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DNA Binding Restricts the Intrinsic Conformational Flexibility
of Methyl CpG Binding Protein 2 (MeCP2)*□
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Mass spectrometry-based hydrogen/deuterium exchange
(H/DX) has been used to define the polypeptide backbone
dynamics of full-length methyl CpG binding protein 2 (MeCP2)
when free in solution and when bound to unmethylated and
methylated DNA. Essentially the entire MeCP2 polypeptide
chain underwent H/DX at rates faster than could be measured
(i.e. complete exchange in <10 s), with the exception of the
methyl DNA binding domain (MBD). Even the H/DX of the
MBD was rapid compared with that of a typical globular protein.
Thus, there is no single tertiary structure of MeCP2. Rather, the
full-length protein rapidly samples many different conformations when free in solution. When MeCP2 binds to unmethylated DNA, H/DX is slowed several orders of magnitude
throughout the MBD. Binding of MeCP2 to methylated DNA
led to additional minor H/DX protection, and only locally
within the N-terminal portion of the MBD. H/DX also was used
to examine the structural dynamics of the isolated MBD carrying three frequent mutations associated with Rett syndrome.
The effects of the mutations ranged from very little (R106W) to
a substantial increase in conformational sampling (F155S). Our
H/DX results have yielded fine resolution mapping of the structure of full-length MeCP2 in the absence and presence of DNA,
provided a biochemical basis for understanding MeCP2 function in normal cells, and predicted potential approaches for the
treatment of a subset of RTT cases caused by point mutations
that destabilize the MBD.

Methyl CpG binding protein 2 (MeCP2) is named for its ability to selectively bind to methylated CpG dinucleotides (1), acting through its methyl DNA binding domain (MBD)4 (2).
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MeCP2 is a 53-kDa nuclear protein that is present in high
amounts in neuronal tissues, where its stoichiometry approaches one MeCP2 per nucleosome throughout the genome
(3). In addition to binding unmethylated and methylated DNA
(Refs. 4 – 6, reviewed in Ref. 7), chromatin (4, 7–9), and RNA
(10), MeCP2 interacts with many different nuclear proteins,
including Sin3a (11), SUV39H1 (12), HP1 (13), DNMT1 (14),
Ski and N-COR (15), PU.1 (16), BRM (17), and ATRX (18).
Although originally hypothesized to be a specific repressor of
methylated genes (11), MeCP2 is now recognized to be multifunctional, with roles in transcriptional activation and repression (19), RNA processing (20), and chromatin organization (8,
3, 21) (reviewed in Ref. 22). Consistent with these results,
MeCP2 is localized to both promoter and intergenic regions in
the nuclei of neuronal cells (21). Of note, mutations located
throughout the entire length of the MeCP2 amino acid
sequence are associated with Rett syndrome (RTT), a severe
X-linked neurodevelopmental disorder that afflicts about one
in 10,000 girls (23, 24). MeCP2 dysfunction is also involved in
autism spectrum disorders (25, 26) and certain cancers (27, 28).
Hence, it is important to understand the structure/function
relationships that apply to MeCP2 in both the health and disease states.
Intrinsically disordered proteins lack a well folded traditional
tertiary structure over some or all of their polypeptide sequence
(29 –33). Several biophysical techniques that measure averaged
solution behavior have recently documented that MeCP2 is an
intrinsically disordered protein. Steady-state circular dichroism (CD) measurements revealed that MeCP2 in solution is
⬃60% unstructured, 35% ␤-strand/turn, and 5% ␣-helix (34,
35). Sedimentation equilibrium studies showed that free
MeCP2 is a monomer over a wide concentration range, and
sedimentation velocity analysis yielded a sedimentation coefficient of 2.2 S (34). Taken together, the analytical ultracentrifugation results demonstrated that MeCP2 has a frictional coefficient that would be expected for a random coil-like molecule.
Thus, one can infer from these averaged data that considerable
portions of the MeCP2 polypeptide chain lack a secondary
structure. However, although the atomic structure of the isolated MBD fragment has been solved alone (36) and in complex
with methylated DNA (37), there is no fine resolution structural
information available for full-length MeCP2 because of its
highly disordered nature, either when free in solution or when
bound to DNA.
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Mass-spectrometry-based hydrogen/deuterium exchange
(H/DX) has emerged as a powerful technique for studying the
structure of monomeric intrinsically disordered proteins and
their higher-order complexes at high resolution. For instance,
the dramatic reduction of H/DX rates along the polypeptide
backbone of amyloid forming proteins has been characterized
at amino acid resolution following their assembly into amyloid
(38, 39). For full-length MeCP2, H/DX has the promise to substantially extend the averaged biophysical measurements by
providing fine resolution mapping data that locates regions of
secondary structure throughout the protein sequence.
