 2d).
121 Next, we examined the P225R mutation, which resides inside the transcriptional
122  repression domain (TRD) of MeCP2 (Figures 2a and S1c). We found that MeCP2P22°R
123 exhibits a markedly diminished ability to bind methylated DNA—to an even larger degree
124 than MeCP27"%®M (Figures 2b and S5). Additionally, P225R drastically slows down
125 MeCP2 diffusion on unmethylated DNA compared to WT (Figure 2c). As a result, the
126  behaviors (i.e., binding affinity and diffusivity) of MeCP2P?2°R on unmethylated versus
127  methylated DNA are indistinguishable, implicating regions outside the MBD in conferring
128 MeCP2 the ability to discriminate between the two forms of DNA.
129 We then investigated R270X, a truncating mutation lacking the entire C-terminal
130 domain (CTD) and part of the TRD (Figures 2a and S1c). Interestingly, MeCP2R?70X
131  displayed elevated binding to DNA—especially to the unmethylated form—compared to
132 WT (Figures 2b and S5). The truncation also showed significantly reduced diffusion on
133 unmethylated DNA (Figure 2c). Moreover, the MeCP2R?’%X trajectories contained fewer
134  protein monomers on average compared to the WT trajectories (Figure 2d), suggesting
135 that the disordered TRD/CTD is at least partially responsible for mediating MeCP2
136  multimerization on DNA.
137
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138 MeCP2 preferentially targets nucleosomes over bare DNA

139  We next sought to visualize the behavior of MeCP2 on chromatinized DNA. To this end,
140  we reconstituted nucleosomes on unmethylated A DNA tethers in situ with LD655-labeled
141 human histone octamers using an established protocol ?° (Figure 3a). Nucleosomes were
142  sparsely loaded (3-10 per tether) so individual loci could be spatially resolved. We then
143  incubated the nucleosomal DNA tether with Cy3-MeCP2 and simultaneously monitored
144  MeCP2 and nucleosome signals via dual-color imaging. Strikingly, we observed frequent
145  colocalization and stable association of MeCP2 with nucleosomes (Figure 3b). MSD
146  analysis showed that the nucleosome-associated MeCP2 trajectories were mostly
147  stationary, in stark contrast to the diffusive MeCP2 trajectories located at the intervening
148 bare DNA regions (Figure 3c). In the majority of cases, diffusing MeCP2 units were
149  confined between nucleosome-MeCP2 loci and, as a result, their movement was
150 restricted between adjacent nucleosome sites (Figure 3b). MeCP2 was also observed to
151  prevalently and stably colocalize with nucleosomes loaded on CpG methylated DNA
152  tethers (Figure 3d). As expected, MeCP2 exhibited less diffusion at bare DNA regions
153  within the methylated tethers compared to unmethylated tethers (Figures 3b, d, and S6).
154 We used native mass spectrometry to examine the interaction between MeCP2
155 and mononucleosomes and found that they can indeed form stable assemblies (Figure
156  S7). We also analyzed the multimeric state of MeCP2 units bound to nucleosomes on A
157 DNA tethers based on their fluorescence intensities in the kymographs and found that
158 they contained fewer monomers on average than those on bare DNA (Figure 3e).
159  Although the number of bare DNA sites greatly outnumbered nucleosome sites on each
160 tether, at 2 nM MeCP2 we observed a comparable number of nucleosome-bound MeCP2
161  units versus bare-DNA-bound MeCP2 units (Figures 3b and d). When we titrated up the
162 MeCP2 concentration used in the experiments, we observed an increasing fraction of
163  bare-DNA-bound MeCP2 units, while the nucleosome sites remained fully occupied
164  (Figures 3f-h). These results indicate that nucleosomes serve as preferred target sites
165 for MeCP2 on chromatinized DNA.

166 To map the MeCP2 domains that are critical for nucleosome binding, we performed
167  single-molecule experiments with a series of MeCP2 truncations: R270X, K210X, and
168 R162X (Figures S1c and d). We found that both MeCP2K21%% and MeCP2R'2X showed
169  significantly diminished nucleosome targeting, whereas MeCP2R27%X retained the ability
170 to colocalize with nucleosomes comparable to WT (Figures 3i, j, and S8). Therefore, the
171  intervening domain (ID) and part of the TRD (residues 211-270) are critical to MeCP2’s
172 nucleosome-binding activity. Notably, we found that MeCP2K219% and MeCP2R162X stil|
173  retained the ability to bind and diffuse on bare DNA (Figures 3j and S8).

