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ABSTRACT: The vast majority of biologic-based therapeutics
operate within serum, on the cell surface, or within endocytic
vesicles, in large part because proteins and nucleic acids fail to
efficiently cross cell or endosomal membranes. The impact of
biologic-based therapeutics would expand exponentially if proteins
and nucleic acids could reliably evade endosomal degradation,
escape endosomal vesicles, and remain functional. Using the cell-
permeant mini-protein ZF5.3, here we report the efficient nuclear
delivery of functional Methyl-CpG-binding-protein 2 (MeCP2), a
transcriptional regulator whose mutation causes Rett syndrome
(RTT). We report that ZF-tMeCP2, a conjugate of ZF5.3 and
MeCP2(Δaa13−71, 313−484), binds DNA in a methylation-
dependent manner in vitro, and reaches the nucleus of model cell
lines intact to achieve an average concentration of 700 nM. When delivered to live cells, ZF-tMeCP2 engages the NCoR/SMRT
corepressor complex, selectively represses transcription from methylated promoters, and colocalizes with heterochromatin in mouse
primary cortical neurons. We also report that efficient nuclear delivery of ZF-tMeCP2 relies on an endosomal escape portal provided
by HOPS-dependent endosomal fusion. The Tat conjugate of MeCP2 (Tat-tMeCP2), evaluated for comparison, is degraded within
the nucleus, is not selective for methylated promoters, and trafficks in a HOPS-independent manner. These results support the
feasibility of a HOPS-dependent portal for delivering functional macromolecules to the cell interior using the cell-penetrant mini-
protein ZF5.3. Such a strategy could broaden the impact of multiple families of biologic-based therapeutics.

■ INTRODUCTION
The efficient delivery of proteins and nucleic acids to the cytosol
and internal organelles remains a significant and unmet
challenge in an era exploding with novel therapeutic strategies.
The vast majority of FDA-approved biologics are delivered via
injection, and operate within serum, on cell surfaces, or within
endosomal vesicles. Those that do operate in the cytosol1−5

notably achieve activity with endosomal escape efficiencies of
10% or lower.6,7 The impact of biologic-based therapeutic
strategies would expand exponentially if proteins and nucleic
acids could reliably evade endosomal degradation, escape
endosomal vesicles, and remain functional. Yet progress toward
this goal has been exceptionally slow. Most delivery strategies8

are inefficient,9 rely on degradation-prone molecular scaffolds,10

operate via undefined or multifarious mechanisms,11 and
evaluate activity using amplified or indirect assays.9,12

We showed previously that the mini-protein ZF5.39,13−16 is
taken up by the endosomal pathway and released efficiently into
the cytosol and nucleus of live cells,14 alone and when fused to
certain protein cargos. Proteins successfully delivered using
ZF5.3 include the self-labeling protein SNAP-tag,9 themetabolic
enzyme argininosuccinate synthetase,16 the proximity labeling

tool APEX2,9 and a nanobody-based degrader.17 These proteins
differ in molecular weight, stoichiometry, isoelectric point, and
the presence of bound cofactors. In all cases evaluated,9,16 the
protein that reached the cytosol was fully intact as judged by
Western blot analysis of isolated cytosolic fractions, and the
delivery efficiencies were 2−10-fold9 higher than seen with
canonical or cyclic peptides.18 Mechanistic studies confirm that
ZF5.3 relies on the endocytic pathway to reach the cell
interior,13 and that endosomal escape into the cytosol demands
a functional homotypic fusion and protein sorting (HOPS)
complex.15

Methyl-CpG-binding-protein 2 (MeCP2) is an abundant
nuclear protein expressed in all cell types, especially neurons.19

Mutations in the X-chromosome-linkedMECP2 gene cause Rett
syndrome (RTT), a severe and incurable neurological disorder
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that disproportionately affects young girls.20 Many potential
RTT treatments are under development,21 but no disease
modifying treatment yet exists. Two features of RTT etiology
render therapeutic development especially challenging. The first
is that more than 850 different mutations in theMECP2 gene22

account for >95% of classical RTT cases;23 this feature
complicates approaches based on gene-editing.24−26 The second
is toxicity caused by overexpression of MeCP2; this feature
complicates approaches that rely on gene delivery.27−31 Since
2007, several studies have demonstrated that restoring 70−80%
of the native levels of MeCP2 protein could alleviate
neurological symptoms of RTT, restore neuronal signaling,
and greatly improve the survival rate inmale and femaleMeCP2-
deficient mice.32−34 These rescue experiments support the
hypothesis that dose-dependent, nuclear delivery of functional
MeCP2 protein could provide a novel treatment modality.
Although the concentration ofMeCP2 varies between cell types,
its primary function is to regulate gene transcription. MeCP2
can repress gene expression by engaging the NCoR/SMRT
corepressor complex in a methylated DNA-dependent man-
ner.35 By interacting with CREB1, it can also function as a
transcription activator.36 In order to be effective, MeCP2
protein must reach the nucleus intact, transcriptionally active,
and in the high nanomolar to low micromolar concentration
range.19,37

Previous efforts to deliver MeCP2 protein were largely
ineffective, in large part because of low delivery efficiencies and
significant levels of cargo degradation. A cell-permeable
nanobody functionalized with a cyclic arginine-rich peptide
(cR10) was reported to deliver a MeCP2-GFP fusion protein to
the nucleus with low efficiency (2−10%) after cells were treated
with high concentrations (20 μM) of the fusion.38 A conjugate
between MeCP2 and residues 47−57 of the HIV-1 trans-
activator of transcription protein Tat (Tat-MeCP2) reached the
interior of human fibroblasts10,39,40 and primary mouse
neurons10 as determined by confocal microscopy and Western
blots, reversed histone hyperacetylation, and interacted with the
partner protein HDAC1.10,41 In this case, however, long
incubation times (>12 h) were needed, the established nuclear
concentration was low (∼4 nM),39 and significant degradation
was observed.10

Here we use chemical biology, cell biology, biophysics, and
biochemistry tools to qualitatively and quantitatively assess the
nuclear delivery and function of MeCP2 conjugates of ZF5.3
and Tat. Although both conjugates bind DNA in a methylation-
dependent manner in vitro and appear to reach the nucleus as
judged by fluorescence-based methods, biochemical fractiona-
tion studies reveal that only the conjugate with ZF5.3 remains
fully intact within the nucleus. When delivered to live cells, the
conjugate between ZF5.3 and MeCP2 effectively engages the
NCoR/SMRT corepressor complex, selectively represses tran-
scription from methylated promoters, and colocalizes with
heterochromatin in mouse primary cortical neurons. Efficient
nuclear delivery relies on HOPS-dependent endosomal fusion.
By contrast, the Tat conjugate of MeCP2 is degraded within the
nucleus, is not selective for methylated promoters, and trafficks
in a HOPS-independent manner. The results described here
support the feasibility of a HOPS-dependent portal for
delivering functional macromolecules to the cell interior using
the cell-penetrant mini-protein ZF5.3. Such a strategy could
broaden the impact of multiple families of biologic-based
therapeutics.

■ RESULTS

Design, Purification, and Characterization of MeCP2
Variants. Full-length murine MeCP2 (MeCP2-e2, protein
sequence identifier: Q9Z2D6−1) contains 484 amino acids (52
kDa) (Figure 1A).28 MeCP2(ΔNC) (referred to henceforth as