In this study, we apply H/DX to the analysis of full-length
MeCP2 when free in solution and when bound to unmethylated
and methylated DNA. Results demonstrate that the MBD is the
only domain within free MeCP2 that shows even modest protection from H/DX, and even the H/DX of the MBD is fast
compared with a typical globular protein. This indicates that
full-length MeCP2 rapidly samples many different conformational states and tertiary structures when free in solution. We
further show that binding of MeCP2 to unmethylated DNA
substantially decreases the global conformational flexibility of
the MBD, whereas the rapid H/DX exchange elsewhere in the
protein was unaffected. Thus, even with the increased H/DX
protection in the MBD, full-length MeCP2 remains a very
intrinsically disordered protein when bound to DNA. Relative
to binding to unmethylated DNA, binding to methylated DNA
only slightly increases the conformational rigidity in a local
region within the N-terminal portion of the MBD. Finally, we
examine the effects of several common RTT mutants on the
properties of the isolated MBD, and find widely varied effects.
Taken together, the H/DX experiments yielded high-resolution
structural dynamics data characterizing the extreme intrinsic
conformational flexibility of full-length MeCP2 and also provided accompanying information about how the structure and
stability of the MeCP2 MBD is affected by DNA binding and
certain specific RTT mutations. For the latter case, the implications for treatment of RTT are discussed.

EXPERIMENTAL PROCEDURES
Protein Expression and Purification—Full-length human
MeCP2 isoform e2 and the isolated WT and R106W, F155S,
and T158M mutant MBD polypeptides were purified using a
modification of the protocol described previously (34). Recombinant proteins were expressed using the IMPACT system
(New England Biolabs). Constructs were subcloned into the
ptyb1 plasmid vector. MBD mutant constructs were kindly supplied by Dr. C. L. Woodcock. All purified proteins contained a
vestigial sequence, EFLEGSSC, on their C-terminal ends as a
result of cloning methods described previously (34). Escherichia coli BL21RP⫹ was used as host expression bacteria
grown in lysogeny broth at 37 °C to an optical density of 0.5
absorbance unit, induced with 0.4 mM isopropyl 1-thio-␤-Dgalactopyranoside and cooled to 18 °C for 2–3 h prior to harvest. Expression hosts were pelleted in an Avanti J-26 XPI preparative centrifuge (Beckman Coulter) in a JLA-8.100 rotor at
5,000 ⫻ g for 15 min. Pellets were resuspended in wash buffer
(25 mM Tris (pH 7.5), 100 mM NaCl) and repelleted under the
same conditions. Clean pellets were resuspended in column
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buffer (25 mM Tris-HCl (pH 8.0), 500 mM NaCl) supplemented
with 0.1% Triton X-100, 0.2 mM PMSF, and Protease Inhibitor
Mixture Set II (Calbiochem), followed by two rounds of sonication, 90 s each, using a Branson Sonifier 450 with a large tip at
50% duty cycle and a power output of 7. The lysate was transferred to Oakridge tubes and spun at 21,000 ⫻ g for 25 min in
the preparative centrifuge in a JA-17 rotor (Beckman Coulter).
The supernatant was bound overnight to chitin beads (New
England Biolabs) previously equilibrated in column buffer. Chitin beads were washed with five column volumes of column
buffer, decanted, and washed with an equal volume of column
buffer supplemented with NaCl to 900 mM NaCl final concentration to wash off errant bacterial DNA left from sonication.
The chitin beads were washed with an additional 5 column
volumes of 500 mM NaCl column buffer. Chitin binding protein-MeCP2 chimeras were cleaved on the column (40). Column buffer supplemented with 50 mM DTT was passed
through the column so that 1 cm of buffer remained between
the top of the column bed and the meniscus in a 10-cm Kontes
FlexColumn (Fisher) and left for 48 –72 h for complete cleavage. Protein was eluted from the chitin column with column
buffer, diluted from 500 mM to 300 mM NaCl, and loaded onto a
HiTrap Heparin HP column (GE Healthcare). Proteins were
eluted from the heparin column via step gradient from 300 mM
NaCl to 1 M NaCl buffer using 100 mM NaCl steps in 25 mM Tris
(pH 7.5), 10% glycerol background buffer. Peak fractions were
pooled and dialyzed into 10 mM Tris (pH 7.5).
Formation of MeCP2-DNA Complexes—Unmethylated and
methylated 198-bp DNA fragments derived from the sea urchin
5S rRNA gene were prepared as described (34). This DNA has
12 methylatable CpGs. Purified MeCP2 (155 l, 0.80 mg/ml)
was added to either an unmethylated or methylated 198-bp
DNA fragment (430 l, 0.2 mg/ml) in a total of 585 l of 10 mM
Tris (pH 7.5), 10 mM NaCl buffer. MeCP2 minimally binds 11
bp of DNA (9). Under these conditions, unmethylated and
methylated DNA binding sites were present in molar excess
over MeCP2, and DNA concentrations were always above the
Kd (5) so that H/DX was being measured under saturated binding conditions and dual population (i.e. bound and unbound to
DNA) affects were avoided.
H/DX Reactions—A total of 10 l of each sample (4 –10 g
full-length MeCP2 (alone or in a complex with the indicated
DNA fragment) or 0.4 –3 g of MBD fragments (the wild-type
version or indicated RTT-associated mutation)) was mixed
with 30 l of D2O containing 10 mM Tris (pH 7.2), 10 mM NaCl
and incubated at the indicated temperature. At each indicated
time point, the H/DX samples were added to vials containing 60
l of a quench solution (0.8 M guanidinium-HCl, 0.8% formic
acid, 10% glycerol) at 0 °C and immediately frozen in liquid N2.