174

175 MeCP2 enhances the mechanical stability of nucleosomes

176  Next, we explored the functional consequences of MeCP2’s prevalent targeting to
177  nucleosomes. Given their long-lived association, we asked whether MeCP2 binding alters
178 the mechanical properties of the nucleosome. We thus conducted pulling experiments on
179 individual nucleosomal DNA tethers. The resultant force-distance (F-d) curves contain
180 transitions that signify the unwrapping of individual nucleosomes (Figure S9) 0. We then
181 repeated the pulling experiments in the presence of MeCP2 and simultaneously
182  monitored the fluorescence signals from Cy3-MeCP2 and LD655-nucleosomes. MeCP2
183 was observed to mostly remain associated with the nucleosomes throughout pulling
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184  (Figure 4a). We then analyzed the F-d curves and found that MeCP2 significantly
185 increased the average force required to unwrap nucleosomes (Figures 4b and c),
186  providing evidence for a direct stabilization effect of MeCP2 on the nucleosome.
187 Interestingly, this effect was diminished when the WT MeCP2 was replaced with
188  MeCP2R?7%%X (Figure 4c), even though the truncated and WT proteins displayed a similar
189 level of nucleosome binding (Figure 3i).

190

191 MeCP2 and H1 colocalize with nucleosomes

192  Linker histone H1 is a major component of eukaryotic chromatin that also binds and
193  organizes nucleosomes 3'. The interplay between MeCP2 and H1 in chromatin regulation
194 is under debate, although some literature has suggested that MeCP2 and H1 antagonize
195 each other for nucleosome interaction 33233, To directly visualize their behaviors on
196 chromatin, we performed three-color single-molecule fluorescence experiments with Cy3-
197 H1.4, Cy5-MeCP2, and AF488-labeled nucleosomes loaded on unmethylated DNA
198 tethers. Contrary to an antagonistic binding model, we observed frequent colocalization
199 of H1 and MeCP2 at nucleosome sites—MeCP2 signal was detected at 63% of H1-bound
200 nucleosomes (Figures 4d and S10a). We then investigated how the co-binding of
201 MeCP2 and H1 impinges on nucleosome stability. Significantly, pulling on nucleosomal
P02  DNA tethers incubated with both MeCP2 and H1.4 yielded an average transition force
203 lower than the value for nucleosomes incubated with only WT MeCP2 and similar to the
204  value for unbound nucleosomes (Figures 4c and S10b). These results reveal that the
205 nucleosome can simultaneously accommodate both H1 and MeCP2, but H1 alleviates
206 the nucleosome stabilization effect of MeCP2, which indicates that the binding pose of
207 MeCP2 in the ternary complex is distinct from that of MeCP2 bound to the nucleosome
208 alone.

209

210 MeCP2 specifies TBLR1 recruitment to methylated DNA and nucleosomes

211 Finally, we investigated the recruitment function of MeCP2 in light of its differential
212 behaviors on DNA and nucleosomes. It has been reported that MeCP2 associates with
213 the NCoR1/2 co-repressor complex through its transducing-beta like 1-related (TBLR1)
214  core components 181934 and recruits this complex to methylated heterochromatin 2°. To
215 resolve the interaction between MeCP2 and TBLR1 at specific chromatin substrates, we
216  performed single-molecule experiments to track the behaviors of LD655-labeled CTD
217 domain of TBLR1 (TBLR1¢™P) and Cy3-MeCP2 on bare DNA and nucleosomal DNA
218 tethers. We found that the recruitment of TBLR1 to bare methylated DNA is strictly
219 dependent on MeCP2—no TBLR1 signal was detected on the DNA in the absence of
220 MeCP2, while stable TBLR1 trajectories were observed when MeCP2 was present and
221 the two proteins always colocalized (Figures 4e, f, and S10c). TBLR1 can also be
222  recruited by MeCP2 to bare unmethylated DNA, albeit at a lower frequency (Figures
223  $10d and e). Notably, TBLR1 was occasionally observed to be co-diffusing with MeCP2
224  along unmethylated DNA (Figure S$S10d). With nucleosomal DNA, we found that TBLR1
225 readily binds nucleosomes alone (Figure S10f), but MeCP2 significantly increased the
226  frequency of TBLR1 recruitment to nucleosome loci (Figures 4g and h). These findings
227  suggest that MeCP2 directs TBLR1 recruitment to chromatin through its distinct DNA-
228 and nucleosome-binding modes.

229
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230 Discussion

231  More than two decades after the discovery of mutations in MeCP2 as the genetic drivers
232 of RTT, the biophysical and biochemical properties of this protein remain to be fully
233  characterized. In particular, its dynamics and distribution on individual chromatin
234  substrates have not been studied, which likely underlie the multiplexed functions of this
235 abundant chromatin-binding protein. In this study, we used single-molecule visualization
236 and manipulation to dissect the behavior of full-length MeCP2 and its mutants on DNA
237 and chromatin. First, we discovered that MeCP2 can quickly scan DNA via one-
238 dimensional diffusion, a property shared by other DNA-binding proteins and understood
239 to facilitate target search 353, MeCP2 diffusion is greatly suppressed by CpG methylation,
240  which poises the protein to mediate methylation-dependent activities such as NCoR1/2
241  recruitment (Figure 5). The different kinetic nature of MeCP2 on unmethylated versus
242  methylated DNA also rationalizes how MeCP2 protects methyl CpG sites from
243 transposase '3, MNase '°, and DNasel 37 digestion, while retaining a comparable binding
244  affinity to unmethylated DNA ''. Notably, we found that some RTT mutations, such as
245 P225R, cause much reduced diffusion on unmethylated DNA. It is conceivable that the
246  pathological mechanism for these patients may be related to ectopic MeCP2 activities
247  that are normally restricted among methylated DNA sites.