Figure 1. ZF-tMeCP2 is functional in vitro. (A) tMeCP2 proteins used
in this work lack N-terminal residues 13−71 and C-terminal residues
313−484. All proteins were expressed in E. coli and purified as described
in Supplementary Methods 1. We note that as the tMeCP2 proteins
used in this work were expressed in bacteria, they lack post-translational
arginine modifications that may affect heterochromatin accumulation,
clustering and binding kinetics.50 MBD: methyl-CpG-binding domain;
TRD: transcriptional-repressor domain; NLS: nuclear localization
sequence; SS: sortase motif + Strep-tag. The red star indicates the
location of the point mutation. (B) Plots showing changes in
fluorescence polarization used to calculate the apparent equilibrium
dissociation constant (KD) of the complex between each tMeCP2
variant and methylated (DNAMe) or nonmethylated (DNA)
oligonucleotides (Table S5). The data were fitted to an equilibrium
binding equation based on the Langmuir model51 to calculate the KD
values in (A). Data are represented as mean ± SD. N.D.: not
determined. (C) Western blots were used to analyze an in vitro anti-
Strep-tag pull-down assay to probe the interaction of the indicated
tMeCP2 variant (WT: tMeCP2, ZF: ZF-tMeCP2, Tat: Tat-tMeCP2, P:
ZF-tMeCP2(P302L)) with subunits of the NCoR/SMRT repressor
complex. HDAC3: Histone Deacetylase 3; TBLXR1: Transducin Beta-
Like 1X-Related Protein 1; NCoR1: Nuclear Receptor Corepressor 1.
The gel results shown are representative of three biological replicates.
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tMeCP2) is shorter (27 kDa, 253 aa) but mirrors MeCP2 in its
interactions with methylated DNA and the NCoR/SMRT
complex, and Mecp2-null male mice display a near-normal
phenotype upon expression of MeCP2(ΔNC).28 We generated
fusion proteins containing a single copy of ZF5.313 or Tat47−57

42

followed by the complete sequence of tMeCP2 (Figure 1A).
Each fusion protein also contained a sortase recognitionmotif (6
aa) to enable site-specific fluorophore conjugation and a Strep-
tag II sequence (8 aa) to enable affinity purification. We also

prepared two tMeCP2 variants with substitutions that alter
function. The first is T158 M tMeCP2, with a methyl-CpG-
binding domain (MBD) mutation that reduces specific DNA
binding43,44 and is seen commonly in RTT patients.23 The
second is P302L tMeCP2, which has a diminished ability to
engage the TBLR1 subunit of the NCoR/SMRT repressor
complex.45 All tMeCP2 variants were expressed in E. coli,
purified to >95% homogeneity, and characterized usingWestern
blots and LC/MS (Figure S1A,B). Variants carrying a

Figure 2. ZF5.3-tMeCP2 reaches the nucleus. (A) Experimental workflow. Saos-2 or CHO-K1 cells were incubated with the indicated tMeCP2-Rho
variants for 1 h at 37 °C, 5% CO2; Hoechst 33342 was added during the final 5 min of the incubation period to identify the nucleus. After extensive
washing and trypsin treatment to remove extracellular and surface-bound protein, cells were analyzed using 2D- and 3D-confocal microscopy and
fluorescence correlation spectroscopy (FCS) or flow cytometry. (B) Representative 3D z-stacking images of Saos-2 cells treated with 2 μM of the
indicated tMeCP2-Rho variant. Note that all proteins are labeled with Rho to a similar extent (fractional labeling between 20% and 25%). Thus, the
absence of nuclear fluorescence in cells treated with tMeCP2-Rho is not due to differences in labeling efficiency. Cells with nuclear fluorescence are
highlighted in the white dash boxes. Scale bar = 10 μm. The results shown are representative of at least two biological replicates. FCS measurements
were performed on individual cells by placing the laser focus (represented by the yellow crosshairs in (A) in either the cytosol, avoiding fluorescent
puncta, or the nucleus. The autocorrelation data (Figures S3−5) was fitted to a 3D anomalous diffusion equation (cytosol)54 or a two-component 3D
diffusion equation (nucleus)56 using a custom MATLAB script to establish the concentration of each protein in the cytosol (C) and nucleus (D) of
Saos-2 cells or CHO-K1 cells. Center line, median; box limits, 25−75 percentile; whiskers, 10−90 percentile (n > 30 cells total for each condition from
at least two biological replicates). The intracellular concentrations of the four tMeCP2-Rho variants under the same treatment condition and location
(e.g., 1 μM in the cytosol) were compared using Brown-Forsythe and Welch ANOVA followed by Dunnett’s T3 multiple comparisons test. ****p ≤
0.0001, ***p ≤ 0.001,**p ≤ 0.01, *p ≤ 0.05. Each P value is adjusted to account for multiple comparisons. (E) Western blot analysis of the cytosolic
and nuclear supernatants isolated as described in Figure S9A using an antibody against Strep-tagII (IBA 2−1509−001). Bands corresponding to intact
ZF-tMeCP2 and Tat-tMeCP2 are highlighted in the red box. L, Ladder.
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fluorescent label were generated using sortase-A and a GGGK-
lissamine rhodamine B (Rho) coreagent as previously
described9 (Figure S1A,B). Circular dichroism (CD) analysis
of all tMeCP2 variants confirmed that the conjugation of ZF5.3
and Tat47−57 had minimal effect on protein secondary structure
(Figure S1C). Consistent with previous reports for full-length
MeCP2,46 all tMeCP2 variants show high levels of intrinsic
disorder (60%) in the absence of DNA (Table S1).
Purified tMeCP2 Proteins Are Active in Vitro. An

important function of MeCP2 is to modulate gene transcription
from methylated promoters.35 The N-terminal methyl-CpG-
binding domain (MBD) interacts with methylated DNA in the
heterochromatin region43 while the C-terminal transcriptional-
repressor domain (TRD) domain engages various partners such
as the NCoR1/2 corepressor complex and CREB1.36,45,47 To
establish whether the tMeCP2 proteins studied here retain these
functions in vitro, wemeasured their affinities for methylated and
nonmethylated DNA oligonucleotides using a fluorescence
polarization assay and used immunoprecipitation methods to
assess interactions with corepressor proteins in lysates (Figure
1B,C). Fluorescence polarization analysis was performed with a
22 bp double-stranded, fluorescein-tagged, DNA oligonucleo-
tide containing a methylated or nonmethylated cytosine (Figure
1B). tMeCP2 interacts with methylated DNA with a KD of 15
nM and a 15-fold preference for methylated versus non-
methylated DNA. ZF-tMeCP2 interacts with methylated DNA
with aKD of 55 nM and a 6-fold preference for methylated DNA.
The conjugate of Tat47−57 and tMeCP2 (Tat-tMeCP2) interacts
with both methylated DNA (KD = 5 nM) and nonmethylated
DNA (KD = 25 nM) more favorably than tMeCP2 and ZF-
tMeCP2 with a 5-fold preference for methylated DNA. As
expected, ZF-tMeCP2(T158M) binds poorly to both methy-
lated (KD = 210 nM) and nonmethylated (KD = 1.1 μM) DNA
when compared to tMeCP2. Although the KD describing the
interaction of tMeCP2 with methylated DNA has not previously
been determined, reported values for full-length MeCP2 fall in
the range of 36−130 nM with a 2−33 fold preference for
methylated DNA.48,49

To further probe the function of purified tMeCP2 proteins in
vitro, we used an affinity pull-down assay to evaluate their
interactions with the NCoR/SMRT corepressor complex in
nuclear lysates of NIH3T3 cells.28 Lysates47 were incubated
overnight at 4 °C with 1.5 μM of ZF-tMeCP2, Tat-tMeCP2, or
tMeCP2; ZF-tMeCP2(P302L) was used as a negative control.
Each tMeCP2 variant was extracted from the lysates using
streptavidin-coated beads, and the identities and relative levels
of bound NCoR/SMRT subunits (NCoR1, HDAC3, and
TBL1/TBLR1) were evaluated using Western blots (Figure
1C). These blots revealed that tMeCP2, ZF-tMeCP2, and Tat-
tMeCP2 remain intact after an overnight incubation with lysates
at 4 °C and effectively sequester HDAC3, TBL1/TBLR1,
NCoR1 fromNIH3T3 nuclear cell lysates. In all cases, there was
little or no evidence of interaction with ZF-tMeCP2(P302L).
Taken together, these two in vitro assays confirm that purified
ZF-tMeCP2 retains the core functions of MeCP2: selective
recognition of methylated DNA and the ability to engage the
NCoR/SMRT corepressor complex.
Efficient Delivery of ZF-tMeCP2 to the Nucleus of