The samples were stored at ⫺80 °C until analysis by MS.
Protein Fragmentation and MS—H/DX samples were individually melted at 0 °C and then injected (100 l) and pumped
through tandem immobilized protease (pepsin and fungal protease XIII, both from Sigma) columns (50 l/min, 1 ⫻ 20 mm
(16 l) columns of each protease coupled to Poros 20 AL support (Applied Biosystems)). Protease-generated fragments
were collected onto a C18 HPLC trap column (2.5 ⫻ 0.5 mm).
Peptides were eluted into and through an analytical C18 HPLC
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FIGURE 1. Protection from H/DX before and after DNA binding is detectable only within the MBD of MeCP2. Each horizontal bar represents an individual
peptide derived from MeCP2 when free in solution (MeCP2), or bound to unmethylated DNA (MeCP2 ⫹ DNA). The peptide bars are color-coded for the percent
deuteration at 4 °C at each time point (101, 102, 103, and 104 s), as represented by an individual stripe within each bar. The MBD is enlarged on the lower left side,
with an individual peptide enlarged further and labeled to illustrate the inclusion of each time point for every peptide in the data set.

column (0.3 ⫻ 75 mm) by an acetonitrile gradient (12–55% B; 6
l/min; solvent A, 0.1% formic acid; solvent B, 0.1% formic acid,
99.9% acetonitrile), and the effluent was directed to the mass
spectrometer (LTQ Orbitrap XL, Thermo Fisher Scientific).
The SEQUEST software program (Thermo Fisher Scientific)
was used to identify the likely sequence of the parent peptides
using non-deuterated samples via tandem MS.
H/DX Analysis—DXMS software (Sierra Analytics) was used
for searching the MS1 data from H/DX samples and calculating
the centroid of the isotopic envelope of each peptide using a
general scheme that is described elsewhere (41, 42). Peptides
that scored highly in the DXMS program were checked for
matching of calculated versus known mass, charge state, and
the retention time of the peptide on the C18 column, and peptides that satisfied these criteria were selected for further anal-
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ysis. The level of H/DX occurring at each time point is
expressed as either the number of deuterons or the percentage
of exchange within each peptide. In each case, corrections for
loss of deuterium label by individual peptides during H/DX-MS
analysis were made through measurement of loss of deuterium
from reference samples that had been deuterated under denaturing conditions as described elsewhere (43, 44). Maps of rateclasses along the polypeptide sequence were assembled using
the H/DX data as described (41, 45).

RESULTS
We first used H/DX to analyze the polypeptide backbone
dynamics of full-length MeCP2 when free in solution (Fig. 1).
Because MeCP2 binds strongly to unmethylated and methylated DNA (7), we also determined the dynamics of H/DX when
VOLUME 286 • NUMBER 21 • MAY 27, 2011
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FIGURE 2. Stabilization of the MBD upon unmethylated DNA binding results from restricted sampling of intrinsic unfolding rates. A, deuterium
exchange profile maps for each peptide of the MBD of free MeCP2 in solution. B, the consensus exchange rate at each position from panel A is shown in a single
linear representation. The data shown span from residue 91, the N-terminal residue of the MBD clear in the crystal structure (37), to residue 157, the C-terminal
residue where our high-density coverage of the MBD ends. C, the consensus map from B overlaid onto the crystal structure of the MBD (the DNA is not shown,
PDB code 3C2I). D, the exchanged deuterons for each MBD peptide bound to unmethylated DNA, mapped as in A. E, the consensus map of D. F, the consensus
map from D overlaid onto the crystal structure of the MBD. G, the MBD sequence with the location of residues where the amide proton is engaged in a hydrogen
bond in the crystal structure (black), as well as the position of the reported residues (37) with direct DNA contacts (red). H, mapping of the residue labeling from
G onto the MBD crystal structure. I, a structure-biased consensus map using the same number of slow (blue), medium (yellow), and fast (red) exchanging amino
acid position as in E. Note how closely the slow (blue) residues in the final consensus map match amide proton protection predicted by the stable structure
obtained by others by crystallography (37). This indicates that the increase in protection upon binding to unmethylated DNA result from stabilizing the overall
fold of the MBD rather than increasing protection locally at its relatively small DNA binding surface.

MeCP2 was bound to an unmethylated 198-bp DNA fragment
derived from the sea urchin 5S rRNA gene (34) (Figs. 1 and 2
and supplemental Figs. 1– 4) and to the methylated version of
the same DNA fragment (Figs. 3 and 4 and supplemental Figs. 5,
7–9). In Figs. 2– 4, the H/DX experiments characterize fulllength MeCP2, focusing on the MBD region of the protein.