248 Our study also provides insights into the behavior of MeCP2 in the chromatin
249  context. Echoing previous biochemical results showing that MeCP2 can directly bind
250 nucleosomes #18 our single-molecule results further reveal that the MeCP2-nucleosome
251 interaction is prevalent and stable, contrasting the protein’s dynamic behavior on bare
252 DNA. We propose that this stable association mediates hitherto underappreciated
253 nucleosome-directed activities of MeCP2 (Figure 5). In support of this notion, we
254  demonstrate that MeCP2 binding alone stabilizes nucleosomes against mechanical
255 unwrapping, which could suppress the activities of chromatin remodelers and the
256 transcription machinery. Intriguingly, we found the co-binding of H1 attenuates this
257  stabilizing effect. Thus, the presence of H1, another abundant chromatin-binding protein,
258 antagonizes the activity of MeCP2 through mechanical regulation rather than competitive
259  binding to the nucleosome. We also show that MeCP2 enhances the binding of TBLR1
260 to nucleosomes, suggesting another mechanism to functionalize the MeCP2-nucleosome
261 interaction. These findings are compatible with the previously proposed “bridge
262  hypothesis,” which postulates that MeCP2 recruits the NCoR1/2 co-repressor complex to
263 methylated heterochromatin to execute its role as a global repressor . Our single-
264  molecule results further sharpen this model by demonstrating this recruitment function
265 occurs primarily at methylated DNA and nucleosome sites. Considering the near
266  stoichiometric amount of MeCP2 to histones in neuronal nuclei, MeCP2 likely recruits
267 other effectors to nucleosome sites. The current work establishes an experimental
268 platform to screen the candidates and directly examine their interplay with MeCP2.

269 We show that MeCP2 frequently targets nucleosomes even in the presence of
270 many more available DNA binding sites. Unlike the sparsely loaded DNA used in our
271  experiments, DNA inside the nucleus is predominantly wrapped into nucleosomes.
272 Therefore, it is likely that nucleosomes capture the majority of MeCP2 in vivo, leaving
273 only a small fraction of proteins to bind bare DNA (Figure 5). This model provides a
274  plausible explanation for why even a modest change in the MeCP2 level can drastically
275  alter its regulatory function. Indeed, it is known that neurons are highly sensitive to the
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276  MeCP2 dosage, and both mild under- and over-expression can lead to disease 2423839,
277  Considering that the relative levels of nucleosome- versus DNA-bound MeCP2 may be
278 important for maintaining their respective functions, we found that the region between
279 K210 and R270 is crucial for MeCP2’s nucleosome-binding activity but not for its ability
280 to bind DNA, indicating RTT truncating mutations in this area (S204X, G232fs, R255X,
281 etc.) may shift the proper balance of MeCP2 distribution, resulting in abnormal function.
282 It will be important to investigate if histone modifications, variants, and other chromatin-
283  binding proteins also modulate the distribution of MeCP2 among different regions of the
284  chromatin.

285 In sum, our study reveals that MeCP2 differentially interacts with DNA and
286 nucleosomes, allowing it to serve distinct biophysical and recruiting roles. RTT mutations
287 alter these interactions in different ways and to different degrees. These insights will help
288 develop targeted intervention strategies to restore the normal functioning of MeCP2 at
289  chromatin.