Saos-2 and CHO-K1 Cells. Next, we made use of three
fluorescence-basedmethods and twomodel cell lines to evaluate
the overall uptake of each tMeCP2 variant and specifically how
much protein trafficked to the nucleus, the site of MeCP2
function. Human osteosarcoma (Saos-2) cells were incubated

for 1 h with rhodamine-tagged tMeCP2-Rho, ZF-tMeCP2-Rho,
Tat-tMeCP2-Rho, or ZF-tMeCP2(T158M)-Rho at concen-
trations between 0.5 μM and 2 μM (Figure 2A). When
visualized using 2D confocal microscopy, cells treated
individually with each of the four tMeCP2-Rho variants showed
bright punctate intracellular fluorescence, while no fluorescence
was observed in nontreated cells (Figure S2A). Saos-2 cells
treated with ZF-tMeCP2-Rho, Tat-tMeCP2-Rho, and ZF-
tMeCP2(T158M)-Rho also showed evidence of intranuclear
fluorescence at concentrations as low as 1 μM,while cells treated
tMeCP2-Rho did not, even at 2 μM concentration. When
visualized as 3D z-stacks, cells treated with ZF-tMeCP2-Rho,
Tat-tMeCP2-Rho, and ZF-tMeCP2(T158M)-Rho differed in
intranuclear localization (Figure 2B, Figure S2B, Videos 1−4).
Cells treated with ZF-tMeCP2-Rho and Tat-tMeCP2-Rho
showed an even distribution of rhodamine fluorescence in
Hoechst-positive, DNA-rich regions, whereas cells treated with
ZF-tMeCP2(T158M)-Rho showed aggregated rhodamine
signal in small discrete regions resembling nucleoli. This
observation aligns with previous reports that truncation of the
entire MBD or T158 M mutation resulted in MeCP2
relocalization to the nucleolus.52,53

We next used fluorescence correlation spectroscopy (FCS) to
quantitatively track the cytosolic and nuclear distribution of each
tMeCP2-Rho conjugate in Saos-2 and CHO-K1 cells (Figure
2C,D, Tables S2−3, Figures S3−7). FCS is a single-molecule
technique that deconvolutes the time-dependent change in
fluorescence in a small cytosolic or nuclear volume to establish
both the intracellular concentration as well as the diffusion time
of fluorescently labeled molecules.54,55 FCS analysis of Saos-2
cells revealed that all tMeCP2-Rho conjugates localize more
significantly to the nucleus than the cytosol (Figure S6A), as
established qualitatively by confocal microscopy (Figure 2B,
Figure S2, Videos 1−4). Localization to the nucleus is dose-
dependent between 500 nM and 1 μM, even for tMeCP2-Rho
(Figure S6A). At low treatment concentrations (0.5 μM), the
FCS-determined mean nuclear concentrations of tMeCP2-Rho
and Tat-tMeCP2-Rho were lower than either ZF-tMeCP2-Rho
(2.3-fold) or ZF-tMeCP2(T158M)-Rho (1.6-fold) (Figure
2D). At 1 μM, ZF-tMeCP2-Rho, ZF-tMeCP2(T158M)-Rho,
and Tat-tMeCP2-Rho reach the nucleus more efficiently (2.0−
2.3-fold) than tMeCP2-Rho, with localization efficiency
increasing in the order tMeCP2-Rho < Tat-tMeCP2-Rho <
ZF-tMeCP2-Rho ∼ ZF-tMeCP2(T158M)Rho (Figure 2D).
We note that while the conjugation of ZF5.3 to tMeCP2

resulted in a smaller fold-improvement in nuclear or cytosolic
delivery than previously reported examples (improvements
between 39,16 and 329 fold), the mean nuclear concentration of
ZF-tMeCP2 established in Saos-2 cells after a 1 h incubation
with 1 μM protein (709 ± 69 nM) is the highest intracellular
concentration yet measured for a protein delivered by ZF5.3.9,16

The high concentration of ZF-tMeCP2 that reaches the nucleus
may result from the higher intrinsic permeability of tMeCP2
itself in comparison to other proteins when evaluated under
comparable conditions (argininosuccinate synthetase: 77 ± 30
nM, SNAP-tag: 2 ± 1 nM).9,16 While further studies are needed
to establish the factors that lead to high intrinsic permeability,
we note that tMeCP2 is characterized by both a high pI (10.78)
and high levels (60%) of intrinsic disorder as judged by CD
(Figure S1C, Table S1).
In preparation for function studies (vide inf ra), we also

evaluated the trafficking of each tMeCP2-Rho variant to the
cytosol and nucleus of CHO-K1 cells using confocal microscopy
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(Figure S7) and FCS (Figure 2C,D, Figure S5, Figure S6B,
Table S3). These results largely mirrored the results obtained in
Saos-2 cells, although overall the protein concentration in the
nucleus was 1.8−3.8-fold lower than observed in Saos-2 cells.
Similar cell type-to-cell type variations in delivery efficiency have
been observed before among HeLa cells, SK-HEP1 cells, and
Saos-2 cells.9,16 Nevertheless, these results provide confidence
that ZF5.3 and Tat improve by 2.0−2.5-fold the nuclear delivery
of tMeCP2-Rho in two model cell lines.
Flow Cytometry as a High-Throughput Alternative to

FCS for EvaluatingNuclear Delivery enMasse.The nuclear
fluorescence of Saos-2 cells treated with 2 μMZF-tMeCP2-Rho,
Tat-tMeCP2-Rho, and ZF-tMeCP2(T158M)-Rho was too high
to be reliably measured by FCS.54,55 Although the total
fluorescence of intact cells measured using flow cytometry
does not reliably quantify how much material escapes from the
endosomal pathway,9 procedures to isolate and sort nuclei on
the basis of light scattering and fluorescence are well-known.57

We wondered whether the fluorescence of nuclei isolated from
cells treated with tMeCP2-Rho variants would correlate with the
nuclear concentrationmeasured in intact cells using FCS. If such
a correlation was observed, then flow cytometry would provide
an extremely high-throughput and rapid alternative to FCS for
quantifying delivery of fluorescently tagged material to the
nucleus.
To eliminate the possibility of that isolated nuclei would be

contaminated by even low levels of endosomes and lysosomes,
Saos-2 cells were first transduced by BacMam reagents to
express Rab 5a-GFP, Rab 7a-GFP, and LAMP1-GFP (trans-
duction efficiency = 91.6 ± 0.4%, Figure S8A). The cells were
treated with 0.5−1.0 μM tMeCP2-Rho variants and 2 μM
tMeCP2-Rho, and the nuclei isolated and evaluated using flow
cytometry (Figure 2A). Nuclei were gated to identify the GFP

negative population (59.5 ± 1.9%, Figure S8A), and on the basis
of size and Hoechst 33342 fluorescence. In the concentration
range evaluated, the mean nuclear fluorescence of intact Saos-2
nuclei measured by flow cytometry correlated linearly (R2 =
0.75) with the intranuclear concentrations previously measured
by FCS for all four Rho-tagged tMeCP2 proteins, regardless of
overall delivery efficiency (Figure S8B). This observation
suggests that flow cytometry of intact nuclei represents a rapid
alternative to FCS for high-throughput analysis of nuclear
delivery. It also suggests that at a treatment concentration of 2
μM, the nuclear concentration of ZF-tMeCP2-Rho was above 1
μM.
To better understand the relationship between overall protein

uptake and nuclear delivery, we further used flow cytometry to
compare whole-cell fluorescence to that of intact isolated nuclei
as a function of tMeCP2-Rho variant concentration and identity
(Figure S8C−D). On average, the fluorescence detected in the
nuclei of Saos-2 cells was 3.0−16.0-fold lower than the whole-
cell fluorescence (Figure S8D). We observed a dose-dependent
increase in the fraction of the tMeCP2-Rho variants that traveled
to the nucleus. Notably, ZF-tMeCP2(T158M)-Rho showed
consistently low nuclear localization efficiencies across all
treatment concentrations, as expected since theMBD is essential
for MeCP2 binding in the nucleus.58 Unfortunately, we could
not repeat this experiment in CHO-K1 cells due to extremely
low BacMam reagent transduction efficiency. We also note that
although nuclear pore complex inhibitors have been reported to
help to avoid false positive signals from proteins leaking into the
nucleus during lysis,58 minimal rhodamine interference was
observed in this experiment (Figure S8E).
More ZF-tMeCP2 than Tat-tMeCP2 Remains Intact

upon Reaching the Nucleus. Although fluorescence-based
methods provide a reasonable initial assessment of protein

Figure 3. Efficient cellular trafficking of ZF-tMeCP2-Rho requires the HOPS complex. (A) The gene expression level of VPS39 (HOPS-specific
subunits) or TGFBRAP1 (CORVET-specific subunits) in each gene knockdown sample was quantified by qPCR. Data are represented as mean ±
SEM (n = 3). The effect of VPS39 and TGFBRAP1 knockdown on total uptake and cellular access of the indicated tMeCP2-Rho variant was analyzed
using flow cytometry (B) and FCS (C-E), respectively. C: cytosol; N: nucleus. Center line, median; box limits, 25−75 percentile; whiskers, 10−90
percentile. For each protein treatment, the median fluorescence intensity values (B), cytosolic concentrations (C-E) or nuclear concentrations (C-E)
were compared to that of a nontargeting siRNA (RISC-free) using two-tailed unpaired parametric t test with Welch’s correction. ****p ≤ 0.0001,
***p ≤ 0.001,**p ≤ 0.01, *p ≤ 0.05. not significant (ns) for p > 0.05.