H/DX Demonstrates the Extreme Conformational Plasticity
of Full-length MeCP2 When Free and Bound to DNA—The
H/DX approach consisted of incubation of the samples in heavy
water (D2O) at 4 °C to exchange deuterium with the amide protons along the polypeptide backbone of MeCP2. At time points
spanning 101 s to 104 s, the exchange reactions were quenched,
MeCP2 fragmented by proteolysis, and deuterium incorporation measured by mass spectrometry. Protection from H/DX in
native proteins or protein-DNA complexes is expected in those
regions that are folded into stable secondary structures. This is
MAY 27, 2011 • VOLUME 286 • NUMBER 21

due to the fact that measurable amide protons are hydrogenbonded and must transiently lose secondary structure, locally
or globally, for exchange to occur (39).
In our experiments, peptides covering 87% (free MeCP2) or
73% (MeCP2 bound to unmethylated DNA) of the entire length
of the MeCP2 sequence were initially identified by MS/MS and
then successfully monitored over the entire time course of
exchange. In the absence of DNA, H/DX along nearly the entire
length of MeCP2 was rapid, with 64% of all peptides measuring
⬎90% of complete exchange by the first time point (10 s). The
sole region that exhibited measurable protection from H/DX
was found in the peptides approximately spanning amino
acids 90 –160, closely overlapping the MBD of MeCP2
(which encompasses residues 78 –162). These results indicate that when free in solution, full-length MeCP2 has only
one region of even marginally stable secondary structure,
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 3. Binding to methylated DNA further increases protection from H/DX within the N-terminal but not the C-terminal portion of the MBD.
A, peptides from the MBD are shown for free MeCP2 (top panel), MeCP2 bound to unmethylated DNA (center panel), and MeCP2 bound to methylated DNA
(bottom panel). Data are presented as in Fig. 1. B–E, representative peptides that span the MBD with the indicated amino acid positions are enlarged and
compared. The residues boxed in red indicate positions that directly contact DNA and/or form bonds with water molecules that are coordinated with the
methyl groups on methylated DNA.

corresponding to the MBD. Besides the MBD, our findings
indicate that the remainder of free full-length MeCP2 lacks
an ordered structure.
When bound to unmethylated DNA under saturating conditions, the MBD-derived peptides were much slower to exchange, whereas there was no change observed in the very rapid
H/DX at any other location in the MeCP2 protein sequence
(Fig. 1 and supplemental Fig. 1). Thus, although the stability of
the MBD was greatly increased when MeCP2 was bound to
unmethylated DNA, the remainder of the polypeptide chain
stayed extremely disordered. The MBD only accounts for 17%
of the 486-residue full-length protein. Thus, the data in Fig. 1
demonstrate that MeCP2 remains mostly disordered, even
when bound to DNA. Given that the MBD was the sole region
to show evidence of secondary structure formation, we focused
our next experiments on high-resolution H/DX characterization of the dynamics of the MBD in full-length MeCP2 when
free and bound to DNA.
Rapid Sampling of Partially Unfolded States Occurs within
the MBD When MeCP2 Is Free in Solution—Because the MBD
region was particularly well represented with many partially
overlapping peptides, we could employ an H/DX rate mapping
strategy that has been especially informative in other studies
when combined with available crystal structures (45, 46). In the
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absence of DNA, only small regions (i.e. stretches of one to four
amino acids, blue positions in Fig. 2, A and B) exchange amide
protons for deuterons slower than 100 s. Thus, the stability at
many locations within the MBD is the same or only marginally
greater than the remainder of the MeCP2 polypeptide chain
when the protein is free in solution. Further, when the H/DX
profile of the MBD of free MeCP2 is mapped (Fig. 2C) onto the
crystal structure of the MBD (37), it is clear that even in the
most rigid portion each ␤-strand and the ␣-helix in this region
must rapidly sample partially unfolded conformations to allow
for the relatively rapid H/DX (i.e. nearly complete exchange by
1000 s at every location) that is observed in the MBD of the free
full-length protein (Fig. 1).
Rapid Sampling of Partially Unfolded States within the MBD
Is Restricted When MeCP2 Binds to Unmethylated DNA—
MeCP2, when bound to unmethylated DNA under saturating
conditions, has many more residues within the MBD that are
substantially protected from H/DX (Fig. 2D). On the level of
individual peptides, whereas exchange is complete by 104 s
within the MBD of the free protein, when MeCP2 is bound to
DNA, several MBD residues remain protected from H/DX at
the same 104 s time point (supplemental Figs. 2– 4).
When we examined the H/DX protection imposed upon the
MeCP2 MBD because of unmethylated DNA binding in closer
VOLUME 286 • NUMBER 21 • MAY 27, 2011
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FIGURE 4. Representative MBD peptides showing protection from H/DX when MeCP2 binds to unmethylated DNA and methylated DNA. A, the location
on the crystal structure of the MBD bound to methylated DNA (PDB code 3C2I) of representative MBD peptides (amino acids 104 –123 (pink) and 142–157
(yellow). B and D, comparison of H/DX for peptides amino acids 104 –123 (B) and amino acids 142–157 (D) from free MeCP2 and MeCP2 bound to unmethylated
DNA and methylated DNA. C and E, side-by-side analysis of raw data for the indicated peptides from free MeCP2 (left panel), MeCP2 bound to unmethylated
DNA (center panel), or MeCP2 bound to methylated DNA (right panel). Dotted blue and red lines are guideposts to highlight the differences in m/z shifts reflecting
the magnitude of H/DX. Red arrows mark the location of the centroid value of the peptide in each case.