290

291

292  Methods

293

294  Protein purification and fluorescent labeling
295 MeCP2

296 Human MeCP2 in the pTXB1 plasmid (Addgene #48091) was propagated in E. coli 5-
297 alpha cells (New England BioLabs). Following mutagenesis for fluorescent labeling and/or
298 creating RTT mutations using the Q5 mutagenesis kit (New England BioLabs), plasmids
299 were transformed into E. coli BL21(DE3) cells (Thermo Fisher) for overexpression.
300 Expression and purification of MeCP2 was achieved by starting with chitin-intein MeCP2
301 fusion proteins. The protocol was adapted from a previously published protocol 4° and the
302 manufacturer’s instructions for the IMPACT system (New England BioLabs). 4 L of cells
303 in the presence of 100 ug/mL carbenicillin were grown to an ODeoo of 0.5 and induced
304 with 0.5 mM IPTG overnight at 16°C. Lysates were prepared by resuspending cell pellets
305 in column buffer (20 mM Tris hydrochloride pH 8.0, 500 mM sodium chloride, 0.1% Triton
306 X-100, and 0.1 mM PMSF [GoldBio]) followed by sonication and centrifugation at 14,000
307 rpm for 30 min. Lysates were applied to 10-mL bed volume of chitin resin (New England
308 BiolLabs) that was pre-equilibrated with column buffer for 1.5 hours at 4°C on a tube
309 rotator. The resin was washed with 20x resin bed volumes of column buffer and then
310 flushed with 3% resin bed volumes of column buffer supplemented with 50 mM
311  dithiothreitol before being capped and left overnight at room temperature for intein
312 cleavage. Fractions were eluted with column buffer and analyzed by SDS-PAGE, and
313 peak fractions were pooled, concentrated, and added to a Superdex 200 Increase 10/300
314  GL column equilibrated with column buffer attached to an AKTA pure system (Cytiva) for
315 gel filtration. Peak fractions were analyzed by SDS-PAGE and aliquoted for fluorescent
316 labeling or flash frozen and stored in -80°C. To obtain WT MeCP2 labeled with a single
317 Cy3 or Cy5 fluorophore, 2 out of 3 cysteine residues were mutated to serine (C339S,
318 C413S), leaving a single cysteine residue (C429) located towards the end of the
319 disordered CTD. None of the labeling positions used have been implicated in RTT. C429
320 WT MeCP2 was expressed and purified as described and subsequently incubated with
321 3x molar excess of tris carboxy ethyl phosphene (TCEP) at 4°C for 30 min. Cy3- or Cy5-
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322 maleimide dye (Cytiva) was added to achieve a 10:1 molar ratio of dye to MeCP2 and
323 incubated at 4°C overnight in the dark. To remove free dye, labeled protein was dialyzed
324 in 3% 1-L column buffer and subsequently analyzed by SDS-PAGE, concentrated,
325 aliquoted, flash frozen, and stored in -80°C. The final labeling efficiency was estimated to
326 be ~80%. A similar protocol was performed to fluorescently label MeCP2 mutants, several
327 containing different labeling positions and associated labeling efficiencies ranging from
328 80-100%: Cy3-C429 T158M MeCP2, Cy3-C429 P225R MeCP2, Cy3-S242C 270X
329 MeCP2, Cy3-S194C K210X MeCP2, and Cy3-S13C R162X MeCP2.

330

331 Histone Octamers

332 Recombinant human core histones were purified and labeled with an LD655 or AF488
333 fluorophore as previously described 4. Briefly, core histones and their labeling mutants
334 were individually expressed in E. coli BL21 (DE3) cells, extracted from inclusion bodies
335 and purified under denaturing conditions using Q and SP ion exchange columns (GE
336 Healthcare). H45°C was labeled with LD655-maleimide (Lumidyne Technologies) under
337 denaturing conditions. Octamers were reconstituted by adding equal ratios of each core
338 histone (H4P8%5-L50C H3 2 H2A, and H2B) and purified by gel filtration as described
339 previously. The same protocol was performed to obtain histone octamers containing
340 AF488-H2AK12C,

341

342 TBLR1

343 Recombinant human TBLR1°™ (residues 134-514) was inserted into a pCAG-TEV-3C
344 plasmid, and the GFP-fusion protein was expressed in 400 mL of suspension HEK293
345 cells. Cell pellet was lysed in 20-mL lysis buffer (50 mM Tris hydrochloride pH 8.0, 300
346 mM sodium chloride, 3 mM 2-mercaptoethanol, 0.2% NP40, 1 mg/mL aprotinin, 1 mg/mL
347 leupeptin, 1 mg/mL pepstatin A, 100 mM PMSF, 2 mM ATP, and 2 mM magnesium
348 chloride) with the addition of 1 yL Benzonase (Millipore Sigma) by vortexing. The solution
349 was nutated on a rotating nutator at 4°C for 20 min and centrifuged at 20,000 rpm for 30
350 min at 4°C. The lysate was collected, added to 1 mL of GFP nanobody coated agarose
351 bead slurry that was pre-equilibrated with wash buffer (50 mM Tris hydrochloride pH 8.0,
352 300 mM sodium chloride, and 3 mM 2-mercaptoethanol), and nutated on a rotating
353 nutator at 4°C for 1.5 hours. The beads were pelleted by centrifugation at 1000x g for 2
354  min and the supernatant was removed. The beads were washed 3x with 1 mL wash buffer
355 to remove detergent and protease inhibitors. The beads were resuspended in 250 pL
356  wash buffer and 250 uL of 3C protease was added. The bead solution was nutated at 4°C
357 in the rotating nutator overnight. Beads were then pelleted by centrifugation at 1000x g
358 for 2 min at 4°C and the supernatant was collected. This step was repeated 3x after the
359 addition of wash buffer to collect 5 mL of supernatant total. The eluted protein was then
360 concentrated and added to a Superdex 200 Increase 10/300 GL column equilibrated with
361 wash buffer attached to an AKTA pure system (Cytiva) for gel filtration. Peak fractions
362 were analyzed by SDS-PAGE and aliquoted for fluorescent labeling.