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://doi.org/10.1021/acscentsci.2c01226
ACS Cent. Sci. 2023, 9, 277−288

281

https://pubs.acs.org/doi/10.1021/acscentsci.2c01226?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c01226?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c01226?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c01226?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.2c01226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


delivery efficiency, they must always be accompanied by
biochemical studies to ensure that the fluorescent material
being followed is intact.9,16,54 To establish the extent to which
the measured FCS values represent the concentrations of intact
tMeCP2 proteins, we devised a workflow (Figure S9A) to
stringently separate and isolate the cytosolic and nuclear
fractions of Saos-2 cells after 1 h treatment with 1 μM

tMeCP2, ZF-tMeCP2, or Tat-tMeCP2 at 37 °C. These extracts
were analyzed using Western blots and an anti-Strep-tag
antibody (Figure 2E). Bands corresponding to both intact ZF-
tMeCP2 and Tat-tMeCP2 are evident in the nuclear super-
natant. We note that although the nuclear delivery efficiencies of
ZF-tMeCP2-Rho and Tat-tMeCP2-Rho determined by FCS
were comparable (Figure 2D), Western blot analysis suggests

Figure 4. In cellulo assays probing tMeCP2 activity after delivery. (A) Co-immunoprecipitation assay workflow. CHO-K1 cells were treated with 1 μM
of each tMeCP2 variant at 37 °C with 5% CO2 for 1 h. Three dishes of nontreated cells were incubated under identical conditions as controls. After
incubation, cells were lifted, washed, and lysed, and the nuclear proteins were extracted (Figure S11B). The nuclear extracts of nontreated cells were
doped with 150 nMZF-tMeCP2 or Tat-tMeCP2 and then all samples were incubated with streptavidin coatedmagnetic beads overnight at 4 °C for the
pulldown. (B) Input and pulldown samples were analyzed by Western blot using antibodies against Strep-tagII (IBA 2−1509−001), HDAC3 (CST
85057S), and TBLR1/TBL1XR1 (CST 74499S). The gel results shown are representative of two biological replicates. (C) Scheme illustrating
transcription repression assay design. CHO-K1 cells were transiently transfected with a plasmid (methylated or nonmethylated) encoding
mNeonGreen fluorescent protein under the control of the small nuclear ribonucleoprotein polypeptide N (SNRPN) promoter. Cells were first
incubated with 1 μM tMeCP2 variants for 1 h at 37 °C, 5% CO2, and exchanged into growth media for 1 h at 37 °C, 5% CO2 waiting for the change in
transcription to occur before they were lifted and analyzed using flow cytometry. Cells that were successfully transfected and exhibited green
fluorescence higher than the background were selected to obtain the mean fluorescence intensity (MFI) under different protein treatments. The assay
was performed in triplicates and more than three biological replicates were studied. (D) The selectivity of four tMeCP2 variants was evaluated by
dividing the average normalized MFI after delivery in CHO-K1 cells transfected with methylated plasmids by that with nonmethylated plasmids.
Scores are normalized against nontreated transfected cells. Data are represented as mean ± SEM. Each sample comprised 130 μL (at least 50,000 cells)
and at least three technical and biological replicates at each condition.
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that the concentration of intact ZF-tMeCP2 in the nucleus
exceeds that of Tat-tMeCP2 by a significant margin. No band
corresponding to tMeCP2 itself was observed in the nuclear
supernatant, indicating that this protein was either degraded or
did not enter cells at a concentration high enough to be detected.
Western blot analysis of cellular extracts with antibodies
recognizing highly expressed endocytic (EEA1, LAMP1,
Rab7) and cytosolic (tubulin) proteins confirmed that nuclear
fractions were free of detectable cytosol and endosome
contaminations (Figure S9B).
To further characterize the integrity of ZF-tMeCP2 delivered

to the nucleus, we enriched the nuclear supernatant for strep-
tagged proteins, treated the enriched sample with trypsin, and
subjected the digest to LC-MS/MS analysis (Figure S9C, Figure
S10).More than 65% of the ZF-tMeCP2 sequence was detected,
including fragments at the N- and C-terminus. The observation
of N-terminal fragments after enrichment with a C-terminal
strep tag provides further evidence that the ZF-tMeCP2
delivered to the nucleus is predominantly intact.
ZF-tMeCP2 Accesses a HOPS-Dependent Portal for

Endosomal Release. Progress in direct protein delivery has
been slowed by an insufficient understanding of how non-native
cargo traffics across endosomal membranes and into the cytosol.
Although endosomal escape mechanisms used by certain
viruses, such as influenza A,59 have been studied in detail,
those exploited by nonviral agents−even lipid nanoparticles
(LNP) used to deliver FDA-approved mRNA vaccines−remain
incompletely characterized. Most improvements in delivery are
empirical and modest, and the involvement of endogenous
protein factors has not been rigorously excluded.
Twomultisubunit tethering complexes play important roles in

the endosome maturation pathway. A class C core vacuole/
endosome tethering (CORVET) complex facilitates the fusion
of Rab5 positive early endosomes, while the fusion of Rab7
positive late endosomes to lysosomes requires the homotypic
fusion and protein sorting (HOPS)-tethering complex.60,61

Previous mechanistic studies indicate that efficient cytosolic and
nuclear trafficking of ZF5.3 relies on theHOPS complex, but not
the analogous CORVET complex.15 We thus sought to
investigate if this dependence also held for the ZF5.3 conjugate
of tMeCP2.
We used siRNAs to knock down an essential and unique

subunit of either HOPS (VPS39) or CORVET (TGFBRAP1) in
Saos2 cells, using a nontargeting siRNA (RISC-free) and
lipofectamine only treatment as controls (Figure 3A). The cells
were then treated with 1 μM tMeCP2-Rho, ZF-tMeCP2-Rho, or
Tat-tMeCP2-Rho for 1 h and analyzed by flow cytometry
(Figure 3B) and FCS (Figure 3C−E). Total cellular uptake was
affected minimally if at all by any gene knockdown (Figure 3B).
Knockdown of VPS39 led to a significant decrease in the
concentration of ZF-tMeCP2-Rho that reached the cytosol (3.1-
fold) or nucleus (4.7-fold) (Figure 3D); these fold changes are
consistent with those previously observed for ZF5.3 alone.15

Interestingly, knockdown of TGFBRAP1 also resulted in a
significant (albeit smaller) decrease in the concentration of ZF-
tMeCP2-Rho that reached the nucleus (2.4-fold). Even the
trafficking of tMeCP2 itself was affected by the knockdown of
both VPS39 and TGFBRAP1 (Figure 3C). It is well-known that
depletion of TGFBRAP1 and VPS39 can affect trafficking in a
cargo-dependent manner.62 The fact that delivery of tMeCP2
itself is CORVET and HOPS dependent provides one
explanation for the high intrinsic permeability of this nuclear
protein and deserves further study. Thus, the improved nuclear

delivery of ZF-tMeCP2 may result because it accesses both
HOPS-dependent and CORVET-dependent portals. Notably,
the only tMeCP2 conjugate whose delivery to the cytosol and
nucleus was unaffected by knockdown of either VPS39 or
TGFBRAP1 was Tat-tMeCP2 (Figure 3E). This result suggests
that Tat-tMeCP2 gains entry into cells, albeit less efficiently
(Figure 2E), via a different subpopulation of endosomes62 or
one or more nonendosomal pathways.63