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detail (Fig. 2E), we noted that the H/DX profile closely matched
the known secondary structural elements (36, 37) of the isolated MBD (Fig. 2F, blue residues labeling the most protected
regions of MeCP2 when bound to DNA). In the crystal structure of the MBD bound to methylated DNA (37), the majority of
the surface of the isolated MBD is exposed to solvent, not buried with the surface of the bound DNA. The amide protons of
Arg-111, Asp-121, and Arg-133 (labeled red in Fig. 2, G and H)
are the only positions predicted from the crystal structure (37)
to become protected by DNA contacts, which cannot explain
the extent of protection of H/DX we observed upon unmethylated DNA binding by MeCP2 (compare protection in Fig. 2, B
and E). Our scheme for generating H/DX profiles of the MBD
allowed for resolution down to a small number of amino acids
(see “Experimental Procedures”). As described above, there is a
strong correlation between the H/DX of the MBD of MeCP2
when bound to unmethylated DNA and the secondary structure of the MeCP2-methylated DNA complex (Fig. 2, E and F).
Our H/DX profiles (Fig. 2, B and E) were generated without bias
toward any structural information, but if we include predicted
protection (G and H) in positioning the measured H/DX on
each peptide, the final profile (I) only differs from the unbiased
profile (E) at seven positions. This indicates that the slowed
backbone exchange upon unmethylated DNA binding corresponds to global stabilization of the same folded secondary
structural elements observed in the structural studies of the
MBD.
To summarize, our data indicate that the H/DX protection of
the MBD upon binding of MeCP2 to unmethylated DNA
occurs mainly via domain-wide restriction of rapid sampling of
its secondary structural elements, not by inaccessibility to solvent because of steric hindrance imposed by DNA. That is, the
increase in H/DX protection upon binding unmethylated DNA
is due to stabilization of the overall fold of the MBD rather than
increased local protection at its relatively small DNA binding
surface. In addition, there are fundamental changes in the flexibility of the MBD structure that occur upon DNA binding that
occur even when the DNA is unmethylated.
Binding to Methylated DNA Locally Restricts Conformational
Flexibility within the MBD—Given that MeCP2 only has a
modest preference for methylated DNA over unmethylated
DNA (5), we were curious of the extent to which binding to
methylated DNA would correspond to increased H/DX protection within the MBD (or elsewhere in the protein). Our initial
experiments (Figs. 1–2) were performed at 4 °C to slow the
chemical exchange rate and maximize our ability to see any
protection at all for free MeCP2. Because many residues were
completely protected from exchange at 104 s when MeCP2 was
bound to unmethylated DNA at 4 °C (Figs. 1 and 3 and supplemental Figs. 2–5) or 23 °C (supplemental Fig. 5), we predicted
that further increasing the temperature would be necessary to
perform a reasonable time course that spanned the exchange
rates of most of the protected portions of the MBD in the case of
DNA-bound (either unmethylated or methylated) MeCP2. To
determine whether this was the case, we first analyzed MeCP2
at a single time point at three varied temperatures (4 °C, 23 °C,
and 37 °C) and measured H/DX on peptides within the MBD
(supplemental Fig. 6). This experiment indicated that increased
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temperature (most likely corresponding to predictable higher
chemical rates of H/DX (39)) increased the amount of H/DX
within the MBD. Thus, we chose to perform an expanded time
course (1 ⫻ 101, 1 ⫻ 102, 1 ⫻ 103, 1 ⫻ 104, 2.5 ⫻ 104, and 1 ⫻ 105
s time points) of H/DX at 37 °C. With peptide coverage spanning much of the full length of MeCP2 in all three cases (MeCP2
alone, plus unmethylated DNA, and plus methylated DNA supplemental Fig. 7), the only observed region with any measurable
protection from H/DX once again was within the MBD (Fig.
3A). In the absence of DNA, all MBD peptides were ⬎90% deuterated at 10 s, with substantial slowing (most greater than 103fold) of exchange for all MBD peptides when MeCP2 was bound
to either unmethylated or methylated DNA (Fig. 3A).