363 To non-specifically attach a fluorophore to the N terminus of TBLR1¢™P, the purified
364  protein was dialyzed in 3x 1 L of labeling buffer (45 mM HEPES pH 7.0, 200 mM sodium
365 chloride, 1 mM dithiothreitol, and 0.25 mM EDTA) and LD655-NHS dye (Lumidyne
366 Technologies) was added to achieve a 5:1 molar ratio of dye to TBLR1¢™®. The mixture
367 was incubated at room temperature for 1 hour in the dark, and the reaction was quenched
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368 by adding 30 mM Tris hydrochloride pH 7.0 for 5 min at room temperature. To remove
369 free dye, labeled protein was dialyzed in 3% 1 L of storage buffer (45 mM HEPES pH 7.6,
370 200 mM sodium chloride, and 1 mM dithiothreitol) and subsequently analyzed by SDS-
371 PAGE, concentrated, aliquoted, flash frozen, and stored in -80°C. The final labeling
372  efficiency was estimated to be ~85%.

373

374 Recombinant S. cerevisiae Nap1 was expressed and purified as previously described %°.
375

376  Recombinant linker histone H1.44C was purified and labeled with a Cy3 fluorophore as
377  previously described 42.

378

379

380 DNA substrate preparation

381 Biotinylated DNA

382 To generate terminally biotinylated A genomic double-stranded DNA, the 12-base
383 overhang on each end of Dam and Dcm methylation-free E. coli bacteriophage DNA
384 (48,502 bp; Thermo Fisher) was filled in with a mixture of natural and biotinylated
385 nucleotides by the exonuclease-deficient DNA polymerase | Klenow fragment (New
386 England BioLabs). The reaction was performed by incubating 17 ug A DNA, 32 uM each
387 of dGTP/biotin-14-dATP/biotin-11-dUTP/biotin-14-dCTP (Thermo Fisher), and 5 U
388 Klenow in 1x NEBuffer 2 (New England BioLabs) (120 pL total volume) at room
389 temperature for 15 min. The reaction was stopped by adding 10 mM EDTA and heat
390 inactivated at 75°C for 20 min. Biotinylated DNA was then ethanol precipitated for at least
391 1 hour at -20°C in 3% volume ice-cold ethanol and 300 mM sodium acetate pH 5.2.
392  Precipitated DNA was recovered by centrifugation at 12,000 rpm for 30 min at 4°C. After
393 removing the supernatant, the pellet was washed twice with 1 mL of 70% ethanol, each
394 round followed by centrifugation at 12,000 rpm for 1 min at 4°C and removal of the
395 supernatant. The resulting pellet was air-dried, resuspended in TE buffer (10 mM Tris-
396 HCIpH8.0,1 mM EDTA), and stored at 4°C.

397

398 CpG methylated DNA

399 To generate CpG methylated DNA, 500 ng biotinylated A DNA was incubated at 37°C
400 with 1.6 M S-adenosylmethionine (New England BioLabs) and 20 U CpG
401 methyltransferase M.Sssl (New England BioLabs) (20 pL total volume) overnight. The
402 reaction was stopped by heat inactivation at 65°C for 20 min. Methylation efficiency was
403 assessed by incubating methylated DNA with the CpG methylation-sensitive restriction
404 enzyme, BstUl (New England BiolLabs), which is unable to perform digestion in the
405 presence of methylation at its cut site (157 predicted sites on A DNA).

406

407

408 Single-molecule experiments

409 Experimental setup

410 Single-molecule experiments were performed at room temperature on a LUMICKS C-
411  Trap instrument, which combines three-color confocal fluorescence microscopy with dual-
412 trap optical tweezers 3. Rapid optical trap movement was enabled by a computer-
413  controlled stage within a five-channel flow cell (Figure 1a). Channels 1-3 were separated
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414 by laminar flow, which were used to form DNA tethers between two 3.13-um streptavidin-
415  coated polystyrene beads (Spherotech) held in traps with a stiffness of ~0.6 pN/nm. Under
416 a constant flow, a single bead was caught in each trap in channel 1. The traps were then
417 moved to channel 2, and biotinylated DNA was caught between both traps, as detected
418 by a change in the force-distance curve. Flow was stopped and the traps were moved
419 into channel 3 containing only buffer where the presence of a single DNA tether was
420 confirmed by the force-distance curve. Channels 4 and 5 were loaded with proteins as
421 described for each assay. Flow was turned off during data acquisition and visualization
422  of protein behavior.

423

424  Fluorescence detection

425 Cy3, LD655, and AF488 fluorophores were excited by three laser lines at 532, 638, and
426 488 nm respectively. Kymographs were generated by confocal line scanning through the
427  center of the two beads at 100 ms/line. Individual lasers were occasionally turned off to
428 confirm the presence of other fluorophore-labeled proteins. To investigate the behavior
429 of Cy3-MeCP2 on DNA, optical traps tethering a A DNA molecule under 1 pN of constant
430 tension were moved into channel 4 of the microfluidic flow cell containing 2 nM of Cy3-
431 MeCP2 (unless specified otherwise) in an imaging buffer containing 20 mM Tris
432 hydrochloride pH 8.0 and 100 mM sodium chloride. Following 30-s incubation, the tether
433  was moved to channel 3 containing buffer only for removal of nonspecific binding events
434  and imaging.