We previously proposed that HOPS may engage directly with
ZF5.3 to promote escape during vesicle fusion; it may also
promote trafficking into intraluminal vesicles as a prerequisite to
endosomal escape.15 The observation that the high nuclear
delivery efficiency of ZF5.3-tMeCP2 depends on both HOPS
and CORVET, favors the former explanation and deserves
further study, especially as HOPS and CORVET share 4 of 6
subunits in common.60,61 Identification of those molecular
features that promote productive interaction with HOPS and/or
CORVET could improve the efficiency of other delivery
strategies, including lipid nanoparticles, whose efficiency
remains <10%.64

Delivered ZF-tMeCP2 Interacts with Partner Proteins
in the NCoR/SMRT Complex. Next we explored the function
of tMeCP2 proteins delivered to the nucleus of CHO-K1 cells,
which express low levels of endogenous MeCP2 (Figure S11A).
If functional tMeCP2 proteins reach the nucleus, then they
should interact with and sequester the essential subunits of the
core NCoR/SMRT complex28,45,47 (NCoR1, HDAC3, and
TBL1/TBLR1) upon immunoprecipitation, as observed in vitro
in lysates (Figure 1C). To test this hypothesis, CHO-K1 cells
were treated with 1 μM tMeCP2, ZF-tMeCP2, or Tat-tMeCP2
for 1 h at 37 °C. Nuclear proteins were rigorously isolated
(Figure S11B) and incubated with streptavidin-coated magnetic
beads to sequester strep-tagged tMeCP2 proteins and the
proteins with which they interact (Figure 4A). Nontreated cells
were subject to the same workflow and doped with 150 nM
purified tMeCP2, ZF-tMeCP2, and Tat-tMeCP2. Western blot
analysis confirmed that the input nuclear fractions used for
immunoprecipitation were free of detectable cytosolic (tubulin)
and endosomal (EEA1, Rab7, LAMP1) contaminants (Figure
S11C) and contained a higher amount of intact ZF-tMeCP2
than Tat-tMeCP2 (Figure 4B), in accordance with data in Saos-
2 cells in Figure 2E. Intact tMeCP2 could not be detected by
Western blot of the nuclear extracts. Equal amounts of HDAC3
and TBLR1/TBL1XR1 were also detected in all input nuclear
lysates (Figure 4B).
Examination of the Western blots after immunoprecipitation

show that both ZF-tMeCP2 and Tat-tMeCP2 sequester
HDAC3 and TBLR1 from nuclear lysates in accord with their
effective concentration; more ZF-tMeCP2 reaches the nucleus
intact and as a result more HDAC3 and TBLR1 are sequestered
(Figure 4B). We note that the large decrease in the intensity of
the Tat-tMeCP2 bands from input to pulldown emphasizes its
sensitivity to degradation during the overnight incubation. The
NcoR level was too low to be detected in CHO-K1 cells (Figure
S11A). We conclude that ZF-tMeCP2 enters the cell nucleus
and interacts more productively with partner proteins than
either tMeCP2 or Tat-tMeCP2.
Delivered ZF-tMeCP2 Selectively Represses Tran-

scription from Methylated DNA. In the nucleus, MeCP2
acts as a bridge to deliver the NCoR/SMRT complex to
methylated promoters; this recruitment represses transcrip-
tion.35 We devised a flow cytometry assay to evaluate whether
delivered tMeCP2 variants that reach the nucleus preferentially
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repress transcription of methylated over nonmethylated reporter
genes (Figure 4C). Briefly, CHO-K1 cells were transfected with
a methylated or nonmethylated plasmid encoding mNeonGreen
fluorescent protein under the control of the small nuclear
ribonucleoprotein polypeptide N (SNRPN) promoter. MeCP2
binds to the methylated form of SNRPN to downregulate
downstream genes.65,66 A short signal sequence (PEST) was
encoded at the C-terminus of mNeonGreen to promote its
turnover and improve assay sensitivity.67 Functional tMeCP2
variants that reach the nucleus should selectively repress
transcription from cells transfected with the methylated
SNRPN promoter, leading to less mNeonGreen fluorescence
relative to controls. By contrast, delivery of a trace, nonfunc-
tional, or nonspecific tMeCP2 variant will either not repress
transcription or do so without selectivity for the methylated
promoter.
To evaluate mNeonGreen expression, CHO-K1 cells trans-

fected with methylated or nonmethylated plasmid DNA were
treated for 1 h at 37 °C with 1−5 μM tMeCP2, ZF-tMeCP2,
Tat-tMeCP2, or ZF-tMeCP2(T158M) and the green fluo-
rescence emission at 530 ± 30 nm was monitored using flow
cytometry. Cells treated with tMeCP2 itself displayed high
mNeonGreen fluorescence levels regardless of promoter
methylation state (Figure S12). By contrast, cells treated with
ZF-tMeCP2, Tat-tMeCP2, as well as ZF-tMeCP2(T158M) all
showed dose-dependent decreases in mNeonGreen fluores-
cence. The highest levels of methylation-specific transcriptional
repression was observed in cells treated with 5 μMZF-tMeCP2,

Tat-tMeCP2, as well as ZF-tMeCP2(T158M), although
measurable effects were seen at concentrations as low as 2 μM
(Figure S12A). In general, the levels of transcriptional
repression were lower in cells treated with Tat-tMeCP2.
These data are in line with the protein nuclear concentrations

(Figure 2D) and diffusion time and DNA binding kinetics
measured by FCS (Table S3). FCS is useful not only for
measuring the concentration of a fluorescently tagged protein or
macromolecule within the cytosol or nucleus, but also for
determining its intracellular diffusion time (τdiff).54,55 Fitting the
autocorrelation curves obtained from intranuclear measure-
ments in CHO-K1 cells with a two-component 3D diffusion
equation68 identified a population of tMeCP2-Rho variants that
diffuses freely in the nucleoplasm (fast fraction, Ffast) and a
second population that diffuses slowly (slow fraction, Fslow),
presumably because it is bound to DNA (Figure S5, Table S3).
At 1 μM, the fraction of ZF-tMeCP2 diffuses slowly (Fslow =
26.3%) is higher than that of ZF-tMeCP2(T158M) (16.3%) in
accord with relative methylated DNA affinities determined in
vitro (Figure 1B) and in cells.44 Thus, the higher nuclear
concentration of ZF-tMeCP2(T158M) is counterbalanced by
the low DNA binding population; the result is no significant
transcriptional repression (Figure S12). At 2 μM, ZF-tMeCP2,
Tat-tMeCP2, as well as ZF-tMeCP2(T158M) all reached the
nucleus at significantly higher levels than tMeCP2 (Figure 2D)
and show higher levels of DNA binding, with values of Fslow of
24.9%, 33.7%, and 25.6%, respectively (Table S3); the result is
observable transcriptional repression.

Figure 5. Localization of ZF-tMeCP2 to the heterochromatin of mouse primary cortical neurons. Cells treated with or without 1 μMZF-tMeCP2-Rho
for 1 h at 37 °C were imaged under a super-resolution laser-scanning microscope. The nucleus was identified using a SiR-DNA live cell nuclear stain
and the SYTOX Green dye was used to exclude dead cells. Brightness and contrast of each channel were adjusted for visualization purposes, with the
upper and lower thresholds indicated on each image. The pixel intensities along the indicated line within each channel image were plotted, with the
SiR-DNA channel values on the left y-axis, Rhodamine and Sytox green channel values on the right y-axis for nontreated, and the SiR-DNA and
Rhodamine channel values on the left y-axis, Sytox green channel values on the right y-axis for ZF-tMeCP2-Rho treated cells.