In the MeCP2-methylated DNA crystal complex (37), structured waters connect the methyl groups on the DNA with specific MBD residues (Arg-111, Asp-121, Tyr-123, and Arg-133)
via hydrogen bonding. To test how the conformational flexibility of the MBD is affected by methylated DNA-specific contacts, we carefully examined representative peptides for which
we had a comprehensive MS data set for all samples and time
points. Peptides approximately spanning the N-terminal half of
the MBD, i.e. amino acids 90 –106 (Fig. 3B and supplemental
Fig. 8) and amino acids 104 –123 (Figs. 3C and 4, A–C), showed
a clear reduction in H/DX rates when MeCP2 was bound to
methylated versus unmethylated DNA, whereas peptides
approximately spanning the C-terminal half of the MBD, i.e.
amino acids 124 –138 (Fig. 3D and supplemental Fig. 9) and
amino acids 142–157 (Figs. 3E and 4, A, D, and E), showed little
or no alteration. The N-terminal peptides showed additional
protection exceeding that which would be expected if the residues were only involved in hydrogen bonding with the structured waters. For instance, none of the residues in the amino
acids 90 –106 peptide, and only three (Arg-111, Asp-121, and
Tyr-123) in the amino acids 104 –123 peptide, are directly
bonded to the structured waters implicated in methylated DNA
specificity, yet several additional amide protons exhibit slowed
exchange in a manner that was dependent upon binding to
methylated DNA (Fig. 4B and supplemental Fig. 8). On the
other hand, the third residue (Arg-133) that participates in a
hydrogen bond with one of the structured waters appeared to
have almost no influence on H/DX exchange within the MBD
(see a representative peptide corresponding to amino acids
124 –138, supplemental Fig. 9). These results indicate that 1)
relative to binding to unmethylated DNA, binding to methylated DNA affects H/DX locally (only approximately the N-terminal half of the MBD) and not globally throughout the entire
domain, 2) the additional protection of the N-terminal MBD
peptides is consistent with additional local rigidity, not solely
backbone protection resulting from the residues directly
hydrogen-bonded to the structured waters that are coordinated
with the methyl groups on the DNA, and 3) the local added
protection from H/DX upon binding to methylated DNA versus
unmethylated DNA is not due to differences in binding kinetics
with the MBD because the C-terminal peptides (approximately
spanning amino acids 124 –157) exchange with indistinguishable slow kinetics when MeCP2 is bound to either DNA fragment compared with the rapid H/DX when MeCP2 is free in
solution.
VOLUME 286 • NUMBER 21 • MAY 27, 2011
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FIGURE 5. Effects of Rett Syndrome-associated missense mutations on the conformational flexibility of the isolated MBD. A, the levels of H/DX at 2.5 ⫻
101 s are color-coded as indicated on horizontal bars representing peptides derived from the WT MBD and the MBDs harboring the indicated point mutations.
Data from all time points monitored (1 ⫻ 101, 2.5 ⫻ 101, 1 ⫻ 102, and 2.5 ⫻ 102 s) are shown in supplemental Figs. 10 –13. The black arrows indicate the
representative peptide (amino acids 124 –138, compare C and D, below). B, the location on the MBD crystal structure (PDB code 3C2I) of the peptide (amino
acids 124 –138) highlighted in C and D. The positions of the amino acid side chains in the RTT MBD mutants that were investigated are shown as colored
spheres. C, comparison of H/DX for a peptide (amino acids 124 –138) from the MBD. D, side-by-side analysis of raw data for the WT MBD and the MBDs harboring
the indicated mutations. Labeling is as in Fig. 4C.

RTT Mutations in the MBD Have Varied Effects on Local and
Domain-wide Flexibility—Mutations within the MBD are common in RTT patients, with many of the most frequent missense
mutations (such as R106W and T158M) predicted to disrupt
stabilizing interactions within the domain (37). For instance,
the side chain of Arg-106 forms hydrogen bonds with the polypeptide backbone at positions Thr-158 and Val-159 (37). The
extent to which these hydrogen bonds affect dynamic protein
behavior is not easily discernable from static structures, but we
reasoned that H/DX would provide a fine resolution dynamic
measurement to directly assess the local and domain-wide
MAY 27, 2011 • VOLUME 286 • NUMBER 21

effects of RTT mutations in the MBD (Fig. 5 and supplemental
Figs. 10 –13). For this analysis, H/DX experiments were performed at 4 °C with isolated MBD peptides bearing specific
RTT mutations.
Our results indicate that the R106W MBD mutant had generally similar H/DX behavior as the WT MBD (Fig. 5, A, C, and
D), with increased H/DX protection in the ␤1 peptide and only
minor acceleration of exchange occurring in peptides approximately spanning amino acids 140 –155 (Fig. 5A). By contrast,
the F155S mutation, which removes hydrophobicity from
within the MBD protein fold (see the position of Phe-155 in Fig.
JOURNAL OF BIOLOGICAL CHEMISTRY
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5B) and has been shown previously to greatly destabilize the
MBD by fluorescence anisotropy measurements and melting
experiments (35), forces the entire MBD to sample unfolded
conformations at rates that are several orders of magnitude
higher than for the protected residues in the wild-type MBD.
Consequently, for the F155S mutant, even at the earliest time
point (10 s) there is complete exchange throughout the domain
(Fig. 5C and supplemental Fig. 12). The side chain of Thr-158 is
predicted from the cocrystal structure to be important for the
integrity of the so-called Asx-ST motif (located at the C-terminal end of the MBD), in part by making hydrogen bonds with
the polypeptide backbone at positions Gly-161 and Arg-162
(37). T158M is the site of the most common point mutation in
RTT, accounting for ⬃9% of all cases. Despite residing in the
MBD C terminus, the T158M mutation surprisingly affects
conformational dynamics spanning portions well into the
N-terminal folded portion of the MBD, approximately including amino acids 125–155 (refer to Fig. 5D and the representative peptide (amino acids 124 –138) that fits into the major
grove of DNA (Fig. 5B)). The H/DX behavior of the RTT MBD
mutants indicates the variable extent to which these common
mutations affect the local and global conformational dynamics
of the MBD of MeCP2.