435 To generate nucleosome-containing DNA tethers, optical traps tethering a A DNA
436 molecule under 1 pN of constant tension were moved into channel 4 of the microfluidic
437  flow cell containing 2 nM LD655-histone octamers and 2 nM Nap1 in 1x HR buffer (30
438 mM Tris acetate pH 7.5, 20 mM magnesium acetate, 50 mM potassium chloride, and 0.1
439 mg/mL BSA). Following a 3-s incubation (both octamer concentration and incubation time
440  were optimized to form 3-10 nucleosomes on each DNA tether), tethers were moved to
441  channel 3 containing 0.25 mg/mL sheared salmon sperm DNA in 1x HR buffer for removal
442  of nonspecific octamer binding. Formation of properly wrapped nucleosomes was
443  confirmed by pulling the tether to generate force-distance curves showing force-induced
444  transitions of expected distance change occurring at expected force regime 44.

445 To investigate the behavior of Cy3-MeCP2 on this substrate, a nucleosome-
446  containing DNA tether was moved to channel 5 containing 2 nM of Cy3-MeCP2 (unless
447  specified otherwise) in imaging buffer. Following a 30-s incubation, the tether was moved
448  to channel 3 for imaging.

449 To investigate the interplay between MeCP2 and H1, AF488-nucleosome-
450 containing DNA tethers were moved to channel 5 containing 2 nM of LD655-MeCP2 and
451 10 nM of Cy3-H1 in imaging buffer. Following a 30-s incubation, tethers were moved to
452  channel 3 for imaging.

453 The same protocol was used to investigate the interplay between MeCP2 and
454  TBLR1, except that 2 nM of Cy3-MeCP2 and 20 nM of LD655-TBLR1°™P were used.

455

456  Force manipulation

457  Nucleosomal DNA tethers (unbound or bound with MeCP2/H1 proteins) were first relaxed
458 by lowering the distance between traps in channel 3 until ~0.25 pN of force was reached.
459  The force was zeroed, and the tether was subjected to pulling by moving one trap relative
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460 to the other at a constant velocity of 0.1 pm/s until DNA entered the over-stretching region
461  (60-65 pN) or the tether broke.
462
463  Data analysis
464 Kymographs were processed and analyzed using a custom  script
465  (https://harbor.lumicks.com/single-script/c5b103a4-0804-4b06-95d3-20a08d65768f)
466  which incorporates tools from the lumicks.pylake Python library and other Python
467 modules (Numpy, Matplotlib, Pandas) to generate tracked lines using the kymotracker
468  greedy algorithm.
469 To determine the mean squared displacement (MSD), the tracked lines were then
470 smoothed using a 3™ order Savitzky-Golay filter with a window length of 11 tracked
471 frames, and the MSD was calculated from each smoothed line. The diffusion coefficient
472 (D) was calculated by fitting the MSD trajectory to the equation for 1D diffusion where
.j73 MSD = 2Dt* [alpha is the exponential term used to characterize normal diffusion (a = 1),
74  sub-diffusion (a < 1), or super-diffusion (a > 1)]. The fit was discarded if the R?value of
475  the fit was less than 0.8.
476 The estimated number of monomers per trajectory was determined by dividing the
477  photon count for each trajectory averaged over a 30-s time window by the photon count
478  for a single Cy3-MeCP2 or LD655-nucleosome excited in our instrument.
479 The apparent on rate of MeCP2 or TBLR1 to DNA was calculated as the number
480 of fluorescence trajectories per tether divided by the incubation time in the protein
481 channel. Only stably bound proteins were considered, defined as those that survived
482  longer than 30 s in the protein-free buffer channel.
483 Force-distance curves for nucleosome unwrapping experiments were analyzed by
484  extracting the distance change (AL) and the transition force of abrupt rips associated with
485 individual nucleosome unwrapping events. Only rips above 8 pN were analyzed, which
486  correspond to unwrapping of the inner DNA turn of the nucleosome 44,
487
488
489  Native mass spectrometry (nMS) analysis
490 2 uM of the reconstituted nucleosome was mixed with MeCP2 at varying molar ratios and
491 then buffer-exchanged into nMS solution (150 mM ammonium acetate, pH 7.5, 0.01%
492  Tween-20) using Zeba desalting microspin columns with a 40-kDa molecular weight cut-
493  off (Thermo Scientific). Each nMS sample was loaded into a gold-coated quartz capillary
494 tip that was prepared in-house and was electrosprayed into an Exactive Plus EMR
495 instrument (Thermo Fisher Scientific) using a modified static nanospray source %°. The
496 MS parameters used included: spray voltage, 1.22 kV; capillary temperature, 150 °C; S-
497 lens RF level, 200; resolving power, 8,750 at m/z of 200; AGC target, 1 x 10°; number of
498 microscans, 5; maximum injection time, 200 ms; in-source dissociation (ISD), 0 — 10V,
499 injection flatapole, 8 V; interflatapole, 4 V; bent flatapole, 4 V; high energy collision
500 dissociation (HCD), 150 — 180 V; ultrahigh vacuum pressure, 5 x 107 mbar; total number
501 of scans, 100. Mass calibration in positive EMR mode was performed using cesium
502 iodide. Raw nMS spectra were visualized using Thermo Xcalibur Qual Browser (version
503 4.2.47). Data processing and spectra deconvolution were performed using UniDec
504  version 4.2.0 4647,
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505 Native MS analysis of the four individual histone proteins and MeCP2 confirmed
506 their primary sequence and revealed that these proteins had undergone canonical N-
507 terminal processing (removal of N-terminal methionine). In addition, unbound bacterial
508 DnaKwas observed in the MeCP2 sample. Overall, the following expected masses based
509 on the sequence after N-terminal processing were used for the component proteins—
510 H2A: 13,974.3 Da; H2B: 13,758.9 Da; H3.2: 15,256.8 Da; H4.A: 11,236.1 Da; MeCP2:
511 52,309.4 Da. Based on its sequence, the mass of the 207-bp dsDNA used was 127,801.8
512 Da. For the reconstituted nucleosome sample, we obtained one predominant peak series
513 corresponding to the fully assembled nucleosome (histone octamer + dsDNA) with a
514 measured mass of 236,277 Da (mass accuracy of 0.01%). Addition of two-fold or five-fold
515 molar excess of MeCP2 to the nucleosome sample yielded additional peaks that
516 corresponded to the binding of one or two MeCP2 (Figure S7). Mononucleosomes used
517 for nMS were assembled by salt gradient dialysis using unlabeled WT human histone
518 octamers as previously described 48.