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://doi.org/10.1021/acscentsci.2c01226
ACS Cent. Sci. 2023, 9, 277−288

284

https://pubs.acs.org/doi/10.1021/acscentsci.2c01226?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c01226?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c01226?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c01226?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.2c01226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Differences in transcriptional repression are most apparent
when the ratios of mNeonGreen expression in cells transfected
with methylated vs nonmethylated promoters are compared
(Figure 4D). As expected, no selective repression is observed in
cells treated with tMeCP2. Tat-tMeCP2 treatment led to higher
levels of mNeonGreen repression in cells transfected with a
nonmethylated promoter, as suggested by the in vitro DNA
binding results (Figure 1B); Tat alone possesses high non-
specific DNA binding affinity (Kd = 126 nM).69 The highest
levels of methylation-dependent transcriptional repression were
observed in cells treated with ZF-tMeCP2 and ZF-tMeCP2-
(T158M). As a previous study suggested, MeCP2(T158M) is
capable of binding to methylated DNA in a protein level-
dependent manner.70 At low treatment concentrations (1−2
μM), most ZF-tMeCP2(T158M) was sequestered in the
nucleolus, so the effective nuclear concentration of ZF-
tMeCP2(T158M) is not high enough to rescue its reduced
methylated DNA binding affinity. As more protein reaches the
nucleus at 5 μM treatment, a higher level of the methylated
promoter is bound and repression is observed. Taken together,
these data indicate that the fusion of ZF5.3 to tMeCP2 does not
interfere with the protein’s selectivity toward methylated DNA.
ZF-tMeCP2 reaches the nucleus at a concentration high enough
to observe methylation-dependent transcription repression.
Notably, although fluorescent detection implies relatively
comparable nuclear delivery of ZF-tMeCP2 and Tat-tMeCP2,
the latter is largely degraded (Figure 2E, Figure 4B), impairing
its ability to regulate downstream transcriptions. Further study is
needed to evaluate whether ZF-tMeCP2 also recapitulates the
transcription activator activity of MeCP2.
ZF-tMeCP2 Localizes to the Heterochromatin of

Mouse Primary Cortical Neurons. We further delivered
ZF-tMeCP2-Rho to mouse primary cortical neurons, a main
type of cells affected by RTT.71 After incubating neurons with 1
μMZF-tMeCP2 for 1 h at 37 °C, we performed super-resolution
imaging to evaluate the degree of neuronal delivery. While the
nontreated cells showed no obvious rhodamine fluorescence,
ZF-tMeCP2-Rho treated cells showed clear colocalization of the
protein rhodamine fluorescence and SiR-DNA positive
condensed chromatin (Figure 5, Figure S13), indicating efficient
protein delivery and the preservation of MBD function in
neuronal cells.

■ CONCLUSION
In this work, we address the challenges of intracellular protein
delivery by using the stable mini-protein ZF5.3 to hijack the
endosomal maturation machinery and guide the methyl-CpG-
binding-protein 2 (MeCP2) into the nucleus at a therapeutically
relevant concentration. A modest dose to Saos-2 cells (1 h, 1
μM) results in a nuclear concentration of 2.1 × 105 molecules/
cell, which is within the range of endogenous MeCP2 in
HEK29337 and NeuN positive neurons from mature mouse
brain19 (1.6 × 105 and 160 × 105 molecules/cell, respectively).
This delivered concentration is 2 orders of magnitude higher
than a previously reported Tat-MeCP2 conjugate that rescued
certain RTT-related symptoms.10,39,41 Rigorous analyses verify
the absence of significant nuclear degradation and the presence
of MeCP2-specific activity. Multiple independent approaches,
including intact nuclear flow cytometry, a novel and general
application of flow cytometry, quantitatively assess delivery in a
nonamplified and high-throughput manner. Finally, the
remarkable level of nuclear delivery by ZF-tMeCP2 enables its
potential application to reverse Rett syndrome phenotypes.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscentsci.2c01226.

Methods and materials, supplementary figures, supple-
mentary tables, supplementary methods, supplementary
note (PDF)
Video 1: Confocal microscopy imaging from Figure S2
(MP4)
Video 2: Confocal microscopy imaging from Figure S2
(MP4)
Video 3: Confocal microscopy imaging from Figure S2
(MP4)
Video 4: Confocal microscopy imaging from Figure S2
(MP4)

■ AUTHOR INFORMATION
Corresponding Author

Alanna Schepartz − Department of Chemistry, University of
California, Berkeley, California 94720, United States;
Department of Molecular and Cellular Biology and California
Institute for Quantitative Biosciences (QB3), University of
California, Berkeley, California 94720, United States; Chan
Zuckerberg Biohub, San Francisco, California 94158, United
States; orcid.org/0000-0003-2127-3932;
Email: schepartz@berkeley.edu

Authors
Xizi Zhang − Department of Chemistry, University of
California, Berkeley, California 94720, United States;
orcid.org/0000-0003-4551-5721

Claudia Cattoglio − Department of Molecular and Cellular
Biology and Howard Hughes Medical Institute, University of
California, Berkeley, California 94720, United States;
orcid.org/0000-0001-6100-0491

Madeline Zoltek − Department of Molecular and Cellular
Biology, University of California, Berkeley, California 94720,
United States

Carlo Vetralla −Department of Molecular and Cellular Biology
and Howard Hughes Medical Institute, University of
California, Berkeley, California 94720, United States;
orcid.org/0000-0001-7300-4633

Deepto Mozumdar − Department of Chemistry, University of
California, Berkeley, California 94720, United States;
Department of Chemistry, Yale University, New Haven,
Connecticut 06520, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscentsci.2c01226

Author Contributions
A.S. conceived the project. X.Z. designed and conducted all in
vitro and in cellulo experiments. X.Z. and C.C. designed the
neuronal delivery experiments. C.V. performed dissection of
primary cortical neurons. C.C. and C.V. performed the super-
resolution imaging. M.Z. performed and interpreted CD
analyses. D.M. assisted with the design of in vitro pull-down
and in cellulo coimmunoprecipitation assays. X.Z and A.S.
interpreted results, refined experiments, and wrote the manu-
script with expert input and editing by M.Z. and C.C.
Funding
This work was supported by the Rett Syndrome Research Fund
and the Blavatnik Family Foundation and in part by R35

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://doi.org/10.1021/acscentsci.2c01226
ACS Cent. Sci. 2023, 9, 277−288

285

https://pubs.acs.org/doi/10.1021/acscentsci.2c01226?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.2c01226/suppl_file/oc2c01226_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.2c01226/suppl_file/oc2c01226_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.2c01226/suppl_file/oc2c01226_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.2c01226/suppl_file/oc2c01226_si_004.mp4
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.2c01226/suppl_file/oc2c01226_si_005.mp4
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alanna+Schepartz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2127-3932
mailto:schepartz@berkeley.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xizi+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4551-5721
https://orcid.org/0000-0003-4551-5721
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudia+Cattoglio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6100-0491
https://orcid.org/0000-0001-6100-0491
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Madeline+Zoltek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlo+Vetralla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7300-4633
https://orcid.org/0000-0001-7300-4633
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Deepto+Mozumdar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c01226?ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.2c01226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


GM134963. This work made use of the Vincent J. Proteomics/
Mass Spectrometry Laboratory at UC Berkeley, supported in
part by NIH S10 Instrumentation Grant S10RR025622. C.C. is
a current HHMI employee in the lab of Prof. Robert Tjian at UC
Berkeley. C.V. is financially supported by the Mobility program
sponsored by Universita ̀ degli Studi di Milano-Bicocca and by a
private scholarship for deserving students from Fondazione
CEUR (Centro Europeo Universita ̀ e Ricerca).
Notes
The authors declare the following competing financial
interest(s): X.Z. and A.S. have filed a provisional patent
application related to this work.

■ ACKNOWLEDGMENTS
The authors are grateful to members of the Schepartz lab for
helpful discussion. This work was supported by the Rett
Syndrome Research Fund. We also thank Dr. Susan Marqusee
for the generous use of her CD spectrometer; Anthony Iavarone
at QB3/Chemistry Mass Spectrometry Facility at UC Berkeley
for mass spectrometry of purified tMeCP2 proteins; Dr. Mary
West for managing the QB3 Cell and Tissue Analysis Facility at
UC Berkeley; Alison Killilea at the UC Berkeley Cell Culture
Facility for tissue culture support; Dr. Lori Kohlstaedt at Vincent
J. Coates Proteomics/Mass Spectrometry Laboratory at UC
Berkeley for LC-MS/MS analysis; Dr. Brian Hodge for training
and guidance on RT-qPCR, Jie Fang and Dr. Paul Sauer from
Dr. Eva Nogales’s lab for the use of an ultracentrifuge; Dr. Bo Li
for revising the MATLAB script; Dr. Susan Knox for FCS
training and Dr. Sebastian Santiago for protein purification
training. The Table of Contents Graphic and experiment
workflow figures were created with Biorender.com.