DISCUSSION
Full-length MeCP2 Structure—The structure of full-length
MeCP2 is not consistent with a conventional protein comprised of stable, folded domains. Based on averaged biophysical
measurements, the conformation of full-length MeCP2 is very
disordered, e.g. deconvolution of CD data yields 60 – 65%
unstructured content, and the protein sediments as if it were a
random coil (34). Prediction algorithms (PONDR-VXT, FoldIndex) also yield estimates of approximately 65% disorder, with
short regions of predicted order interspersed throughout an
otherwise intrinsically disordered polypeptide chain (34, 47).
MeCP2 is composed of six biochemically defined domains: the
N-terminal domain, the MBD, the intervening domain, the
transcriptional repression domain, and the C-terminal domain
␣ and ␤ (supplemental Fig. 14, 34, 47). CD analysis of the isolated MeCP2 domains indicates that each has between 60 – 80%
unstructured content with the exception of the MBD, and even
the MBD is approximately 40% unstructured (47, supplemental
Fig. 14). Although the steady-state CD experiments have documented the extensively unstructured nature of full-length
MeCP2, they have also raised an important question: Is the
35– 40% averaged secondary structure content calculated to be
present in MeCP2 and its domains in the form of stable threedimensional structures, or does it result from rapid sampling of
unfolded, random-coil state(s) during the course of the steadystate measurements? Our H/DX experiments indicate that the
latter possibility is correct. We obtained nearly total peptide
coverage of the MeCP2 polypeptide chain in our experiments,
and all domains of MeCP2, except the MBD, underwent essentially complete H/DX at the earliest measureable time point
(Fig. 1). Although H/DX was slower in the MBD, in the absence
of DNA binding it was still faster than the H/DX of a typical
globular protein. Accordingly, we envision that the full-length
MeCP2 polypeptide chain rapidly samples many different sec-

18946 JOURNAL OF BIOLOGICAL CHEMISTRY

ondary structures and equilibrates between multiple tertiary
structures, even when bound to DNA. In this regard, various
domain-domain interactions in cis and trans have been
detected previously (35, 47), consistent with the conformational malleability of full-length MeCP2 observed by H/DX.
What are the functional advantages of the extreme conformational flexibility and fast conformational sampling exhibited
by MeCP2? This is a key question, as it is relevant to the subject
of intrinsically disordered proteins in general. Given that
intrinsically disordered proteins often acquire secondary structure in conjunction with macromolecular interactions (48), we
propose that enhanced conformational flexibility and rapid
structural sampling 1) provide the biochemical basis of MeCP2
multifunctionality by allowing the 53-kDa monomeric protein
to bind to so many different macromolecular partners (11–18),
and 2) facilitate the formation of higher-order macromolecular
complexes involved in MeCP2 function that themselves are
conformationally malleable (see (49)).
MeCP2-DNA Interactions—Very few proteins have been
investigated where H/DX has been used to probe the conformational rigidity imposed by binding to DNA. One case is the
Lac repressor, which is capable of binding to nonspecific DNA
sequences but binds specifically to its operator sequence with
⬎106-fold higher affinity (50). When bound to DNA nonspecifically, the conformational flexibility of the folded portion of
the Lac repressor DNA binding domain is unaffected as measured by H/DX (51). Only upon forming the base-specific
hydrogen bonds with its operator sequence (52) is there
imposed a substantial (105-fold) increase in conformational
rigidity throughout the Lac repressor DNA binding domain
(51). Another example is the rigidity imposed upon core histones during nucleosome assembly. Subnucleosomal histone
complexes, upon assembly into nucleosomes, undergo ⬎103fold protection from H/DX, spanning the globular domains of
each of the core histones (42). For both Lac repressor and histone H/DX protection upon DNA binding, the effects appear to
be global throughout domains (i.e. not local at the points
directly contacting DNA). Moreover, the H/DX data for these
proteins cannot be explained generally by solvent inaccessibility in the bound state, but rather by inflexibility gained in secondary structural elements upon either specific (Lac repressor)
or nonspecific (histone) DNA binding.
In the case of MeCP2, we found that global, domain-wide
inflexibility is conferred to the MBD upon nonspecific binding
to a 198-bp unmethylated DNA fragment. Moreover, binding
to the methylated version of the same DNA (containing 12 CpG
sites) subsequently leads to additional local protection in the
MBD. The global inflexibility gained upon unmethylated DNA
binding is substantial, at least 1000-fold slower H/DX at many
locations throughout the MBD (Figs. 1 and supplemental Figs.