519

520

521 Electrophoretic mobility shift assay (EMSA)

522 5 nM of 147-bp unmethylated or CpG methylated DNA was incubated with the indicated
523  concentration of WT MeCP2 at room temperature for 5 min with imaging buffer (20 mM
524  Tris hydrochloride pH 8.0 and 100 mM sodium chloride) in a total volume of 10 pL. 1.5 pL
525 of 2 M sucrose was added and 10 uL of each sample was run on a 5% native PAGE gel
526 at 110V for 60 min on ice. The DNA was stained with SYBR Safe DNA Gel Stain (Thermo
527  Fisher) and visualized using a gel imager (Axygen).

528

529

530 Statistical analysis

531 Errors reported in this study represent the standard deviation. P values were determined
532 from two-tailed two-sample t tests (*p < 0.05; **p < 0.01; ***p < 0.001) for Figure 1e,
533  Figure 3e, h, Figure 4f, and h. P values were determined from a one-way ANOVA with
534  Tukey’s test for multiple comparisons (*p < 0.05; **p < 0.01; ***p < 0.001) for all other
535 statistical analyses.

536
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710  Figure 1. CpG methylation suppresses MeCP2 diffusion on DNA.

711  a, Schematic of the experimental setup. A single A DNA molecule was tethered between
712  a pair of optically trapped beads through biotin-streptavidin linkage. The tether was
713  moved to a channel containing Cy3-MeCP2 to allow protein binding and subsequently to
714  a protein-free channel for imaging. b, A representative kymograph of an unmethylated
715  DNA tether bound with Cy3-MeCP2. ¢, Six example MeCP2 trajectories on unmethylated
716  DNA showing their diffusive motions (offset for clarity). d, Mean square displacement
717  (MSD) analysis of the trajectories shown in (c) (color matched). e, Diffusion coefficients
718 (D) derived from linear regression of the MSD plots for MeCP2 trajectories on
719 unmethylated or CpG methylated DNA. f, A representative kymograph of a methylated
720 DNA tether bound with Cy3-MeCP2.
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723  Figure 2. RTT mutations differentially perturb MeCP2 behavior on DNA.

724  a, Domain structure of MeCP2 and the corresponding PONDR disorder score. Three RTT
725 mutants (T158M, P225R, and R270X) are shown below the WT protein. b, Apparent on
726 rate for WT, T158M, P225R, or R270X MeCP2 binding to unmethylated or methylated
727  DNA. Error bars represent SD. ¢, Average MSD plot for WT (n = 78), T158M (n = 20),
728 P225R (n =40), or R270X (n = 44) Cy3-MeCP2 trajectories on unmethylated DNA. Error
729  Dbars represent SD. d, Estimated number of monomers per trajectory for WT, T158M,
730 P225R, or R270X MeCP2 on unmethylated DNA. Bars represent mean and SD.
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733  Figure 3. MeCP2 preferentially and stably targets nucleosomes.