■ REFERENCES
(1) Akinc, A.;Maier,M. A.;Manoharan,M.; Fitzgerald, K.; Jayaraman,
M.; Barros, S.; Ansell, S.; Du, X.; Hope, M. J.; Madden, T. D.; et al. The
Onpattro Story and the Clinical Translation of Nanomedicines
Containing Nucleic Acid-Based Drugs. Nat. Nanotechnol. 2019, 14
(12), 1084−1087.
(2) Syed, Y. Y. Givosiran: A Review in Acute Hepatic Porphyria.Drugs
2021, 81 (7), 841−848.
(3) Garrelfs, S. F.; Frishberg, Y.; Hulton, S. A.; Koren, M. J.;
O’Riordan, W. D.; Cochat, P.; Deschen̂es, G.; Shasha-Lavsky, H.;
Saland, J. M.; van’t Hoff, W. G.; et al. Lumasiran, an RNAi Therapeutic
for Primary Hyperoxaluria Type 1. N. Engl. J. Med. 2021, 384 (13),
1216−1226.
(4) Raal, F. J.; Kallend, D.; Ray, K. K.; Turner, T.; Koenig, W.; Wright,
R. S.; Wijngaard, P. L. J.; Curcio, D.; Jaros, M. J.; Leiter, L. A.; et al.
Inclisiran for the Treatment of Heterozygous Familial Hyper-
cholesterolemia. N. Engl. J. Med. 2020, 382 (16), 1520−1530.
(5) Forgham, H.; Kakinen, A.; Qiao, R.; Davis, T. P. Keeping up with
theCOVID’s�Could SiRNA-Based Antivirals Be a Part of the Answer?
Exploration 2022, 2 (6), 20220012.
(6) Dowdy, S. F.; Setten, R. L.; Cui, X.-S.; Jadhav, S. G. Delivery of
RNA Therapeutics: The Great Endosomal Escape! Nucleic Acid Ther.
2022, 32 (5), 361−368.
(7) Lee, J.; Kim, D.; Byun, J.; Wu, Y.; Park, J.; Oh, Y.-K. In Vivo Fate
and Intracellular Trafficking of Vaccine Delivery Systems. Adv. Drug
Delivery Rev. 2022, 186, 114325.
(8) Tian, Y.; Tirrell, M. V.; LaBelle, J. L. Harnessing the Therapeutic
Potential of Biomacromolecules through Intracellular Delivery of
Nucleic Acids, Peptides, and Proteins. Adv. Healthc. Mater. 2022, 11
(12), 2102600.
(9) Wissner, R. F.; Steinauer, A.; Knox, S. L.; Thompson, A. D.;
Schepartz, A. Fluorescence Correlation Spectroscopy Reveals Efficient

Cytosolic Delivery of Protein Cargo by Cell-Permeant Miniature
Proteins. ACS Cent. Sci. 2018, 4 (10), 1379−1393.
(10) Laccone, F. A. Synthetic MeCP2 Sequence for Protein
Substitution Therapy. U.S. Patent US8226930B2, July 24, 2012
(accessed 2022−01−25).
(11) Brock, D. J.; Kondow-McConaghy, H. M.; Hager, E. C.; Pellois,
J.-P. Endosomal Escape and Cytosolic Penetration of Macromolecules
Mediated by Synthetic Delivery Agents. Bioconjugate Chem. 2019, 30
(2), 293−304.
(12) Deprey, K.; Becker, L.; Kritzer, J.; Plückthun, A. Trapped! A
Critical Evaluation of Methods for Measuring Total Cellular Uptake
versus Cytosolic Localization. Bioconjugate Chem. 2019, 30 (4), 1006−
1027.
(13) Appelbaum, J. S.; LaRochelle, J. R.; Smith, B. A.; Balkin, D. M.;
Holub, J. M.; Schepartz, A. Arginine Topology Controls Escape of
Minimally Cationic Proteins from Early Endosomes to the Cytoplasm.
Chem. Biol. 2012, 19 (7), 819−830.
(14) LaRochelle, J. R.; Cobb, G. B.; Steinauer, A.; Rhoades, E.;
Schepartz, A. Fluorescence Correlation Spectroscopy Reveals Highly
Efficient Cytosolic Delivery of Certain Penta-Arg Proteins and Stapled
Peptides. J. Am. Chem. Soc. 2015, 137 (7), 2536−2541.
(15) Steinauer, A.; LaRochelle, J. R.; Knox, S. L.; Wissner, R. F.; Berry,
S.; Schepartz, A. HOPS-Dependent Endosomal Fusion Required for
Efficient Cytosolic Delivery of Therapeutic Peptides and Small
Proteins. Proc. Natl. Acad. Sci. U. S. A. 2019, 116 (2), 512−521.
(16) Knox, S. L.; Wissner, R.; Piszkiewicz, S.; Schepartz, A. Cytosolic
Delivery of Argininosuccinate Synthetase Using a Cell-Permeant
Miniature Protein. ACS Cent. Sci. 2021, 7 (4), 641−649.
(17) Shen, F.; Zheng, G.; Setegne, M.; Tenglin, K.; Izada, M.; Xie, H.;
Zhai, L.; Orkin, S. H.; Dassama, L. M. K. A Cell-Permeant Nanobody-
Based Degrader That Induces Fetal Hemoglobin. ACS Cent. Sci. 2022,
8, 1695.
(18) Qian, Z.; Martyna, A.; Hard, R. L.; Wang, J.; Appiah-Kubi, G.;
Coss, C.; Phelps, M. A.; Rossman, J. S.; Pei, D. Discovery and
Mechanism of Highly Efficient Cyclic Cell-Penetrating Peptides.
Biochemistry 2016, 55 (18), 2601−2612.
(19) Skene, P. J.; Illingworth, R. S.; Webb, S.; Kerr, A. R. W.; James, K.
D.; Turner, D. J.; Andrews, R.; Bird, A. P. Neuronal MeCP2 Is
Expressed at Near Histone-Octamer Levels and Globally Alters the
Chromatin State. Mol. Cell 2010, 37 (4), 457−468.
(20) Amir, R. E.; Van den Veyver, I. B.; Wan,M.; Tran, C. Q.; Francke,
U.; Zoghbi, H. Y. Rett Syndrome Is Caused by Mutations in X-Linked
MECP2, Encoding Methyl-CpG-Binding Protein 2. Nat. Genet. 1999,
23 (2), 185−188.
(21) Grimm,N.-B.; Lee, J. T. Selective Xi Reactivation and Alternative
Methods to Restore MECP2 Function in Rett Syndrome. Trends Genet.
2022, 38, 920.
(22) Ehrhart, F.; Jacobsen, A.; Rigau, M.; Bosio, M.; Kaliyaperumal,
R.; Laros, J. F. J.; Willighagen, E. L.; Valencia, A.; Roos, M.; Capella-
Gutierrez, S.; et al. A Catalogue of 863 Rett-Syndrome-Causing
MECP2Mutations and Lessons Learned from Data Integration. Sci.
Data 2021, 8 (1), 10.
(23) Krishnaraj, R.; Ho, G.; Christodoulou, J. RettBASE: Rett
Syndrome Database Update. Hum. Mutat. 2017, 38 (8), 922−931.
(24) Doudna, J. A. The Promise and Challenge of Therapeutic
Genome Editing. Nature 2020, 578 (7794), 229−236.
(25) Anzalone, A. V.; Koblan, L. W.; Liu, D. R. Genome Editing with
CRISPR−Cas Nucleases, Base Editors, Transposases and Prime
Editors. Nat. Biotechnol. 2020, 38 (7), 824−844.
(26) Gadalla, K. K.; Ross, P. D.; Hector, R. D.; Bahey, N. G.; Bailey, M.
E.; Cobb, S. R. Gene Therapy for Rett Syndrome: Prospects and
Challenges. Future Neurol. 2015, 10 (5), 467−484.
(27) Sinnett, S. E.; Gray, S. J. Recent Endeavors in MECP2 Gene
Transfer for Gene Therapy of Rett Syndrome. Discovery Med. 2017, 24
(132), 153−159.
(28) Tillotson, R.; Selfridge, J.; Koerner, M. V.; Gadalla, K. K. E.; Guy,
J.; De Sousa, D.; Hector, R. D.; Cobb, S. R.; Bird, A. Radically
Truncated MeCP2 Rescues Rett Syndrome-like Neurological Defects.
Nature 2017, 550 (7676), 398−401.