2– 4). Importantly, a clear feature upon comparing the effects
on MBD polypeptide backbone dynamics resulting from binding unmethylated or methylated DNA is not the differences in
H/DX but the striking similarities. That is, our H/DX experiments strongly suggest that the MBD folds and recognizes double-stranded DNA in a manner that is very similar when it is
bound to either unmethylated or methylated DNA. There is
somewhat more protection in the N-terminal half of the MBD
VOLUME 286 • NUMBER 21 • MAY 27, 2011
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when bound to methylated DNA but no measurable differences
in the C-terminal half (Figs. 3 and 4 and supplemental Figs. 8
and 9). Thus, we can conclude that in addition to the changes
imparted by unmethylated DNA binding, the methyl groups
coordinate waters with the MBD in a manner that increases the
affinity of the DNA interaction several-fold and increases backbone rigidity in the N-terminal half of the domain, which contains three of the four residues that interact with the structured
waters. The NMR solution structures (36) and the crystal structure (37) provide clear views of a favored folded state of the
molecule, but to understand the dynamics of unfolding/refolding of the MBD, a measurement that is capable of characterizing dynamic protein behavior, such as the H/DX approach
described here, needed to be employed. In this regard, CD analysis has shown that MeCP2 and many of its isolated domains
gain secondary structure content when bound to unmethylated
and methylated DNA (35, 47). These averaged measurements
are likely assaying the same global and local decreases in MBD
flexibility observed by H/DX.
Previous studies have demonstrated that the isolated intervening domain, transcriptional regression domain, and C-terminal domain ␣ of MeCP2 are each capable of binding
unmethylated DNA in native gel mobility shift assays (47).
However, as discussed above, the H/DX experiments find no
evidence of protection outside the MBD when MeCP2 is bound
to unmethylated DNA. Thus, the intervening domain, transcriptional regression domain, and C-terminal domain ␣ may
continue to sample multiple conformational states even as they
interact nonspecifically with DNA. MeCP2 is an abundant
chromatin-associated protein in vivo (3, 53). In terms of chromatin, we speculate that the MBD binds to linker DNA (4, 5, 9),
whereas other DNA binding site(s) are used to interact with
nucleosomal DNA and help MeCP2 to physically envelop the
nucleosome (54). This in turn promotes compaction of
MeCP2-bound chromatin fibers (8, 9). In summary, our H/DX
experiments allowed us to access site-specific backbone
dynamic information that complements the earlier structural
studies and significantly extends our understanding of the
physical and chemical mechanisms of DNA binding of this
highly abundant and functionally important component of
neuronal chromatin.
MBD RTT Mutations—The H/DX approach has yielded
novel information about the flexibility of several common RTT
MBD mutants that cannot be discerned from the static cocrystal structure or averaged solution measurements. All three
mutations (R106W, F155S, and T158M) that we chose to study
replace side chains that do not directly contact DNA (or waters
coordinated by the methyl groups on methylated DNA) but
rather were predicted from static models (36, 37) to be important for the structural integrity of the MBD. For example, on the
basis of direct hydrogen bonding seen in the crystal structure,
the Thr-158 residue was proposed to stabilize the Asx-ST motif
in the extreme C-terminal region of the MBD along with residue Arg-106 in the N-terminal portion of the MBD, yet with the
T158M mutant the H/DX clearly showed increased flexibility
of peptides that span the secondary structural elements (␤1 and
␤2 strands and ␣2 helix) that lie between the MBD termini (Fig.
5). The R106W mutant is predicted to be disruptive of the
MAY 27, 2011 • VOLUME 286 • NUMBER 21

Asx-ST motif (37) and potentially disruptive to the integrity of
the entire MBD. However, for this mutant, the H/DX was virtually identical to the wild-type MBD, clearly not generating
instability that leads to a higher frequency of sampling an
unfolded state that is transmitted throughout the domain. Ultimately, the H/DX data suggest that interactions between the N
terminus and C terminus of the MBD that are likely to be disrupted by either the T158M or R106W mutations may affect
DNA binding, and indeed, this has been demonstrated recently
(35). The F155S mutant does not affect any proposed hydrogen
bonds with DNA or water-mediated DNA contacts, yet this
mutation yields the most rapid conformational sampling of any
of the three mutations tested, probably by its disruption of
hydrophobic contacts with the many neighboring side chains
lining the interior of the MBD fold. As might be expected, this
mutant potently disrupts DNA binding (35).
Our H/DX studies of three frequent RTT mutants indicate
that MBD mutations that each cause RTT in a physiological
context can do so in a manner that either disrupts or preserves
the inflexibility of the folded state of the MBD. Final structures
are useful in predicting the local and global effects of mutation
of amino acid sequences, and our H/DX studies of the MBD
mutant proteins illustrates the further utility of site-resolved
dynamic protein measurements to determine the extent to
which point mutations affect backbone dynamics. Our studies
of the F155S and T158M mutations also raise the tantalizing
prospect that a subset of MBD-localized RTT mutations may
benefit by so-called small molecule chaperones to return the
MBD to the relative stability of the WT protein, and we propose
that RTT should be added to the growing list of diseases where
such pharmacological stabilization of mutant disease causing
gene products (55) is pursued as a viable therapeutic approach.
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