734  a, Schematic of the experimental setup. Nucleosomes were formed on A DNA tethers by
735 incubating the tether with LD655-labeled histone octamers and histone chaperone Nap1.
736  LD655-nucleosome and Cy3-MeCP2 signals were simultaneously monitored via two-
737  color confocal microscopy. b, A representative kymograph of a nucleosome-containing
738 unmethylated DNA tether incubated with 2 nM Cy3-MeCP2. Red laser was flashed on
739  briefly to locate the nucleosomes within the tether. Arrows denote nucleosome positions.
740 ¢, Average MSD plot for WT Cy3-MeCP2 trajectories on unmethylated DNA (n = 78),
741  methylated DNA (n = 200), or colocalized with nucleosomes (n = 22). Error bars represent
742  SD. d, A representative kymograph of a nucleosome-containing methylated DNA tether
743  incubated with 2 nM Cy3-MeCP2. e, Estimated number of monomers per trajectory for
744  bare DNA- or nucleosome-bound MeCP2 on unmethylated DNA tethers. Bars represent
745 mean and SD. f, A representative kymograph of a nucleosome-containing unmethylated
746  DNA tether incubated with 6 nM Cy3-MeCP2. g, A representative kymograph of a
747  nucleosome-containing methylated DNA tether incubated with 6 nM Cy3-MeCP2. h,
748  Fraction of Cy3-MeCP2 trajectories on methylated DNA that were colocalized with
749  nucleosomes at 2 nM or 6 nM MeCP2 concentration. The remaining fraction represents
750 MeCP2 bound to bare methylated DNA. Error bars represent SD. I, Fraction of


https://doi.org/10.1101/2023.06.02.543478
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.02.543478; this version posted June 5, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

751 nucleosomes on unmethylated DNA tethers that were colocalized with MeCP2 after
752  incubation with 2 nM WT, R270X, K210X, or R162X Cy3-MeCP2. Error bars represent
753  SD.j, A representative kymograph of a nucleosome-containing unmethylated DNA tether
754  incubated with 2 nM Cy3-MeCP2K21%%X Red laser was flashed on periodically to locate the
755  nucleosomes within the tether.
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758 Figure 4. MeCP2 exerts stabilization and recruitment functions at nucleosomes.

759 a, A representative kymograph of a nucleosome-containing unmethylated DNA tether
760 bound with Cy3-MeCP2 and pulled to high forces by gradually increasing the inter-bead
761 distance. Vertical dotted line denotes the time when the tether ruptured. Arrows denote
762 nucleosome positions. b, A representative force-distance curve of a MeCP2-bound
763  nucleosome-containing DNA tether showing force-induced nucleosome unwrapping
764  transitions. Inset shows a zoom-in view of two example transitions for which the distance
765 changes (AL) and the transition forces are recorded. ¢, Distribution of transition forces
766  recorded from force-distance curves of nucleosomal DNA tethers with no MeCP2 or H1
767  bound (n = 84), or bound with WT MeCP2 (n = 107), MeCP2R?7%X (n = 68), H1 (n = 106),
768 or with both WT MeCP2 and H1 (n = 81). Box boundaries represent 25" to 75%
769  percentiles, middle bar represents median, and whiskers represent minimum and
770 maximum values. d, A representative kymograph of an unmethylated DNA tether
771  containing AF488-labeled nucleosomes and incubated with Cy5-labeled MeCP2 and
772  Cy3-labeled H1. Lasers were alternated on and off to confirm signal from each
773  fluorescence channel. Arrows denote nucleosome positions. Inset shows a zoom-in view
774  of individual fluorescence channels at a nucleosome site where both MeCP2 and H1
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775 colocalized. e, A representative kymograph of a methylated DNA tether incubated with
776  Cy3-labeled MeCP2 and LD655-labeled TBLR1. f, Apparent on rate for TBLR1 binding
777  to methylated DNA in the absence or presence of MeCP2. Error bars represent SD. g, A
778  representative kymograph of an AF488-nucleosome-containing unmethylated DNA tether
779 incubated with Cy3-MeCP2 and LD655-TBLR1. Arrows denote nucleosome positions. h,
780  Fraction of nucleosomes on unmethylated DNA tethers that were colocalized with TBLR1
781 in the absence or presence of MeCP2. Error bars represent SD.
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784  Figure 5. Working model for MeCP2 functioning at chromatin.

785 MeCP2 rapidly scans unmethylated bare DNA regions and becomes trapped upon
786  encountering methyl-DNA sites, where it performs methylation-dependent activities such
787 as recruiting transcriptional co-repressors. In contrast, MeCP2 stably engages with
788 nucleosomes and protects them from mechanical perturbation. This interaction also
789 facilitates the recruitment of binding partners to nucleosome sites. Finally, nucleosomes
790 capture the majority of MeCP2 molecules in the nucleus, leaving only a fraction of free
791  proteins to bind bare DNA. This provides a plausible explanation for why even a modest
792  change in the MeCP2 level can drastically alter its regulatory function. Therefore, MeCP2
793 plays both direct and indirect roles in chromatin organization and gene regulation
794  dependent on its differential dynamics at various regions of the genome.
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