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://doi.org/10.1021/acscentsci.2c01226
ACS Cent. Sci. 2023, 9, 277−288

286

https://doi.org/10.1038/s41565-019-0591-y
https://doi.org/10.1038/s41565-019-0591-y
https://doi.org/10.1038/s41565-019-0591-y
https://doi.org/10.1007/s40265-021-01511-3
https://doi.org/10.1056/NEJMoa2021712
https://doi.org/10.1056/NEJMoa2021712
https://doi.org/10.1056/NEJMoa1913805
https://doi.org/10.1056/NEJMoa1913805
https://doi.org/10.1002/EXP.20220012
https://doi.org/10.1002/EXP.20220012
https://doi.org/10.1089/nat.2022.0004
https://doi.org/10.1089/nat.2022.0004
https://doi.org/10.1016/j.addr.2022.114325
https://doi.org/10.1016/j.addr.2022.114325
https://doi.org/10.1002/adhm.202102600
https://doi.org/10.1002/adhm.202102600
https://doi.org/10.1002/adhm.202102600
https://doi.org/10.1021/acscentsci.8b00446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.8b00446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.8b00446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.8b00799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.8b00799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.9b00112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.9b00112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.9b00112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chembiol.2012.05.022
https://doi.org/10.1016/j.chembiol.2012.05.022
https://doi.org/10.1021/ja510391n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja510391n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja510391n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1812044116
https://doi.org/10.1073/pnas.1812044116
https://doi.org/10.1073/pnas.1812044116
https://doi.org/10.1021/acscentsci.0c01603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c01603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c01603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.2c00998?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.2c00998?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.6b00226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.6b00226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molcel.2010.01.030
https://doi.org/10.1016/j.molcel.2010.01.030
https://doi.org/10.1016/j.molcel.2010.01.030
https://doi.org/10.1038/13810
https://doi.org/10.1038/13810
https://doi.org/10.1016/j.tig.2022.01.007
https://doi.org/10.1016/j.tig.2022.01.007
https://doi.org/10.1038/s41597-020-00794-7
https://doi.org/10.1038/s41597-020-00794-7
https://doi.org/10.1002/humu.23263
https://doi.org/10.1002/humu.23263
https://doi.org/10.1038/s41586-020-1978-5
https://doi.org/10.1038/s41586-020-1978-5
https://doi.org/10.1038/s41587-020-0561-9
https://doi.org/10.1038/s41587-020-0561-9
https://doi.org/10.1038/s41587-020-0561-9
https://doi.org/10.2217/fnl.15.29
https://doi.org/10.2217/fnl.15.29
https://doi.org/10.1038/nature24058
https://doi.org/10.1038/nature24058
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.2c01226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(29) Luoni, M.; Giannelli, S.; Indrigo, M. T.; Niro, A.; Massimino, L.;
Iannielli, A.; Passeri, L.; Russo, F.; Morabito, G.; Calamita, P.; et al.
Whole Brain Delivery of an Instability-Prone Mecp2 Transgene
Improves Behavioral and Molecular Pathological Defects in Mouse
Models of Rett Syndrome. eLife 2020, 9, e52629.
(30) Sinnett, S. E.; Boyle, E.; Lyons, C.; Gray, S. J. Engineered
MicroRNA-Based Regulatory Element Permits Safe High-Dose
MiniMECP2 Gene Therapy in Rett Mice. Brain 2021, 144 (10),
3005−3019.
(31)Matagne, V.; Borloz, E.; Ehinger, Y.; Saidi, L.; Villard, L.; Roux, J.-
C. Severe Offtarget Effects Following Intravenous Delivery of AAV9-
MECP2 in a Female Mouse Model of Rett Syndrome. Neurobiol. Dis.
2021, 149, 105235.
(32) Guy, J.; Gan, J.; Selfridge, J.; Cobb, S.; Bird, A. Reversal of
Neurological Defects in a Mouse Model of Rett Syndrome. Science
2007, 315 (5815), 1143−1147.
(33) Robinson, L.; Guy, J.; McKay, L.; Brockett, E.; Spike, R. C.;
Selfridge, J.; De Sousa, D.; Merusi, C.; Riedel, G.; Bird, A.; et al.
Morphological and Functional Reversal of Phenotypes in a Mouse
Model of Rett Syndrome. Brain 2012, 135 (9), 2699−2710.
(34) Lang, M.; Wither, R. G.; Colic, S.; Wu, C.; Monnier, P. P.;
Bardakjian, B. L.; Zhang, L.; Eubanks, J. H. Rescue of Behavioral and
EEG Deficits in Male and Female Mecp2-Deficient Mice by Delayed
Mecp2 Gene Reactivation. Hum. Mol. Genet. 2014, 23 (2), 303−318.
(35) Tillotson, R.; Bird, A. TheMolecular Basis ofMeCP2 Function in
the Brain. J. Mol. Biol. 2020, 432 (6), 1602−1623.
(36) Chahrour, M.; Jung, S. Y.; Shaw, C.; Zhou, X.; Wong, S. T. C.;
Qin, J.; Zoghbi, H. Y. MeCP2, a Key Contributor to Neurological
Disease, Activates and Represses Transcription. Science 2008, 320
(5880), 1224−1229.
(37) Cho, N. H.; Cheveralls, K. C.; Brunner, A.-D.; Kim, K.;Michaelis,
A. C.; Raghavan, P.; Kobayashi, H.; Savy, L.; Li, J. Y.; Canaj, H.
OpenCell: Endogenous Tagging for the Cartography of Human
Cellular Organization. Science 2022, 375 (6585), eabi6983.
(38) Herce, H. D.; Schumacher, D.; Schneider, A. F. L.; Ludwig, A. K.;
Mann, F. A.; Fillies, M.; Kasper, M.-A.; Reinke, S.; Krause, E.;
Leonhardt, H.; et al. Cell-Permeable Nanobodies for Targeted
Immunolabelling and Antigen Manipulation in Living Cells. Nat.
Chem. 2017, 9 (8), 762−771.
(39) Steinkellner, H.; Schönegger, A.; Etzler, J.; Kempaiah, P.; Huber,
A.; Hahn, K.; Rose, K.; Duerr, M.; Christodoulou, J.; Beribisky, A. V.;
et al. An Electrochemiluminescence Based Assay for Quantitative
Detection of Endogenous and Exogenously Applied MeCP2 Protein
Variants. Sci. Rep. 2019, 9 (1), 7929.
(40) Beribisky, A. V.; Steinkellner, H.; Geislberger, S.; Huber, A.;
Sarne, V.; Christodoulou, J.; Laccone, F. Expression, Purification,
Characterization and Cellular Uptake of MeCP2 Variants. Protein J.
2022, 41, 345.
(41) Steinkellner, H.; Kempaiah, P.; Beribisky, A. V.; Pferschy, S.;
Etzler, J.; Huber, A.; Sarne, V.; Neuhaus, W.; Kuttke, M.; Bauer, J.; et al.
TAT-MeCP2 Protein Variants Rescue Disease Phenotypes in Human
and Mouse Models of Rett Syndrome. Int. J. Biol. Macromol. 2022, 209,
972−983.
(42) Vives̀, E.; Brodin, P.; Lebleu, B. A Truncated HIV-1 Tat Protein
Basic Domain Rapidly Translocates through the PlasmaMembrane and
Accumulates in the Cell Nucleus*. J. Biol. Chem. 1997, 272 (25),
16010−16017.
(43) Ho, K. L.; McNae, I. W.; Schmiedeberg, L.; Klose, R. J.; Bird, A.
P.; Walkinshaw, M. D. MeCP2 Binding to DNA Depends upon
Hydration at Methyl-CpG. Mol. Cell 2008, 29 (4), 525−531.
(44) Brown, K.; Selfridge, J.; Lagger, S.; Connelly, J.; De Sousa, D.;
Kerr, A.; Webb, S.; Guy, J.; Merusi, C.; Koerner, M. V.; et al. The
Molecular Basis of Variable Phenotypic Severity among Common
Missense Mutations Causing Rett Syndrome. Hum. Mol. Genet. 2016,
25 (3), 558−570.
(45) Kruusvee, V.; Lyst, M. J.; Taylor, C.; Tarnauskaite,̇ Ž.; Bird, A. P.;
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Kiontke, S.; Langemeyer, L.; Januliene, D.; Schnelle, K.; Kümmel, D.;
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